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cotA of Synechocystis sp. strain PCC6803 is a gene involved in light-induced proton extrusion (A. Katoh, M.
Sonoda, H. Katoh, and T. Ogawa, J. Bacteriol. 178:5452—5455, 1996). There are two possible initiation codons
in cot4, and either long (L-) or short (S-) cot4 encoding a protein of 440 or 247 amino acids could be postulated.
To determine the gene size, we inserted L-cotA and S-cot4 into the genome of a cotd-less mutant (M29) to
construct M29(L-cotA) and M29(S-cotA), respectively. M29(L-cotA) showed essentially the same net proton
movement profile as the wild type, whereas no light-induced proton extrusion was observed with M29(S-cotA).
Two kinds of antibodies were raised against partial gene products of the N- and C-terminal regions of L-cot4,
respectively, fused to glutathione S-transferase expressed in Escherichia coli. Both antibodies cross-reacted with
a band at 52 kDa in both cytoplasmic and thylakoid membrane fractions of the wild-type cells. The same
cross-reacting band was present in the membranes of M29(L-cot4) but not in M29 or M29(S-cot4). These
antibodies cross-reacted more strongly with the cytoplasmic membrane fraction than with the thylakoid
membrane fraction. The antibody against NrtA, a nitrate transporter protein present only in the cytoplasmic
membrane, also cross-reacted with the thylakoid membrane fraction strongly. Based on these results we
concluded that CotA of 440 amino acids (51 kDa) is located in the cytoplasmic membrane. Whether CotA is
absent in the thylakoid membrane remains to be solved.

cotA of Synechocystis sp. strain PCC6803 is a homolog of
cemA which has been found in chloroplast genomes of various
plants (3, 6, 15, 24, 29, 30). cemA genes of higher plants encode
proteins of 229 to 231 amino acids (3, 24, 29, 30), whereas
those of liverwort (15) and Chlamydomonas reinhardtii spp.
(EMBL Sequence Library, accession no. X90559; N. Rolland)
encode much larger proteins, of 434 and 500 amino acids,
respectively, as estimated from their DNA sequences. The
cemA product has been found in the inner envelope membrane
of pea chloroplasts as a band at 34 kDa during sodium docecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (24),
but the products of the liverwort and Chlamydomonas genes
have not been identified. There are two possible initiation
codons in cotA of Synechocystis. When the first ATG was pos-
tulated as the initiation codon, the gene product was a 51-kDa
protein of 440 amino acids. We concluded in a previous paper
that the translation started from the second ATG codon, giving
a gene product of 29 kDa (247 amino acids), close in size to
CemA of higher plant chloroplasts (6, 24). However, a prelim-
inary experiment to identify the gene product suggested that it
may be much larger. This led us to the present study to deter-
mine the size of cot4 and to identify and locate the gene
product.

A cotA deletion mutant of Synechocystis (M29) constructed
in a previous study was used for this purpose. The mutant did
not show light-induced proton extrusion and was unable to
grow at pH 6.4 or in a low-sodium medium (7). We inserted
long (L-) or short (S-) cotA into a neutral site of the genome of
this mutant to see which cotA4 transforms the mutant to the
wild phenotype. Measurements of growth characteristics and
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light-induced proton extrusion of these two kinds of cotA-
inserted M29 mutants and Western analysis using antibodies
raised against partial gene products enabled us to determine
the size of cotA and to identify and locate the gene product.

MATERIALS AND METHODS

Growth conditions. Wild-type (WT) and mutant cells of Synechocystis sp.
strain PCC6803 were grown at 30°C in BG-11 medium (28) buffered with 20 mM
N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-KOH at pH 8.0
during aeration with 3% (vol/vol) CO, in air. Continuous illumination was
provided by fluorescent lamps at 120 wmol of photosynthetically active radiation/
m?s (400 to 700 nm).

