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The protonophorous uncoupler carbonyl cyanide m-chlorophenylhydrazone was found to inhibit the growth rate of E.
coli and maintenance of the membrane potential (4y) in intact bacterial cells. Both inhibitory effects of the protonophore
were strongly decreased by Na*. A favourable action of Na* could be observed only when cells were grown under condi-
tions of low A4H, i.e. at alkaline pH (8.6) or in the presence of the photonophore in growth medium. It was abolished
by addition of 4pH-dissipating agents, i.e. the penetrating weak base diethylamine and the Na*/H* antiporter monensin,
to the incubation medium. In inside-out subcellular vesicles isolated from cells grown at alkaline pH, NADH oxidation
was shown to be coupled to Na* uptake which was markedly stimulated by protonophore and inhibited by cyanide and
HQNO. It is concluded that the growth of E. coli at alkaline pH or in the presence of protonophore gives rise to the
induction of a primary respiratory Na* pump(s).

Na*-motive respiratory chain; Protonophore; Uncoupler; (E. coli)

1. INTRODUCTION

It has been shown in several laboratories that E.
coli can grow under conditions of very low AzH.
Such an effect was observed in wild strains growing
on glucose [1,2] or in protonophore-resistant
mutants [3-7]. To explain the latter observation,
the ‘localized’ proton cycle was postulated [6]. The
sodium cycle seems to be the alternative explana-
tion [8].

The studies carried out by Tokuda and Unemoto
[9,10] and by our group [8,11-14] have shown that
the marine bacterium Vibrio aliginolyticus
possesses an Na*-motive NADH-quinone reduc-
tase which produces 44Na utilized to support all
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types of membrane-linked work, i.e. ATP syn-
thesis, uphill import of metabolites and rotation of
the flagellum.

It is usually assumed that there is no primary
respiratory Na* pump in E. coli, AgNa being form-
ed at the expense of AzH energy by means of an
Na*/H* antiporter (reviews [15,16]). In this study,
we demonstrate this to be the case for E. coli grown
under conditions optimal for AZH formation.
When, however, 44H is low, an electrogenic
Na*-motive respiratory system is induced.

2. MATERIALS AND METHODS

E. coli strain K-12 Doc S (laci"z*y*a*,pro~,trp~,his~,met ™)
was kindly supplied by Professor L. Grinius. Cells were grown
aerobically at 37°C in a medium containing 22 mM KH,POj,
20 mM NaHPO,, 10 mM NaCl, 1 mM MgSO4, 50 mM glycyl-
glycine (pH 8.6 or 7.6), 0.05% yeast extract, 60 mM sodium
succinate and marker amino acids (0.08 mg/ml) (medium 1). In
medium 2 all Na* salts were replaced by K* salts.

To measure growth rate, 2 x 107 cells/ml were added to
medium 1 or 2 and the light scattering at 600 nm was monitored.

Membrane potential in intact E. coli cells was measured using
a TPP*-sensitive electrode kindly supplied by Dr S.A.
Novgorodov. At mid-logarithmic phase, cells were sedimented
and washed twice with a medium containing 7 mM KCI,
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150 mM NacCl, 5 mM MgSO,, 25 mM Tris-H2SO4 (pH 8.6 or
7.6) (medium 3) or a similar medium containing 150 mM KCl
instead of NaCl (medium 4). The final sediment was suspended
in medium 3 or 4 to obtain 0.3-0.5 mg protein/ml. Ay was
calculated according to Kamo et al. [17]. Intracellular volume
was assumed to be equal to 1.7 ul/mg protein [18]. Passive
TPP* binding was determined in the presence of 10 mM CCCP
and 5 mM KCN.

Protein concentration was measured according to the Lowry
method using Merck serum albumin as standard.

To obtain subcellular vesicles, cells were sedimented at
7500 x g for 10 min and washed with 150 mM NaCl, 5 mM
MgSO., 10 mM Tricine (pH 8.2). The sediment was suspended
in 0.2 M sucrose, 5 mM MgSO,, 10 mM Tricine (pH 8.2) and
incubated for 45 min at 30°C. After incubation, cells were
sedimented again, suspended in 0.1 M K>SO04, 30 mM MgSO;,,
10 mM Tricine (pH 8.2), lysozyme (0.3 mg/ml) and incubated
for 30 min at 37°C. The spheroplasts obtained were centrifuged
at 9800 x g for 10 min and the sediment was suspendedin 0.1 M
K;SO4, 5 mM Na;SO4, 5 mM MgSOy,, 10 mM Tricine (pH 8.2),
serum albumin (1 mg/ml), dithiothreitol (0.62 mg/ml). The
suspension was passed once through a French press
(1000 Ib/inch?) and then centrifuged at 14000 x g for 15 min.
The supernatant was centrifuged at 50000 X g for 60 min. The
sediment from subcellular vesicles was stored at liquid nitrogen
temperature in 20% glycerol, 0.1 M K>SO4, 5 mM MgSO, and
10 mM Tricine (pH 8.2). Gel filtration with centrifugation and
flame photometry techniques were used to measure Na*
transport into subcellular vesicles, as described [13].

