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The ggtA gene was sequenced during the analysis of a mutant of Synechocystis sp. strain PCC 6803 with
impaired salt tolerance. It showed striking sequence similarities to ATP-binding proteins of binding-protein-
dependent transport systems (ABC transporters). Mutants of ggt4 and three neighboring reading frames were
constructed by inserting an aphlI gene cassette and were physiologically and genetically characterized. The ggt4
insertion mutant lost its glucosylglycerol (GG) uptake ability, but its salt tolerance did not change. Therefore,
it was concluded that active transport of the osmoprotective compound GG in Synechocystis is mediated by an
ABC transporter. The genes for the GG-specific ABC transporter are not organized in an operon as usually
found for comparable transporters, since the other insertion mutants showed normal GG transport activity.
After cultivation of the ggrz4 mutant at high salt concentrations, significant amounts of GG were found in the
cultivation medium, indicating that GG transport is mainly necessary for recovery of GG leaked through the
cytoplasmic membrane. The Northern blot technique revealed increased transcription of the ggt4 gene in cells
adapted to higher salt concentrations, whereas in cells from basal medium, its transcription was weak.

Salinity is one of the most important abiotic factors in
aquatic biotopes. An increase in salt concentration represents
a combination of two stress conditions for living cells. The
reduction of the water potential of the surrounding medium
causes the cells to lose water. In contrast to this purely osmotic
stress, an increase in salinity also means a dramatic increase in
inorganic ions (especially Na* and Cl7) in the surrounding
medium which enter the cells along chemical gradients (33).
High intracellular concentrations of inorganic ions are toxic to
most eubacteria. During adaptation to salt stress, these bacte-
ria usually achieve a balanced osmotic potential by extruding
excess inorganic ions and accumulating osmoprotective com-
pounds (compatible solutes), which are low-molecular-weight
hydrophilic compounds that do not interfere with cell metab-
olism because they are largely inert and carry no net charge (4,
10). Osmoprotective compounds reduce the osmotic potential
of the cytoplasm to prevent further loss of water and appar-
ently prevent denaturation by helping macromolecules to re-
tain their natural configuration.

Two strategies are used to acquire high intracellular amounts
of osmoprotective compounds: de novo synthesis and/or up-
take from the surroundings. Salt-loaded cyanobacterial species
accumulate sucrose, trehalose, glucosylglycerol [2-O-(a-D-glu-
copyranosyl)-glycerol (GG)], glycinebetaine, or glutamatebe-
taine, the principal osmoprotective compounds, by de novo
synthesis (34). Only the biosynthetic pathway for GG synthesis
has so far been elucidated. It is synthesized from ADP-glucose
and glycerol-3-phosphate by a salt-activated enzyme system
(16). A GG uptake system was recently found (25) in the
cyanobacterium Synechocystis sp. strain PCC 6803, which ac-
cumulates GG and tolerates up to 1.2 M NaCl (32). This
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uptake system also showed affinity for the osmoprotective com-
pounds sucrose and trehalose. The transporter allowed salt-
sensitive mutants of Synechocystis lacking the ability to synthe-
size GG to grow in the presence of exogenous GG under
high-salt conditions (25).

Unlike the cyanobacteria, many heterotrophic eubacteria
prefer to acquire osmoprotective compounds by uptake from
their surrounding environment. Several active transport sys-
tems for proline, glycinebetaine, and its precursor choline have
been characterized in Escherichia coli, Salmonella typhimu-
rium, and Bacillus subtilis (5, 19, 30). The activities of these
systems are directly stimulated by higher salt concentrations
and are further increased by salt-regulated induction of their
gene expression (22). E. coli is able to synthesize trehalose
under osmotic stress, but if glycinebetaine is available in the
medium, trehalose de novo synthesis is completely suppressed
and adaptation to high osmotic pressure is achieved by accu-
mulation of glycinebetaine alone (11, 21). In E. coli, glycine-
betaine is transported mainly by the osmoregulated ProU sys-
tem, a binding-protein-dependent transport system (5). A
related system was recently characterized in B. subtilis (19).
Binding-protein-dependent transport systems belong to the su-
perfamily of ABC (ATP-binding cassette) transporters. They
consist of at least three parts: a periplasmic binding protein
with high affinity for the substrate, an integral cytoplasmic
membrane protein acting as a permease, and a protein located
at the cytosolic face of the membrane, which is responsible for
transport energization by ATP splitting (ATP-binding pro-
tein). Usually these three subunits are encoded together in one
operon (1).

