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Light-dependent Na+ and H+ transports, membrane potential (A Y) and motility have been studied in the cells of the marine cyanobacterium Oscil- 
lutoriu brevis. In the presence of a protonophorous uncoupler, carbonyl cyanide-m-chlorophenylhydrazone, the intracellular Na+ level is shown 
to increase in the dark and decrease in the light. The Na+/H+ antiporter, monensin, stimulates the dark CCCP-dependent [Na+]in increase and 
abolishes the light-dependent [Na+]in decrease. Na+ ions are necessary for the fast light-induced AY generation and H+ uptake by the cells. This 
uptake is inhibited by monensin being resistant to CCCP. Monensin sensitizes the AY‘ level and the motility rate to low CCCP concentrations. 
The obtained data are consistent with the assumption that 0. brevis possesses a primary Na+ pump which utilizes (directly or indirectly) the light 

energy. 
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1. INTRODUCTION 

Bioenergetic studies carried out over the past 10 years 
have clearly shown that H+ is not unique as a coupling 
ion. In some heterotrophic bacteria (aerobic or 
anaerobic), Na+ ions have been found to effectively 
substitute for H+ ions in all the types of membrane- 
linked energy transduction (reviewed in [l-6]). In our 
group, some indications were obtained that a marine 
phototrophic microorganism, the cyanobacterium 0. 
brevis, seems to employ the Na+ cycle in its plasma 
membrane when the light energy is used for generating 
Af and energizing the motility mechanism [7]. In this 
paper we have studied Na+ and H+ transports, as well 
as A !P generation and motility, in the absence and in the 
presence of a protonophorous uncoupler and monen- 
sin. The obtained data confirmed the suggestion that 
there is a primary Na+ pump in the 0. brevis plasma 
membrane. 
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Abbreviations: ApH and ApNa, transmembrane electrochemical H+ 
and Na+ potential differences, respectively; A*, transmembrane elec- 
tric potential difference; ApH and ApNa, transmembrane H+ and 
Na+ concentration differences, respectively; CCCP, carbonyl 
cyanide-m-chlorophenyl hydrazone; [Naf]in. intracellular Na+ con- 
centration; TPP+, tetraphenylphosphonium 

2. MATERIALS AND METHODS 

0. brevis (Kutz) gom [8,9] was isolated by the authors from the 
salt-water Kuyalnic lagoon (near Odessa, USSR). The pure culture of 
0. brevis (strain 5, early BKG-1, the Odessa State University 
cyanobacterial collection) was grown under periodic illumination in 
the ASN III medium [9]. In the late exponential growth phase, cells 
were harvested. The growth rate of the cyanobacterium was deter- 
mined by monitoring chlorophyll concentration measured as in [lo]. 

Measurements of the motility rate and the AP level of intact 
trichomes were carried out in the growth medium or in Medium 1, 
containing 10 mM MgClz, 10 mM KHCOs, 5 mM KC1 and 10/M 
MnClz, pH 9.0-9.6. To measure the Na+ and H+ transports, 
trichomes were broken by shaking in the growth medium and 
fragments of trichomes (So-100 cells each) were harvested by cen- 
trifugation, washed and resuspended in the experimental medium. 
The NaC transport was measured in Medium 2, containing 400 mM 
NaCl, 10 mM KCI, 5 mM MgS04 x 7&o, 10 mM Tris, pH 9.2. For 
pH measurements, we used the same medium but without Tris 
(medium 3). Studying the effects of different NaCl concentrations, 
we added mannitol to keep the tonicity level constant. For illumina- 
tion, the light of a 75 W halogen lamp was used. 

The A P level across the cytoplasmic membrane in a single 0. brevis 
cell was determined by means of the fluorescent penetrating cation 
ethylrodamine and microfluorimeter [7,11,12]. In a microscopy 
study, trichomes were put onto the cover glass. After 12 h, most of 
the trichomes were found to be attached to the glass. When indicated, 
the trichomes were preincubated in the presence of the ionophore for 
1 h. The rate of trichome motility was measured as described in [7]. 

To measure intracellular Na’, 1 ml suspension of trichomes 
(- 16 pg chlorophyll x ml-‘) was loaded onto a nitrocellulose Synpor 
filter (Czechoslovakia; the diameter of the pores was 2.5 nm) and 
washed twice with 0.5 M mannitol. All the manipulations took no 
more than 5 s. The Na+ contents were measured by means of a 
‘Flavo’ flame photometer. The pH level in the cell suspension con- 
taining approx. 4pg chlorophyll x ml-’ was monitored with a 
radiometer pH electrode in Medium 3. 
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[Na+]i, was evaluated assuming that the internal water space was 
140 + 20 ,uI x mg chlorophyll-‘, which was estimated as in [13], using 
tritium water (0.2 mCi/g) and hydroxy[14C]methyl inulin 
(13.8 mCi/mmol). 

