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Yasiio SHINOHARA-', Pieter W. POSTMA' and Hans V. WESTERHOFF'," 

E. C.  Slater Institute, BioCentrum, University of Amsterdam, The Netherlands 

The effect of different cellular free-energy states on the uptake of methyl G-D-glucopyranoSide, an 
analogue of glucose, by the Escherichia coli phosphoennlpyruvate :carbohydrate phosphotransferase sys- 
tem was investigated. The intracellular IATP]/[ADP] ratio was varied by changing the expression of the 
atp operon, which codes for the Hi-ATPase, or by adding an uncoupler of oxidative phosphorylation or 
an inhibitor of respiration. Corresponding initial phosphotransferase uptake rates were determined using 
an improved uptake assay that works with growing cells in steady state. The results show that the initial 
uptake rate was decreased under conditions of lowered intracellular [ATP]/[ADP] ratios, irrespective of 
which method was used to change the cellular energy state. When either the expression of the atp operon 
was changed or 2,4-dinitrophenol was added to wild-type cells, the relationship between initial phospho- 
transfcrase uptake rate and the logarithm of the [ATP]/[ADP] ratio was approximately linear. These results 
suggest that the cellular free-energy state, as reflected in the intracellular [ATP]/[ADP] ratio, plays an 
important role in regulating the activity of the phosphotransferase system. 

Keywords: glucose phosphotransferase system; H -ATPase; IATP]/[ADP] ratio; phosphoenolpyruvate; 
metabolic inhibitors. 

Escheuichia coli can use any one of a large variety of com- 
pounds as the sole carbon source for growth. In the presence of 
a mixture of compounds, this bacterium will often show a pref- 
erence for certain carbohydrates, such as glucose, and repress 
the expression of uptake systems for other compounds (inducer 
exclusion [I I). During growth on a different carbon source such 
as succinate, however, E. coli maintains a relatively high capac- 
ity for glucosc transport [I 1. The bacterial phosphoenolpyru- 
vate : carbohydratc phosphotransferase system catalyses the up- 
take and concomitant phosphorylation of a variety of carbohy- 
dratcs, for example glucose 11 1. The phosphotransferase system 
is a group-transfer pathway consisting of two soluble phospho- 
proteins (Enzyme 1 and HPr) and, for each carbohydrate, a spe- 
cil'ic protein or protein complex, the carbohydrate permease (for 
E. rdi in the case of glucose, soluble Enzyme IIA"" and mem- 
brane-bound Enzyme IICB""). During the uptake of a glucose 
moleculc, for example, a phosphoryl group from phosphoenol- 

Corre.spondence f o  H. V. Wcsterhoff, Department of Microbial Phys- 
iology, Faculty of Biology, BioCcntrum, Free University of Amsterdam, 
De BoclclL\an 1087, NL-I 081 HV Amsterdam, The Netherlands 

FCIX: + 3 I 20 4447229. 
Ahhvevi~ition.~. Phosphotransferase system, phosphoenolpyru- 

vate :carbohydrate phosphotransferase system; HPr, histidine-containing 
protein; Enzyme I, phosphoenolpyruvate-protein phosphotransferase; 
Enryme 11, prolein-N"-phosphohistidine-sugar phosphotransferase; 
IIA"" and IICB"", EnLyines 11 of thc phosphoenolpyruvatc: glucose 
pliosphotransicrasc system; MeGlc, methyl cr-D-glucopyranoside; IPTG, 
isopropyl tliio-Pi,-galactoside. 

Enzsmc,.s. EnLyme 1 of the phosphotransferase system, phosphoenol- 
pyruvate-protein phosphotransferase (EC 2.7.3.9); Enzyme I1 of the 
phosphotransferase system, protein-N"-phosphohistidine-sugar phos- 
photransferasc (EC 2.7.1.69). 

pyruvate is transferred sequentially along Enzyme 1, HPr, 
Enzymes IIAG1" and IICB"", to the glucose molecule. 