Several salt-sensitive mutants of Synechocystis have been
generated to isolate genes involved in salt adaptation (15). The
mutated region from one of these mutants and the correspond-
ing wild-type regions have been cloned and sequenced (17). In
this study, we present results that led to the identification of a
gene involved in GG transport. One of the sequenced open
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reading frames (ORFs) that was not impaired in the salt-
sensitive mutant showed a high degree of similarity to ATP-
binding subunits of the family of ABC transporters. An inser-
tion mutant, in which this gene was interrupted by an aphll
(aminoglycoside phosphotransferase II conferring kanamycin
resistance) gene, showed defective GG transport. We there-
fore concluded that this gene encodes a protein involved in GG
transport. The transport seems to be mediated by a binding-
protein-dependent transport system. The expression of the
gene was increased about threefold in cells adapted to high
salinity. We propose that this gene be designated ggt4 (glu-
cosylglycerol transport A).

MATERIALS AND METHODS

Strains and culture conditions. A derivative of Synechocystis sp. strain PCC
6803 with enhanced transforming capacity obtained from S. Shestakov (Moscow
State University, Moscow, Russia) was used in all experiments. Axenic cells were
cultivated on agar plates at 30°C under constant illumination, using a mineral
medium (15). Transformants were initially selected on medium containing kana-
mycin (Sigma) at 10 ug ml~!, while the segregation of clones and cultivation of
mutants were performed on medium containing kanamycin at 50 wg ml~'. E. coli
JM101 (35) was used for routine DNA manipulations. E. coli was cultivated in
Luria broth (LB) medium at 37°C.

For physiological characterization, axenic cultures of the cyanobacteria were
grown photoautotrophically in batch cultures at 29°C under continuous illumi-
nation of 20 W m~2 and bubbling with CO, (2.5%)-enriched air. To achieve the
desired salt concentrations, NaCl was added to the basal growth medium con-
taining 2 mM NaCl (15). To obtain salt-adapted cells, the cyanobacteria were
precultured for 5 days in NaCl-enriched media. The cultures were checked for
contamination by heterotrophic bacteria by microscopy or spreading of 0.2 ml of
culture on LB plates.

DNA manipulations. Total DNA was isolated from Synechocystis by lysozyme
treatment and phenol-chloroform purification (2). All other DNA techniques
such as plasmid isolation, transformation of E. coli, ligations, restriction analysis
(restriction enzymes from Life Technologies), Southern hybridization analysis,
and labeling of DNA probes for hybridization experiments by random priming
using [«->?P]dATP (Amersham Buchler) were carried out by standard methods
(35). Correct integration of the aphlI gene into plasmids was checked by restric-
tion analysis and DNA sequencing with the dideoxy-chain termination method,
using [a-**S]dATP (Amersham Buchler) and a Sequenase 2.0 kit (U.S. Biochem-
ical). For sequencing, double-stranded plasmid DNA was isolated by means of a
QIAprep plasmid kit (Qiagen). The following synthetic primers were specifically
used for the aphll gene: kan 5’ (caggcctggtatgagtcage) and kan 3’ (atttttatcttgt
gcaatgt) (custom oligonucleotide synthesis; Pharmacia). Computer analysis of
the DNA sequence was done with the DNASIS/PROSIS and the GCG (7)
software packages.

