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CHAPTER |

INTRODUCTION

1.1 Phosphate

Phosphorus is the third most abundant element after carbon and nitrogen in
terms of cellular content. A fully oxidized Form of phosphorus, phosphate, is a water-
soluble, inorganic salt, rendering the second least available nutrient, after nitrogen, in
natural ecosystems (Sehahtman” et al., 1998). Phosphate is an essential element
nutrient for all organisms®for a huilding block for most biomolecules; such as,
membrane lipids, complex carbohyd(ates, nucleotides, and nucleic acids.
Furthermore, it is used to gontrol the function of protein by phosphorylation. Despite
abundance of phosphorus in natufe; oniy iﬁ%)fg?nic phosphate is an available form of
phosphorus. There are many reports that th(_a_ éoncentrations of inorganic phosphate
(Pi) in natural water-are very low at nanomolar or exiremely at picomolar ranges
(Schindler, 1977; Hudson, 2000; Wu et al., 2000; Sundareshwar et al., 2003).

There are three chemical forms of inorganic phosphates that are of biological
importance; free phesphate;‘pyrophesphate; and" pelyphosphate. Only free phosphate
appears-to-be taken, up, from-the-environment-(Wanner,-1996)..The, organisms have
evolved the response strategy via enhanced expression of phosphate transport system
and enzymes involved in phosphate availability, for example, phosphatase, to cope
with phosphate insufficient conditions (Aiba et al., 1993; Hirani et al., 2001; Wanner,
1996; Schahtman et al., 1998; Wu et al., 2003). In prokaryotic cells, the genes

involved in phosphate metabolism are called Pho regulon genes which are under the



control of a two-component phosphate sensing system (Wanner, 1996; Aiba et al.,

1993; Hirani et al., 2001; Suzuki et al., 2004).

1.2 Two-component signal transduction systems

The two-component signal transduction system typically consists of a histidine
kinase and a response regulator, which is used te monitor environmental parameters,
including osmotic and ienie-strength,;~pH, temperature, and the concentrations of
nutrients and harmful compounds. The histidine kinase is a sensor protein kinase
comprising an N-termanal input domain_lthat senses specific stimulus, and a C-
terminal transmitter demain that activatés? |ts cognate response regulator at the N-
terminal regulatory (reeeiver) domain. TH_e response regulator also contains the C-
terminal effector (output) domain, for protein-protein or protein-DNA interactions to
control gene expression to specifie stimulus:i'(S‘t"I'c;ck et al., 2000; Mascher et al., 2006).
Typically, histidine kinases are membrane‘-b:él]r-ld proieins with two transmembrane
helices and highly varied periplasmic sensing domain between transmembrane helices
at the N-terminal input domain. The C-terminal transmitter domains are more
conserved which can be identified- by 'a set of conserved| primary sequence motifs
designated the H, N, G1, F and G2 hoxes as shown.in Figure 1 (West & Stock, 2001).
The H motifiand residues around ‘it are involved fin the autoph@sphorylation activity
forming dimerization (sub)domain, while, the N, G1, F and G2 motifs are involved in
ATP binding (sub)domain. Histidine kinases can be grouped into two major classes
on the basis of their domain organization (Dutta et al., 1999). In class | histidine
kinases, the H box containing region is directly linked the region that contains the

other four conserved boxes. However, in class Il histidine kinases, the H box



containing region is distant from the others. Alternatively, on the basis of sensing
mechanism and domain architecture, histidine kinases fall into three major groups
(Mascher et al., 2006). The first group, the periplasmic-sensing histidine kinases, is
the largest group containing an extracellular sensory domain which lies between (at
least) two transmembrane helices. The second group contains histidine kinases with
sensing mechanisms associated with the membrane-spanning helices. The third group,
the cytoplasmic-sensing--histidine kinases, -includes either membrane-anchored or

soluble proteins with theirinpuidomains inside the cytoplasm.

Stimulus -
l Transmitterdomairﬁ
A = gy
( 3, 7 Yi
_ Dimerizafion ATP-binding. Regulatory  Effector
Input domain  subdomain;~ subdomain. domain domain
- NG E GoJ O  |RR
T™™1TM2 P
— ' ATP

ADP Response

Figure 1 Typieal domain-arganization and phosphetransfer schemes of proteins
involved in two-component signal transduction _systems. The conserved His and
Asp residues, indicated using the single letter amino acid code, are phosphorylated in
H box,andsregulatory (receiver) domain; respectively.-The highly. censerved H motif
is located in the dimerization subgdomain and the other four motifs'are_located in ATP-
binding subdomain (modified from West & Stock 2001).

The signal transduction pathway involves three phosphotransfer reactions and
two phosphoprotein intermediates: (i) the autophosphorylation of a conserved

histidine in the transmitter domain of the sensor kinase, (ii) the phosphotransfer
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reaction, transferring of the phosphoryl group from transmitter domain to a conserved
aspartate in the receiver domain of the response regulator, and (iii) dephosphorylation
of the response regulator (Stock et al., 2000). Autophosphorylation of histidine
kinases is a bimolecular reaction between homodimers, in which one histidine kinase
monomer catalyzes the phosphorylation of the conserved His residue in the second
monomer, called trans-autophosphorylaiiens” Fhe structures of dimerization and
histidine phosphotransfer(BHp) or histidine-kinase A (sub)domains have been
reported that they form antiparaliel four-helix bundles with the active site of His
residue located in the middie of the exbo_sed face of helix (Fig. 2A). The catalytic
ATP-binding or histidine kinase-like ATF’e;s:_e (HATPase_c) (sub)domain has an o/f3-
sandwich fold with five antiparall‘el 3 éltrgngs and three o helices (Fig. 2B). The
dimeric histidine kinase cores containing'-;_both dimerization and catalytic domains
have also been solved (Fig. 2C) (Stock et aI.'.,:: 2000 Cai et al., 2003).