3. RESULTS 

Earlier we showed that the maximal growth of 0. 
brevis took place at 200-400 mM NaCl and pH 
9.0-9.6 [12]. Under these conditions we performed all 
the experiments described below. 

As is shown in Fig. 1, an [NaCl] increase in the in- 
cubation medium leads to an increase in the rate of Af 
generation on the 0. brevis plasma membrane, 
measured by ethylrodamine fluorescence. In this ex- 
periment, the medium without NaCl contained man- 
nitol instead of NaCl so as to sustain the tonicity level. 
In another experiment, NaCl was replaced by KCl. 
Here A!P generation was also much slower than with 
NaCI. Even a more pronounced Na+ effect on Af was 
observed in the medium supplemented with the pro- 
tonophorous uncoupler CCCP (not shown). The 
favorable Na+ effect was decreased by adding the 
Na+/H+ antiporter monensin. This ionophore was 
found to increase A!P without CCCP and to decrease 
Af in the presence of CCCP (Fig. 2). In the same 
figure, it is shown that monensin sensitizes 0. brevis 
motility to the inhibitory action of low CCCP concen- 
trations. 

Fig. 3 demonstrates the results of Na+ level measure- 
ment in 0. brevis cells. It is seen (Fig. 3A) that without 
added ionophores, the cells maintain low [Na+]in in the 
dark so that illumination decreases [Na+] only slightly. 
The addition of CCCP, especially together with 
monensin, induces a strong increase in the [Na+]i, level 
in darkness. Under illumination, [Na+]in rapidly 
decreases in the sample with CCCP. This effect is ar- 
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Fig. 2. Effects of CCCP and monensin on the AI? level and motility 
of 0. brevis. Medium 1 containing 50 mM NaCl, pH 9.6. Addition, 

3 PM monensin. 

rested by monensin so that the [Na+]in level remains 
high even in the light, if both CCCP and monensin are 
present. 

The monensin concentration used in this experiment 
(4 PM), when taken without CCCP, was without 
measurable effect upon [Na+]i,. At the same time, 
14 ,uM monensin induced a strong [Na+]in increase in 
the dark. Subsequent illumination failed to decrease 
[Na+]i,, (Fig. 3B). 

Fig. 4 shows the pH responses of 0. brevis cells. It 
is seen that the light-induced pH change is very small in 
the absence of added Na+. In the presence of Na+, il- 
lumination causes a significant H+ uptake which is 
reversed in the dark. The addition of CCCP stimulates, 
rather than inhibits, this response which is strongly sup- 
pressed when the medium is supplemented with 3 gM 
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Fig. 1. Effect of different NaCl concentrations upon the At level in 0. brevis. The fluorescent signal was measured in one of the trichome- 
composing cells. Medium 1, pH 9.0. The fluorescence increase attests on the electrophoretic ethylrodamine accumulation inside the cell. 
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Fig, 3. Effects of CCCP, monensin and light upon the [Na% level in 0. brevis cells. Cyanobacteria (16 yg chlorophyll x ml-‘) was incubated 
in medium 2. Additions, 20,~M CCCP, 4 or 14rM monensin. 
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Fig. 4. Light-induced H+ uptake by 0. brevis. Medium 3, pH 9.2, 
containing 1 mM methylviologen. 

monensin. Without CCCP, this monensin concentra- 
tion has only a slight effect on the light-induced pH 
response, whereas 10 PM monensin abolishes the 
response (not shown). 

Light-induced, Na+-stimulated H+ uptake by 0. 
brevis cells was abolished by 0.5 mM TPP+ which did 
not affect the electron transfer in the photosynthetic 
electron transport chain (not shown). 

4. DISCUSSION 

The above-mentioned results are summarized in 
Eqns 1-4. It is supposed that in the cytoplasmic mem- 
brane of the marine cyanobacterium 0. brevis, there is 
a primary Na+ pump energized, directly or indirectly, 
by the light (Eqn. 1). The work of the pump results in 
the generation of A 4 due to electrogenic Na+ extrusion 
(see Fig. 1 for Na+ dependence of Alk formation). 

Nain+ primary Na+ pump 

A!P 
•, N&t (1) 

NaGIt 
Na+ motor 

A9 
’ Nai,+ 

HA 
H+ channel; CCCP H+ 

A9 
’ ‘n 

(2) 

(4) 

Downhill movement of Na,,$ back to the cytoplasm 
supports the performance of the work by the A,& con- 
sumers in the cytoplasmic membrane (e.g. the opera- 
tion of Na+ motors [3,14,15], Eqn. 2, Fig. 2). The Na+ 
pump-produced A!P can also be utilized to import H& 
i.e. to acidize the cytoplasm, a function essential for 
life under alkaline conditions (Eqn. 3). This import 
seems to be carried out by an H+ channel or uniporter 
inherent in the 0. brevis plasma membrane, and may 
be stimulated by CCCP (Fig. 4). The Na+/H+ an- 
tiporter monensin dissipates both the Na+ and H+ gra- 
dients (Figs 3 and 4, respectively, and Eqn. 4). 