RNA isolation and Northern blot experiments. Total RNA was isolated from
Synechocystis by a modified method (31). Instead of ultracentrifugation, the
RNA was treated with DNase (Boehringer Mannheim) to remove contaminating
DNA. After denaturation, the RNA was separated in 1.3% agarose gels con-
taining 7% formaldehyde in morpholine propanesulfonic acid (MOPS) buffer. It
was then transferred overnight to nylon membranes (Hybond N; Amersham
Buchler), using capillary transfer with 20X SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate) (35), and fixed to the filters by UV illumination for 3
min. The filters were hybridized overnight with 3P-labeled DNA probes at 53°C
in high-sodium dodecyl sulfate (SDS) concentration buffer (7% SDS, 50% for-
mamide, 5X SSC, 2% blocking reagent [Boehringer Mannheim], 50 mM sodium
phosphate buffer [pH 7.0], 0.1% N-lauroylsarcosine [Boehringer Mannheim]).
After washing (three times in 2X SSC-0.1% SDS at room temperature for 20
min and once in 0.1X SSC-0.1% SDS at 53°C for 30 min), the filters were
incubated for autoradiography at —80°C. The amount of radioactivity in the
single bands was determined with a PhosphorImager (Molecular Dynamics). The
RNA concentration was determined by absorption measurements at 260 nm in a
model U2000 double-beam UV/Vis spectrophotometer (Hitachi).

Generation of insertion mutants. For the generation of mutants affected in
specific ORFs, the aphll gene was integrated into the sequences encoding the
specific ORFs at selected single restriction sites. Where necessary, aphll gene
integration was performed after appropriate DNA subfragments had been
cloned into E. coli plasmids. The aphll gene was isolated from the E. coli plasmid
pUC4K (39). DNA of these constructs was isolated from E. coli with a QIAprep
spin plasmid kit (Qiagen). One microgram of DNA was used for Synechocystis
transformation, and kanamycin-resistant (Km") clones were selected (15).

Transport assays. '*C-GG with a specific activity of 0.659 dpm pmol ! was
obtained by '*C labeling of salt-loaded Synechocystis cells and purification (25).
GG uptake was measured under the culture conditions described above without
aeration. The cell suspension (0.5 ml) was taken directly from the cultures (total
cell volume, 1.2 to 2.6 mm® ml™') and incubated for 15 min with 0.2 mM
14C-GG. The tests were stopped by addition of 3 ml of medium of the same salt
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concentration and immediate filtration through membrane filters (0.45-um pore
size, SM 11306; Sartorius). Subsequently the filters were washed three times with
3 ml of cultivation medium and solubilized in a scintillation cocktail as described
in reference 25. Radioactivity was measured by liquid scintillation counting.
Glucose uptake was measured as described in reference 18.

Other physiological parameters. The GG content of the cells was estimated by
high-pressure liquid chromatography (HPLC) (36) after extraction in 80% eth-
anol. The amount of GG leaked into the medium was also determined by HPLC
after desalting the sterile-filtered supernatants on ion-exchange columns. Cell
number and diameter were determined by means of an electronic particle
counter (8). The total cell volume was estimated as the product of average
single-cell volume and cell number. Photosynthetic oxygen evolution was mea-
sured by a Clarke-type electrode (8).

Nucleotide sequence accession number. The nucleotide sequence reported has
been deposited in GenBank under accession number U32936.

RESULTS AND DISCUSSION

Sequence analysis of the ggt4 gene. Partial deletion of the
stpA gene (28) and the gene upstream of it (orfI) was found to
be responsible for the salt-sensitive phenotype of Synechocystis
mutant 4. The salt sensitivity was caused by reduced synthesis
of the osmoprotective compound GG (17). The downstream
gene (orfIl) of stpA remained intact in mutant 4 (Fig. 1). The
deduced amino acid sequence of orfll was compared with amino
acid sequences from databases by means of the TFASTA pro-
gram (7). Significant similarities (about 35% identical amino
acid residues) to several ATP-binding proteins from ABC
transporters were found (Fig. 2). This homology was observed
throughout the whole sequence but was most pronounced
among the first 220 amino acids of the N-terminal part. The
motifs for the ATP-binding sites (amino acid residues 37 to 45
and 154 to 159) could also be identified in the sequence of
ORFII protein (Fig. 2). The size of the ORFII protein, 40.9
kDa, matches well this type of protein from several bacteria.