3. RESULTS

Growth of E. coli on media 1 and 2 containing
succinate as the main energy source was found to
occur only under aerobic conditions (not shown).
Therefore, one may assume that oxidative phos-
phorylation was involved in the cellular energetics.

In fig.1A,B, one can see the effect of the pro-
tonophorous uncoupler CCCP upon growth of E.
coli in the presence of high (about 170 mM) and
low (about 2 mM) Na* concentrations, respective-
ly. It is shown that in high Na* medium, much
greater CCCP concentrations are required to arrest
growth. This effect was observed at pH 7.6 (fig.1)
as well as at pH 8.6 (not shown).

In fig.2 the effect of CCCP upon membrane
potential in E. coli cells is demonstrated. Accor-
ding to fig.2A, cells grown at pH 8.6 and incubated
in K* medium failed to maintain any Ay in the
presence of 7 x 107 M CCCP. At the same time,
in Na* medium this concentration of CCCP
decreased Ay only slightly. A rather high AyY was
observed even with 2x 107> M CCCP. Half-
maximal effect was noted at an Na* concentration
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Fig.1. Na* decreases CCCP inhibition of E. coli growth rate;
pH 7.6. (A) Na* medium (medium 1); (B) K* medium (medium
2).
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Fig.3. CCCP-stimulated Na* uptake by E. coli inside-out sub-

cellular vesicles oxidizing NADH. Incubation mixture, 50 mM

K2SOs4, 5 mM Na;SO4, 30 mM MgSO,, 25 mM potassium

acetate, 0.1 M Tricine-KOH (pH 7.75). At zero time, 5 mM

NADH was added. Other additions: 1 x 10~ M CCCP, 10 mM
KCN.

of about 3 mM (not shown). Addition of the
penetrating weak base, DEA, sensitized Ay to the
action of CCCP in Na* medium. Without CCCP,
DEA slightly increased A¢. The CCCP sensitivity
of Ay was unaffected by DEA in low Na* medium.
DEA could be replaced by the Na*/H* antiporter
monensin (not shown).

All the above effects were observed for a pH
value of the incubation medium of 8.6 (fig.2A) as
well as pH 7.6 (not shown). However, the pH of
the growth medium proved to be critical. The Na*
effect upon Ay was observed in bacteria grown at
pH 8.6 (fig.2A) but not at pH 7.6 (fig.2B). The
presence of CCCP in the growth medium resulted
in the appearance of the Na* effect even when the
pH of this medium was 7.6 (fig.2C).

In inside-out subcellular vesicles of E. coli grown
at pH 8.6, it was shown that NADH oxidation was
coupled to Na™ uptake. Na* transport was strongly
stimulated with CCCP and abolished by cyanide
(fig.3) and HQNO (not shown).

Fig.2. Effect of Na® upon CCCP inhibition of membrane

potential in intact E. coli cells. Na*, Na* medium 3; K*, K*

medium 4, Where indicated, media were supplemented with

50 mM DEA. (A,B) Cells grown in medium 1 at pH 8.6 and 7.6,

respectively; (C) medium 1 (pH 7.6) supplemented with
1.5x 107> M CCCP.
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4. DISCUSSION

All the above data can be readily explained by
assuming that primary respiration-linked Na*
pump(s) are induced in E. coli grown under condi-
tions of low 4#H, i.e. at alkaline pH or in the
presence of protonophore. Such pump(s) could be
responsible for energy conservation in CCCP-
containing growth medium (fig.1), formation of a
CCCP-resistant A¢ in intact cells (fig.2A.C) and

Intact cell

DEA

Inside - out vesicle

CH,COOH

Fig.4. Interplay of primary respiratory Na* pump(s), CCCP
and penetrating weak base or acid in E. coli grown under low

AgH conditions.
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CCCP-stimulated Na* uptake coupled to NADH
oxidation by inside-out subcellular vesicles (fig.3).

The very fact that CCCP strongly stimulates
Na* transport in the vesicles excludes any explana-
tions of this effect by cooperation of the
H*-motive respiratory chain and Na*/H* anti-
porter. At the same time, this stimulation could be
predicted, suggesting that it is an electrogenic Na*
pump that transports the Na*. The formation of
Ay accompanying such transport prevents the
large-scale Na* uptake by inside-out vesicles. Dis-
charge of Ay by CCCP-mediated H* efflux can
abolish this limitation. To prevent ApH formation
due to cooperation of the Na* pump and CCCP-
mediated H* flux, acetate or DEA were added to
subcellular vesicles or intact cells, respectively.
These relationships are illustrated by fig.4.

It should be emphasized that, according to the
data obtained, Na*-motive respiration appears to
be absent from cells grown at pH 7.6 without
CCCP, i.e. under conditions of high AzH. This in-
dicates that the E. coli Na* cycle enzymes are in-
duced only when AZH is lowered.

The discovery of the primary Na* pump in E.
coli clearly shows that the occurrence of this type
of bioenergetic mechanisms is not confined to such
peculiar forms of life as alkalotolerant or some an-
aerobic bacteria.
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