Transformation of Synechocystis. An L-cot4 or S-cotA gene was inserted into
a neutral site of the genome of a cot4-less mutant (M29) of Synechocystis sp.
strain PCC6803 (see Fig. 1 and 2). The plasmid containing L-cot4 or S-cotA with
the kanamycin resistance (Km") cartridge (16) was used to transform M29 cells
into Km" mutants, by the protocol of Williams and Szalay (31).

Measurements of proton exchange. Net proton exchange was measured at
30°C as described previously (5, 7). Cells were harvested by centrifugation,
washed twice with 0.2 mM TES-KOH buffer (pH 8.0), and then suspended in the
same buffer containing 15 mM NaCl and chlorophyll at a concentration of 14
wg/ml. The pH of the cell suspension was monitored by a pH electrode with a
meter (Inlar 423 electrode and Delta 350 meter; Mettler Toledo, Halstead,
Essex, United Kingdom). Light from a 150-W halogen lamp was guided by a glass
fiber (catalog no. MHF-150L; Kagaku Kyoeisha Ltd., Osaka, Japan) to illumi-
nate the sample in the chamber at an intensity of 4.0 mmol of photosynthetically
active radiation/m?s.

Preparation of antibodies. The DNA fragments encoding 191- and 38-amino-
acid residues of the N- and C-terminal regions of cotA4 (see Fig. 2), amplified by
PCR (22), were ligated to pGEX-2T (Pharmacia, Uppsala, Sweden) containing
the glutathione S-transferase (GST) gene (gst). The fusion proteins (GST-191
and GST-38) were induced for 3 h at 37°C by adding 1 mM isopropyl-B-p-
thiogalactopyranoside (IPTG) to Escherichia coli cells transformed with the
chimeric plasmids. The GST protein was also expressed in E. coli. GST-38
formed inclusion bodies, while GST-191 and GST were recovered as soluble
proteins. The inclusion bodies were isolated, solubilized with 5% SDS, and
electrophoresed by SDS-PAGE (4, 9). A predominant GST-38 band at 31 kDa
was cut out from the gel and was mashed with a mortar and pestle to be injected
into rabbits. GST-191 and GST were purified on a glutathione-Sepharose 4B
column (Pharmacia).

The antibodies against GST-191 and GST-38 fusion proteins were obtained
from rabbits according to the standard procedure (2). The antibody against
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FIG. 1. (a) Restriction map of a 6.9-kbp DNA insert in plasmid pSC. L-cotA
and S-cotA are indicated by the thickly and thinly hatched bars, respectively, with
the arrow showing the direction of transcription. (b) The 1.1-kbp BamHI/Spel
fragment was replaced with the omega fragment (Sp"/Sm" cartridge) (21) and the
kanamycin resistance cartridge was inserted at the Bg/II site to produce plasmid
pKMSC. DNA fragments containing S-cot4 and L-cotA were inserted at the Bg/II
site in the pKMSC plasmid to produce the pKMSC(S-cotA) (c) and pKMSC(L-
cotA) (d) plasmids. The sites shown in parentheses are not present in the
constructs. Abbreviations for restriction enzymes: B, BamHI; Bg, Bglll; E,
EcoRI; H, Hpal; S, Spel; Sa, Sall.

GST-38 was purified by the method reported by Kelly et al. (8). The fused
protein in the gel was blotted onto a polyvinylidene difluoride membrane and
reacted with the antibody. After washing, the antibody was eluted from the
membrane with 0.2 M glycine-HCI solution (pH 2.8), containing 1 mM EGTA
and bovine serum albumin (0.1 mg/ml). The antibody immunospecific to GST
was similarly purified from the antibody against GST-38. The antiserum for
GST-191 was used for Western analysis without further purification.

(d)
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Preparation of membrane and soluble fractions. Cytoplasmic and thylakoid
membranes and soluble fractions were prepared from the WT cells by modifi-
cation (20) of the method of Omata and Murata (17). Cells were disrupted
through a French pressure cell at 120 MPa. Total membrane fractions were
prepared from the WT and mutant cells as described by Nilsson et al. (11).