The most remarkable similarities were found to two proteins
from E. coli: UgpC, which is involved in the uptake of glycerol-
3-phosphate and glycerolphosphoryl diesters (29), and MalK,
which is a component of the maltose uptake system (12). A
high degree of homology to the CysA protein of the binding-
protein-dependent sulfate uptake system of the cyanobacte-
rium Synechococcus sp. strain PCC 6301 (14) was also ob-
served. MbpX, a protein of unknown transport function, is
encoded on the chloroplast genome of Marchantia polymorpha
(38). Furthermore, we found significant sequence similarities
to the ProV protein, the ATP-binding protein of the osmoti-
cally regulated ProU system for glycinebetaine uptake in E.
coli (13).

Construction of mutations in ggt4 and flanking genes. The
sequence similarities suggested that orfII also encodes an ATP-
binding protein of an unknown cyanobacterial ABC trans-
porter. However, it was not possible to identify the transport
process in which ORFII might be implicated from these se-
quence data alone, as the homologous proteins are involved in
the transport of substrates with various structures. To identify
the substrate transported by this system, an insertion mutant of
orfll was constructed. After the sequence encoding orfIl had
been subcloned on a Stul/Bg/II fragment, a single Hpal site was
present (Fig. 1). The aphll gene from pUC4K was inserted into
this site. One clone harboring the aphll gene at the right
position in a transcription direction opposite that of orfII was
selected after restriction and sequence analysis (Fig. 1). This
DNA construct was transformed into Synechocystis, and Km"
clones were selected.

The genes encoding the subunits of ABC transporters are
often organized into operons (1). Therefore, insertion mutants
specific to the reading frames upstream (orfl and stpA) and
downstream (orfIIl) of orfIl were also constructed and used in
this study (Fig. 1). All of these mutants were constructed after
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FIG. 1. Restriction map and protein-encoding regions (arrows below) of the sequence U32936 (17). Integration sites of the aphll gene in the mutants that are
specific for single protein-encoding regions are shown above the restriction map. The arrows indicate the direction of transcription. Probes used in the Southern and

Northern hybridization experiments are given under the protein-encoding regions.

insertion of an aphll gene into a single restriction site of each
ORF, transformation of these constructs into Synechocystis,
and selection of Km" clones. Isolated chromosomal DNA from
such clones was analyzed in Southern hybridization experi-
ments. Probing with the aphll gene indicated that kanamycin
resistance in all of these clones was based on the integration of
this gene into the genome (not shown). Additionally, the
EcoRI fragment of the wild-type DNA was used as a probe
(Fig. 1). Chromosomal DNAs of the different mutants and the
wild type were double digested by EcoRI to excise the wild-
type fragment and by Clal, which cuts once in the aphll gene.
Only the 4.6-kb fragment corresponding to the probe was
found in the wild-type DNA, while in mutant DNA, the probe
recognized two fragments of the sizes expected after correct
insertion in each case (Fig. 3). All mutants lacked the 4.6-kb
wild-type fragment, indicating a double crossover event during
recombination and complete segregation.

Analysis of GG transport activity in the mutants. All mu-
tants grew at about the same rate as the wild type in low-salt
media (Table 1). Only the stp4 mutant produced a salt-sensi-
tive phenotype (resistance limit at 550 mM NacCl), all others
being able to adapt to high-salt conditions (normal growth at
684 mM NaCl). As expected in view of the salt tolerance limits,
the accumulation of GG was not significantly changed except
in the stpA mutant (Table 1). Because orfII was found down-
stream of the stpA gene suspected to be involved in GG syn-
thesis, it seemed appropriate to check the orfII mutant for GG
transport ability. Glucose uptake was measured at the same
time to check for overall transport activity and energy supply.