In 2006, it was revealed that signalin.g;“;hfough the. membrane of EnvZ needs
the linker region, HAMP domain, found in over 7500 proteins (Hulko et al., 2006).
The HAMP domain is named by occurrence of this domain in histidine kinases,
adenylyl cyclases, methyl-accepting chemotaxis proteins, and- phosphatases, forming
a homodimeric, four-helical, parallél coiled coilsstructure. Signak.is transduced by a

rotation of four-helix coiled coil m"HAMP domains (Fig.3).
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Figure 2 The ﬂt%ﬂl%eqﬂ)&(m@ W%}{t})ﬂoﬁain (gold ribbon) of E.
coli EnvZ contdins a conserved His (blue ball-stick) that is the phosphorylation site.
(B) The.c ic ATP-bindi in (blue_ri f E. coli contains four
oy S s BT ) T o 5 i e of AT
(ANPPNP, ATP analog shown in green ball-stick) (modified from Stock et al., 2000).

(C) The dimeric kinase core domains of E. coli EnvZ and CheA, individual monomers
are yellow and magenta (modified from Khorchid and Ikura, 2006).
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Figure 3 Structure of HAMP donfain. A histidine kinase is déﬂed based on Tazl

Histidine kinase.

=

chlmer’ag |n( ﬂWn&j Mho n n i s (Right). The
helix 1 (green) and the helix Il (yellow) form a four- IlcaI para eI coiled caoll,
monomers distinguished by bold and faint colors. Side chains of residues involved in
packing interactions within the core of the domain are shown in wireframe. A
cogwheel diagram corresponding to the top view is shown in which two packing
modes are interconvertible by rotating adjacent helices by 26° in opposite directions
(Inouye 2006).



The overall activity of the kinase is modulated by sensing domain which
controls the phosphorylation state of the downstream response regulator. Many
response regulators have autophosphatase activity and many histidine kinases also
possess a phosphatase activity, enabling them to dephosphorylate their response
regulators, in phosphotransfer pathways that can be shut down quickly (Stock et al.,
2000). Some two-component systems need auXiliary proteins to regulate downstream
gene expression properly--as-found«'in NirB-NirC nitrogen regulation system
(Kamberov et al., 1994), PhoR=PhoB phosphate regulation system (Wanner, 1996)
and YycG-YycF cell wall regulation system (Szumantetal., 2008).

Abundance of histidine kinase-reépopse regulator pairs has been reported in a
number of bacteria. E. €0li €ontains 29 histidi_ne kinases and 34 response regulators,
Bacillus subtilis contains 36 histidine kinases and 34 response regulators, Anabaena
sp. PCC 7120 contains 131 histidine k‘inlr'i‘ases and 80 response regulators,
Prochlorococcus MED4 contains 5 histidi‘né.nlzi-nases and 6 response regulators and
Synechocystis sp. PCC 6803 contains 42 histidine kinasesand 38 response regulators
(Wang et al., 2002; Mary & Vaulot, 2003). Cells must maintain the specificity of
distinct pathways | and- avoid 'unwanted crosstalk, using variety of mechanisms
(Ubersax & Ferrell, 2007). The spegificity of phesphotransfer ofshistidine kinases to
their cognate response“regulators ‘has-been ‘revealed recently, to'be.controlled by a
cluster of residues within dimerization subdomain (Skerker et al., 2008). The two-
component systems can be reprogrammed, for example, the high osmolarity signal
can activate the phosphorylation of CheY in the case that the dimerization subdomain
of EnvZ has been replaced with dimerization subdomain of CheA, the so-called

rewiring system (Fig. 4).



Natwe two -component system

PERIPLASM CYTOPLASM
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Figure 4 Revﬂ M ’a m &M‘rﬁ mﬂyrlam (§>p) The native EnvZ-
OmpR two-co onent system (r ) of E. coli for sensing and responding to
osmol ym th )ﬁxﬁiﬁ in response to
high o a&\ ity eﬁﬁrﬂ/ﬁa Mﬂ wﬂﬁmﬁﬁ (CheA-CheY
system; Blue) the rewired EnvZ activates the phosphorylation of CheY in response to
high osmolarity (Kohanski & Collins, 2008).



9

Two-component systems are widely found in organisms of all domains, but
quite rare in eukaryotes. So far, the absence of two-component systems in animals and
the requirement of two-component systems for bacterial regulations and infectivity by
pathogenic bacteria make two-component systems very attractive for antimicrobial
therapy (Stock et al., 2000). Mutations at two-component systems resulted in less
virulence, more sensitive pathogenicity (Daigle-et al., 1995; Haralalka et al., 2003;
Lamarche et al., 2005). Moreover, the Pho regulon-influences the virulence of several

bacteria (Lamarche et al., 2008):

