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Abstract 

The fluorescent pH-sensitive probe 9-aminoacridine was used to show the contribution of nitrate to proton permeability of purified 
plasmalemma vesicles from the cyanobacterium Synechococcus PCC 6311. Kinetics of the fluorescence quenching of 9-aminoacridine 
were performed with a proton gradient of 1.5 ApH across the plasma membrane, acidic inside, in the presence of different salts (NaNO 3, 
KNO 3, NaCl, KCl) inside or outside the plasmalemma vesicles. It was observed that the proton gradient dissipation was accelerated when 
the N O  3 anion was in the same compartment as H +, whatever the cation. When the salt was external, NaNO 3 had a more efficient effect 
than KNO 3 on the H + gradient dissipation, which could be explained by the H+/Na + antiport system present in this membrane. 
Analysis of the data suggested the existence of an H+/NO3 symport. 
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1. Introduction 

Since nitrate is the principal nitrogen source for all 
photosynthetic organisms and particularly for cyano- 
bacteria, the mechanism of nitrate transport at the level of  
the plasmalemma deserves particular attention [1-6]. Puri- 
fied membrane vesicles provide a suitable experimental 
system for studying the molecular mechanism of  transport 
across the membrane in the absence of  interactions with 
other components of  the cell metabolism [3,7,8]. When the 
nitrate permeability of  Synechococcus plasmalemma vesi- 
cles was examined, by EPR [9], significant differences 
were observed between potassium and sodium nitrate, 
depending on ApH (unpublished data). Since this method 
is not suitable for low salt concentrations and kinetic 
studies in the minutes time-scale, pH-dependent fluores- 
cence quenching of  9-aminoacridine [7,10-13] was used to 
examine the contribution of  nitrate to protons movements. 
Comparative kinetic analysis of  the fluorescence quench- 

Abbreviations: PCC, Pasteur Culture Collection; 9-AA, 9-aminoacri- 
dine; ApH, pH gradient between inner and outer space of the vesicles; 
CM, cytoplasmic membrane; Hepes, N-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonic acid. 
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ing of  this probe incorporated into the plasmalemma vesi- 
cles with a ApH of 1.5, in the presence of  potassium and 
sodium nitrate or chloride with or without addition of  
nigericin, suggested the possibility that an H + / N O 3  sym- 
port could play a role in nitrate transport into plas- 
malemma vesicles. 

2. Material and methods 

The experiments described in this report were per- 
formed on the cyanobacterium strain Synechococcus PCC 
6311. 

2.1. Culture conditions 

The cyanobacteria were grown at 30°C in sterilized 
culture medium according to Kratz and Myers [14], under 
gentle stirring and bubbling with 2% CO 2 enriched air. 
The culture was illuminated by 50 / z E / m  2 per s white 
light. 

2.2. Membrane preparation and purification 

The preparation and purification of  the plasmalemma 
vesicles as well as the protein determination were per- 
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formed as previously described [15]. These vesicles were 
50-65% right-side-out oriented [15] and 0.25 /xm in diam- 
eter [ 16]. 

2.3. Treatment of CM vesicle samples for fluorescence 
assays 

Before fluorescence intensity measurements, the CM 
vesicles were equilibrated in various conditions as de- 
scribed below. CM were incubated for 2 h, at 4 ° C in a 
large volume of 5 mM Hepes-KOH buffer (0.4 mM K +) 
pH 6.35, containing 300 mM sorbitol (the incubation 
medium), centrifuged for 1 h at 100 000 x g, at 4 ° C then 
resuspended in the same medium and divided into 40-/zl 
aliquots, each containing 50 /zg of CM protein. CM 
aliquots were kept in an ice-bath until use in fluorescence 
assays. Four different salts were used: KNO 3, NaNO 3, 
KC1 and NaC1. To load the CM vesicles with the salt in 
question, 40 p.1 aliquots were incubated for 2 h in the 
ice-bath with 10 /zl of the incubation medium containing 
2.5 mM salt, final concentration. 

