
Cyanobacteria are photoautotrophic prokaryotes

exhibiting plant�like oxygen�evolving photosynthesis. It

has long been known that Na+ is essential for many

cyanobacteria, especially if they are growing at alkaline

pH [1, 2]. A low concentration of sodium appears to be

essential for uptake of several inorganic nutrients (e.g.,

carbon [3]) and even for the photosynthetic electron

transport at the O2 evolving complex [4]. While low con�

centrations of Na+ are required by cyanobacteria, higher

concentrations of NaCl may be harmful. The salt toler�

ance levels of cyanobacteria differ widely. Low salt toler�

ance strains tolerate a maximum of 0.5 M NaCl, while

strains from hypersaline environments depend on

enhanced Na+ contents in the medium and tolerate up to

3 M NaCl. In contrast to purely osmotic stress caused by

high concentrations of non�permeable organic agents, an

increase in salinity not only diminishes the water poten�

tial but also means a dramatic increase in inorganic ions

(especially Na+ and Cl–) entering the cell along electro�

chemical gradients. Successful salt adaptation includes

two main processes: 1) synthesis and accumulation of

compatible solutes; and 2) maintenance of low internal

concentrations of sodium ions by the use of active export

mechanisms.

Salt acclimation, particularly the biosynthesis of

compatible solutes, has been extensively studied in

cyanobacteria [5]. Most studies have been performed with

the moderately halotolerant cyanobacterial strain

Synechocystis PCC 6803 (henceforth referred to as

Synechocystis), a cyanobacterial strain whose genome is

completely known [6]. However, processes involved in

cyanobacterial ion export have been less intensively ana�

lyzed. Like most living cells, at high salt concentrations

cyanobacteria actively extrude Na+, accumulate K+, and
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Abstract—The role of putative Na+/H+ antiporters encoded by nhaS1 (slr1727), nhaS3 (sll0689), nhaS4 (slr1595), and

nhaS5 (slr0415) in salt stress response and internal pH regulation of the cyanobacterium Synechocystis PCC 6803 was inves�

tigated. For this purpose the mutants (single, double, and triple) impaired in genes coding for Na+/H+ antiporters were con�

structed using the method of interposon mutagenesis. PCR analyses of DNA demonstrated that mutations in nhaS1, nhaS4,

and nhaS5 genes were segregated completely and the mutants contained only inactivated copies of the corresponding genes.

Na+/H+ antiporter encoded by nhaS3 was essential for viability of Synechocystis since no completely segregated mutants

were obtained. The steady�state intracellular sodium concentration and Na+/H+ antiporter activities were found to be the

same in the wild type and all mutants. No differences were found in the growth rates of wild type and mutants during their

cultivation in liquid media supplemented with 0.68 M or 0.85 M NaCl as well as in media buffered at pH 7.0, 8.0, or 9.0.

The expression of genes coding for Na+/H+ antiporters was studied. No induction of any Na+/H+ antiporter encoding gene

expression was found in wild type or single mutant cells grown under high salt or at different pH values. Nevertheless, in

cells of double and triple mutants adapted to high salt or alkaline pH some of the remaining Na+/H+ antiporter encoding

genes showed induction. These results might indicate that some of Na+/H+ antiporters can functionally replace each other

under stress conditions in Synechocystis cells lacking the activity of more than one antiporter.

Key words: cyanobacterium Synechocystis PCC 6803, Na+/H+ antiporters, salt stress, pH adaptation, interposon mutagen�

esis, gene expression
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maintain internal ion concentrations comparable to cells

grown under low salt concentrations [7]. The extrusion of

Na+ in cyanobacteria has been explained by Na+/H+

exchange, since increased Na+/H+ antiporter activities

has been detected in salt�adapted cyanobacterial cells.

These transporters use ∆µH+ established by primary H+

pumps like H+�ATPases or respiratory cytochrome oxi�

dase [8�10]. The main role of Na+/H+ antiporters for ion

export to achieve high salt tolerance has been clearly

shown in Escherichia coli [11]. Alternatively, from bioen�

ergetic studies the action of a primary Na+�ATPase was

predicted to serve as the main source for active Na+�

extrusion in cyanobacteria [12], since at least under alka�

line conditions the adverse transmembrane pH difference

prevents generation of substantial ∆µH+.