Electrophoresis and Western analysis. SDS-PAGE was performed according
to the system of Laemmli (9) as modified by Ikeuchi and Inoue (4). Polypeptides
were electrotransferred to a nitrocellulose membrane and reacted with the an-
tibodies. Goat anti-rabbit immunoglobulin G conjugated to peroxidase was used
as the secondary antibody, and reacting bands were detected with an enhanced
chemiluminescence kit (Amersham).

Northern blot analysis. To determine the size of transcript of the cotA gene,
RNAs in the WT and mutant cells of Synechocystis were extracted by the method
of Aiba et al. (1). The probes used for hybridization were PCR products con-
taining S-cot4 (see Fig. 1 and 2) and the carbonic anhydrase-like gene (open
reading frame [ORF] slr0051 in the CyanoBase sequence bank of the Kazusa
DNA Research Institute).

Other methods. Unless otherwise stated, standard techniques were used for
DNA manipulation (23). Pigments in the cells were extracted by methanol, and
the chlorophyll concentration in the extract was determined (14).

RESULTS

Insertion of different sizes of cotA into a cot4-less mutant.
The pSC plasmid contains the cotA gene of Synechocystis sp.
strain PCC6803 in a 6.9-kbp DNA insert (Fig. 1a) in the
pKY184 vector (29). Two sizes of cotA, encoding proteins of
440 and 247 amino acids, are shown (Fig. 1a). The BamHI/Spel
fragment containing cotA was replaced by the omega fragment
(21) to produce plasmid pMSC, which was used to construct
the cotA-less mutant of Synechocystis, M29 (not shown; see
reference 7). A kanamycin resistance (Km") cartridge having
the Bgl/lI and BamHI sites at each end (synthesized by the PCR
method with pUC4K as a template) was inserted at the BglIl
site of pMSC to produce plasmid pKMSC (Fig. 1b). The DNA

ACTTCGCCACCACTGGCCATATAACTGGGTTAATCGATGGGTTTTGCCACTGTAGCGATCGCCCTTCTAGCCAGATTATTTCTGCCAAATCTTTTACCCCTGATAGTTCCCGTTGGTTCT
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GCTAAGATTTCCTGTATTGCTCAATCCCAARACCTTACGGCATCGAACCCTGGGCCACCGTAGTTTGGGTAGCTTGAAAGARAACTARAACTTTATCAGACAACCTTACAAACAATATCT

241 TAGCTGTTATTTTTACCCAATCATCAGTCAATGGATTTAACAAATTGGTGGCAAGGGGCAACCCAGTGGTTTGGCAGATCTTCACAAARATCCTTGGAGCAAGCCTTCCGGTCTGCCCTA
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FIG. 2. Nucleotide sequence of DNA in the region of cot4 and deduced amino acid sequence (single-letter code) of the protein encoded by cotA. The putative
promoter sequences (—10 and —35) are underlined. Sequences of primers used for PCR to synthesize S-cotA (c) and L-cotA4 (d) are also underlined, and arrows above
the sequence indicate the directions. An initiation codon postulated for S-cotA is double underlined.
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FIG. 3. Changes in pH of cell suspensions upon switching the light on and off.

WT (A), M29 (B), M29(S-cotA) (C), and M29(L-cotA) (D) cells were suspended
in 0.2 mM TES-KOH buffer (pH 8.0) containing 15 mM NaCl. Chl, chlorophyll.

2 min

fragments containing S-cotA and L-cot4 were synthesized by
the PCR method (using primers shown in Fig. 2) and were
inserted into pKMSC to produce the pKMSC(S-cotA) and
PKMSC(L-cotA) plasmids, respectively (Fig. 1c and d). These
plasmids were used to transform M29 to Km" through homol-
ogous recombination. The transformants are referred to in this
work as M29(S-cot4) and M29(L-cotA), respectively.

