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1. Introduction

The reversible, membrane-bound ATPase of bacte-
ria couples the movements of H* to the synthesis of
ATP [1-4]. Because this reaction is associated with
the transfer of charge across a membrane, the bacte-
rial ATPase catalyzes ATP formation when either
electrical or chemical (pH) gradients are imposed
[1,2,5-7], as does the ATPase of mitochondria and
chloroplasts [8-11]. In principle, kinetic responses to
these two different driving forces might depend on a
variety of factors. Thus, in attempting to decide
between many possibilities, it seems important to
characterize the synthetic reaction with regard to its
voltage and pH sensitivity. Work with submitochon-
drial particles has shown that imposed electrical or
pH gradients can initiate ATP formation at rates com-
parable to those found during oxidative phosphoryl-
ation [11]. However, the rapid decay of these gra-
dients made it difficult to compare their relative
efficiencies in driving the reaction. Similarly, the
relevant studies with chloroplasts have been performed
under conditions where membrane capacitance was
continually charged and discharged [12], or where
only the pH gradient was measureable, and effects of
membrane potential could not be examined [13,14].
Here it has been possible to explore this topic using
the anaerobic bacterium, Streptococcus lactis. The
results indicate that membrane potentials and pH
gradients of equal thermodynamic value elicit identi-
cal rates of ATP formation. This suggests that inward
moving protons can interact with the ATPase in a
productive manner only after the full profile of the
electric field has been crossed. Moreover, these results
appear to exclude limiting versions of models for
energy coupling in which membrane potential and pH
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gradient might have different mechanistic targets
[15,16].

2. Materials and methods

Cells of Streptococcus lactis (ATCC 7962) were
washed with and then placed in 0.1 M potassium
phosphate (pH 8) at 13—15 mg dry wt/ml (20—25 ul
cell water/ml [1]). To impose a pH gradient cells
were diluted 20-fold with 0.1 M potassium phosphate
(pH 8) and treated (3—5 min) with 10 uM valinomycin
before adding 2 N sulfuric acid to lower external pH
to <5.5. When only the membrane potential was
varied, cells were first treated with the ionophore and
then diluted 20-fold into buffer containing choline in
partial replacement of potassium; 10 s after dilution,
acid was added to bring outside pH to ~5.1. Vigorous
mixing was ensured by suspending the vial containing
diluted cells over a magnetic stirrer; external pH was
measured at the end of the experiment. All work was
done at 25—27°C. ATP synthesis was monitored
during the first 30 s after addition of acid by removing
aliquots at 6 s intervals and placing them in an equal
vol. iced 0.4 N perchloric acid containing 0.08 M
potassium thiocyanate. ATP content of neutralized
extracts was estimated with the luciferin—luciferase
reaction, essentially as in [1,6]; the mean of 4—5
trials was used to establish ATP content in each
sample.

The thermodynamic contribution made by the pH
gradient was calculated as 2.3RT/F times the dif-
ference between known initial internal pH (pH 7.6
[6]; confirmed for this work) and variable external
pH. Membrane potential was estimated by applying
the Nernst relationship to the ratio of constant
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internal potassium (380 mM, as in [1]) and variable
external potassium. It is likely that these imposed
gradients were relatively stable over the time needed
to assay changes of cellular ATP. At a total driving
force of 200 mV, measurements of internal pH (in
preparation) suggest acidification of only 0.4 pH
units after 30 s; an acidification of 0.6 pH units is
calculatable using known internal buffering power
[17] and passive membrane conductance to H' [17],
since at this driving force passive and coupled proton
entry occur at comparable rates [1]. The overall
exchange of H" and K* would not significantly alter
the ratio of internal and external potassium. Other
data ([1,6] and unpublished experiments) indicate
that endogenous pools of ADP and phosphate were
not significantly depleted under these conditions.

3. Results

Figure 1 describes results from the first and last in
a series of 7 expt. In such work it was possible to
reliably estimate increases of ATP as the phosphate
potential was driven towards a new equilibrium posi-
tion after manipulation of either the pH gradient or
membrane potential. Increases of ATP were linear
with time for 24—30 s when net driving forces of
<220 mV were imposed; extrapolation to zero time
indicated a common basal level of ATP. At higher
driving force (>240 mV) linearity beyond 12—18 s
was not observed. The results shown in fig.1 suggest
two conclusions.

(1) There is no necessary correlation between the
rate of ATP formation and the external concen-
tration of protons, even though H* might be con-
sidered a participant in the overall reaction (com-
pare open and closed triangles).

(2) Over a range in which rates of ATP formation
change by ~25-fold (driving forces of 180—230
mV), rate accelerations caused by increasing the
thermodynamic contribution of the pH gradient
are the same as those caused by increasing the
membrane potential (compare O and A).