Increased Na+/H+ antiporter activities have been

shown in cyanobacterial strains grown at enhanced sodi�

um concentrations [8, 10]. Even after cultivation at alka�

line pH cyanobacteria maintain a relatively neutral cyto�

plasm. A sodium cycle involving Na+/H+ antiporters

seems to be also involved in maintenance of pH home�

ostasis in cyanobacteria growing at high pH [12�14] in a

similar fashion to heterotrophic bacteria [11].

Interestingly, a variety of Na+/H+ antiporters seems to

cooperate in cyanobacteria, since after the analysis of the

complete genome sequence of Synechocystis, five genes

were identified encoding putative Na+/H+ antiporters [6].

According to sequence similarities, two of these

antiporters (Slr1727 = NhaS1; Sll0273 = NhaS2) seem to

be of eukaryotic type, while the remaining three proteins

(Sll0689 = NhaS3; Slr1595 = NhaS4; Slr0415 = NhaS5)

are obviously of prokaryotic type (Fig. 1). For two of these

putative transport proteins (NhaS1 and NhaS3) Na+/H+

antiporter activities were successfully shown after the

functional expression of their coding genes in E. coli [15].

One of the eukaryotic�type proteins (NhaS2) was found

to be essential for the uptake of Na+ at low external con�

centrations, while it is probably not involved in ion export

at high salt concentrations [16].

To analyze the importance of these different Na+/H+

antiporters for salt acclimation and also pH regulation of

Synechocystis, mutants affected in single Na+/H+

antiporters as well as double and triple mutants affected in

different combinations of these genes were generated.

These mutants were grown at different salt concentrations

and pH values. With the exception of the NhaS3 mutant

that could not be segregated, none of the mutants showed

a significant growth depression under these conditions.

However, the characterization of the expression of

antiporter encoding genes showed that some of these

transporters were expressed under certain conditions,

particularly on the background of different mutations.

MATERIALS AND METHODS

Strains and culture conditions. A derivative of the

Synechocystis sp. strain PCC 6803 with enhanced trans�

forming capacity used in all experiments was from the

collection of the Department of Genetics of Moscow

State University, Russia. Axenic cells were cultured on

plates at 30°C under constant illumination using the min�

eral medium BG�11 [17]. For the physiological charac�

terization, axenic cultures of the cyanobacteria were

grown photoautotrophically in batch cultures [18]. The

Escherichia coli strain TG1 was used for routine DNA

manipulations [19].

DNA manipulations. Total DNA from Synechocystis

was isolated according to the method described earlier

[20]. All other techniques such as plasmid isolation,

transformation of E. coli, and ligation and restriction

analysis were standard methods [19] or were performed

according to the instructions of the manufacturer of the

chemicals used (New England Biolabs). The plasmid vec�

tor pGEM�T (Promega, USA) was used to clone the

genes of interest after amplification of DNA fragments by

PCR. Besides, pUC18 vector plasmid [21] was used for

cloning of DNA fragments. The primers for amplification

Fig. 1. Phylogenetic relationships among cyanobacterial

Na+/H+ antiporters and functionally related proteins from

Archaea, Bacteria, and Eukarya. Cluster analysis was per�

formed using the CLUSTAL X software package. The Na+/H+

antiporter NhaB from Escherichia coli was used as outgroup.

Sequences were extracted from the EBI sequence database and

CyanoBase. Bootstrap values after 1000 replications are indi�

cated.
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of selected genes (Table 1) were designed using the com�

plete genome sequence of Synechocystis [6].

Generation of insertion mutants. For the generation

of mutations in specific ORFs of Synechocystis, the gene

conferring kanamycin�resistance (Kmr, 1.2 kb) from

pUC4K [21], chloramphenicol�resistance (Cmr, 1.4 kb)

from pACYC184 [22], or streptomycin�resistance (Smr,

2.1 kb) from pBSL130 [23] was integrated at selected

unique restriction sites into the ORFs cloned into E. coli

vectors. Plasmid DNA of these constructs was isolated

from E. coli and about 1 µg of DNA was used for trans�

formation of Synechocystis to antibiotic�resistance (Kmr,

Cmr, or Smr). Transformants were initially selected on

media containing 10 µg·ml–1 Km, 10 µg·ml–1 Cm, or

2 µg·ml–1 Sm while the segregation of clones and cultiva�

tion of mutants was performed at 100 µg·ml–1 Km,

20 µg·ml–1 Cm, or 4 µg·ml–1 Sm.

