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The two-component signal transduction, which typically
consists of a histidine kinase and a response regulator, is
used by bacterial cells to sense changes in their environment.
Previously, the SphS-SphR histidine kinase and response
regulator pair of phosphate sensing signal transduction
has been identified in Synechocystis sp. PCC 6803. In
addition, some response regulators in bacteria have been
shown to be cross regulated by low molecular weight
phosphorylated compounds in the absence of the cognate
histidine kinase. The ability of an endogenous acetyl
phosphate to phosphorylate the response regulator, SphR
in the absence of the cognate histidine kinase, SphS was
therefore tested in Synechocystis sp. PCC 6803. The
mutant lacking functional SphS and acetate Kkinase
showed no detectable alkaline phosphatase activity under
phosphate-limiting growth conditions. The results suggested
that the endogenous acetyl phosphate accumulated inside
the mutants could not activate the SphR via phosphorylation.
On the other hand, exogenous acetyl phosphate could
allow the mutant lacking functional acetate kinase and
phosphotransacetylase to grow under phosphate-limiting
conditions suggesting the role of acetyl phosphate as an
energy source. Reverse transcription PCR demonstrated
that the transcripts of acetate kinase and phospho-
transacetylase genes in Synechocystis sp. PCC 6803 is up-
regulated in response to phosphate limitation suggesting
the importance of these two enzymes for energy metabolism
in Synechocystis cells
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Introduction

Bacteria frequently use two-component signal transduction
pathways for environmental sensing (Hsing et al., 1998). These
systems consist of a sensor histidine kinase and a response
regulator. When a change in the environment is detected, a
specific histidine residue in the histidine kinase is autophos-
phorylated and subsequently the phosphoryl group is transferred
to an aspartate residue on the cognate response regulator. The
phosphorylated response regulator undergoes a conformational
change that directs an output response. Typically the response
regulator is a transcriptional regulator which upon phos-
phorylation alters gene expression in response to the stimulus
(Parkinson and Kofoid, 1992). In addition to phosphoryl
group transfer between a sensor kinase and a response
regulator, some response regulators have been shown to be
phosphorylated by low molecular weight compounds such as
phosphoamidate, carbamyl phosphate and acetyl phosphate
(Stock et al., 1995).

The pathway for acetyl phosphate synthesis is controlled by
the enzymes acetate kinase (E.C.2.7.2.1) and phospho-
transacetylase (E.C.2.3.1.8), which are encoded by the ack
and pfa genes, respectively (Summers ef al., 1999). This
pathway is also involved in an incorporation of P; into ATP
which is the primary phosphoryl donor in metabolism
(Wanner and Wilmes-riesenberg, 1992). Apart from acetyl
phosphate, acetyl-CoA is a central metabolite for many
anabolic processes. The fluctuation of acetyl-CoA levels in
response to changing growth conditions may therefore
determine acetyl phosphate levels as a result of the changes in
the expression of the ack and pta genes (Summers et al.,
1999). The regulation of the acetate kinase and phospho-
transacetylase genes has been studied in Methanosarcina
thermophilla under different growth conditions (Singh-
Wissmann and Ferry, 1995) and Sinorhizobium meliloti under
phosphate stress (Summers et al., 1999).