1.3 phosphate-sensingSystem

Most organismssrespond to phosph_ate-_limiting signal similarly by increasing
the phosphate availability, such as; (alkaline or acid) phosphatase and phosphate
transport efficiency, in which prokaryoti“c ‘(ﬂf'ells use the two-component signal
transduction system for their perception énd- }ésponse (Aiba et al., 1993; Wanner,
1996; Sun et al., 1996; Hirani et al., 2001; Suzuki et al,, 2004; Wu et al., 2003).The
two-component system involved in phosphate assimilation has been extensively
studied so fary especially inE. colii’ The PhoR-PhaB phosphate-sensing system
regulates at least 31 genes in 8 operens for phosphate metabolism; for example, phoA
for alkaline phosphatase, pstSCAB for-high-affinity phosphate transport system, phoE
for  polyanionic  porin, phnCDEFGHIJKLMNOP  for  carbon-phosphorus
(phosphonate) lyase pathway and ugpBAECQ for glycerol phosphate transport system
(Wanner, 1993; Baek & Lee, 2006). The alkaline phosphatase, a member of Pho
regulon, is an indicator for Pho regulon expression where activity can be detected

spectrophotometrically (Yamada et al., 1990; Aiba et al., 1993; Scholten &
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Tommassen, 1993; Hirani et al., 2001; Carmany et al., 2003). In contrast to a typical
two-component system, PhoR-PhoB system requires auxiliary proteins including
PstSCAB, the high-affinity phosphate transport ABC system, and PhoU whose
function is still unclear. In addition, the N-terminus of PhoR histidine kinase lacks a
periplasmic sensing domain, only 3-5 residues are exposed to periplasm (Scholtan &
Tomassen 1993) and the linker region of PheR-contains a PAS domain, not HAMP
domain as EnvZ. The pstSCAB and phoU- aire-in-the same operon and both are
members of Pho regulon, Fhey.are required to form an inhibition complex with PhoR
(Fig. 5), since mutations at either this_loperon or phoR results in constitutive
expression of Pho regulon” (Wanner, 1996_). The Pst system is thought to be a
phosphate sensor and+ somehow transduces_ the signal through to PhoR. The
requirement of Pst system for regulation of Pho regulon, however, it is not required
phosphate uptake activity as an-R220E ﬁqﬁt‘étion in PstA demolishes phosphate
transport without affecting inhibition of Phb }ééljlon expression (Cox et al., 1988). In
addition, despite the specificity of phosphor transfer reaction between histidine kinase
and its cognate response regulator, the response regulator PhoB can be
phosphorylatedby the histidine Kinase CreC of CreC-CreB system involved in carbon
catabolism. This cross-talk occurs only in the absence of PhoR, nat found in wild-type
strains (Laub'& Gaulian, 2007).

PhoR kinase is a member of the class I of histidine kinases in which H box is
adjacent to catalytic region and in the third group “the cytoplasmic-sensing histidine
kinase” based on sensing mechanism (Mascher et al., 2006). The essential role of each

region of PhoR has been studied so far by deletions of various regions (Yamada et al.,
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comp Il tﬁ m mpm nd g Est pothetical site

on Pho . Phosphorylated PhoB binds at Pho boxes to regulate Pho regulon gene
expression (modified from Lamarche et al., 2008).
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1990; Scholten & Tommassen, 1993; Carmany et al., 2003). The PhoR contains 5
main regions, a membrane-spanning region, a charged region, a PAS domain, a
dimerization region (subdomain) and a catalytic region (subdomain) (Fig. 6) and a
small periplasmic region between amino acids 29 and 33 (Scholten & Tommassen,

1993).

MEMBRANE

il | L | 1 I
10 61 72 106 149 193 267 431

Figure 6 Domain topology of PhoR. The diagram indicates the predicted protein
domains of PhoR, including the membrane-spanning region, the charged region (CR),
the PAS domain, the dimerization and histinide phosphoetransfer (DHp), and catalytic
ATP (CA) subdomains (madified from Carmany et al., 2003).

Deletions at the N-terminal membrane-spanning- region of PhoR cause constitutive
expression of alkaline phosphatase even under phosphate-sufficient conditions
(Yamada et al., 1990). The internal deletions of PAS domain result similarly in
constitutive expression of-alkaline  phosphatase .(Scholten .& Tommassen, 1993).
These results suggest that the membrane-spanning region and PAS domain are
required for negativa regulation ‘of the Pho regulon expression. By contrast, deletions
at dimerization (DHp) or ATP-binding (CA) subdomains (histidine kinase core) result
in loss of induction of alkaline phosphatase. In addition, PhoR possesses phosphatase
activity using DHp domain but is not a substrate for a reverse phosphotransfer

reaction (Carmany et al., 2003).
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In contrast to E. coli, a gram-positive bacterium, Bacillus subtilis contains the
Pho regulon which is controlled by three two-component systems (Sun et al., 1996).
Moreover, a large periplasmic region is present, the PhoU is absent, neither the Pst
system nor the N-terminal membrane-spanning and periplasmic loop region is
involved in Pho regulon regulation (Qi, et al., 1997; Shi & Hullet, 1999). These

indicate the different mechanisms in Pho regulonregulation between organisms.

1.4 Phosphate transport

The phosphate iranspori systems are widely studied in either prokaryotic or
eukaryotic organisms. dt has been reportéd that the high-affinity phosphate transport
system is induced in that organisms when thgy are grown under phosphate-limiting
conditions, while the low-affinity phosphate transport system functions constitutively
(Wanner, 1996; van Veen, 1997; Schachtman ‘eﬂ‘i al., 1998; Wu et al., 2003; Dyhrman
& Haley, 2006; Martiny et al., 2006). In a We" bharacterized prokaryote, E. coli, there
are 4 phosphate transport systems, two inorganic phosphate transport systems and two
organic phosphate transport systems (Fig. 7) (van Veen, 1997). The inorganic
phosphate transport systems are classified 2 types based on the kinetic differences, a
low-affinity phosphate transport (phosphate inorganic transporty Pit) system and a
high-affinity “phosphate transport {phosphate 'specific transport; Pst) system. The
organic phosphate transport systems consist of a glycerol-3-phosphate transport
(GlpT) system and a glucose-6-phosphate transport (UhpT) system, which do not
function for inorganic phosphate movement. Both Pit and Pst system are designed for
net inorganic phosphate transport in which the Pst system is activated more than 100-

fold when external phosphate is restricted (<4 pM), while the Pit system is
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constitutetive (Wanner, 1996; van Veen, 1997). Kinetic studies revealed that the Pst is
a high-affinity, low-velocity system, having a K, of 0.4 uM and a Vpax 0f 15.9 nmol
Pi/min/mg protein. In contrast, Pit is a low-affinity, high velocity system, having a Ky,
of 38 UM and a Vpax 0f 55 nmol Pi/min/mg protein. In wild-type strain containing
both Pit and Pst system, however, both of them do not operate at full capacity as the
apparent Ky, is 25 UM and Vpay Is 43 nmol.Pi/min/mg protein, in which Vpay is lower

than Pit system alone (Willsky- & Malamy, 1980).