NhaS1 (Slr1727) mutant. A PCR fragment containing

part of slr1727 (1090 bp) was cloned in pGEM�T. To

remove additional HincII sites, the internal DraI/PstI frag�

ment (978 bp) was cut from recombinant plasmid and

cloned into SmaI/PstI cut pUC18. For inactivation of this

gene, Kmr, or Smr cassette was inserted into the HincII site.

NhaS3 (Sll0689) mutant. A 1172�bp PCR fragment

was cloned into pGEM�T. A Kmr, Cmr, or Smr cassette

was inserted into the unique Bpu1102 restriction site.

NhaS4 (Slr1595) mutant. A 1137�bp PCR fragment

was cloned in pGEM�T. A Kmr, Cmr, or Smr cassette was

inserted into the unique BstEII restriction site.

NhaS5 (Slr0415) mutant. A PCR fragment (1154 bp)

was cloned in pGEM�T. A Kmr, Cmr, or Smr cassette was

inserted into the unique SmaI restriction site.

For the construction of double mutants, completely

segregated single mutants conferring inactivated genes

with the Smr cassette were transformed by recombinant

plasmids carrying the additional nhaS gene inactivated by

insertion of the Kmr cassette. Transformants were initial�

ly selected on media containing 10 µg·ml–1 Km, then seg�

regated at 100 µg·ml–1 Km and supported at media sup�

plemented with 100 µg·ml–1 Km and 4 µg·ml–1 Sm.

For the construction of a triple mutant, the double

nhaS1::Smr/nhaS4::Cmr mutant was transformed by a

recombinant plasmid carrying the nhaS5 gene inactivated

by insertion of the Kmr cassette.

Measurements of the expression of Na+/H+ antiporter
genes. The expression of Na+/H+ antiporter genes was

measured using RNA isolated from cells cultivated at dif�

ferent NaCl concentrations or pH values. Salt�adapted

cells were grown for four days in the presence of 0.68 M

NaCl. To investigate the influence of pH, the medium was

buffered to pH 7.0, 8.0, or 9.0 using MOPS, HEPES, and

CHES buffers (Sigma, USA) at final concentrations of

Name

nhaS1�Fw

nhaS1�Rev

nhaS3�Fw

nhaS3�Rev

nhaS4�Fw

nhaS4�Rev

nhaS5�Fw

nhaS5�Rev

ОТ�nhaS1�Fw

ОТ�nhaS1�Rev

ОТ�nhaS3�Fw

ОТ�nhaS3�Rev

ОТ�nhaS4�Fw

ОТ�nhaS4�Rev

ОТ�nhaS5�Fw

ОТ�nhaS5�Rev

16SRNA�Fw

16SRNA�Rev

Sequence

TGTCGGTGATTGCCCTAT

CAAGCGACCCATACGAAT

TCTGGGGTGGGAACTGGT

GGCGTGTTAGTGGGGGTT

TATTGTCCTTTTGGCGGG

GTGTTCATCAGCCAGCCC

CAACAGCCCCGTAAAGGA

CCTTAGCGGCATCGTCAT

GTTTCCGATTACTCTCTTT

GACCAAAAACACTCACTAA

GCAAAATTTGTTCTTCTAA

GAGTCTAACCTCAAGGAAC

GTCTTCATGGTCACTCTAG

GAATAATTAATTCCGTCAA

TCCTAGGAACTACCCTATT

GTGCTACCGAATAATTTAG

AGAGTTTGATCMTGGCTCAG

AAGGAGGTGWTCCARCC 

Position from the 
5′�end of the geneUsed to probe

nhaS1 (slr1727)

nhaS3 (sll0689)

nhaS4 (slr1595)

nhaS5 (slr0415)

nhaS1 (RT�PCR)

nhaS3 (RT�PCR)

nhaS4 (RT�PCR)

nhaS5 (RT�PCR)