Growth characteristics. M29(L-cot4) and M29(S-cotA) cells
were grown in BG-11 medium buffered at pH 8.0 and then on
agar plates buffered to pH 8.0 or 6.5. Kanamycin (10 pg/ml)
was added to the medium, and 3% (vol/vol) CO, in air was
supplied during the culture. Both M29(L-cot4) and M29(S-
cotA) grew well on the plates buffered to pH 8.0, but M29(S-
cotA) was unable to grow on the plates buffered to pH 6.5.
Thus, M29(S-cotA) still showed the mutant phenotype whereas
M29(L-cotA) formed many colonies even at pH 6.5.

Net proton movements. When the WT cells suspended in 0.2
mM TES-KOH buffer (pH 8.0) containing 15 mM NaCl were
illuminated, there was an acidification followed by an alkaliza-
tion of the medium (Fig. 3A). The light-induced acidification
was not observed with the M29 mutant; only alkalization of the
medium was observed (Fig. 3B). These characteristics of the
WT and mutant were essentially the same as those reported
previously (7). The M29(S-cotA) cells showed the same char-
acteristics as M29 (Fig. 3C). In contrast, M29(L-cotA4) showed
the WT activity of light-induced proton extrusion (Fig. 3D).
The results clearly demonstrated that L-cot4 but not S-cotA is
functional for light-induced proton extrusion.

Identification of CotA. Western analysis of the membrane
and soluble fractions of the WT Synechocystis sp. strain
PCC6803 indicated that a protein in the cytoplasmic and thy-
lakoid membrane fractions with an apparent molecular mass of
52 kDa cross-reacted with the antibody raised against GST-191
(lanes b and d in Fig. 4). The same band cross-reacted with the
antibody raised against GST-38. No reacting band was ob-
served in the soluble fraction (lane f). The antibody immuno-
specific to the GST protein did not react with this band (data
not shown), indicating that the protein cross-reacted with the
antibodies immunospecific to the partial CotA in the fused
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FIG. 4. Electrophoretic profiles showing CBB staining patterns of polypep-
tides (lanes a, ¢, and e) and immunoblots of CotA (b, d, and f) in the cytoplasmic
membrane (a and b) and thylakoid membrane (c and d) fractions and soluble
fraction (e and f) of Synechocystis sp. strain PCC6803. Samples (30 pg of proteins
for CBB staining and 15 pg for immunoblotting) were solubilized at room
temperature, boiled for a few minutes, and run in a 12% gel containing 7 M urea.
The antibody against GST-191 was used for immunoblottings. The sizes of
marker proteins are indicated (in kilodaltons) on the left.

proteins. To confirm that the 52-kDa cross-reacting band is the
product of cotA, Western analysis was performed with the total
membrane fractions prepared from the WT, M29, M29(L-
cotA), and M29(S-cotA) cells, and the results are shown in Fig.
5. No cross-reacting band was observed at 52 kDa in the mem-
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FIG. 5. Electrophoretic profiles showing CBB staining patterns of polypep-
tides (upper lanes) and immunoblots of CotA (lower lanes) of the membrane
fractions of WT (lane a), M29 (lane b), M29(L-cotA4) (lane c), and M29(S-cot4)
(lane d). The conditions for SDS-PAGE and the indication of marker proteins
are as described in the legend to Fig. 4. The antibody against GST-38 was used
for immunoblottings.
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FIG. 6. Immunoblots of NrtA (upper column) and CotA (lower column) in
the cytoplasmic membrane (CM [lane a]) and thylakoid membrane (TM [lanes b
to e]) fractions of Synechocystis sp. strain PCC6803. The conditions used for
SDS-PAGE are described in the legend to Fig. 3, and the amounts of proteins
loaded were 15 pg (lane e), 7.5 pg (lanes a and d), 3 ng (lane c), and 1.5 pg (lane
b).

brane fractions of M29 or M29(S-cot4). As expected, the
cross-reacting 52-kDa band was clearly observed with the WT
membranes and the same cross-reacting band was found in the
M29(L-cot4) membrane fraction. Evidently, the protein that
cross-reacted with the antibodies is the product of cotA
(CotA). The size of CotA estimated from SDS-PAGE agreed
with that deduced from the nucleotide sequence of L-cotA.
The 52-kDa band was not detected on the Coomassie brilliant
blue R-250 (CBB) staining profiles of the membranes of WT or
M29(L-cotA) (lanes a and c in Fig. 4 and lanes a and c in Fig.
5). The amount of CotA appears to be low.