2.4. Fluorescence measurements 

9-AA was used as ApH probe across cyanobacteria 
plasmalemma vesicles [7,10-13]. This dye, a weak base, is 
distributed across the membrane according to ApH [7], 
which is not the case for all acridine dyes. However, the 
use of 9-AA necessitated the choice of particular experi- 
mental conditions. The 9-AA concentration chosen was 0. l 
/zM, to avoid self quenching of the dye in the absence of 
CM vesicles which could occur at higher concentrations. 
After stabilization of the fluorescence intensity, the experi- 
ment was initiated by injection of 50 /zl of CM vesicle 
suspension (50 ~g of CM protein) into the reaction 
medium. The hyperbolic variation of the initial quenching 
(see the definitions section below) with the CM vesicle 
volume was checked. The variation of fluorescence inten- 
sity induced by the ApH of 1.5 was constant in the protein 
concentration range 25 /zg-50 /~g. Usually, 50 p.g (0.03 
mg/ml)  of CM protein were used to measure the variation 
of fluorescence quenching during pH equilibration be- 
tween the internal CM vesicle volume (pH 6.35) and 
reaction medium (pH 7.85). The reaction medium was 
composed of 1.5 ml of 5 mM Hepes-KOH buffer (4 mM 
K+), pH 7.85, containing 300 mM sorbitol and 0.1 /xM 
9-AA. The reaction medium (pH 7.85) for fluorescence 
measurements differed from the incubation medium (pH 
6.35) by a 10-fold higher K ÷ concentration. For investiga- 
tion of the effect of nigericin on the permeability of CM 
vesicles with the various salts inside or outside, a final 
concentration of 0.01 nM nigericin was added to the 
reaction medium before injection of CM vesicles [ 17]. The 
nigericin stock solution was prepared in ethanol. We ob- 
served that the addition of ethanol alone had no effect on 
the fluorescence intensity of 9-AA. The remaining ApH 

after 10 min was dissipated by addition of gramicidin-D 
(0.02 m g / m g  of total CM protein) to each fluorescence 
assay [17]. The gramicidin stock solution was prepared in 
ethanol. During all measurements the reaction mixture was 
maintained at 25°C under gentle stirring. Fluorescence 
emission measurements were performed with a JY3D Jobin 
Yvon spectrofluorometer and the fluorescence intensity 
variations were recorded with a Sefram recorder. Excita- 
tion and emission wavelengths were 400 nm and 460 nm 
respectively. 

2.5. Some definitions used for fluorescence kinetic analysis 

Initial quenching = Fl00: the maximal quenching of the 
fluorescence emission after CM vesicle injection. This 
quenching is due to the compartmentalization of 9-AA 
within the inner space of CM vesicles. 

F0: the fluorescence level measured after gramicidin 
addition, i.e., after total dissipation of the ApH. This 
fluorescence level was the same whatever the time of 
gramicidin addition. It was equal to the fluorescence level 
observed after complete equilibration, for at least 1 h. 

time-dependent ApH quenching = F t - F 0 :  the ampli- 
tude at time t of the fluorescence emission, which depends 
on ApH dissipation rate. 

maximum ApH-dependent quenching: the amplitude of 
fluorescence corresponding to the difference between F100 
and F 0. 

dissipated ApH: the difference F t - Fl00. 
percentage of fluorescence quenching = Q% at time (t): 

this value was calculated from the following formula. 

F,-F0 
Q%(,)-  F Ioo -Fo  X 100 

percentage of dissipated ApH = Q% (t) calculated at 
10 min. 

The terms used above are presented in the following 
diagram: 

H÷INO _ ~ k H ÷ " 

H ÷ 
H ÷ 

The kinetic data were fitted as a sum of two exponen- 
tials according to the following relationship in which k~ 
and k 2 are the rate constants of fast and slow kinetic 
phases of ApH-dependent quenching, respectively. F~, F 2 
are the corresponding amplitudes. 