16S�RNA

Table 1. Primers used to amplify Synechocystis DNA

Primer

1219

2309

193

1365

25

1162

1680

2834

282

988

405

987

640

1105

809

1634
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5 mM. Total RNA was isolated from 100�ml portions of the

cell cultures. The cells were harvested by centrifugation

(4000g, 10 min, 2°C), immediately frozen, and stored at

–80°C. RNA was extracted with a High Pure RNA isola�

tion kit (Boehringer, Germany). The methods used for

separating RNA, blotting, and hybridization were

described in details [20]. A gene�specific DNA hybridiza�

tion probe was obtained after PCR amplification of its cod�

ing sequence using the same primers as for the construction

of antiporter mutants (Table 1). The DNA was labeled with

[α�32P]dATP (Amersham Buchler, Germany) using the

HexaLabel DNA labeling kit (MBI Fermentas, Lithuania).

Hybridization signals were recorded and quantified with a

Phosphoimager apparatus (model BAS1000, Fuji, Japan).

To correct the quantitative data for variations in RNA load�

ing, all calculations were related to intensities of hybridiza�

tion signals obtained after applying a radiolabeled 16S�

rRNA�specific probe to the same filters. Primers used for

generating the 16S�rRNA specific probes [24] are shown in

Table 1. The transcripts of weakly expressed genes were

quantified by the RT�PCR�technique. Reverse transcrip�

tion was performed using SuperScript II RNaseH Reverse

Transcriptase (Gibco BRL, USA) according to instruc�

tions of the manufacturer. The reaction mixture (20 µl)

contained 1 µg of RNA and 10 pmol of each RT�primer

(RT�0689�Fw, RT�1727�Rev, RT�1595�Rev, RT�0415�

Rev). After reverse transcription the reaction mixtures were

diluted (1 : 50) and 1 µl was used for conventional PCR (35

cycles) with both RT�primers (Fw and Rev). PCR prod�

ucts were separated in 2% agarose gel; the optical densities

of the bands were recorded and quantified using Bio1D

computer software (Vilber Lourmat, France). To correct

the quantitative data for variations in RNA loading, all cal�

culations were made using the relative intensities of

hybridization signals obtained after a Northern�blot

hybridization of the same amount of RNA that was used

for reverse transcription with radiolabeled 16S�rRNA�spe�

cific probe. The average data and standard deviations were

calculated on the base of at least four or five independent

PCR reactions for each primer and for each mutant.

Physiological characterization of mutants. Growth

and cell density were monitored by reading the absorption

of diluted cyanobacterial suspensions at 750 nm (A750)

using a U2000 spectrophotometer (Hitachi, Japan).

Measurements of Na+/H+ antiporter activities.
Na

+
/H

+
antiporter activity was measured by the acridine

orange fluorescence quenching technique [8] using an

MPF�4 fluorimeter (excitation 492 nm; emission

530 nm). The assay mixture (total volume 2 ml) was com�

posed of 0.8 M mannitol, 10 mM HEPES/Tris buffer

(pH 7.5), and 1 µM acridine orange. Synechocystis cells

were grown in the presence of 0.68 M NaCl for three

days. The Na
+
�loaded cells (approximately 25 µg protein)

were added to the assay mixture in a volume of 6 µl.

Where indicated, 100 µl of 1 M Na2SO4 solution was

added to the mixture.

Sodium and potassium steady�state levels and gradi�
ents. Cells were salt adapted for three days in BG�11

medium containing 0.68 M NaCl. To measure steady�

state intracellular sodium and potassium contents 100�

150 µl (13 µg protein) of growing cells were put onto

Millipore nitrocellulose filters (0.45 µm) and washed

three times with 1 ml of 0.5 M choline chloride. Sodium

and potassium concentrations were measured by flame

photometry. To estimate the sodium and potassium gradi�

ents, intracellular sodium and potassium contents of

Synechocystis cells incubated in the growth medium in the

presence of 100 µM CCCP ([Na]in = [Na]out and [K]in =

[K]out) were also measured.