ADP + Fi

/J ATP

b

;w

Figure 7 Phosphate transportsystems in Escherichia“coli. 1."phosphate specific
transport (Pst) system 2. phosphate inorganic transport (Pit) system 3. phosphate/
glycerol-3-phosphate  (GlpT) antiport system 4. phosphate/glucose-6-phosphate
(UhpT) antiport system (van Veen, 1997).
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1.5 Synechocystis sp. PCC 6803

Synechocystis sp. PCC 6803 is a unicellular non-nitrogen-fixing
cyanobacterium, which could be classified in Kingdom of Bacteria, Phylum of
Cyanobacteria, Order of Chroococcales, and Genus of Synechocystis. It is the first
cyanobacterium whose genome has been completely sequenced since 1996 (Kaneko
et al., 1996). It is a very good model to study molecular biology since it is naturally
transformable (William, 1988; Ikeuchi & Tabaia;2001). Two-component involved in
phosphate-sensing system.«has.been studied in 2001. The sll0337 encodes a SphS
histidine kinase proteia®whereas the sIrOQSl codes for a SphR response regulator
(Hirani et al., 2001). The SphS-SphR syétem controls the Pho regulon expression by
binding of phosphorylaied SphR at Pho bdxes as found in E. coli (Suzuki et al., 2004).
Twelve genes in three operons, namely, pstl, pst2 and phoA-nucH operon, were
reported to be induced but urtA gene was rébr‘élésed in response to phosphate-limiting
conditions based on DNA microarray analysién ESuzuki etial,, 2004). Together with 13
genes, ack and pta“genes encoding acetate kinase and phosphotransacetylase also
were up-regulated when Synechocystis sp. PCC 6803 cells were exposed to
phosphate-limiting, conditions '(Juntarajumnong et al., 2007a). These genes were
assigned to the Pho regulon in Synechocystis sp-PCC 6803. Synechocystis sp. PCC
6803 also passesses a“regulator: SphU; encodedtby slr0741; which. functions as a
negative regulator for Pho regulon, PhoU homolog (Juntarajumnong et al., 2007b).
The sphU shows no increased expression under phosphate-limiting conditions and is
not in the same operon with either pstl or pst2. The presence of two Pst systems and
extended N-terminus of SphS made them very attractive models to study the

mechanism of signal transduction in Synechocystis sp. PCC 6803.
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Objectives of this research
1. To study the function of the extended N-terminal region of SphS and identify
the important region in the Pho regulon control.
2. To identify the requirement of Pst1 system in regulation of the SphS-SphR

two-component signal transdu

ion s stem and show the possible interaction
between Pst system and S sens
3. To characterize theph nechocystis sp. PCC 6803 wild-

type, APstl and
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CHAPTER Il

MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals

Reagents used in this study were of-analyiical grade and obtained from either
Ajax Finechem Limited, Ausiralia; BTIJI)H Chemical Limited, England, Invitrogen

Corporation, USA, Merek, Germany, or Sigma Chemical Company, USA.

2.1.2 Equipments

Autoclave: Sanyo, Japan .

Centrifuge: Model J-21C, Beckmari‘fr_fs_t‘ryment Inc, USA

Laminar flow:International Scientifi_(;'_f SL{ppIy Thailand

Micropipette: Ripetman, Gilson, France

PCR machine: Mastercycler Gradient, Eppendorf, Germany

Power supply: Bio-Rad POWER PAC: 1000

Spectrophotometer: “Model--DU=650 ‘and--Model ' Jasco V-550, Beckman

Instrumentslnec,-USA

2.1.3 Enzymes

Klenow polymerase: Invitrogen, USA

Lysosyme: Sigma, USA

Platinum Taq DNA polymerase: Invitrogen, USA

Restriction enzymes: Fermentas, Canada
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Reverse transcriptase, SuperScript® 11, Invitrogen, USA

2.1.4 Antibiotics

Ampicillin: Sigma, USA
Chloramphenicol: Sigma, USA
Kanamycin: Sigma, USA

Spectinomycin: Sigima, USA

2.1.5 Supplies

Hybond-N membrane: Amersham Biosciences, USA
X-ray film: X-Omat XK-1, Eastman Kodak, USA
Minisart membrane: Sartorious, Geramany.

2.1.6 Kit

1 kb Plus DNA"L adder: Invitrogen, USA

NucleoSpin® Extract Il, PCR purification kit, Machery-Nagel, USA

2.1.7 Organisms and plasmids

The two |organisms: Escherichial coli ‘and Synechocystis-gp. ‘PCC 6803 were
used in this study. All strains and plasmids were kindly provided by Assoc. Prof. Dr.
Julian Eaton-Rye, Department of Biochemistry, University of Otago, New Zealand.