In wild-type cells, GG uptake was enhanced after salt adapta-
tion, while in the orfll mutant, almost no GG uptake could be
detected, either in cells grown in basal medium or in cells
grown in high-salt media (Table 2). However, glucose uptake
remained unchanged in the orfII mutant compared to the wild
type (not shown). The lack of GG transport activity in the orfIl
mutant indicates that the orfll gene most probably encodes a
protein involved in GG transport. It could also be concluded
that GG uptake is mediated by a binding-protein-dependent
transport system. Therefore, we propose the designation ggt4
for orfIl.

The genes upstream and downstream of ggt4 do not encode
other proteins involved in this transport process, since all other
mutants were able to transport GG, and as in the wild type,
GG uptake was enhanced in salt-adapted cells (Table 2). The
rate of GG uptake was slightly lower in salt-treated cells of the
stpA mutant than in wild-type cells. This could be explained by
the salt sensitivity of the stp4 mutant leading to reduced
growth and metabolic activity at high salt concentrations, since
photosynthetic oxygen evolution in this mutant was reduced to
40% of the value seen in wild-type cells after cultivation in 513
mM NaCl (not shown).

As yet, only a few binding-protein-dependent transport sys-
tems have been characterized in cyanobacteria, and these have
been involved in sulfate, nitrate, and manganese uptake (3, 14,
23, 24, 27). In contrast to the GG transporter, all subunits of
these ABC transporters have been clustered and organized like
an operon. A polycistronic transcript was found for the genes
encoding the nitrate transport system. It includes further genes
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ORFII ..... masvsfeqVtKgFd. ................... ... dyvav.nnlnLeIedGeF 31
UgpC ..... maglklgaVtKsWd. ......... ... ..o gktgvikpltLdvVadGeF 32
MalK  ..... masvglgnVtKaWg. . ....... oo i e.vvvskdinLdTheGeF 31
CysA  mpkdkavgiqvsgVsKgPFg. ......ccuiiiinnnnnnn... sfgav.kdvdLtVetGsL 3s
MbpX  ...... MSILliykVSKSLG. .t cv v iie i iie e iiee e nn nlkil.drvsLyVpkEfsL 30
ProV ...maikleiknlyKiFgehpgrafkyieqgglskegilektglslgvkdasLaleeGei 56
61 120
ORFII 1vF SLRL1AGLEtvsqGgIcigdrrvnelspkD. .. ... RATIamVFQsYA 85
UgpC ivMm LLRMVAGLErvteGdIWindqrvtemepkD. .. ... RgIamVFQNYA 86
MalkK vVvF LLRMiAGLEtitsGdlFigekrmndtppaE. .. ... RgVgmMVFQsSYA 85
CysA vaLlG LLRLiAGLEgpdsGrIFltgrdatnesvrD...... RQIgGfVFQhYA 90
MbpX iaLlg LLRiiAGLDncdyGnIWlhgidvtnistqy...... RrmsfVFQhYA 84
ProV fvimg B¢ VRLInrLieptrGqVLidgvdiakisdaElrevrrkkIamVFQsFA 116
121 180
ORFII LYpHMsVyENmaFsLdlgGkpkeelrgrVcsaaellgiekllhrkPkeLSGGQRQRVAVY 145
UgpC LYpHMsVeENmaWGLkirGmgkggIaerVkeaarileldgllkrrPreLSGGQRQRVAMG 146
Malk LYpHLsVaENmsFGLkpaGakkevIngrvngvaevlglahlldrkPkaLSGGQRQRVAig 145
CysA LFkHLtVrkNiaFGLelrkhtkekVrarvVeellelvgltglgdryPsqLSGGQRQRVAla 150
MbpX LFkHMtVyENisFGLrlrGfsagkItnkVndllnclriadisfeyPagLSGGQkQRVAla 144
ProV LmpHMtV1DNtaFGMelaGinaeerrekaldalrgvglenyahsyPdeLSGGmRQRVgla 176
181 ATP binding 240
ORFII RaivrkP SYFLY JEPLsnLDamlRvgarkeiskLhsdlatTfIYVTHDQVEAMtmgDrIa 205
UgpC YEPLsnLDak1l RvgMrlelqqLhrrlktTs1YVTHDQVEAMtlaqgrVm 206
Malk LsnLDaalRvgMrieisrLhkrlgrTmIYVTHDQVEAMt1aDkIV 205
CysA FgaLDakvRkdLrswlrkLhdevhvTtVFVTHDQeEAMevaDgIVv 210
MbpX i gaLDgelRrhLskwlkrylgdnkiTt ImVTHDQKEAismaDeIv 204
ProVv RalainPd: ﬁal’saLDpliRtqudelvquakhquiVFIsHDldEAMrigDrIa 236
241 300
ORFII VMkdGilqgQVdsPanl........... ¥ngPanlFVagFigs....pamnffqve.rlsq 249
UgpC VMngGvaeQIGtPvev. .. ........ YekPaslFVasFigs....pamnll.tg.rvnn 249
Malk VLdaGrvaQVGkPlavplsgrpfcrriYrfakdeLlpvkvta. .. .taidgvgvelpmpn 261
CysA VMnhGkveQIGsPaei........... YdnPatpFVmsFigpvnvlp. .nsshifgaggl 257
MbpX ILkeGrllQqgGkPknl........... YdgPinfFVgiFlgllieipklnesitlknips 253
ProV IMgnGevvQVGtPdei........... InnPandYVrtFfrgvdisgvfsakdiarrtpn 28s