Location of CotA. Both cytoplasmic and thylakoid mem-
brane fractions of the WT contained CotA (Fig. 4). It was not
possible to isolate these two types of membranes from Syn-
echocystis sp. strain PCC6803 cells without cross-contamina-
tion. Therefore, the presence of CotA in the fractions of these
two types of membranes do not necessarily mean that CotA is
present in both membranes. As reported previously, about
one-fourth of the proteins in the cytoplasmic membrane frac-
tion originated from contaminated thylakoid membrane (12).
In order to test whether the thylakoid membrane fraction is
free from contaminated cytoplasmic membrane, we have
tested the cross-reactivity of the thylakoid membrane fraction
to the antibody against NrtA, which is a protein involved in
nitrate transport and is localized only in the cytoplasmic mem-
brane of Synechococcus sp. strain PCC7942 (18, 19). The an-
tibody against NrtA strongly cross-reacted with the thylakoid
membrane fraction of Synechocystis, with the cross-reactivity
about half that with the cytoplasmic membrane fraction (Fig.
6A). This result, together with the 25% contamination of thy-
lakoid membrane in the cytoplasmic membrane fraction (12),
indicated that about 38% of the proteins in the thylakoid
membrane fraction originated from contaminated cytoplasmic
membrane. If CotA is localized only in the thylakoid mem-
brane, the cross-reactivity of the thylakoid membrane fraction
with the antibody against GST-191 must be about 2.5 times
that of the cytoplasmic membrane fraction. The cross-reactiv-
ity of the antibody against GST-191 with the thylakoid mem-
brane fraction was, however, about half that with the cytoplas-
mic membrane fraction (lanes b and d in Fig. 4, lanes a and d
in Fig. 6B). The results clearly demonstrated that CotA is
located in the cytoplasmic membrane. The cross-reactivities of
the antibodies against GST-191 and NrtA with the thylakoid
membrane fraction were similar, which suggested that the an-
tibody against GST-191 cross-reacted predominantly, if not
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FIG. 7. Northern blot analysis of total RNA from WT (lanes A and B) and
M29 (lanes C and D) cells of Synechocystis sp. strain PCC6803. RNA was
denatured with formaldehyde, electrophoresed on a 1.2% agarose gel, trans-
ferred to a nylon membrane, and hybridized with the 32P-labeled DNA fragment
containing S-cot4 (lanes A and C) or the carbonic anhydrase-like gene (lanes C
and D). RNA sizes are shown to the left (in kilobases).

totally, with contaminated cytoplasmic membrane. It is, how-
ever, not possible at present to exclude the possibility that a
small amount of CotA is present in the thylakoid membrane.

Northern analysis. Northern analysis with RNAs prepared
from the WT in the previous study indicated that the cotA
transcript is 0.8 kb (6), which is much smaller than the L-cot4
transcript. The BamHI/Spel fragment used as a probe in the
previous study, however, cross-reacted with the transcript for
the ORF on the complementary strand downstream of cotA.
This ORF was strongly expressed, and the size of the transcript
was 0.8 kb (1a). To avoid this complexity, we used the PCR
product containing S-cot4 as a probe (Fig. 1 and 2) and per-
formed Northern analysis with RNAs from the WT and M29.
The transcript was found in the WT as a smear band starting at
1.4 to 1.5 kb, but no hybridizing band was detected with M29
(lanes A and C in Fig. 7). Thus, the probe specifically cross-
reacted with the cotA4 transcript of the L-cot4 size. When the
carbonic anhydrase-like gene was used as a probe, both WT
and mutant RNAs gave a single band at 950 bases (lanes B and
D). Thus, the quality of these RNA preparations is sufficiently
high.

cotAd sequences. The nucleotide sequence of L-cot4 and the
amino acid sequence deduced from the nucleotide sequence
are shown in Fig. 2, where amino acid sequences in the fusion
proteins, GST-191 and GST-38, are boxed. There was no
Shine-Dalgarno (26) sequence upstream of the initiation
codon. A possible promoter sequence can be found upstream
of the initiation codon at bases 100 to 105 (CTGATA [-35
box]) and 123 to 128 (TAAGAT [—10 box]).