E. coli strain CJ236 carrying pTZsll0337 (Juntarajumnong et al., 2007c)

E. coli strain DH5a

Synechocystis sp. PCC 6803 wild-type strain, glucose sensitive
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Synechocystis sp. PCC 6803 SphS control strain, a kanamycin-resistance
cassette was inserted at nine nucleotides downstream of the stop codon of the sl10337
(sphS) gene, indistinguishable from wild type with the exception that it was resistant
to kanamycin (Juntarajumnong et al., 2007c).

Synechocystis sp. PCC 6803, ASphS strain, the sll0337 (sphS) gene was
replaced with a chloramphenicol-resistance assette (Hirani et al., 2001)

Synechocystis sp..PECC- 6803 ASphU- strain, the slr0741 (sphU) gene was
replaced with a chloramphenicol-resistance cassette (Juntarajumnong et al., 2007b).

pAslr0741-cam®y pGEM T-eas|‘y ‘_derivative carrying a slr0741 (sphU)
interrupted with a chIoramphenicol-resistr_;mlce cassette (Juntarajumnong et al., 2007b).

pPGEM® T-easy,€loning vector, Prbmega, USA
2.1.8 Oligonucleotides = f
Oligonucleotides were pUrchased form §igma-Aldrich, Australia.
2.1.8'1T Mutagenic primers for internal deletions and alanine
substitutions of SphS

The mutagenesis primers were ‘'used to \construct mutagenic strands of sphS

gene in pTZsll0337 shown in Table 4.
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Table 1 Oligonucletide sequences used to introduce deletions and alanine
substitutions into SphS of Synechocystis sp. PCC 6803.

Amino acid Oligonucleotides® Introduced
deletion restriction site
A(13-R23) AATTTTATTATTGAG/ICTCCATGTTCTAGCA Sac |
A(13-L31) CGGCAGCCCAGTGAG/CTCCATGTTCTAGCA Sac |
A(13-S44) GGACACAAGGGAGAG/CTCCATGTTCTAGCA Sac |
A(13-S49) TTCTCGCCGCACGA;G};(JTCCATGTTCTAGCA Sac |
A(I18-G15) TTCGATCGCC(;CGA%/QGPCAATGTAATTAT Bgl |
A(V41-S44) GGACACAAGGGAGAG?C]EZCTGGGTATCCGG Sac |
A(V41-546) CACCAGGGACACGAG/‘éTéCTGGGTATCCGG Sac |
A(V41-549) TTCTCGCCGCACGAG/CTCCTGGGTATCCGG Sac |
IBA,G9A,G10A AACCAATTGCCGCTGCAGCCGCCAATGTAA -
G15A,116A TTCGATCGCCCCTGCAGCAAAACCAATTGC -

*The oligonucleotides are designed for the complimentary-strand. The site of deletion
is indicated by a backslash. Italics represent base substitutions to introduce restriction
sites used for initial screening. Underlines demonstrate base substitutions to change
amino acids to be alanine.
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2.1.8.2 Sequencing primers
The forward primer used for sequencing, to verify the deletions of sphS was
5’-GGAAAAAATGCTGCTCCGGA-3’. This primer was located between
nucleotides -38 and -19 upstream of the ATG start codon of sphS. Similarly, the
reverse primer used for sequencing was 5’-GCTAAAGTTTGGCGATTTTCCA-3’,
located between nucleotides 554 and 575 of sphs:
2.1.8.3 PCR-primers
The Polymerase Chain«Reaction (PCR) was used to amplify upstream and
downstream fragments.of both pstl and p§t2 operons, as well as, full length of sphS
gene. The sequences of@all primers are shéwr)_ in Table 2.
2.1.8.4 RT-PCR primers
The Reverse Transcription, Polymerase Chain Reaction (RT-PCR) was used to
detect the expression of the deleted sphS traﬁs&ipt, as well as, the psbB transcript as a
control. The primers for both genes are shO\‘/vﬂ“iFl-TabIe 3.
2.1.8:5'0Qligonucleotide probes
The probe for pstl was established from 2.1 kb PCR product of upstream
fragment of pstl operon. This fragment was digested with Ban 11 produced 262, 630,
and 1257 bp fragments. The 630 bp#ragment was-subsequently used as a template for
pstl probe, which was located‘between =649 and -20 nucleotides upstream of the ATG
start codon of sphX (sl10679).
The probe for pst2 was done similarly from 2.1 kb PCR product of upstream
fragment of pst2 operon. EcoR | and Hpa | were used to double digest this fragment

produced 400, 695, and 1030 bp fragments. The 695 bp fragment was subsequently



22

used as a template for pst2 probe, which was located between -1127 and -433

nucleotides upstream of the ATG start codon of pstS2 (slr1247).

Table 2 PCR primers for genomic PCR,

DNA region Oligonucleotides

upstream of pstl operon forward primer: CCAGGAATTGGACGACCTAC
(upstream of sl10679) reverse primer: GGGTGGTCGATTGTGATTAG

downstream of pstl operon fomward primer: TTAAATAAATCCAAAAGCCGGG
(downstream of s110684) reverse primer; TCCCTTACCAGGACTGGATTTT

upstream of pst2 operon forward primer: AAAACTGTTGGGTGGGAGTGC
(upstream of slr1247) reverse primér - AAACAGTCAGCCCTTGTTCG

downstream of pst2 operon forward primer: ATGTATFGCCAGGGCGTTAG
(downstream of slr1250) reverse primef+’'CCACTTTTCAACGGGTAGGA

sphS (sl10337) forward primer: CCCCCTCAATGCTGACTCCA
reverse primer: CCAGTTTAAGGECTGTCCCG

sphU (slr0741) forward primer:
CGCCAAGGAATTCTTGTTGCCATAACCCTG
reverse primer :
CTGCCTCTCCATGTCGACCTTGTAAACTCC
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Table 3 PCR primers for RT-PCR.