RESULTS

Genetic characterization of Na+/H+ antiporter
mutants. Specific mutations of Na+/H+ antiporter coding

genes were generated by interposon mutagenesis.

Antibiotic�resistant clones were cultivated for several

weeks on solid medium in the presence of increasing

antibiotic concentrations to enrich the mutated gene in

the multi�copy genome of Synechocystis. From selected

clones, chromosomal DNA was isolated and analyzed by

PCR using corresponding primers. The DNA from single

mutants NhaS1, NhaS4, and NhaS5; double mutants

NhaS1/NhaS4, NhaS1/NhaS5, and NhaS4/NhaS5; as

well as the triple mutant NhaS1/NhaS4/NhaS5, con�

tained only mutated copies (DNA fragments enlarged by

the inserted antibiotic resistance gene cassette) of corre�

sponding genes (Fig. 2). The complete segregation was

Fig. 2. Evidence for complete segregation of mutations in the

triple mutant defective in NhaS1, NhaS4, and NhaS5. Total

DNA was isolated from cells of NhaS1/NhaS4/NhaS5 mutant

and analyzed by PCR using primers for nhaS5 (lane 2), nhaS4

(lane 3), and nhaS1 (lane 4). 1�kb DNA ladder (MBI

Fermentas) was used as a molecular weight marker (lane 1).

Sizes are given in kb.

1          2          3           4

— 3.1
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found previously for the NhaS2 mutant [16]. Only for the

nhaS3 gene no completely segregated mutant could be

obtained. All antibiotic resistant clones were found to be

merodiploids, which means they contained a few copies

of the mutated genes in parallel to dominating wild type

copies of the nhaS3 gene. All attempts to increase the

proportion of mutated copies by increasing the antibiotic

concentration were unsuccessful. Thus, the NhaS3

Na+/H+ antiporter seems to be essential for cell viability

even under normal growth conditions, while the remain�

ing four genes could be inactivated even combined in the

double and triple mutants.

Physiological characterization of Na+/H+ antiporter
mutants. To analyze the role of inactivated genes in salt or

pH tolerance of Synechocystis, cells of single, double, or

triple mutants were grown in the presence of 0.68 M or

0.85 M NaCl (Fig. 3) as well as in media buffered to

pH 7.0, 8.0, or 9.0 (data not shown). In all cases no sig�

nificant differences between wild type and mutants were

found regarding their growth behavior.

Like the majority of organisms, Synechocystis wild

type cells grown in sodium�enriched media keep high

concentration of potassium and low concentration of

sodium in their cytoplasm. The addition of uncoupler

CCCP dissipates these cation gradients (Table 2).

Essentially the same Na+ and K+ contents and gradients

were detectable in wild type and mutant cells adapted to

0.68 M NaCl. This clearly indicates that despite defects of

several putative Na+/H+ antiporter genes, all mutants

possessed undamaged systems for potassium uptake as

well as sodium export.

The cyanobacterial cells adapted to NaCl developed

efficient systems for sodium extrusion. Changes in fluo�

rescence quenching of acridine orange as a function of

transmembrane Na+ gradients were approximately the

same in wild type and all Na+/H+ antiporter mutants,

providing evidence that Na+/H+ exchange activity was

not changed in salt�adapted cells (Fig. 4).

Analysis of the expression of Na+/H+ antiporter
genes. Changes of the expression of genes under different

environmental conditions might give additional hints for

the involvement of their gene products in a special physi�

ological process. Therefore, the steady�state mRNA lev�

els of Na+/H+ antiporter encoding genes was followed

during salt� and pH�adaptation by Northern�blot

hybridization experiments. The levels of expression of

most antiporter encoding genes were very low. Clearly

detectable hybridization signals were obtained only with

probes specific for nhaS3. The expression of other

antiporter genes was below the recognition ability of the

Phosphoimager (data not shown).