Q%(,) = F 1 exp k,t + F2 exp ~'-' 
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2.6. Statistics 

The data were the result of  seven experiments, except 
those illustrating the effect of  nigericin which were based 
on five experiments. Each kinetic profile was repeated 
three times in each experiment. The kinetic data were 
fitted as described above and standard deviations were 
calculated. 

3. Resul ts  

An example of  a kinetic profile is presented in Fig. 1. 
The calculated rate constants and the percentages of  dissi- 
pated ApH for different experimental conditions are sum- 
marized in Fig. 2. 

The reaction medium (pH 7.85) for fluorescence mea- 
surements differed from the incubation medium (pH 6.35) 
by a 10-fold ratio of  K ÷ concentration (4 mM and 0.4 
mM, respectively). However, when K ÷ salts were included 
in the vesicles this ratio decreased to 1.5 and when they 
were added to the external medium it increased to 15. 

Salt Inside Salt outside 
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40  F .: de Fig. 2. Effect of salts on values of percentages of dissipated ApH (t = 10 

r min) and rate constants for fast (kj) and slow (k 2) phases of kinetics. 
~_ : .: / e  Closed symbols correspond to values obtained in the absence of nigericin 

(21 ~ , ... and open ones to those obtained in the presence of nigericin (means + 

6 0  f.: standard deviations). 

buffer as a substitute for K ÷, but in this case complex 
80 i quenching of  9-AA would have occurred, as pointed out 

by Deamer et al. [10]. Another solution would be to block 
the N a + / H  + antiporter naturally present in the Syne- 
chococcus plasmalemma [18-20], but our pH conditions 

100 were incompatible with an effective inhibitory effect of  
0 2 4 6 8 10 amiloride [21]. To obtain a parallelism with the N a + / H  + 

Time (min) antiporter, nigericin was used as an artificial K + / H  + 
antiporter [17]. According to the kinetic profile presented 

Fig. 1. Kinetics of ApH-dependent quenching with KCI outside the CM in Fig. 1, the nigericin concentration was chosen in order 
vesicles in the presence (dashed lines) or absence (solid line) of nigericin. 

to increase the ApH decay rate and to maintain this rate at The reaction medium at pH 7.85 contained 2.5 mM KCI. The kinetics 
were initiated by the injection of 50 p,g CM vesicles preincubated at pH a measurable level. Once these experimental conditions 
6.35. were established, the following kinetic data were obtained. 
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3.1. Effect of salt inside 

Fig. 2A shows that the rate constants calculated for the 
fast phase k] were in the following ascending order: NaC1, 
KCI and NaNO 3 ~ KNO 3. The same rank order was ob- 
tained for values of  the rate constant of the slow phase, k 2 
(Fig. 2B) and the percentage of  dissipated ApH (Fig. 2C). 

3.2. Effect of salt outside 

The values of  k I could be ranked in the following 
increasing order: KNO 3, KC1 and NaNO 3 = NaC1 (Fig. 
2D). The same order was noted for the values of  k 2 (Fig. 
2E) and the percentage of  dissipated ApH (Fig. 2F) 

Comparison of  the data presented in Fig. 2 (closed 
symbols) shows that the dissipated ApH percentages and 
the H + export rate constants were dependent on the loca- 
tion of  KNO 3 and NaC1. The values were minimal for 
NaC1 and maximal for KNO 3 when these salts were inside. 
An opposite result was observed when NaCI and KNO 3 
were added to the external medium. Indeed, despite the 
high external K + concentration, KNO 3 yielded the lowest 
rate constants and percentage of  dissipated ApH. The 
NaNO 3 rate constants were close to those of  KNO 3 when 
these salts were inside, i.e., in the same compartment as 
H+, and to those of NaCI when these salts were outside. 
The rate constants measured in the presence of  KC1 had 
intermediate values whatever its location. 

creased and k 2 did not vary. In the presence of K N O  3 

outside, the lowest kl value was observed, despite the 
amplitude of the potassium gradient. 