Metabolic activity and changes in the cellular energy state 
have been shown to affect phosphotransferase activity in a vari- 
ety of ways: the addition of substrates to activate respiration 
reduced the steady-state accumulation of methyl am-glucopyra- 
noside (MeGlc) 12, 31, a non-metabolisable analogue of the glu- 
cose phosphotransferase system; the inhibition of MeGlc uptake 
by respiration was more severe in atp mutants, which cannot use 
the protonmotive force to synthesise ATP 141 ; the inhibition by 
oxidisable substrates could be reversed by the addition of uncou- 
plers of oxidative phosphorylation such as carbonyl cyanide rn- 
chlorophenylhydrazone [2) or 2,4-dinitrophenol 151 and the re- 
spiratory inhibitor sodium azide [Z, 51. Uncouplers even stim- 
ulated MeGlc uptake in the presence of an oxidisable substrate 
161, and this stimulation was much greater under aerobic than 
under anaerobic conditions. Furthermore, the addition of sub- 
strates of the respiratory chain, such as D-hCtate or 
caused inhibition of MeGlc uptake by membrane vesicles [6]. 
All these results appeared paradoxical as phosphotransferase 
system activity requires input of intracellular free energy in the 
form of phosphoenolpyruvate. Diametrically opposite results 
were also obtained: in the absence of' oxidisable substrates, un- 
couplers inhibited the rate of MeGlc uptake into whole cells 
131. The incubation of E. coli cells with high arsenate and low 
phosphate, which lowered intracellular ATP and phosphoenol- 
pyruvate levels, inhibited partially the steady-state uptake of 
MeGlc [7]. Preincubation with sodium azide and sodium fluo- 
ride (which inhibits enolase), led to complete inhibition of 
MeGlc uptake [8]. 

The effects of metabolic inhibitors also depended on the 
carbon source used for growth: in cells grown on glucose, both 
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KCN and dinitrophenol stimulated the initial MeClc uptake rate 
by themselves, but only KCN increased steady-state uptake 
levels as well 19, 101. With lactate as carbon source, both initial 
rate and steady-state uptake were decreased by KCN, whereas 
dinitrophenol stimulated the initial uptake rate and did not affect 
steady-state accumulation [9, 101. In few studies was the cellular 
free-energy state actually monitored and modulated in more than 
one way. 

The above-mentioned effects of changes in the cellular en- 
crgy state on the phosphotransferase system were not measured 
in steadily growing cells, but i n  harvested and resuspended cells. 
In addition, these studies did not determine initial uptake rates 
under steady-state conditions of the cellular energy state, nor did 
they measure the LATPJ/[ADPJ ratio. Consequently, the interest- 
ing questions of whether phosphotransferase activity correlates 
with the cellular energy state in terms of the [ATP]/[ADP] ratio 
under steady-state growth conditions, and whether this correla- 
tion is independent of the method by which the [ATP]/[ADP] 
ratio is varied, remained unanswered. In this study, we investi- 
gate the effect of steady-state changes in the cellular energy state 
on the initial rate of phosphotransferase uptake. The intracellular 
IATP]/[ADP] ratio was varied by changing the expression of 
the atp operon, or by adding the uncoupler dinitrophenol or the 
respiratory inhibitor potassium cyanide. We show that lowering 
thc ccllular energy state by all methods caused a concomitant 
decrease in the initial MeGlc uptake rate. 

MATERIALS AND METHODS 

Bacterial strains. The E. coli strain used as wild type in this 
study, PJ4004, has the genotype F', asnB32, thi-1, relAl, spoTl, 
lacUV5 and lacY(Am). In strain PJ4002, the atp promoters [l 1J 
have been replaced by the taclp promoter. In strain PJ4000, the 
utp promoters have been replaced by the lacUV5p promoter. 
Strains PJ4004, PJ4002, and PJ4000 were derived from LM3118 
[ 221, LM3113 and LM3 1 1 2  [I  31, respectively, by transformation 
with the plasmid pBR322 [ 141. 

Growth of bacterial cultures. The cells were grown at 
30°C in minimal Mops medium [15], supplemented with 2.5 pg/ 
in1 thiamine, 100 pg/ml ampicillin, 18.5 mM succinate and iso- 
propyl thio-j~-D-galactoside (IPTG) to the required concentra- 
tion. To ensure exponential growth of the cells at steady state 
for at least six generations before sampling, the cultures were 
inoculated from a pre-culture of known absorbance, using pre- 
viously determined generation times to calculate the required 
dilution so that the absorbance at 600 nm (A,,,,,) did not exceed 
0.2 the next day. The pre-culture consisted of cells that were 
already growing exponentially ; for PJ4002 and PJ4000, 10 pM 
and 100 pM TPTG, respectively, were included. 