Gene Oligonucleotides

sphS (sl10337) forward primer: ATTCTTCTCAGGGGATCGGGATTT
reverse primer : GGTGATATTTTTTACCACGG

psbB (slr0906) forward primer: ACCGGTGCTATGAACAGTGG
reverse primer : CTICTTITCCGGGTGGAAAGG

2.2 Methods
2.2.1 Culture conditions
2.2.1.1 Growthiconditions for Escherichia coli
The different strains'of E. coli weré:.rr’la‘i_ntained on LB agar with the addition
of suitable antibiotics at 4°C.-Liguid cultures were grown in LB media at 37°C for
overnight, shaking 200-rpm-on-a GiO-GYROTORY = sfiaker. For long-term storage,
the strains were stored at -80°C in 80% glycerol.
2.2.1.2 Growth conditions for-Synechocystis.sp..PCC 6803
The Synechocystis sp. PCC 6803 strains were maintained on BG-11 agar,
contairiihg?silitabl€ antibiotics; at)30°C| dnderconstafit Glluminatiofil of 25 PE/m?/s.
Liquid cultures were grown photoautotrophically in BG-11, containing suitable
antibiotics, at 30 °C with constant illumination, aerating with filtered air by an
aquarium pump or shaking 160 rpm on an INNOVA™ 4340 shaker. For long-term
storage, the strains were stored at -80°C in BG-11liquid medium containing 15%

glycerol.
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For phosphate -limiting experiments, 175 uM K;HPO,, in BG-11 was replaced with

175 uM KCI (Aiba et al., 1993; Hirani et al., 2001).

2.2.2 General molecular biology methods
2.2.2.1PCR
10X PCR Buffer: 200 mM Tris-HCI (pH 8:4),.2nd 500 mM KCI.
2X PCR Mix: 2X PCR buffer; 0.4 mM dNTPs mixiure; and 20 ng/ul of each primer.
The PCR was performed in a 1X PCR mix using 0.1-1 pg of template DNA
(or picked colony for celony.PCR), 0.5 U q_f Platinum Tag polymerase, and 1.5-2 mM
of MgCl,, making to 20 pl of reaction mi%tjur_e with sterile H,O. The PCR was carried
out in a Mastercycler Gradignt, Eppendorf‘!.»_Tht_a reaction involved an initial denaturing
step of 5 min at 94°C followed by 30-_?§ydes of '1 min annealing at 45-65°C,
depending on the oligonucleotides used, 1-3m|n extension at 72°C, depending on
length of expected PCR product, and 30 s Ei_é;\éfuring at 94°C. The reaction ended
with a final extension at 72°C for 5 min. the PCR product was analyzed by
electrophoresis.
2.2.2.2 Restriction digestion
Single or double restriction digestion.was incubated sat the optimum
temperature of restriction enzymes<for 60 min.' The total.volume ‘of.the reaction was
10 pl containing 1X proper restriction buffer, 1-2 U of restriction enzyme, and the
DNA sample.
2.2.2.3 Gel electrophoresis
DNA samples were analyzed by electrophoresis in 0.8% agarose gels. The

gels were run in either 1X TBE buffer or 1X SB buffer. DNA samples were mixed
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with 1 pl of DNA loading buffer before samples were loaded and electrophoresesd at
80-100 V (for TBE buffer) or 100-200 V (for SB buffer) until blue dye had run three-
quarters the length of the gel. After that, gels were stained in ethidium bromide
solution of 1 ng/pl for 10 min.

RNA samples were analyzed by electrophoresis in 1% MOPS agarose gels containing
2% formaldehyde. The gels were run in 1>¢ MOPS buffer. RNA samples were mixed
with 3 pl of RNA loading-buiier before'sampiles-were loaded and electrophoresesd at
80V until blue dye had run-three=quarters the length of the gel.

DNA and RNA were wisualized under UV_. light on a gel document Stratrgene Eagle

Eye Il or Syngene. ‘

2.2.3 Molecular biolegy methods fgr__-Escherichia coli
2.2.3.1 Preparation of compegeﬁtl"bells

A single well"isolated colony of DHS& on LB agar was inoculated in 10 ml of
LB and grown at37°C for overnight with shaking“at 200 rpm on a GIO
GYROTORY® shaker. Two ml of overnight culture was transferred to 100 ml of pre-
warmed yB media, and grown rat 37°C with shaking at' 250 rpm on a GIO
GYROTORY® shaker until an opti¢ density at 600 nm reached 0.3-0.4 (~2 h). Cells
were collected in pre-chilled 50 mI'Falcon ‘tubes by centrifugation at 2760 g at 4°C for
10 min. The supernatant was decanted and the cells were resuspended gently in 15 ml
of chilled TfBI. The cells were again centrifuged immediately and the pellets
resuspended gently in 2 ml of chilled TfBIl. Resuspended cells were aliqouted 200 pl

volumes, snap frozen in liquid nitrogen or dry ice and ethanol, and stored at -80 °C.
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2.2.3.2 Heat-shock transformation

An aliquot of competent cells was first thawed on ice, mixed gently with
DNA, and incubated on ice for 30 min. The cell/DNA mix was heat shocked at 37 °C
for 2 min, and placed on ice for 3 min. After that, a 1 ml of LB was added and
incubated at 37 °C for 60-90 min, shaking at 200 rpm on a GIO GYROTORY®
shaker. The cells were collected and resuspended in 200 pl of LB before spreading on
LB agar containing suitable-antibiotics and incubated-at 37°C for 16 h.