4. Discussion 

The fluorescent pH-sensitive probe 9-AA was used to 
show the contribution of potassium, sodium nitrate and 
chloride to proton permeability in purified plasmalemma 
vesicles of  the cyanobacterium Synechococcus PCC 6311. 
Generally, 9-AA is used in steady-state conditions in order 
to measure the ApH between different compartments 
[7,10-13]. In this report, we used the comparative kinetic 
analysis of fluorescence relaxation quenching of 9-AA 
incorporated into CM vesicles to determine the relation- 
ship between H + export and salt passage across this 
membrane. 

All the kinetic profiles representing the H + export were 
biphasic (Fig. 1) and could be fitted using a two exponen- 
tial model. The corresponding kinetic parameters could be 
informative about the influence of  the different symport 
and antiport mechanisms involved in this process. From 
the calculated rate constants of the ApH decay and the 
percentage of dissipated ApH, the variations of  the out- 
ward H + flux can be discussed. The following scheme is 
proposed in order to clarify the discussion of the results: 

3.3. Effect of salt inside in the presence of nigericin 

As expected, the percentage of  dissipated ApH was 
increased by the presence of nigericin, to a different extent 
depending on the salt (Fig. 2C). A comparison of  the 
kinetic parameters after addition of  nigericin revealed that 
the minimal and the maximal values of rate constants were 
observed in the presence of  the same salts : NaC1 and 
NaNO3, respectively (Fig. 2A, B, C). 

3.4. Effect of salt outside in the presence of nigericin 

An enhancing effect of nigericin on the dissipated ApH 
was also observed (Fig. 2F). These kinetic profiles re- 
vealed that the minimal and the maximal values for per- 
centage of  dissipated ApH as well as both rate constants 
were obtained in the presence of  KNO 3 and NaC1, respec- 
tively (Fig. 2D, E, F). 

Again, it was observed that the percentage of  dissipated 
ApH and export rate constants were extremely dependent 
on the location of  KNO 3 and NaC1. As expected, nigericin 
increased the percentage of  dissipated ApH for all the salts 
whatever their location. In the presence of  KC1, nigericin 
also increased the both rate constants. However, an unex- 
pected effect on the H + flux was observed in the presence 
of  NaCI inside or NaNO 3 and KNO 3 outside. In the 
presence of  the sodium salts, the rate constant k 1 de- 
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F~o o . . . . . . . . . . . . . . . . . . . . . . . . . .  _'V 
I 

Time 

v0 

The H + flux across the membrane is controlled by four 
components: 

(1) The spontaneous outward flux of  protons. 
(2) The artificial K+/H+ant ipor t  created by nigericin 

[17] when it was added to the medium. 
(3) The N a + / H  + antiport described for cyanobacteria 

[18-201. 
(4) A putative H + / N O 3  symport. 
The N a + / N O 3  symport [22,23] is not shown on the 

scheme, since it is not directly related to the H + flux in 
this isolated system. 

The overall H + flux is the algebraic sum of the fluxes 
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of these four components of the system which is described 
by a simple mathematical model. Components (1) and (2) 
always contributed to an outward flow of H ÷, in our 
experimental conditions, whereas components (3) and (4) 
contributed to inward or outward H ÷ flow according to the 
location of the studied salt. 