Measurement of cell density. To determine the absorbance, 
1 ml volumes of growing cell cultures were fixed by mixing 
with 200 p1 37% formaldehyde 11.51. The samples were stored 
at 4°C for up to 24 h before the A,,,,, was measured with a spec- 
trophotometer. Absorbance values were corrected for dilution by 
formaldehyde. For a culture of A,,,,, = 0.1, 1 ml was equivalent 
to 31.5 pg dry cell mass. 

Measurement of intracellular [ATP]/[ADP] ratio. Sam- 
ples of 900 pl were withdrawn from the cultures and mixed 
immediately with an cqual volume of hot phenol [SOOC, equili- 
brated with Tris/EDTA (10 mM Tris, 1 mM EDTA, pH 8) and 
containing 0.1 YO 8-hydroxyquinoline] by vortexing vigorously 
for 10 s. The samples were left to stand at room temperature for 
at least 1 h, vortexed again, stored at -20°C for up to several 
weeks, thawed, and centrifuged at 13000 rpm for 2 inin in an 
Eppendorf centrifuge. The phenol was extracted from the water 

phase with an equal volume of chloroform. ATP and ADP were 
d at room temperature, using a luciferin-luciferase ATP 
ring kit (LKB) as recommended by the supplier. The as- 

say was carried out in the presence of 3 mM phosphoennlpyru- 
vate. ADP was assayed after ATP had been determined by add- 
ing pyruvate kinase and recording the increase in luminescence. 
The results were corrected for ADP contamination in the phos- 
phocnolpyruvate preparation and for quenching of the signal by 
the addition of pyruvate kinase. 

Transport of methyl a-o-glucopyranoside. For the initial 
studies (Table l), transport assays were carried out as described 
previously 11 61. To summarise, cells (A,,,,,-0.5) were harvested 
by centrifugation at 4"C, washed twice with minimal Mops 
medium excluding carbon source, and resuspended to 100 times 
the original density. The suspension was diluted 30:70 (by vol.) 
with Mops medium (without carbon source) and aerated for 
3 min. The uptake assay was then initiated by adding IU- 
''C]MeGlc (Amersham, specific activity : 100 pCi/mmol) to the 
cell suspension to a final concentration of 500 pM. Samples of 
100 p1 were withdrawn at 10-s intervals, quenched in 1 0  ml 
Mops medium at room temperature, and filtered rapidly through 
glass-fibre filters (Whatman GF/F). The exact time of quenching 
was noted with a stop-watch. 500 pl demineralised water and 
4 ml Packard Scintillator Plus scintillation cocktail were added 
to each filter in scintillation vials before measuring the radio- 
activity in a liquid scintillation counter. 

In subsequent experiments, thi y was modified to work 
with steadily growing cells. 1 .5 pmol [U-"C]MeGlc (specific 
activity: 300 pCi/mmol) was preincubated in the reaction vessel 
in a thermostatted water bath at 30°C. The assay was initiated 
by adding 3 ml growing cell culture (A,,,,, 0.12-0.2) to the la- 
belled sugar and vortexing briefly. Four samples (0.5 ml) were 
withdrawn at time intervals of approximately 4 s. The cells were 
quenched in 1 0  ml ice-cold growth medium. The exact lime of 
quenching was noted with a stopwatch. The samples were 
filtered as described above; in addition, the filters were washed 
with 5 ml ice-cold growth medium. Further sample processing 
and counting was performed as described above. The back- 
ground activity bound to the filters was determined by perform- 
ing the procedure with 3 ml medium instead of cells. 

RESULTS 

To examine a possible relationship between free-energy me- 
tabolism and phosphotransferase system activity, we compared 
sugar uptake in three E. coli cultures that differed in expression 
of the H+-ATPase. Initially, we employed the standard transport 
assay 11 61 to measure phosphotransferase system activity, which 
determines uptake of the glucose analogue MeGlc into cells 
resuspended in medium after concentration through centrifuga- 
tion. Table l shows the uptake rate of MeGlc of the wild-type 
(PJ4004) and the atp-inducible (PJ4002) strains. In the strain 
PJ4002, the chromosomal atp genes are cloned behind the taclp 
promoter. Expression of the H i  -ATPase in this strain varies be- 
tween approximately 20% of the wild-type level in the absence 
of IPTG and 400% of the wild-type level when the operon is 
fully induced [13]. The steady-state generation times of the cul- 
tures agreed very well with published results 1171. Table l shows 
that there was little change in the initial uptake rate of MeGlc, 
even when the [H '--ATPase] was varied over a large range; when 
the cells contained 20% of the normal level of HI-ATPase 
(PJ4002 without IPTG [13]), the uptake rate was 22% lower 
than normal. 

