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1. Introduction

The use of the mutants of Escherichia coli with a
defect in the membrane ATPase* has been extended to
the study of the mechanism of energy conservation in
bacterial membranes (for review see [1]). One class of
mutants has been shown to lack ATPase activity
[2—11], while a second class of mutants retains the
ATPase activity [4,7,11-13], but in a form which is
resistant to the ATPase inhibitor DCCD.

This report presents a comparative study of mem-
brane potential generation in mutants of E. coli with
alterated ATPase. The changes in the fluorescence
intensity of ANS™ were used to detect the membrane
potential. A characteristic ANS™ fluorescence change
can be induced by the difference of electrostatic
potentials imposed across membranes of mitochondria
[20,211, E. coli [22], an electroplax cell of Electro-
phorus electricus [23] and phospholipid liposomes
[24]. Changes in the fluorescence intensity were also
observed during the application of voltage pulses across
ANS-stained phospholipid bilayers [25].

The experimental material presented in this report
indicates that alterations in the membrane ATPase
lead to the inactivation of ATP-dependent membrane
potential generator.

Abbreviations: ATPase, Mg?* + Ca*" dependent ATPase (EC
3.6.1.3); DCCD, N, N -di¢cyclohexylcarbodiimide; ANS~, 1-anilino-
8-naphthalenesulfonate; CCCP, carbonylcyanide p-trichlorome-
thoxyphenylhidrazone.
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2. Materials and methods

The bacterial strains used were E. coli K, AN 180
(F,argE3, thi~, mtl~, xyl™, str-804) AN 382 (F~,
argE3, thi~, mtl™, xyl~, str-704, uncB401) and AN
120 (F~, argE3, thi~, mtl™, xyl~, str-804, uncA401),
generous gifts of Professor F. Gibson, Australian
National University. Stock cultures were maintained
on solid medium, containing casein hydrolysate, yeast
extract, agar and glucose (0.4%). The liquid minimal
salt medium used for strains AN 382 and AN 120 was
that of Davis and Mingioli [26] and contained
(in 1 litre): 2 g of casein hydrolysate, 1 g of yeast
extract and S g of glucose. Strain AN 180 was grown
in medium where instead of glucose 2.5 g of succinic
acid was added. Strains AN 382 and AN 120 were
grown at 37°C for 7 h under aerated conditions and
harvested by centrifugation at 4°C for 10 min at
10 000 g. Strain AN 180 was grown under analogous
conditions for 8 h, then diluted 1:8 with fresh medium
and aeration continued at 37°C for 2.5 h. The harvested
cells of all strains were washed twice at 4°C with 0.1 M
potassium phosphate buffer (pH 7.0), suspended in the
same buffer and kept in ice. Measurements of ANS™
fluorescence intensity were carried out as described
earlier [22] in the medium, containing 0.05 M potas-
sium phosphate buffer (pH 6.0), 5-10™° M ammonium
salt of ANS™, catalase (0.05 mg/ml), 6:107 M glucose
or 5:10™2 M succinate and E. coli cells. DCCD was
obtained from Ferak, Berlin, ammonium salt of ANS™
from Sigma, USA. CCCP was kindly provided by
Professor V.P. Skulachev, Moscow. Catalase (37400
units of activity) was purchased from Olaine, USSR.
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3. Results

The use of ANS™ for detection of the membrane
potential in E. coli cells is based on the quenching of
ANS~fluorescence in response to the generation of an
imbalance of electrical charge such that the interior
of cell is negative [22].

Fig. 1 depicts the time-course of the changes in the
fluorescence intensity of ANS™ induced by the
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Fig.1. Changes in the fluorescence intensity of ANS-stained
cells with normal and alterated membrane ATPase. The experi-
ment was conducted as described in Materials and methods.
The energy source used was succinate (curves 1 and 3),
succinate plus glucose (curve 2) and glucose (curves 4—7.
Curves 3, 5 and 7 were obtained in medium supplemented
with 6 X 10™* M DCCD. Additions: cells of AN 180, AN

382 and AN 120 strains (all up to 2.1 mg dry wt/ml) and 750
nmol of H, 0,.
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interaction between dye and cells. The strains used
were: a wild-type strain AN 180, an uncB mutant

(AN 328) retaining ATPase in DCCD-resistant form
and an uncA mutant (AN 120) lacking ATPase activity
(see [1]). It can be seen (curve 1, fig.1) that the
interaction between wild-type cells and ANS™ in the
succinate-containing medium is followed by a biphasic
increase in the probe fluorescence. At first a rapid
phase of increase is observed. The incubation of cells
under conditions of limited exposure to the air results
in the exhaustion of oxygen in the medium and leads
to the enhancement of ANS™-stained cell fluorescence
(curve 1, fig.1). The injection of a small amount of
hydrogen peroxide, which is rapidly converted by
catalase to oxygen and water, induces transitional
quenching of ANS™ fluorescence and an exponential
return of the intensity to the initial level (curve 1, fig.1).
If wild-type cells were added to the glucose-containing
medium (curve 2 fig.1) the large-amplitude increase in
the fluorescence intensity of ANS™ under anaerobic
conditions as well as the fluorescence response to
oxygen injection were no longer observable. The
incubation of wild-type cells in the medium supplement-
ed with ATPase inhibitor DCCD (curve 3, fig.1) causes
an additional increase in the fluorescence intensity of
ANS™ under anaerobic conditions.