Phosphate is an essential nutrient required for the biosynthesis
of biomolecules. However, phosphate is one of the most
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limiting nutrients in the environment (Suzuki e al., 2004).
The phosphate sensing two-component system has been
extensively studied in Escherichia coli. It involved a
phosphorelay between the histidine kinase PhoR and the
response regulator PhoB which controls the expression of the
gene in the Pho regulon as monitored by measuring alkaline
phosphatase activity (Hirani et al., 2000). In the absence of
PhoR function, the PhoM which is the histidine kinase
probably detected as an intermediate in the central metabolism
(Wanner and Wilmes-riesenberg, 1992; Hiratsu et al., 1995)
can crosstalk to activate PhoB for Pho regulon regulation (Lee
et al., 1990). However, PhoR appears to play dominant role in
the regulation of the Pho regulon (Amemura ef al., 1990).
Furthermore, PhoB was found to be phosphorylated by acetyl
phosphate in vitro (Hiratsu et al., 1995). Previously, the SphS-
SphR two-component signal transduction system has been
identified in Synechocystis sp. PCC 6803. These proteins are
homologous to PhoR and PhoB, respectively (Hirani ef al.,
2000; Suzuki et al, 2004). They are involved in the
perception and transduction of phosphate deprivation signals
which regulates the induction of two sets of genes encoding
phosphate specific transport systems (Pst1 and Pst2), extracellular
nuclease (NucH) and alkaline phosphatase (PhoA). An
additional single gene, urfA, encoding an unknown function
of periplasmic protein was highly repressed under phosphate
starvation (Suzuki ef al., 2004). Synechocystis sp. PCC 6803
is a suitable model for studies of stress responses. It is
naturally competent, i.e. the foreign DNA can be taken up and
integrated into the genome by homologous recombination at
high frequency. Moreover, the complete nucleotide sequence
of the genome is available (Hirani et al., 2000; Hirani, 2001;
Murata and Suzuki, 2006).

In the present study, the mutants lacking SphS, acetate
kinase, and phosphotransacetylase were constructed and used
as double or triple mutant to investigate the possible role of
endogenous acetyl phosphate as a phosphorylating agent for
SphR as well as to test whether exogenous acetyl phosphate
could serve as an energy source for Synechocystis cells grown
under phosphate-limiting conditions. Furthermore, the expression
of acetate kinase and phosphotransacetylase genes under
phosphate-limiting conditions was also investigated.

Material and Methods

Growth conditions. The growth of wild type and mutants of
Synechocystis sp. PCC 6803 in BG-11 and phosphate-limiting BG-
11, in which phosphate was replaced by an equimolar solution of
KCl, was carried out as described previously (Hirani ez al., 2000).
Where required, chloramphenicol was added at a concentration of
15 pg/ml, spectinomycin or kanamycin was added at a concentration
of 25 ug/ml. The E. coli DH5o was grown in LB medium
supplemented with ampicillin (50 pg/ml), and spectinomycin or
kanamycin (50 pg/ml), or chloramphenicol (30 pg/ml) as required.
In some experiments acetyl phosphate was added to phosphate-
limiting BG-11 at 20 uM. For photoautotrophic growth curve

measurements the method described by Morgan et al. (1998) was
followed except that cultures were grown in the absence of glucose.

Construction of knockout plasmids. The histidine kinase, SphS
gene (s//0337) was amplified by PCR with the forward primer 5'-
GGACAGTGACGAGCGG-3' and the reverse primer 5'-CCCAGC
CTCTCAACCA-3' that were 1,069 nucleotides upstream of the
GTG start codon and 657 nucleotides downstream of the TAG stop
codon, respectively. The s//0337 gene was cloned into pUC18. The
spectinomycin-resistance cassette was inserted in ps//0337 at a
unique Xba I site.

The acetate kinase gene (s//7299) was amplified by PCR with the
forward primer 5'-CGTGGCGATCGCCCCGGCCATTTATCAAC
GG-3' and the reverse primer 5'-CGTGTTGGCGGATGCGGATCT
AGCCAAGG-3' that were 530 nucleotides upstream of the ATG
start codon and 85 nucleotides downstream of the TAA stop codon,
respectively. The s//71299 gene was cloned into pUC19. A kanamycin-
resistance cassette was inserted in ps///299 between two Hpa I
sites.

The phosphotransacetylase gene (s/r2132) was amplified by
PCR with the forward primer 5'-GCTATCACTTAAGTAGGTGG-
3" and the reverse primer 5'-CCATAGGCATAGCTGACCACT-3'
that were 115 nucleotides upstream of the ATG start codon and 138
nucleotides downstream of the TAA stop codon, respectively. The
slr2132 gene was cloned into pGEMT-Easy (Promega). A
chloramphenicol-resistance cassette was inserted in ps/r2132 at the
BstE II site.