301

360

ORFII egkeklsldgvvlpmpdsvakngdrpltLgiRPeniyhpgylpleiepmelpatvnlvem 309
UgpC egthfeldggielplnggyrgyagrkmtLgiRPehi. . ..alssqaeg.gvpmvmdtlei 304
Malk rggvwlpvesrdvgvgan........ msLgiRPehl..... lpsdiadvilegevgvveq 308
Cysa dtphp..........cooiiiio evflRPhdieiaidpipetvparidrivhlgwe 295
MbpX ktpgnlkkfafdpiwvkifanrsinkyrFf1RPyefciksemdleatpvgiktiiykrtf 313
ProVv glirktp..gfgprsalkllgdedreyg¥viergnkfvgavsidslktaltggggldaal 343

361

ORFII wmgnElivyaqgtp.a.gtefvaridprvnikgkdsvkfvvdtgrfyyfdremetaif....... 364
UgpC lgabnlahgrw. .g.egklvvrlahgerptagstlwlhlaenglhlfdgetggrv........ 356
Malk lgnEtqgihiqgip.sirgnlvyrgndvvlveegatfaiglpperchlfredgtacrrlhkepgv 370
CysA vgaEvrledgq. .vlvahlprdryrdlglep.eqgvfvrpkqa. . .rsfplnysi........ 344
MbpX vglDlfvtsflw.nltipigygsfrnlhiesfmgtlyikprlqvflraypiltnikkn..... 370
ProV idaplavdagtplsellshvggapcavpvvdedqqyvgiiskgmllraldregvnng. ... .. 400

FIG. 2. Amino acid sequence comparison between ORFII (GgtA) and several ATP-binding subunits of binding-protein-dependent transport systems (UgpC [29],
MalK [12], CysA [14], MbpX [38], and ProV [13]). The GCG program PILEUP was used for the alignment (7). Uppercase letters represent amino acids that are
identical or strongly homologous in five or six of the aligned sequences (homology index of =1.0 in the Dayhoff table [6]). Shaded boxes indicate common conserved
motifs of ATP-binding proteins. The first motif represents the ATP-binding site, G-X-X-G-X-G-K-T/S. The second ATP-binding motif has the following structure:

hydrophobic stretch-D-E (9, 20).

involved in nitrate metabolism (23, 27). Genes encoding ABC
transporters responsible for glycinebetaine uptake in E. coli
and B. subtilis are also organized in operons and transcribed
together in a single polycistronic mRNA (5, 19).