Thus, the low levels of transcription of most Na+/H+

antiporter genes prompted us to apply the more sensitive

RT�PCR technique for the analysis of the expression of

these genes under stress conditions. Only 1 µg of RNA

isolated from salt�adapted or pH�adapted cells was suffi�

cient to obtain enough cDNA, which could be amplified

in the following PCR using primers specific for each

Na+/H+ antiporter encoding genes. Using RT�PCR the

expression of all Na+/H+ antiporter encoding genes could

be shown. Moreover, clear quantitative differences in the

amplification products of these genes were detected. The

Fig. 3. Growth of wild type (a) and NhaS1/NhaS4/NhaS5

triple mutant (b) in BG�11 medium (1) and in BG�11 supple�

mented with 0.68 M (2) or 0.85 M (3) NaCl.
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Strain

Wild type

NhaS1/NhaS4/NhaS5

[K+]in in the presence 
of 100 µM CCCP,
nmol/mg protein

16

16

Table 2. Sodium and potassium steady�state levels (without uncoupler CCCP) and gradients (collapsed by the uncou�

pler CCCP) in growing cells of wild type and the triple Na+/H+ antiporter mutant of Synechocystis

[K+]in,
nmol/mg protein

340

350

[Na+]in in the presence
of 100 µM CCCP,
nmol/mg protein

420

430

[Na+]in,
nmol/mg protein

52

54



Na+/H+ ANTIPORTERS OF CYANOBACTERIA 437

BIOCHEMISTRY  (Moscow)  Vol.  67  No. 4    2002

highest level of expression was characteristic for nhaS3

gene; the expression of other genes decreased in the fol�

lowing direction: nhaS3 > nhaS1 > nhaS4 > nhaS5 (Fig.

5). To avoid possible differences based on uneven

amounts of RNA used in reverse transcription reactions,

the amount of RNA used for reverse transcription was

compared in Northern�blot hybridization experiments

applying a radio�labeled 16S�rRNA�specific probe.

These data were used to normalize all quantitative results

of RT�PCR obtained by densitometry to the same RNA

concentrations in the reaction. Figure 6 shows the results

of expression analysis of Na+/H+ antiporter genes in wild

type cells grown in the presence of 0.68 M NaCl or in the

medium buffered at pH 7.0, 8.0, or 9.0. No statistically

significant induction of any of the antiporter encoding

genes nhaS1, nhaS3, nhaS4, or nhaS5 was observed in

comparison to control cells grown in ordinary BG�11

medium. The same holds true for the expression of nhaS2

gene [16]. The same results were obtained when the

expression of Na+/H+ antiporter genes was analyzed in

the single mutants NhaS1, NhaS4, and NhaS5 grown

under stress conditions (data not shown).

A reliable induction of some Na+/H+ antiporter

encoding genes was only observed in the background of

double and triple mutants adapted to high sodium con�

centration or to high pH (pH 8.0 or 9.0, Fig. 7). In the

cells of double mutants NhaS1/NhaS5 and

NhaS4/NhaS5 and triple mutant NhaS1/NhaS4/NhaS5,

respectively, a clear increase in mRNA level of the nhaS3

gene was observed under these conditions (Fig. 7).

Nevertheless, the expression of nhaS3 was not induced in

NhaS1/NhaS4 double mutant grown under the same

stress conditions. Since no induction of nhaS3 gene

expression was found in NhaS5 single mutant, these

results may indicate that Na+/H+ antiporter encoded by

the nhaS3 gene might be necessary to replace the function

of NhaS5 (but not of NhaS4) only if some other

antiporters (NhaS1, NhaS4, or both) are inactivated. No

induction of Na+/H+ antiporter encoding gene expres�

sion was observed in any mutant adapted to pH 7.0 (Figs.

6 and 7). Beside the essential nhaS3 gene, also the expres�

sion of other antiporter encoding genes, nhaS1, nhaS4, or

nhaS5, was increased after adaptation to high NaCl con�

centrations or to alkaline pH values (8.0, 9.0) in cells of

double and triple mutants. The expression of the nhaS5

gene was enhanced under salt stress conditions in double

mutant NhaS1/NhaS4 and, vice versa, nhaS4 expression

was induced under the same conditions in the double

mutant NhaS1/NhaS5. These data indicate that Na+/H+

antiporters NhaS4 and NhaS5 can probably replace each

other in stressed mutant cells. The expression of nhaS1

was only observed in salt� and alkaline pH value�adapted

cells lacking both NhaS4 and NhaS5. The results con�

cerning the induction of single Na+/H+ antiporter genes

in defined mutants are summarized in Table 3.