The resulting plasmids were transformed into Synechocystis sp.
PCC 6803 as described by Williams (1988).

RNA extraction. The RNA was extracted from exponentially
growing cultures of wild-type Synechocystis sp. PCC 6803 in
normal BG-11 or phosphate-limiting BG-11. The cell pellet was
collected and frozen in liquid nitrogen and stored at —80°C. The
frozen pellet was resuspended in phenol at 65°C followed by the
addition of 50 mM sodium acetate (pH 5.1), 10 mM EDTA, 1%
SDS. The cells were placed on ice and then disrupted by glass
beads using a mini bead-beater (BioSpec Products, Inc.). The
samples were centrifuged and the top phase was subjected to two
phenol:chloroform extractions followed by one chloroform
extraction. The RNA was precipitated by ethanol and the pellet
resuspended in diethyl pyrocarbonate-treated water followed by the
addition of 10 M LiCl. The solution was centrifuged and the pellet
rinsed in 2 M LiCl and dissolved in diethyl pyrocarbonate-treated
water. The RNA was then precipitated with two volumes of ethanol
and 1/10 volume of 3.5 M sodium acetate (pH 6.0). Finally, the
RNA pellet was dried and resuspended in diethyl pyrocarbonate-
treated water and stored at —80°C.

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis. The RNA sample was treated with DNase I prior to RT-
PCR. One unit of DNase I and 1 pl of 10 x DNase I reaction buffer
were added to 1 pug of RNA. The RT step for production of cDNA
was carried out by using Superscript II. The DNase-treated RNA
was added to Superscript I buffer containing 10 pmol of the
reverse primer. For s//1299 this was 5-CTTGAGGAATGGGATAT
TCG-3"and for s/r2132, 5'-CTTTGCACTGCCTTGTAAGT-3". The
reverse primer for the psbB gene 5'-CTTCTTCCGGGTGGAAAG
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G-3” was also used to assess the constitutive expression of this gene
as a control. The enzyme was omitted from reaction mixtures that
were used as negative controls in the RT-PCR analysis.

For the PCR step the forward primers of s//1299 5'-GTCTTTAT
GAGCTGACTGGCGAT-3', s/r2132 5-CCTAAAACTAGCCCAG
ACCGAGA-3" and psbB 5'-ACCGGTGCTATGAACAGIGG-3' were
used and were situated upstream of the original reverse primers
used for the RT reactions.

Alkaline phosphatase assay. Cells were grown in BG-11 or
phosphate-limiting BG-11 for 24 h. The enzyme assays were
carried out according to Hirani ez al. (2000) and activity expressed
as arbitrary units.

Verification of mutant strains. The sp/S, ack and pta gene from
mutants was amplified by colony PCR as described by Eaton-Rye
(2004) to establish that the strains had been fully segregated.

Results

It has been known that PhoB can be activated by acetyl
phosphate via Pta-Ack pathway in E. coli (Wanner and Wilmes-
riesenberg, 1992; Wanner, 1995). In order to determine whether
this activation could occur in Synechocystis cells in the absence of
SphS, the AAck/ASphS strain was constructed so that the
accumulated endogenous acetyl phosphate in this mutant may
provide the chance for phosphorylation of SphR by acetyl
phosphate. In addition, APta/ASphS and APta/AAck/ASphS
mutants were also constructed which contained lower acetyl
phosphate levels. The homozygosity of all these strains was then
verified by PCR (Fig. 1). There was only a single band of 4.2 kb
in the AAck/ASphS, APta/ASphS and APta/AAck/ASphS while
the wild type produced 2.2 kb PCR product using sphS primers
(Fig. 1A). The PCR products using ack primers showed a single
band of 1.9kb for wild type whereas the band of 2.5 kb was
observed for AAck/ASphS and APta/AAck/ASphS strains (Fig.
1B). The obtained PCR products conformed to the predicted
sizes. It can be seen that the APta/ASphS and APta/AAck/ASphS
strains possessed the expected single band at 4.5 kb while single
band of 2.4 kb was obtained from wild type using pta primers
(Fig. 1C). There was a difference in size of a single PCR product
between wild type and mutant strains. Furthermore, all mutant
strains showed no PCR product with the same size as that of the
wild type. Altogether, these results confirmed that the introduced
copy of interrupted genes had been fully segregated.