We then measured the intracellular [ATP]/[ADP] ratio in the 
cells that were used for the uptake experiment to verify their 
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Table 1. Steady-state growth rates of strains and initial MeGlc up- 
take rates obtained with the standard assay procedure. Cells were 
grown as dcscribed with the indicated IPTG concentrations in the growth 
medium. Transport assays were performed according to the standard pro- 
cedure a s  describcd in the text. Initial uptake rates were normalised with 
respect to the 14 nmol I min- I . mg dry cell mass observed in the 
wild-type strain PJ4004. Data reflect the initial uptake rate i- standard 
deviation. The numbcr of determinations is shown in parentheses. 

Strain [IPTG] Generation Relative 
time MeGlc uptake 

PM min 

PI4004 0 125 1 .OO ? 0.04 (2) 

PJ4002 20 160 1.02 2 0.08 (4) 
PJ4002 0 230 0.78 i 0.07 (2) 

4 1 -  I 
1 I 

0 2 4 6 a 10 

Aeration time (min) 

Fig. 1. The [ATP]/[ADP] ratio during aeration of a dense cell suspen- 
sion of strain PJ4004. Aeration was performed as in the procedure for 
the stantlard uptake assay. Samples for ATP and ADP analysis were 
taken at the indicated time intervals. The [ATP]/[ADP] ratio in the sus- 
pension was 2.3 before acration commenced. In the standard uptake as- 
say, labelled carbohydrate was added 3 min after commencing with aera- 
tion aiid samples were withdrawn at 10-s intervals. 

steady energy state (Fig. 1). The [ATP]/[ADP] ratio in the cells 
was very low (2.3), presumably because the cells had been 
centrifuged and washed in the absence of carbon source, and 
had become anaerobic. When the cells were mixed and aerated, 
the [ ATPI/[ ADP] ratio increased to 3.3 (time zero in Fig. I ) ,  but 
decreased steadily during the time of aeration. When labelled 
carbohydrate was added to the cells during a standard uptake 
assay (at time 3 min) they were clearly not at a steady energy 
state. More importantly, the [ATP]/[ADP] ratios measured here 
were very much lower than the normal steady-state ratio of 11 
during exponential growth on succinate. 

To measure MeGlc uptake under cellular free-energy states 
that reflected the state at which the cells were growing, the stan- 
dard uptake assay procedure was adapted to work with steadily 
growing cells. Because the cells could no longer be concentrated 
and had to be kept at low cell density to remain at steady state 
[ 131, this entailed increasing the specific activity of MeGlc in 
the assay by a factor of three, using larger sample volumes, in- 
cluding growth substrate under transport 
thermostatting the assay at 30°C. Under these conditions the 
[ ATP]/[ADP] ratio did not change significantly during the time 
course of an uptake experiment: four samples taken within 30 s 
of MeGlc addition to the assay had an average [ATP]/[ADPI 
ratio of 10.3 with a standard deviation of 1.2. This value is 
within the experimental error of the ATP and ADP determination 
(Tables 2 and 3). The measured [ATP]/[ADP] ratios also corres- 
ponded to the normal steady-state values 1171. 

Table 2 summarises the uptake data for bacterial cultures that 
were grown under exactly the same conditions as in the experi- 
ment in Table 1, except that the modified uptake assay procedure 
was used ; the steady-state [ATP]/[ADP] ratios during growth 
for the three cultures are also presented. Three observations are 
important: First, as expected 1171, the [ATP]/[ADP] ratio varied 
over a large range from 4.3 to 1 2  in the strain PJ4002 when 
amounts of 0 yM and 20 pM IPTG, respectively, were added. 
The wild-type strain had a ratio of 11. Secondly, the different 
cellular energy states were correlated with different initial 
MeGlc uptake rates. The strain PJ4002 had 79% of the wild- 
type uptake rate, whereas the uptake rate increased to 110% of 
the wild-type level when 20 pM IPTG was included in the 
growth medium. For the strain PJ4002 grown without IPTG, the 
decrease of 21 % i n  uptake rate with respect to the wild type 
was approximately the same as for the standard assay method; 
nevertheless, the modified method is preferred because the 
[ATP]/I ADP] ratios corresponded to the steady-state values. 
Thirdly, the absolute uptake rate of strain PJ4004 in the modified 
assay was much higher (190 nmol . min-' . mg-' dry cell mass) 
than in the standard assay (14 nmol . min-' . mg-' dry cell 
mass). Both the increase in temperature (30 "C compared to 
room temperature) and the higher free-energy state of the cells 
(compare the steady-state IATP]/[ADP] ratio of 11 to that shown 
in Fig. 1) may have contributed to the ase; this was another 
reason for using the modified uptake procedure. 