A biphasic increase in probe fluorescence is observ-
ed when cells of the mutant strains are added to the
glucose-containing medium. It can be seen (curves 4
and 6, fig.1) that the exhaustion of oxygen in glycol-
yzing suspensions of mutant cells leads to an increase
in the fluorescence intensity of ANS™. The injection of
oxygen causes a characteristic transitional quenching
of dye fluorescence.

As was shown above (curve 2, fig.1) no large-
amplitude changes in ANS™ fluorescence were
observed in the glycolyzing wild-type cell suspension.
Thus, the increase in ANS™ fluorescence intensity
under conditions of anaerobic glycolysis is a specific
feature of mutant cells. The time-course of the changes
in the fluorescence of ANS™ depends on the type of
mutant cells used. In the suspension of uncB mutant
cells the oscillatory character of the time-course of
these changes is observed (curve 4, fig.1). This effect
is absent in the suspension of uncA mutant cells
(curve 6, fig.1). The incubation in DCCD-containing
medium induces a remarkable increase in the fluores-
cence intensity of ANS™-stained uneB mutant cells
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Fig.2. Changes in the fluorescence intensity of ANS-stained
de-energized cells, The experiment was conducted as described
in Materials and methods. The energy source used was succinate
(curves 1 and 2) or glucose (curves 3—6). Curves 1, 3 and 5
were obtained in medium supplemented with 6 X 10 M
DCCD and 1.6 X 10® M KCN; curves 2, 4 and 6 in medium
supplemented with 4 X 10" M CCCP. Additions as in fig.1.

(curve 5, fig.1), while in the cell suspension of uncA
mutant the effect of DCCD is considerably less pro-
nounced (curve 7, fig.1).

The next set of experiments was carried out in
medium supplemented either with respiratory inhi-
bitor cyanide and ATPase inhibitor DCCD (curves 1,3
and 5, fig.2) or with uncoupler CCCP (curves 2,4 and
6, fig.2). It can be seen that the de-energization of
cells abolishes the biphasic increase in probe fluores-
cence. The addition of cells is immediately followed
by the increase in the fluorescence intensity of ANS~
in spite of the presence of oxygen in the medium. The
inhibition of DCCD-treated cell respiration by cyanide
or the increase of membrane permeability for H" ions
caused by CCCP inhibits the respiration-coupled
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changes in the fluorescence intensity of ANS™ in the
suspensions of wild-type cells (curves 1 and 2, fig.2)
as well as in the suspensions of mutant cells

(curves 36, fig. 2).

4. Discussion

In the anaerobic suspension of glycolyzing cells
ATP hydrolysis is the sole energy source for membrane
potential generation. The changes in the fluorescence
intensity of ANS~are a reliable index of this charge
imbalance generated by the membrane ATPase. The
experimental material presented above indicates that
alterations in the membrane ATPase lead to impair-
ment of ATP hydrolysis-coupled generation of the
membrane potential. The uncB mutant differs from
the uncA mutant in the mode of impairment. ATPase
of the former mutant, but not of the uncA4 mutant,
generates a membrane potential, while the value of
this charge imbalance is considerably lower than in the
parental strain (compare curves 2 and 4, fig.1).

Under aerobic conditions cells of the parental strain
as well as cells of both types of mutants exhibit (see
fig.1) almost identical low levels of ANS™ fluorescence,
indicating effective membrane potential generation by
the respiratory chain.

Consideration of these facts and recently established
potency of the charge imbalance to drive the transport
of certain metabolites and synthetic ions in E. coli
cells and membrane vesicles [27—29], leads to the view
that well known inhibition of the metabolite transport
in mutants under anaerobic conditions [15—19] is due
to the impairment of membrane potential generation
by altered ATPase. Observation of the transport of
metabolites in the cells of mutant and parental strains
under aerobic conditions [15,19] is consistent with
the conclusion that the respiratory chain acts as
effective charge imbalance generator in these cells.

Turning now to the membrane potential generation
by ATPase of uncB mutant discussed above it must
be pointed out that no transport of metabolites has
been observed [15,19] in anaerobic cell suspensions of
this type of mutant. Therefore, further study of the
quantitative correlation between the membrane
potential value in the cell and the transport of the
metabolite is necessary.
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