Acetyl phosphate cannot activate SphR in the absence of
SphS. The alkaline phosphatase activities of mutants and wild
type grown under phosphate-sufficient and phosphate-limiting
conditions were monitored. Fig. 2 shows that the induction of
alkaline phosphatase activity was observed in wild type grown
under phosphate-limiting BG-11 (Fig. 2, lane 1). However,
there was no induction of alkaline phosphatase of the AAck/
ASphS, APta/ASphS and APta/AAck/ASphS mutants even
under phosphate-limiting BG-11 (Fig. 2, lanes 2, 3, 4). The

results suggest that the endogenous acetyl phosphate cannot
cross regulate SphR in the absence of SphS.

Acetyl phosphate can provide energy source for growth.
From a previous study, the addition of acetyl phosphate could
restore endogenous levels of ATP in the Synechocystis cells
under phosphate-limiting BG-11 (Hirani et al., 2000). The
APta/AAck/ASphS mutant was constructed to test whether the
energy for the cells could be provided by exogenous acetyl
phosphate. The wild-type and the APta/AAck/ASphS strains
were grown photoautotrophically under normal and phosphate-
limiting BG-11 for 6 days (Fig. 3A). The cells were collected
and growth was continued under normal, phosphate-limiting
BG-11 and phosphate-limiting BG-11 containing 20 uM
acetyl phosphate for another 6 days (Fig. 3B).

The first 6 days growth of wild type and the APta/AAck/
ASphS mutant was slightly retarded under phosphate-limiting
BG-11 (Fig. 3A). The specific growth rates of wild type and
the mutant under normal BG-11 were 0.059 and 0.051 h™',
respectively, whereas the specific growth rates under phosphate
limitation were 0.053 and 0.038 h™', respectively. Cells at day
6 were collected and used to start a new photoautotrophic
growth curve for another 6 days. The wild type and the
mutant could not grow under phosphate limitation presumably
due to the depletion of phosphate reserves (Fig. 3B, two lower
curves). However, after the first 24 hours adaptation, both the
wild type and the mutant under phosphate limitation
containing 20 uM acetyl phosphate, showed similar specific
growth rate (0.043 h™) (Fig. 3B, two middle curves) to those
under normal BG-11 (0.047 h™") (Fig. 3B, two upper curves).
These results indicated that exogenous acetyl phosphate can
provide phosphate for the cell even though acetate kinase and
phosphotransacetylase were absent in the APta/AAck/ASphS
mutant.