GG uptake does not seem to be essential for the salt adap-
tation of Synechocystis, since cells of the ggt4A mutant had a
growth rate similar to that of the wild type at high NaCl
concentrations. Both wild-type Synechocystis and the ggt4 mu-
tant are able to synthesize sufficient GG de novo to adapt to
high salt concentrations (Table 1). Moreover, it is unlikely that
the natural habitats of planktic cyanobacteria contain sufficient
GG to contribute significantly by their uptake for salt adapta-
tion. The GG transport system seems to be mainly responsible
for minimizing losses of intracellular GG. Evidence for the
leakage of GG from the cytoplasmic to the periplasmic space

has been reported (25). We therefore checked the medium
used to cultivate the salt-adapted wild-type and ggt4 mutant
cells for dissolved GG. No dissolved GG was detected in the
cultures of wild-type cells, whereas the cells of the ggt4 mutant
had lost significant amounts of GG (Fig. 4). In the latter case,
the quantity of GG found in the medium after 48 h of culti-
vation amounted to 10% of the total GG content of the cul-
ture. Therefore, in salt-adapted Synechocystis cells, GG trans-
port seems to be necessary for the recovery of GG lost by
leakage through the cytoplasmic membrane. This strategy
helps the cell to save carbon. A similar phenomenon has been
reported for salt-grown E. coli cells, which accumulate tre-
halose in the absence of glycinebetaine. Trehalose leaking
through the cytoplasmic membrane is cleaved by a trehalase
specifically expressed in osmotically stressed cells, and the glu-
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FIG. 3. Southern blot experiments for characterization of complete segrega-
tion of the mutants used the 3?P-labeled EcoRI fragment (Fig. 1) as a probe for
the hybridization to EcoRI/Clal-double-digested chromosomal DNA from the
orfl mutant (lane 1), the stpA mutant (lane 2), the wild type (lane 3), the orfll
(ggtA) mutant (lane 4), and the orfIII mutant (lane 5). The molecular masses of
HindIII-digested N DNA size standards were drawn by using the positions from
the photo of the ethidium bromide-stained gel of the same magnitude.

cose reenters the cells through the phosphoenolpyruvate sugar
phosphotransferase system (37). A glycinebetaine uptake sys-
tem has also been found in cyanobacterial strains that are able
to synthesize this compound (26). This glycinebetaine trans-
porter should carry out the same function (32). In our exper-
iments, CO,-enriched medium was used to cultivate the wild
type and the ggt4 mutant, and cell growth was mainly limited
by light. Under CO,-limiting conditions, the lack of GG trans-
port activity might lead to a lower salt resistance level or at
least a reduced growth rate in the presence of high NaCl
concentration.

Analysis of the salt-dependent expression of the ggi4 gene.
In the uptake experiments, only low GG transport activities
were found in cells cultivated in the basal medium. Activities
were clearly enhanced in salt-adapted cells. This increase could
be caused by direct salt-induced activation of the transport
system as has been found for GG-synthesizing enzymes (16) or
by enhanced expression of the corresponding genes. The ex-
pression of ggrA was investigated by Northern blot experiments
using RNA isolated from Synechocystis cells adapted to differ-
ent salt concentrations and a probe specific to the ggt4 gene

TABLE 1. Growth rates and GG accumulation in different
insertion mutants of Synechocystis sp. strain PCC 6803 after
cultivation in enhanced NaCl concentrations for 2 days

Growth rate GG content
. (™ (ng mm 3 [CV])
Strain

2 mM 684 mM 256 mM 513 mM

NaCl NaCl NaCl NaCl
Wild type 0.0425  0.0309 33.3 (100) 100.4 (100)
orfl mutant ND” ND 23.6 (70.8) 90.7 (90.4)
stpA mutant 0.0405 No growth 4.6 (13.8) 14.8 (14.7)
ggtA mutant 0.0421  0.0328 35.6 (106.9) 89.9 (89.6)
orflll mutant ND ND 38.0 (114.1) 100.5 (100.1)

“ CV, total cell volume (product of average single-cell volume and cell num-
ber). Percentage of wild-type value is given in parentheses.
> ND, not determined.
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TABLE 2. Uptake of *C-labeled GG by cells of the wild type and
the orfl, stpA, orfll (ggtA), and orflll mutants after cultivation
in basal and NaCl-enriched media for 2 days

Mean GG uptake (pmol min~' mm~3 [CV]") = SD

Strain
2 mM NaCl 257 mM NaCl 513 mM NaCl
Wild type 428 £ 7.6 93.0 £3.3 1373 £ 9.1
orfl mutant 40.8 £5.0 101.9 = 3.6 130.7 = 5.0
stpA mutant 50319 66.8 = 1.8 90.5 £ 1.6
ggtA mutant 6.3 =20 1.3+04 82=*19
orflll mutant 59.5 5.6 105.6 = 11.1 134.5 £ 10.9

“ CV, total cell volume.