2.2.3.3 Alkalinedysis minipreparation

A single colony of DHS5q strain was inoculated in 2 ml of LB, containing
suitable antibiotics, and grewn at 37°C f_or._overnight with shaking at 200 rpm on a
GIO GYROTORY® shakers A1.5 ml of th_e oyernight culture was transferred to a 1.5
ml tube and centrifuged for 30 s. The pellet was resuspended in 100 ul of Solution 1
and incubated at room temperature for 5 m|n The sample was placed on ice for 5 min
before adding 200yl of Solution 2. The sar‘np;ié‘\-/vas again incubated on ice for 5 min
before adding 200 pi“of Solution 3. The sample was mixed gently, incubated on ice
for 5 min, and centrifuged for 5 min. The 350 ul of supernatant was transferred to a
new 1.5 ml tube and extracted with-100 pl of 1:1 selution of chloroform: phenol. The
sample was centrifuged for 5 min, 300 ul of aqueous phase transferred to a tube and
mixed thoroughly with: 180 &l of200% isopropanol. ‘The sample was incubated at
room temperature for 10 min and the nucleic acid pellet collected by centrifuging for
10 min. The pellet was washed with chilled 70% ethanol and dried at 37 °C for 10
min. The pellet was resuspended in 40 pl of TE. All centrifugations were carried out

at 13400 g in a microfuge.
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2.2.3.4 Sequencing minipreparation
All centrifugations were carried out at 13400 g in a microfuge. A single

colony of DH5a strain was inoculated in 5 ml of LB, containing suitable antibiotics,
and grown at 37°C for overnight with shaking at 200 rpm on a GIO GYROTORY®
shaker. A 1.5 ml of the overnight culture was transferred to a 1.5 ml tube and
centrifuged for 30 s. This step was repeated-twice, each time adding 1.5 ml of the
culture to the tube. The peliet-was resuspended-in-200 ul of Solution 1 and incubated
at room temperature for Semins A 300 pl of Solution 2 was added and the sample
placed on ice for 5 min‘befare adding 300” pl of chilled Solution 3. The sample was
first incubated on ice for 5 min‘and then cént_rifuged for 5 min. The supernatant (~700
pl) was transferred to ad.5 ml tube and Zﬁl of_lO mg/ml RNase A added. The sample
was incubated at 37 °C for 20 min, It was extracted twice with an equal volume of
1/25 isoamyl alcohol/ chloroform.The aquéoﬁlé;: phase was transferred to a new tube
and the DNA precipitated with 700 pl of is‘,obnrc’ibanol. After an incubation of 10 min,
the sample was centrifuged for 10 min, washed with chilted 70% ethanol, dried at37
°C for 10 min, and resuspended in 32 ul of sterile water. An 8 pl of 4 M NaCl and 40
pl of 13% polyethylene glycol (PEG) 8000 were added and the sample incubated on
ice for 60 min. The sample was centrifuged for-20 min, washed with chilled 70%
ethanol, 'dried and-resuspended in'20cpl TE. The?DNA 'was sent to.sequence at the
Allan Wilson Centre for Molecular Ecology and Evolution, Massey University, New
Zealand.

2.2.3.5 Oligonucleotide-directed mutagenesis

2.2.3.5.1 Single-stranded DNA

Growth of Uracil-containing Phagemids
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The CJ236 strain carrying pTZsll0337 was obtained from 80% glycerol stock
solution and streaked on LB agar containing 50 pg/ml of ampicillin, 50 pg/ml of
kanamycin, and 15 pg/ml of chloramphenicol, and incubated at37 °C for 16 h. A
single colony was inoculated in 20 ml of LB containing suitable antibiotics for
overnight with shaking at 200 rpm on a GIO GYROTORY® shaker. One ml of the
overnight culture was transferred to 50 mi of pre-warmed 2x YT media containing
suitable antibiotics and..grown at37+-°C with-shaking at 260 rpm on a GIO
GYROTORY® shaker untitan.eptical density at 600 nm reaches 0.3. The culture was
added M13KO07 helpersphage to obtain a multiplicity of infection of around 20 and
further grown for 1 h. Fhe culture was addeoi_kanamycin to a final concentration of 70
pg/ml and grown for 546 h.The culture was then transferred to two round-bottomed
centrifuge tubes and centrifuged ‘at 17000g 4 °C for 15 min. The supernatant
containing phagemid particles ‘was transfer"redﬂ"to a new round-bottomed centrifuge
tube and centrifuged at 17000g 4 °C for 157m‘i-nj. The supernatant was collected, added
150 pg of RNase A, and incubated at room temperature for 30 min. The sample was
added 1/4 volume 3.5 M ammonium acetate/20% PEG-6000 and incubated on ice for
30 min. The phagemids were collected by centrifugation at 17000g 4 °C for 15 min
and the pellet was resuspended in 200 pl of high salt buffer. The resuspended solution
was transferred to'a’l.5 ml'tube, chilled on ice for'30 min‘and centrifuged at 120009
for 5 min to remove insoluble substances. The supernatant was transferred to a new
tube.