Up-regulation of acetate kinase and phosphotransacetylase
by phosphate deprivation. The acetate kinase and phospho-
transacetylase of Synechocystis sp. PCC 6803 are encoded by
sl11299 and slr2132, respectively. To monitor the mRNA
levels of acetate kinase and phosphotransacetylase, RT-PCR
was performed. The total RNA was extracted from wild-type
Synechocystis sp. PCC 6803 cells grown under normal BG-11
and phosphate-limiting BG-11. The RT-PCR was carried out
using specific primers to produce cDNA of these genes. The
cDNA of psbB was also produced to serve as a control
showing constitutive mRNA levels in both conditions. The
amount of the PCR product of psbB (0.52 kb) under normal
conditions was similar to that under phosphate-limiting
conditions (Fig. 4A and 4B, lanes 2 and 4). These bands were
used as the internal control to confirm that the different levels
of PCR product obtained from the acetate kinase and
phosphotransacetylase c¢cDNA resulted from the different
mRNA levels obtained from differential gene expression. The
expected sizes of the PCR products, 0.48 kb bands for the
acetate kinase gene (Fig. 4A, lanes 2 and 4) and 0.63 kb bands
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Fig. 1. Construction of ASphS, AAck and APta strains. (A) Diagram of sphS showing the gene interrupted by a 2.0 kb spectinomycin-
resistance cassette inserted at a unique Xbal site (left panel). The sphS gene and spectinomycin-resistance cassette are shown as open
and black boxes, respectively. The location of the primers used for the PCR are indicated by arrows. Colony PCR demonstrating full
segregation of the gene encoding the antibiotic-resistance cassette is shown on the right panel. 1 Kb Plus DNA marker (Invitrogen,
Carlsbad, CA) (lane 1), wild type (lane 2), AAck/ASphS (lane 3), APta/ASphS (lane 4) and AAck/APta/ASphS (lane 5). (B) Diagram of
ack showing the gene interrupted by a 1.2 kb kanamycin-resistance cassette inserted between two Hpal sites (left panel). The ack gene
and kanamycin-resistance cassette are shown as open and black boxes, respectively. The location of the primers used for the PCR are
indicated by arrows. Colony PCR demonstrating full segregation of the gene encoding the antibiotic-resistance cassette is shown on the
right panel. 1 Kb Plus DNA marker (Invitrogen, Carlsbad, CA) (lane 1), wild type (lane 2), AAck/ASphS (lane 3) and AAck/APta/
ASphS (lane 4). (C) Diagram of pfa showing the gene interrupted by a 2.2 kb chloramphenicol-resistance cassette inserted at a unique
BstEII site (left panel). The pfa gene and chloramphenicol-resistance cassette are shown as open and black boxes, respectively. The
location of the primers used for the PCR are indicated by arrows. Colony PCR demonstrating full segregation of the gene encoding the

antibiotic-resistance cassette is shown on the right panel. 1 Kb Plus DNA marker (Invitrogen, Carlsbad, CA) (lane 1), wild type (lane
2), APta/ASphS (lane 3) and and APta/AAck/ASphS (lane 4).

of the phosphotransacetylase gene (Fig. 4B, lanes 2 and 4),
were obtained. The results of the negative control experiment
(Fig. 4A and 4B, lanes 3 and 5) showed that there was no
genomic DNA in the RNA sample in the RT-PCR reaction.

The levels of the PCR products of both ack and pfa genes
were higher in phosphate-limiting BG-11 than in normal BG-
11. The results indicated that the regulation of phospho-
transacetylase and acetate kinase synthesis occurred, at least
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Fig. 2. Measurement of alkaline phosphatase activity in AAck/ 2 o1
ASphS under phosphate-sufficient and phosphate-limiting BG-11. = '
Cells were grown under normal BG-11 (open bars) and phosphate- 8
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conditions. ASphS mutant. (A) First phase, and (B) second phase of

photoautotrophic growth of strains as measured by the optical
density at 730 nm under different conditions. A, @ are wild

Discussion type and mutant respectively under BG-11. A, O are wild type
and mutant respectively under phosphate-limiting BG-11. ll, ¢
Bacterial response regulators can be phosphorylated, in vitro, ~ are wild type and mutant respectively under phosphate-limiting

by low molecular weight phosphoryl donor such as ~ BG-11 supplemented with 20 uM acetyl phosphate.
phosphoramidate, acetyl phosphate and carbamyl phosphate