Fig. 4. Na+/H+ antiporter activity in the cells of wild type (a)

and NhaS1/NhaS4/NhaS5 triple mutant (b). Na+/H+

antiporter activity was measured by the acridine orange fluo�

rescence quenching technique using an MPF�4 fluorimeter

(excitation 492 nm; emission 530 nm). The medium contained

0.8 M mannitol, 10 mM HEPES�Tris, pH 7.5, 1 µM acridine

orange in 2�ml volume. As indicated by arrows, the Na+�

loaded cells of the corresponding Synechocystis strain (approx�

imately 25 µg protein) were added to the medium in the vol�

ume of 6 µl. Where indicated by arrows, 100 µl of 1 M Na2SO4

solution was added to the medium.

3 min

∆F
 =

 2
0

%

Na2SO4

Cells

a b

Cells

Na2SO4

Fig. 5. Separation of PCR products amplified from cDNAs

obtained by reverse transcription using RT�primers for nhaS3

(lane 1), nhaS1 (lane 2), nhaS4 (lane 3), and nhaS5 (lane 4).

The reaction mixture for reverse transcription (20 µl) con�

tained 1 µg of RNA and 10 pmol of each RT�primers. After

reverse transcription the reaction mixtures were diluted (1 : 50)

and 1 µl was used for conventional PCR (35 cycles) with both

RT�primers (Fw and Rev). DNA contamination of RNA

extracts was checked by PCR without adding reverse transcrip�

tase (lane 5). 1�kb DNA ladder was used as a marker (lane 6).

Sizes are given in bp.

1          2       3        4        5        6

826 –

707 –

583 –

466 –
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Fig. 6. Relative levels of expression of nhaS1, nhaS3, nhaS4, and nhaS5 genes, respectively, in wild type cells adapted to 0.68 M NaCl (2),

or grown in the medium buffered at pH 7.0 (3), pH 8.0 (4), or pH 9.0 (5). The level of expression in the corresponding strain grown in

BG�11 was considered as 100% (1).
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Fig. 7. Relative levels of expression of nhaS1, nhaS3, nhaS4, and nhaS5 genes in double and triple Na+/H+ antiporter mutants adapted to

0.68 M NaCl (2), or grown in the medium buffered at pH 7.0 (3), pH 8.0 (4), or pH 9.0 (5). The level of expression in the corresponding

strain grown in BG�11 was considered as 100% (1).
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DISCUSSION

At least five genes encoding putative Na+/H+

antiporters have been assigned in the genome of

Synechocystis [6]. Detailed sequence comparisons and

phylogenetic analyses (see Fig. 1) showed that the pro�

teins encoded by these genes contain all features known

from functionally characterized Na+/H+ antiporters,

which make their physiological function very likely [15].

Furthermore, for two of these proteins, NhaS1 and

NhaS3, one from the “eukaryotic” as well as one from the

“prokaryotic” group, Na+(Li+)/H+ antiporter activity

became detectable after their expression in a correspon�

ding E. coli mutant [15]. With this study, as well as with

the characterization of NhaS2 mutant [16], we provide

clear evidence that all five Na+/H+ antiporter encoding

genes are active, which means they are all transcribed

even under control conditions in wild type cells. Using

mutants affected in single, two or even three of the

Na+/H+ antiporter encoding genes, we tried to investigate

the role of these transporters in the salt adaptation and/or

internal pH regulation of Synechocystis cells.