(Fig. 1). In the Northern blots, a strong signal corresponding to
a size of 1.2 kb was observed. This is about the size of the ggt4
gene and indicates a monocistronic RNA, but the accumula-
tion of a stable breakdown product of a larger mRNA cannot
be ruled out (Fig. 5). A weaker signal of about 2.6 kb was
sometimes visible and could also represent a transcript con-
taining stpA. The possible occurrence of this bicistronic RNA
might also be responsible for the slightly reduced GG transport
activity in the stp4 mutant, since the mutation might also
reduce the amount of mRNA specific to ggt4. RNA from cells
grown in basal medium gave only a weak signal, while the
amount of ggtA4 transcript in salt-adapted cells increased about
three- to fourfold (Fig. 5). This general increase in the amount
of ggtA mRNA is in good agreement with the increase in GG
transport activity and makes salt-regulated transcriptional con-
trol of the expression of this gene seem very likely. The amount
of mRNA specific to ggt4 was highest in cells adapted to 342
mM NaCl and lower in cells adapted to higher salt concentra-
tions (Fig. 5C). In contrast to the bell-shaped curve describing
mRNA synthesis, the increase in GG transport activity as the
salt concentration increased was found to be linear (25). This
discrepancy indicates posttranscriptional regulation of activity
besides the general salt-induced activation of transcription for
the GG transporter. Alternatively, expression of the currently
unknown genes encoding the other subunits of the GG trans-
porter might depend directly on the NaCl content and thus
give rise to the observed linear increase of transporter activity.

Conclusions. orfIl found downstream of stpA was designated
ggtA. Three lines of evidence indicate that ggtA represents an
ATP-binding protein involved in the GG transport system of
Synechocystis: (i) the GgtA protein sequence shows striking
similarities to sequences of other members of this protein
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FIG. 4. Leakage of GG into the medium after cultivation of wild-type (m)
and orfIT (ggtA) mutant (@) cells adapted to 684 mM NaCl.
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FIG. 5. Characterization of the salt-dependent expression of the ggtA4 gene in Synechocystis. RNA isolated from cells adapted to different NaCl concentrations was
hybridized with the 3?P-labeled internal Ball fragment of orfII (ggtA) (Fig. 1) as a probe. In panel A, 10 pg of total RNA was applied to each lane, and the filter was
exposed for 4 days for autoradiography. In panel B, 20 pg of total RNA was applied to each lane, and the filter was exposed for 10 days for autoradiography. (C)
Quantitative estimation of the radioactivity in the 1.2-kb transcript (arrows in panels A and B) by means of a PhosphorImager.

group; (ii) an insertion mutation of ggt4 impaired GG uptake
ability; and (iii) after cultivation of the ggz4 mutant, significant
amounts of GG were found in the medium. Furthermore, the
physiological characteristics of the ggt4 mutant indicate that
the active transport of the osmoprotective compound GG is
mediated by a binding-protein-dependent transport system in
Synechocystis, the genes for which are not organized in an oper-
on like those for other transporters, because mutation of the
genes upstream and downstream of ggt4 did not inhibit GG
transport. The GG transporter is responsible for the recovery
of GG leaking through the cytoplasmic membrane from high-
salt-grown cells. Beside activation of transcription, other mech-
anisms seem to be involved in the increase of the GG transport
activity in salt-adapted cells. Further experiments are planned
to clone and characterize the other subunits (binding protein
and permease) of the GG transport system of Synechocystis.
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