A crucial premise for the above concept is the conclu- 
sion that A/N~ between the 0. brevis cytoplasm and the 
outer medium is generated by a primary sodium pump, 
rather than by an endogenous Na+/H+-antiporter. 
Such a conclusion is supported, first of all, by the data 
presented in Fig. 3A, namely, that the light-dependent 
Na+ efflux can be shown in the presence of high con- 
centrations of CCCP (Fig. 3A) which stimulates, rather 
than suppresses, the light-dependent H+ uptake 
(Fig. 4). The resistance of the Na+ efflux to CCCP is 
not due to the inefficiency of CCCP under the condi- 
tions used since CCCP: (1) stimulates the Na+ influx in 
the dark; and (2) sensitizes the Na+ efflux to low con- 
centration of monensin (Fig. 3). 

The involvement of the electroneutral endogenous 
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Na+/H’ antiporter, utilizing the Aji~ produced by an 
H+ pump, seems improbable since inhibition is the only 
effect of monensin on the light-induced Na+ extrusion 
(Fig. 3) and motility (Fig. 2). 

It seems noteworthy that all the above experiments 
were performed at alkaline pH (> or = 9.0), i.e. under 
conditions when the pH gradient is favorable for the 
Na+ influx rather than efflux. 

It is not clear what kind of a primary sodium pump 
operates in the cytoplasmic membrane of 0. brevis. At 
least 3 possibilities should be considered: (1) 
Na+-motive photosynthetic redox chain directly utiliz- 
ing the light energy (see [3] for discussion); (2) a 
Na+-motive respiratory chain [5,6,16] using reducing 
equivalents produced by the usual (H+-motive) 
photoredox chain in thylakoids; and (3) a Na+-motive 
ATPase [2,3] hydrolyzing the thylakoid-produced 
ATP. This problem is now under study. 

The mechanism of the endogenous H+ uniport is yet 
another problem. The electrophoretic character of the 
light-dependent H+ efflux in the presence of Na+ was 
confirmed by the fact that the penetrating cation TPP+ 
discharging A!P was shown to inhibit the influx. It may 
be mentioned in this context that the H+ uniporter, ter- 
mogenin, has already been described in one of the 
animal tissues, namely, in brown fat (see [3] for 
review). 

REFERENCES 

111 
121 
131 

[41 
[51 

161 
171 

PI 

t91 

1101 
t111 

WI 

1131 

1141 

[W 

1161 

Skulachev, V.P. (1984) Trends Biochem. Sci. 9, 483-485. 
Dimroth, P. (1987) Microbial. Rev. 51, 320-340. 
Skulachev, V.P. (1988) Membrane Bioenergetics, pp. 293-326, 
Springer, Berlin. 
Skulachev, V.P. (1989) J. Bioenerg. Biomembr. 21, 635-647. 
Unemoto, T. and Hayashi, M. (1989) J. Bioenerg. Biomembr. 
21, 649-662. 
Tokuda, H. (1989) J. Bioenerg. Biomembr. 21, 693-704. 
Brown, II., Kirik, II., Severina, 1.1. and Skulachev, V.P. 
(1987) Dokl. Akad. Nauk 293, 994-996 (in Russian). 
Gollerbach, M.M., Koschinskaya, E.K. and Polyanskaya, V.N. 
(1953) Blue-green Algae. Sovjetskaya Nauka, Moscow, 450 pp. 
(in Russian). 
Rippka, R., Daruelles, J. and Waterbury, J.B. (1979) J. Gen. 
Microbial. 111, l-161. 
Mackiney, G. (1941) J. Biol. Chem. 140, 315-322. 
Severina, 1.1. and Skulachev, V.P. (1984) FEBS Lett. 165, 
67-71. 
Brown, I.I., Fadeyev, S.I., Gerasimenko, L.M., Kirik, I.I., 
Pushenko, M.Ya. and Severina, 1.1. (1990) Arch. Microbial. 
153, 409-411. 
Kell, D.B. and Fosol, S. (1978) Biochim. Biophys. Acta 502, 
111-126. 
Dibrov, P.A., Kostyrko, V.A., Lazarova, R.L., Skulachev, 
V.P. and Smirnova, I.A. (1986) Biochim. Biophys. Acta 850, 
449-457. 
Willey, J.M., Waterbury, J.B. and Greenberg, E.P. (1987) J. 
Bacterial. 167, 3429-3434. 
Semeykina, A.Z., Skulachev, V.P., Verchovskaya, M.Z., 
Bulygina, E.S. and Chumakov, K.M. (1989) Eur. J. Biochem. 
183, 671-678. 

206 