The present work shows that most of the antiporters

are not essential for viability of Synechocystis, since com�

pletely segregated single mutants defective in NhaS1,

NhaS4, as well as NhaS5 were isolated in the present

work. The same was found previously for the NhaS2

mutant [16]. Moreover, in double mutants

NhaS1/NhaS4, NhaS1/NhaS5, and NhaS4/NhaS5, as

well as the triple mutant NhaS1/NhaS4/NhaS5, all

mutations were completely segregated. Only for the

nhaS3 gene no completely segregated mutant could be

obtained, indicating that the NhaS3 Na+/H+ antiporter

seems to be essential for cell viability even under normal

growth conditions. Also, Inaba et al. [15] were not able to

obtain a mutant affected in this gene. This gives a clear

indication that NhaS3 might be the most important

Na+/H+ antiporter in Synechocystis, which can at least

functionally replace all other antiporters. Our finding that

the nhaS3 gene showed the highest expression level sup�

ports the high importance of NhaS3. The nhaS3 gene was

the only detectable one in Northern blot experiments and

led also to the highest signal intensity in RT�PCR.

Furthermore, it was demonstrated [15] that the NhaS3

showed the highest affinity for Na+ and Li+.

In the present work it was demonstrated that single,

double, and triple mutants affected in the nhaS1, nhaS4,

and nhaS5 genes did not differ from wild type cells in the

ability to grow at high salt concentrations and alkaline pH

values. Thus, the activity of the corresponding proteins is

not necessary for the adaptation of Synechocystis cells for

growth under these conditions. This conclusion is sup�

ported as well by the fact that all mutant strains keep the

same Na+ and K+ gradients at high NaCl concentrations

as wild type cells. These results can be interpreted in two

ways. First, according to the initial hypothesis that

Na+/H+ antiporters are responsible for such purposes it

can be concluded that the activity of NhaS3 is fully suffi�

cient to fulfill these tasks. Second, nevertheless, we can�

not rule out that alternative mechanisms like primary Na+

exporting mechanisms [12, 25] are responsible for these

functions in the mutants.

However, the present data provide some indications

that the Na+/H+ antiporters are necessary for special pur�

poses, since on the background of specific mutants the

upregulation of certain Na+/H+ antiporter encoding genes

was observed. In wild type cells and single mutants no

induction of nhaS1, nhaS3, nhaS4, or nhaS5 genes was

observed under high salt or alkaline pH. This might indi�

cate that in spite of the low expression of these genes the

corresponding Na+/H+ antiporters can manage the

removal of surplus Na+ or the adjusting of the pH.

Furthermore, there are several data that the transport

activity of the existing Na+/H+ antiporters is directly stim�

Strain

Wild type

NhaS1

NhaS4

NhaS5

NhaS1/NhaS4

NhaS1/NhaS5

NhaS4/NhaS5

NhaS1/NhaS4/NhaS5

pH 9.0

—

—

—

—

nhaS5

nhaS3, nhaS4

nhaS1, nhaS3

nhaS3

Table 3. Induction of Na+/H+ antiporter genes in wild type and antiporter mutants under different growth conditions

pH 8.0

—

—

—

—

nhaS5

nhaS3, nhaS4

nhaS1, nhaS3

nhaS3

pH 7.0

—

—

—

—

—

—

—

—

0.68 М NaCl

—

—

—

—

nhaS5

nhaS3, nhaS4

nhaS1, nhaS3

nhaS3

Na+/H+ antiporter genes induced under growth at:



440 ELANSKAYA et al.

BIOCHEMISTRY  (Moscow)  Vol.  67  No. 4   2002

ulated by environmental factors. Immediately after the

addition of Na+ ions in salt�shocked cells a dramatically

increase in Na+ extrusion and Na+/H+ antiporter activity

has been measured [7�10], which is obviously sufficient to

deal with the new environmental conditions. A direct

influence on transport activity rather then gene expression

has been also shown in salt�stressed bacteria for proteins

involved in transport of compatible solutes. Nevertheless,

in double and triple mutants we could observe the

increased expression of some Na+/H+ antiporter encoding

genes. Particularly, the induction of the nhaS3 gene expres�

sion was observed in salt� or high�pH�adapted cells of dou�

ble and triple mutants lacking functional NhaS5. This

seems to indicate that NhaS5 and NhaS3 are functional

closely related as one can also predict from their close

vicinity in the phylogenetic tree (Fig. 1). Moreover, the

study of expression of nhaS1, nhaS4, and nhaS5 genes in

different double mutants gave additional indications that

corresponding Na+/H+ antiporters might probably replace

each other under salt�stress conditions in Synechocystis

cells lacking the activity of more than one antiporter.
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