Comparison of CotA and CemA sequences. As reported in a
previous paper (6), the amino acid sequence deduced from the
nucleotide sequence of the cotA4 gene of Synechocystis sp. strain
PCC6803 showed significant similarity to the sequences of
cemA gene products of various plants (3, 15, 24, 27, 30). Figure
8 shows the homology in the amino acid sequences among
CotA of Synechocystis and CemA of liverwort (15) and
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FIG. 8. Comparison of the deduced amino acid sequences for CotA of Synechocystis (S.6803), CemA of liverwort (Marpo), and Chlamydomonas (Chlamy). Residues

in CemA identical to corresponding residues in CotA are indicated (:).

Chlamydomonas. The homology was high in the C-terminal
regions but was low in the N-terminal regions.

DISCUSSION

The present study clearly demonstrated that cotA consists of
1,320 nucleotides and encodes a protein of 440 amino acids.
Northern analysis using a probe specific to cotA (Fig. 7) and
the strong cross-reactivity of the antibodies against GST-191
and GST-38 with a band at 52 kDa (Fig. 4 and 5) supported
this result. Therefore, CotA has 200 additional amino acids
differing from CemA of higher plants and is similar in size to
CemA of liverwort (15) and Chlamydomonas. Although there
was significant homology in the amino acid sequences in the
C-terminal region among CotA of Synechocystis and CemA of
various plants (3, 15, 24, 27, 30) and Chlamydomonas, the
homology of the additional 200- to 250-amino-acid sequences
in the N-terminal region was low among CotA and CemA of
liverwort and Chlamydomonas (Fig. 8). These amino acids in
the N-terminal regions might have been lost in the course of
evolution.

The antibodies raised against GST-191 and GST-38 cross-
reacted with the cytoplasmic and thylakoid membrane prepa-
rations. As described in Results, the stronger cross-reactivity of
the antibodies with the cytoplasmic membrane fraction indi-
cates that CotA is present in the cytoplasmic membrane. The
thylakoid membrane fraction of Synechocystis sp. strain
PCC7942 contains about 8% contaminated cytoplasmic mem-
brane (18). The same fraction from Synechocystis was, how-
ever, contaminated with more cytoplasmic membrane. Al-
though results in this study showed that the cross-reactivity of
the antibodies with the thylakoid membrane fraction is pre-
dominantly, if not totally, due to contaminated cytoplasmic
membrane, we were unable to exclude the possibility that thy-
lakoid membrane contains a small amount of CotA. CemA, a
homolog of CotA, is absent in the thylakoid membrane of pea
chloroplasts (24). This strongly suggests that CotA is also ab-
sent in the thylakoid membrane of Synechocystis.

Light-induced proton extrusion has been observed with var-
ious cyanobacterial strains (5, 7, 10, 13, 25). The proton extru-
sion was abolished in a cotA deletion mutant (M29) (Fig. 3B
and reference 7). The finding of the recovery of light-induced
proton extrusion in M29(L-cotA4) confirmed that the inhibition
of this activity was not the result of a pleiotropic effect of cot4

deletion. Thus, CotA in the cytoplasmic membrane has a role
in the light-induced proton extrusion, although the exact func-
tion of CotA in this reaction is not known. The absence of an
ATP-binding motif in cotA indicates that CotA is not an H*-
ATPase itself. It is possible that CotA plays a role in regulating
or activating an H"-ATPase or it could be another type(s) of
proton pump. Further studies are in progress to answer these
questions on the role of CotA.
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