In Fig. 2, the time course of MeGlc uptake is shown for 
wild-type cells (with a high free-energy state) and PJ4002 cells 
grown in the absence of IPTG (with a lower free-energy state). 
The figure shows how the uptake rate was calculated by linear 
regression. In Fig. 2, all data points for each of the triplicate 
measurements are indicated separately. The individual measure- 
ments of one culture agreed well, and the linearity among the 

Tahle 2. Intracellular ATP and ADP levels and initial MeGlc uptake rates obtained with the modified assay procedure. Cells were grown as 
described with the indicated IPTG concentrations in the growth medium. Transport assays were performed according to the modified method, as 
described in thc tcxt. n = 3 for both the IATP]/[ADP] and the uptake measurements, unless indicated otherwise. Initial uptake rates were normalised 
with respect to the 190 nmol . min- ' . r n g  ' dry cell inass observed in the wild-type strain PJ4004. Data reflect averages +standard error of the 
mean. 

Strain [IPTG] I ATP I [ADPI [ATP]/[ADP] Relative 
MeGlc uptake 

mM 
.. _____ 

PM 

PJ4004 0 4.9 ? 0.1 0.47 t 0.02 10.6 ? 0.5 1.00 t 0.02 
PJ4002 0 3.8 i- 0.4 0.87 t 0.07 4.3 ? 0.1 0.79 t 0.01 
PJ4002 20 5.6 ? 0.2 0.46 ? 0.01 12.3 ? 0.2 1.10 t 0.06;' 

" n = 2. 
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Fig.2. MeGlc uptake for high and low cellular energy states. The 
graph shows the total accumulated MeGlc as a function of time for the 
wild-type strain (PJ4004) (closed symbols and solid lines) and the strain 
1'54002 grown without TPTC (open symbols and dotted lines). Internal 
[MeGlcl was normalised with respect to dry cell mass. The traccs for 
each of thc triplicate determinations are shown. The lines represent a 
lincar rcgrcssion on the first four points (including zero). Thcsc points 
lie in the lincar range and were used to calculate the initial uptake 
rates. 

-- 

first few points was high, so that linear regression could be used 
as a good approximation to calculate the uptake rate. 

Growth of strain PJ4002 in the absence of IPTG still resulted 
in a moderately high [ATP]/[ADP] ratio of 4.3, and the decrease 
in the initial MeGlc uptake rate, compared to the wild type, was 
also relatively small (Table 2). To decrease the levels of the H ' - 
ATPase even further, we used strain PJ4000. The chromosomal 
L I I ~  genes i n  this strain are under the control of the IncUVSp 
promoter, which is more strongly repressed by the Lac1 repres- 
sor protein than the tuclp promoter of strain PJ4002. Conse- 
quently, the strain only expresses the H'-ATPase when the cul- 
ture is induced with IPTG 1131. Like an atp deletion mutant, this 
strain will not grow on succinate when uninduced. In principle, 
it should be possible to fine-tune the H ' -ATPase expression in 
PJ4000 to achieve even lower levels than i n  strain PJ4002 grown 
without IPTG. Under these conditions, the PJ4000 cells should 
also have lower stcady-state [ATP]/[ADP] ratios. However, the 
growth rate of PJ4002 without IPTG (containing ?20% of the 
wild-type level of H+-ATPase) was already very low (generation 
time -4 h), and therefore steady-state experiments with strain 
PJ4000 at even lower growth rates would give a high probability 
of fast growing mutants (because PJ4000 cells need only to inac- 
tivate the lucl repressor gene to grow at the wild-type growth 
rate). Instead, we performed an experiment where the PJ4000 
culture was pre-induced fully with IPTG to express the atp op- 
cron at thc wild-type level, and diluted into growth medium 
without IPTG. This resulted in a steady decrease in growth rate 
(data not shown) as the available H'~-ATPases were diluted into 
the growing cell population because no new enzymes were 
synthesised. The [ATP]/[ADP] ratio i n  these cells decreased to 
levels below 1, and the initial MeGlc uptake rate decreased con- 
comitantly (Fig. 3). The cells virtually stopped growing when an 
estimated 2% of the H.' -ATPases remained (compared to the 
prc-culture). 