Figure 2 summarizes these and the other experi-
ments. The data support the earlier conclusion
regarding the rate equivalence of chemical and electri-
cal gradients in driving ATP synthesis. It is also
apparent that there is an exponential relationship
between total driving force and the rate of ATP for-
mation. Within 175230 mV this relationship sug-
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Fig.1. Dependence of the rate of ATP appearance on
external pH and the electrochemical proton gradient.
Symbols: (o) variable pH gradient, constant membrane poten-
tial; (2,4) variable pH gradient and membrane potential.

Two separate experiments are shown (circles and

triangles). The upper abscissa is used to indicate rate as a
function of external pH; the lower abscissa is used to express
rate as a function of the total electrochemical proton gra-
dient. The solid line gives the correlation established by these
and other experiments (see fig.2).

gests 1.8 H' translocated/molecule ATP formed,

provided that the driving force does not change the

velocity constant or state of activity of the ATPase,
in agreement with other tests of stoichiometry

(2 H'/ATP) made in bacterial system [6,18]. Techni-

cal limjtations may become important at the higher

driving forces, where measured rates are still con-

siderably less than estimated maximal velocity [1,17].

Thus:

(i) The assumed driving force may be overestimated
because of rapid net proton entry accompanying
accelerated ATP synthesis;

(ii) Rates of ATP appearance may be underestimated
(compared to estimates at lower driving forces)
by the manual sampling procedure used.

Nevertheless, even at high net driving forces there is an

equivalent kinetic response to imposed electrical and

chemical gradients of comparable thermodynamic
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Fig.2. Rate of ATP appearance as determined by the electro-
chemical proton gradient. Results from 7 separate expt are
presented. Symbols: (o) variable pH gradient, constant
(~16 mV) membrane potential; (4) constant pH gradient
(~170 mV), variable membrane potential; (o) variable pH
gradient and membrane potential at constant (~255 mV)
electrochemical proton gradient (see fig.1). At the two
highest driving forces, rate was estimated from the increase
over basal ATP after 6 s. The 95% confidence interval for
2.3RTJ/F times the slope of the regression line is 1.63—-2.05.
In any single experiment results indicating positive slope for
ATP content versus time were accepted only if a positive
slope was found also for the next higher driving force. This
selection was necessary, since a zero or negative slope could
be found for driving forces centering about the reversal
potential of the ATPase. Since hydrolysis of ATP could be
observed as this reversal potential was approached from
below (not shown), it has been assumed that on the time
scale of these experiments there is rapid release of any
regulatory processes controlling ATP hydrolysis by the
ATPase.

weight. Since internal pH was the same in all experi-
ments, these results show that 10-fold increases in
external [H'] yield the same rate enhancement as a
60 mV elevation of membrane potential.

4. Discussion

Here the general plan was to impose a pH gradient
(~170 mV) so that the ATPase reaction would be
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nearly at equilibrium with the phosphate potential of

the intact cell (~370 mV [unpublished]). Subse-

quently, increases of either the pH gradient or mem-
brane potential served to drive ATP synthesis. It is
clear that both membrane potential and pH gradient
have profound effects on the rate at which the ATPase
catalyzes ATP formation. In addition, as rate deter-
mining elements for the reaction, there is a simple
quantitative relationship between these thermo-
dynamic parameters. Two general classes of expla-
nations might account for observations that ATP
formation is driven by either electrical or chemical
gradients [1,2,5-11].

1. There may be both voltage-sensitive (but pH-
independent) and pH-responsive (but voltage-
insensitive) steps, each of which might be rate
limiting under appropriate conditions [15,16].
Here one must suppose that for unexplained
reasons the responses of these separate events to
voltage and pH are equivalent within the range
explored.

2. More simply, there may be one rate limiting step,
responsive to the electric field as well as external
pH, and that both voltage and pH are converted
into a common signal. Here, but not necessarily in
1., one could expect a regular and quantitative
relationship between membrane potential and
external pH as they alter the rate at which the
reaction approaches equilibrium.

Biochemical studies of the proton-translocating

ATPase have shown that the enzyme is divisible into

two subdomains, termed Fy and F; [3,4]. Based on

work suggesting that the catalytic activity of Fq

represented a facilitation of transmembrane H*

movements, Mitchell proposed [19] that in the intact

enzyme this sector might behave as a ‘proton well’.

This idea assigns a permissive rather than instructive

role to F, for it requires diffusion of H* within F,

prior to energy coupling. In this way, H* diffusion

within Fy could convert a portion or all of the electrical
driving force on protons into a pH differential

[15,19,20]. Evidence in support of this idea is so far

restricted to studies verifying that the Fy sector, or

one of its components, shows jonophoretic activity
towards H" [21—24]. Support of a different kind is
provided by the work summarized here. Thus, these
results are most simply interpreted as showing that
H* must diffuse across the entire electric field prior to
energy coupling. One plausible structural corollary is
that energy coupling occurs at the inner surface of
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the (bacterial) membrane. This is in contrast to
several other transmembrane systems, where H'-
reactive sites are only partially sensitive to the bulk
electric field and may lie within the membrane
[25,26].
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