(McCleary et al., 1993; Kakuda ef al., 1994). There are some

reports on the involvement of acetyl phosphate in the Pho 1992). Moreover, acetyl phosphate is a signal for transcriptional
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Fig. 4. RT-PCR analysis of ack and pta expression in Synechocystis sp. PCC 6803. (A) RT-PCR products of the gene encoding acetate
kinase from wild-type cells grown under normal and phosphate-limiting BG-11. 1 Kb Plus DNA marker (Invitrogen, Carlsbad, CA)
(lane 1), ack and psbB levels obtained with normal BG-11 (lane 2), negative control in which no reverse transcriptase was added to the
RNA sample obtained under normal BG-11 (lane 3), ack and psbB levels obtained with phosphate-limiting BG-11 (lane 4) and negative
control in which no reverse transcriptase was added to the RNA sample obtained under phosphate-limiting conditions (lane 5). (B) RT-
PCR products of the gene encoding phosphotransacetylase from cells grown under normal and phosphate-limiting BG-11. 1 Kb Plus
DNA marker (Invitrogen) (lane 1), pta and psbB levels obtained with normal BG-11 (lane 2), negative control in which no reverse
transcriptase was added to the RNA sample obtained in normal BG-11 (lane 3), pfa and psbB levels obtained with phosphate-limiting
BG-11 (lane 4) and negative control in which no reverse transcriptase was added to the RNA sample obtained under phosphate-limiting
conditions (lane 5).
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serving as a substrate for autophosphorylation of PhoB
(Amemura et al., 1990; Lee et al., 1990; Hiratsu et al., 1995).
Thus, the concentration of phosphoryl donors in the cells is
significant for signal transduction activation (Kakuda et al.,
1994).

The Pta-AckA pathway also appears to be involved in
acetyl phosphate synthesis (Wanner and Wilmes-riesenberg,
1992). The acetyl phosphate is made from acetyl-CoA via Pta
and broken down by AckA in the Escherichia coli cells grown
on glucose or pyruvate. However, previous studies showed no
evidence on the cross regulation of SphR by acetyl phosphate
when the Synechocystis cells were grown photoheterotrophically
in the presence of 10 uM diuron (Hirani et al., 2000). In this
study a role of acetyl phosphate, a non-cognate sensor kinase,
in response regulator activation was tested. The pta and ack
knockout mutants were constructed in combination with the
sphS knockout in Synechocystis sp. PCC 6803. The Ack
mutation would bring about elevated acetyl phosphate levels
because of a block in its breakdown and the Pta mutation
resulted in lower acetyl phosphate levels because of a block in
its synthesis (Morrison et al, 2005; Wanner and Wilmes-
riesenberg, 1992; Wolfe, 2005).

The results in Fig. 2 provided evidence that, as far as
alkaline phosphatase activity was concerned, acetyl phosphate
could not activate SphR in the absence of cognate histidine
kinase SphS. The APta/ASphS and APta/AAck/ASphS mutants
contained low levels of acetyl phosphate whereas the AAck/
ASphS mutant contained elevated levels of acetyl phosphate.
We would expect that the AAck/ASphS mutant showed an
induction of alkaline phosphatase under phosphate-limiting
conditions if the high level of acetyl phosphate accumulated in
this mutant could phosphorylate SphR. On the contrary,
alkaline phosphatase activity of AAck/ASphS mutant was not
induced under phosphate-limiting conditions (Fig. 2, lane 2).
The results implied that SphR may not be cross regulated by
endogenous acetyl phosphate in Synechocystis sp. PCC 6803.
Thus, it is likely that the SphR cannot be phosphorylated by
phosphoryl group from acetyl phosphate, in vivo. In contrast,
the PhoB in Escherichia coli has been shown to be directly
phosphorylated by acetyl phosphate in vitro (McCleary and
Stock, 1994). However, we cannot rule out the possibility that
acetyl phosphate may need other additional factors for its
indirect role in the cross regulation in Synechocystis cells.

The ack and pta genes in Synechocystis cells were up-
regulated under phosphate-limitation (Figs. 4A and 4B).
Constitutively low levels of these two genes were detected
under normal conditions. The up-regulation of ack and pta
genes indicated that the existing levels of acetyl phosphate
might be high during the conversion of acetyl-CoA via acetyl
phosphate to acetate by the Pta-AckA pathway. However,
since acetyl phosphate did not play a role in the phosphorylation
of SphR, it is thus likely that acetyl phosphate acts as a high-
energy compound in Syrnechocystis cells. This was corroborated
by the results showing that exogenous acetyl phosphate could
allow Symechocystis cells to grow even when the Pta-AckA

pathway was non-functional (Fig. 3B). Whether acetyl
phosphate in Synechocystis cells can directly generate ATP via
the action of acetate kinase remains to be further investigated.
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