The cellular energy slate o l  the wild-type cells (PJ4004) was 
also varied by adding pot i u m  cyanide, an inhibitor of the re- 
spiratory chain, or dinitrophenol, an uncoupler of oxidative 
phosphorylation. The aim of this experiment was to verify that 
the above variation of MeGlc uptake rate with H ' -ATPase con- 
centration rcflcctcd a dependence of phosphotransferase system 
activity on free-energy state rather than a more direct depen- 
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Relative [H'-ATPase] (%) 

Pig. 3. Initial phosphotransferasc uptake activity and [AlP[/[ADP] 
ratios upon dilution of the H+-ATPase during growth. A prc-culture 
of strain PJ4000 was grown in the presence of 100 pM TPTG, and dif- 
ferent ainourits were dilutcd into growth medium without IPTG. Thus the 
cultures contained dificrcnt amounts of H ' -ATPasc whcn they reached il 
suitable absorbance l'or the uptake iy. Each point on the graph rcprc- 
sents the average 01  a triple measurement for both the uptake rate and 
the [ATPI/IADPI ratio. Error bars indicate the standard deviations of the 
measurements. The relative [H '-ATPase I was calculated by determining 
the increase in cell mass after dilution of the pre-culture. Uptake rates 
were normalised with respect to the 190 nmol dry cell 
mass observed in the wild-type strain, PJ4004 (see also Table 2). 

inin I . ing 

dence on H'-ATPase concentration. The addition of an inhibitor 
to a steadily growing cell culture will cause changes in meta- 
bolic variables. To be able to correlate phosphotransferase sys- 
tem uptake rates with the [ATP]/[ADP] ratio quantitatively, we 
therefore preincubated with inhibitor for 10 min and verified that 
the [ATP]/IADP] ratio did not change significantly during the 
course of the subsequent experiment. We used two different con- 
centrations of each inhibitor. Both inhibitors lowered the [ATP[/ 
IADP] ratio in the cells, and this was associated with a concom- 
tant decrease in the initial phosphotransferase uptake activity in  
all cases (Table 3). Neither the inhibition of uptake nor the 
decrease in [ATPI/IADP] ratio was severe when the lower con- 
centration of either inhibitor was used. 

We next investigated whether the variation of phosphotrans- 
ferase system transport with [ATP]/[ADP] depended on the way 
in which the energy state was varied. Fig. 4 shows the combined 
results, obtained by varying the cellular free-energy statc with 
different methods. The correlation between MeGlc uptake and 
[ATP]/IADP:I ratio was the same, regardless of whether the [H ' - 
ATPaseI was changed by steady-state gene expression or dilu- 
tion. When the uncoupler dinitrophenol was added to wild-type 
cells, the data points on the correlation graph were on the same 
line as those liom growing cells. Only when cyanide was used 
to inhibit respiration, was the initial uptake rate slightly higher 
for a certain [ATP]/IADPI ratio than for the other methods. The 
data points for the steady-state cultures, the dilution cxperiment, 
and the dinitrophenol experiment all showed a linear trend for 
the dependence of initial uptake rate on the logarithm of the 
[ATPI/[ ADPl ratio. 