First, we discuss the results concerning the effect of 
NaCI on the outward H + flux (Fig. 2). The strong depen- 
dence of both rate constants and the percentages of dissi- 
pated ApH on NaCI location demonstrated the functioning 
of the N a + / H  ÷ antiport. The lowest rate constants were 
observed for the internal location and the greatest for the 
external one. Indeed, the contribution of process (1) was 
increased by the additional contribution of process (3) to 
JpH  dissipation when NaC1 was present outside the vesi- 
cles. In the presence of nigericin, involving process (2), 
when NaC1 was inside, the first rate constant was paradox- 
ically the lowest, indicating that the Na+ /H  + antiporter 
was able to buffer the H + efflux. This example illustrated 
the sensitivity of the comparative kinetic studies for 
demonstrating the role of different factors affecting H ÷ 
movements. 

The outward flux of H ÷ was not so sensitive to the 
location of KC1. The kinetic parameters had intermediate 
values under all experimental conditions and nigericin had 
the expected effect of increasing the both rate constants 
and the percentage of dissipated ApH (Fig. 2). 

Nitrate salts modified the H ÷ efflux in different ways 
(Fig. 2). Since the presence of KNO 3 or NaNO 3 inside the 
vesicles resulted in the same effect on the H ÷ efflux and 
since the N a ÷ / H  + antiporter could not work efficiently 
under these conditions, it was necessary to postulate an- 
other mechanism contributing to the higher H ÷ efflux 
induced by nitrate salts inside the vesicles. When these 
salts were outside, NaNO 3 was more efficient than KNO 3 
in increasing the outward H ÷ flux. Indeed, under these 
conditions, NaCI had a similar effect to NaNO 3, which 
could be ascribed to the N a + / H  ÷ antiporter. The simulta- 
neous presence of nigericin and NaNO 3 outside the vesi- 
cles resulted in a decrease of the rate of outward H ÷ 
movement which indicated some phenomenon moderating 
the H ÷ efflux. The kinetics observed with KNO 3 outside 
could be explained by the same mechanism. It slowed 
down the rate of H + output, despite the high outer concen- 
tration of K +, too, in the presence of nigericin, where k~ 
had the same value as in its absence and k 2 w a s  only 
slightly affected. All these observations could be explained 
by a putative H + / N 0 3  symport, which would account for 
the effects of salts location on the H + outward flux. 
Obviously, the H + flux was increased either by the pres- 
ence of nitrate when it was in the same compartment as 
H + or when the N a + / H  + antiporter was able to function. 

On the other hand, if the unique functional presence of 
an N a + / N 0 3  symport was assumed, these observations 
could not be explained, particularly those concerning 
KNO 3. However, this kind of analysis on isolated mere- 

branes in the absence of transport coupled with a natural 
driving force was not sufficient to display the large variety 
of mechanisms of NO 3 transport observed in intact cells. 
Theoretically, symport mechanisms allow the naturally 
generated electrochemical potential to be converted from 
one ionic species to other. The strong endergonic process 
of active NO 3 transport [24] could depend on a chemi- 
osmotic circuit primary based on A/xH ÷ [19,25,26] and 
H+/NO3  symport as described for root cells of higher 
plants by Lu and Briskin [3], Ruiz-Cristin and Briskin [8] 
and McClure et al. [27]. Ritchie draws attention to a 
A/zCI- which could play a role in NO 3 transport [28,29]. 
According to Lara et al. [22-24], the existence of an 
Na÷/NO3 symport system driven by the energy of 
A/~Na + [28-30] created by light or ATP in cyanobacteria 
[30,31] may explain the NO 3 uptake. On the basis of 
genetic data and kinetics of nitrate reduction, Omata et al. 
have assumed the existence of two independent mecha- 
nisms of NO 3 uptake [32]. 

The data reported here illustrate this complexity and 
suggest that these bacteria might use different ways of 
nitrate transport: an H+-dependent system and an Na+-de - 
pendent one activated by light, according to the environ- 
ment. Further correlations between our observations on 
isolated membranes and those obtained from intact cells 
could be reinforced by biochemical data on the protein 
composition of the plasmalemma isolated from cells grown 
in the absence of NO 3 and also by NO 3 transport kinetics 
with an ATPase-generated gradient [15]. 
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