DISCUSSION 

The results presented in this study show that changes in the 
cellular free-energy state, as reflected in the [ATPI/I ADP] ratio, 
were associated with clear effects on sugar uptake by the phos- 
photranslerase system. In all cases studied, a lower IATP]/IADP] 
ratio resulted in a lower initial MeGlc uptake rate. The decrease 
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Table 3. Effects of cyanide and dinitrophenol on the cellular frce-energy state and phosphotransferase system uptake. Steadily growing wild- 
type cells (PJ4004) were incubated with specified concentrations of inhibitor for 10 min, after which alternate ATP samples were taken and uptake 
assays were performed in quick succession. n = 2 for both the [ATP]/[ADP] and the uptake measurements, unless indicated otherwise. Uptake rates 
were again normalised with respect to the wild-type rate in the absence of inhibitor (value: 205 nmol min I . mg. I dry cell mass; compare Table 2). 
Data reflect averages 2 standard error of the mean. 
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Fig. 4. Correlation of phosphotransfei-ase uptake activity and [ATPI/ 
[ADP] ratio when the cellular energy state was changed by means 
of different methods. The graph shows the combined data from all the 
described experiments with the modified uptake assay method. The up- 
take rates were normalised with respect to the wild-type strain PJ4004 
which was included as a reference in each experiment. Absolute uptake 
rates can be found in Tables 2 and 3. Error bars indicate the standard 
deviations of both the IATPI/IADPI and the uptake measurements. 

was observed both upon changing atp gene expression and add- 
ing metabolic inhibitors. This suggests that the change in phos- 
photranslerase activity was indeed the result of a lower cellular 
cncrgy state rather than a more direct effect of H~'-ATPase gene 
expression, as the decrease in phosphotransferase activity did 
not dcpcnd on the method by which the cellular energy state 
was varied. 

Sincc we werc intcrested in phosphotransfcrasc activity un- 
der steady-state lree-energy conditions, we paid special attention 
to the phosphotransferase system uptake assay. During the stan- 
dard uptake assay, cells are chilled, washed, and concentrated in 
cold medium without substrate. Prior to the uptake assay, they 
arc aerated for 3 min at room temperature, still in the absence 
of substrate. We found that this procedure led to a substantial 
decrease in [ATP]/[ADP] ratio (Fig. 1 ) .  The phosphotransferase 
systcm uptake assay was therefore modified to work under 
steady-state growth conditions and steady [ATP]/[ADP] ratios, 
even after MeGlc had been added. Significantly, the uptake rates 
were about 14 times higher with the improved assay method 
than with the standard method. This difference may be derived 
partially from a lower free-energy state during the standard 

procedure (the uptake rate decreased by a factor of four when 
the [ATP]/[ADP] ratio was lowered tenfold; compare Fig. 4) and 
partially from the higher temperature in the modified assay pro- 
cedure (30 "C compared to room temperature). 

The experiments were performed with succinate as the 
carbon source to achieve greater variation in the steady-state 
[ ATP]/[ADP] ratios when the expression of the H'~-ATPase was 
changed, as virtually all ATP synthesis must proceed via oxida- 
tive phosphorylation under these conditions. When cells are 
grown on a fermentable substrate (such as all growth substrates 
transported by the phosphotransferase system), additional ATP 
is formed during glycolysis, and even atp mutants have a rela- 
lively high IATP]/[ADP] ratio [12]. Changing the gene expres- 
sion of the H ' -ATPase will hardly affect the cellular energy state 
under these conditions. 

The relationship between initial phosphotransferase uptake 
rate and the logarithm of the [ATPI/[ ADP] ratio, as observed i n  
Fig. 4, is not far from linear. This may point to the quasi-linear 
nonequilibrium thermodynamic flow-force relationship expected 
on kinetic grounds 11 81. The initial phosphotransferase uptake 
rate can then be defined as the flow that varies linearly with a 
thermodynamic force. The phosphorylation potential, AG,,, is a 
linear function of In IATP]/([ADP] . [P,]), and, if the concentra- 
tion of inorganic phosphate is assumed to be constant (phosphate 
is present in excess in the growth medium of the batch culture), 
AG,, should vary linearly with the logarithm of the IATP]/[ADP] 
ratio. In this analysis, the phosphorylation potential behaves as 
though it were the driving force behind the phosphotransferase- 
system-mediated uptake. This is, of course, an empiric inter- 
pretation, but the observation that the data points for the dinitro- 
phenol titration correlate with the linear trend of thosc from the 
experiments where atp gene expression was changed, suggests 
that the [ATP]/[ADP] ratio, an important thermodynamic driving 
force, is a key factor i n  the regulation of phosphotransferase 
uptake activity. 

When using cyanide to inhibit respiration, the somewhat 
higher phosphotransferase uptake rate for a certain [ATPI/[ ADP] 
ratio, cornpared to the other experiments, cannot be explained by 
the above interpretation alone, as both cyanide and dinitrophenol 
should, in principle, lower the intracellular I ATP]/[ADP] ratio 
by decreasing the proton gradient across the cell membrane. As 
cyanide also inhibits respiration, the result points to an addi- 
tional effect of cyanide on phosphotransferase activity other than 
lowering the cellular energy state. Cyanide can rcact with 
pyruvate, for example, by nucleophilic attack on thc carbonyl C 
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atom, forming a cyanohydrin [191, and this could possibly affect 
the phosphotransferase uptake rate by decreasing the concentra- 
tion of intracellular free pyruvate. 

The results i n  this study should also be viewed in the context 
of previous observations on the effects of metabolic activity and 
inhibitors of respiration on phosphotransferase system uptake 12, 
3, 5,9,  101. As pointed out in the Introduction section, contradic- 
tory results have been reported : uncouplers and respiratory 
inhibitors could stinzulate phosphotransferase-system-mediated 
uptake or reverse the inhibition caused by oxidisable substrates 
under some conditions, but under other conditions uncouplers 
could inhihit MeGIc uptake. Since these earlier studies did not 
report the effects on the cellular energy state and because they 
used differently defined experimental conditions, it is difficult 
to compare our data directly to the results from these earlier 
experiments. 

Reider et al. 161 reported that the addition of uncouplers 
stimulated phosphotransferase system uptake activity in aerobic 
cells only. In addition, when the cell membrane was energised 
by respiration, the phosphotransferase-system-mediated uptake 
in membrane vesicles was inhibited; this inhibition could be re- 
versed by the addition of cyanide 161. The inhibition by respira- 
tion was more pronounced in ntp mutants, although ATP levels 
remained unchanged [4]. Our reported inhibition of the phospho- 
transferase activity when lowering the expression of the ntp 
operon (Table 2 and Fig. 3) may, at least in part, be the result of 
a proposcd 161 direct effect of the membrane potential. Decreas- 
ing the (H'-ATPase] will also decrease the proton flux used for 
ATP synthesis and stimulate respiration 1171, resulting in an 
increased proton gradient across the cell membrane and hence an 
increased membrane potential [I 21, which could possibly inhibit 
phosphotransferase activity directly [ 61. The results obtained 
with dinitrophenol (Table 3, Fig. 4), however, do not agree with 
this interpretation because the membrane potential is dissipated 
and phosphotransferase uptake activity is still inhibited. The cor- 
relation of phosphotransferase uptake activity and IATP]/[ ADP] 
ratio for the dinitrophenol and gene expression experiments, 
even when the membrane potential was only dissipated partially 
by a low concentration (300 pM) of dinitrophenol, suggests that 
direct effects of the membrane potential on phosphotransferase 
activity did not play the major role in our experiments. 

Our observation of decreased phosphotransferase activity 
upon addition of a protonophore is morc in agreement with 
results of Hoffee and Englesberg [ 3 ]  who showed that uncou- 
plers could inhibit phosphotransferase system uptake, albeit par- 
tially, in the absence of an oxidisable substrate. Haguenauer and 
KCpk 181 reportcd complete inhibition of MeClc uptake as a 
result of the combined action of azide and fluoride; their result 

ent with our data. Furthermore, Klein and Boyer 171 
reported a 60% decrease in the steady-state level of MeClc ac- 
cumulation when the cells were incubated with high arsenate 
and low phosphate, which decreased intracellular phosphoeizol- 
pyruvate levels. 

As phosphoenolpyruvate is the phosphoryl donor for the 
pliosphotranslerase-system-inediated carbohydrate uptake, the 
question arises as to whethcr the effects of changes in the cellu- 
lar frce-energy statc on phosphotransferase activity are mediated 
by changes in phosphoenolpyruvate concentration. In prelimi- 
nary experiments, we have determined that intracellular phos- 
phomolpyruvate levels increased when the [H ' -ATPase] was 
lowered, whereas the addition of dinitrophenol led to a decrease 
in phosphoenolpyruvate levels (Rohwer, J.  M. and Shinohara, 
Y., unpublished results). In both cases, however, initial phospho- 
transferase system uptake rates were inhibited. This shows that 
thc cellular energy state as reflected i n  the [ATP]/[ADP] ratio 

and not the intracellular phosphoenolpyruvate level is important 
for the regulation of phosphotransferase activity. 
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