Extraction of Phagemid DNA

The phagemid solution was extracted twice with an equal volume of

neutralized phenol and once with 1:1 solution of chloroform: phenol. The aqueous
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phase was extracted further with an equal volume of 1:25 isoamyl alcohol: chloroform
3-4 times. The aqueous phase was added 1/10 volume of 7.8 M ammonium acetate
and 2.5x volume of 100% ethanol and incubated at —80°C for 30 min. The sample was
centrifuged at 12000g 4 °C for 15 min and the pellet was washed with 70% ethanol,
dried and resuspended in 20 pl of TE. One pl of single-stranded DNA was checked by
gel electrophoresis.
2.2.3.5.2 Synihesis of the'mutagenie-sirands
Phosphorylation«ofthe oligonucleotide
The total volume of the reactiqn was 30 pl containing 200 pmol of
oligonucleotide, 100 miv of Tris/HCI buffe} lpH 8.0, 10 mM of MgCl,, 5 mM of DTT,
and 0.4 mM of ATP. The reaction mixturé was added with 4.5 U of T, polynucleotide
kinase and incubated at37°C for 45'min. The reaction was stopped by heating at 65 °C
for 10 min. =
Annealing of the mutagenic bli'éc’ihucleotide
The total volime of the reaction was 10 pl containing 200 ng of single-
stranded DNA (phagemid), 6-9 pmol of phosphorylated mutagenic oligonucleotide,
and 1x annealing buffer. A control was performed similarly without the mutagenic
oligonucleotide. The mixture was¢heated to 95°C then allowed,to cool at room
temperature and placed-on ice!
Synthesis of the complementary strand
After annealing, the mixture was added 1 pl of 10x synthesis buffer, 1ul of T4
DNA ligase, and 1 pl of T; polymerase and incubated further on ice for 5 min. The

reaction mixture was incubated at 25°C for 5 min and incubated at 37°C for 60 min.
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The reaction was stopped by adding of 90ul of TE stop buffer. Ten pl of the sample

was transformed into competent cells.

2.2.4 Molecular biology methods for Synechocystis sp. PCC 6803 strains
2.2.4.1 DNA extraction

Total DNA extraction of Synechocysiis.sp. PCC 6803 strains was performed
according to the method of Williams (1988). The-Synechocystis sp. PCC 6803 strains
were grown in 200 ml of BG-1k Containing suitable antibiotics for 3-4 days. The cells
were harvested by centifuging at 2760 g fqr 10 min, resuspended in 2 ml of saturated
Nal and incubated at 37°C f0r:20 min. Tine.pell suspension was diluted with 1 ml of
sterile water and centrifuged at 2760 g for‘ 10 min. The cell pellet was resuspended in
8 ml of TES solution, added 1.25'ml of 50 mg/ml lysozyme per gram of cells and
incubated at 37°C for 20 min. The lysate - gently with 1 ml of 10% N-lauryl
sarcosine per gram of cells and incubatéd at -37°C for 20 min. The sample was
extracted with an equal volume of equilibrated phenol and rotated on a wheel for 1 h.
The sample was centrifuged at 2760 g for 10 min and the upper phase was transferred
to a new tubes The sample was extracted: with an equal volume of 1/25 isoamyl
alcohol/ chloroform and rotated on wheel for 30 min. The upper phase was separated
by centrifugation at 2760'g for 10 min‘and transferred to'a-new tube.-The sample was
added 1/10 volume of 3 M Na-acetate (pH 5) and 2.5 volumes of 100% ethanol and
incubated at -20°C for overnight. The DNA pellet was collected by centrifuging at
2760 g for 15 min and washed with chilled 70% ethanol. The pellet was dried at room

temperature, resuspended in 200 ul of TE, and transferred to a sterile 1.5 ml tube.
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2.2.4.2 Transformation
Transformation of Synechocystis sp. PCC 6803 strains with the various

plasmids was carried out according to the method of Williams (1988). Liquid cultures
of Synechocystis sp. PCC 6803 strains were grown for 2-3 days and harvested by
centrifuging at 2760 g for 10 min in 50.ml Falcon tubes. The cells were resuspended
in BG-11 to an optical density at 730 nm of 2.5, transferred to sterile glass tubes and
mixed with 2-8 pg of DNA.-The total'volume was-made up to 0.5 ml with sterile
water. A mixture of cells without DNA was used as a negative control. The cells were
placed at 30 °C under_ eonsiant iIIuminatiQn of 25 UE/m?/s for 6 h. A 200 pl of the
cells were plated on sterile filter membl_cane_s on BG-11 agar plates, and the plates
incubated at 30 °C under constant iIIuminé_tion_ of 25 PE/m?/s for 24 h. The following
day, the filter membranes ‘were fransferred to BG-11 agar containing suitable
antibiotics. Isolated colonies were re-streai%edl"'ihree times to obtain a homozygous
strain. To verify its hamozygosity, genomié DNA was extracted, and either amplified
by PCR followed by sequencing of the appropriate region, or digested with restriction
enzymes followed by Southern analysis.

2.2.4.3 Southernanalysis

Blotting

Capillary: transfer 'oft DNA from 10.8%. agarose gel” to .GENE-Screen®

hybridization transfer membrane was carried out according to method of Sambrook et
al. (2001) with following changes. The gel was washed in 0.25 M HCI for 10 min,
rinsed in sterile water and incubated in transfer buffer for 30 min. After transfer, the
membrane was soaked in 2x SSC for 2 min and partially dried under a lamp at room

temperature.
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Labeling of probes
Twenty-five ng of DNA was denatured by boiling for 10 min and rapidly
cooled on ice for 5 min. The denatured DNA solution was added 10 pl of OLB
solution, 2 pl of 10 mg/ml BSA, 5 U of Klenow, and 2ul of 10 pCi/ul[a-**P]dCTP,
and made up to 50 pl with sterile, water. The mixture was incubated at room
temperature for 2-3 h and added 120+ ul .of Stop solution. To remove the
unincorporated [o-**P]dCTR,the mixtufe was centrifuged through a Sephadex G-50
column at 2700 g for 2 mia«A Ll of 10 mg/ml salmon sperm DNA was added to the
probe before boiling fort0 minfollowed by rapid cooling on ice for 5 min to denature
the probe. ‘
Pre-hybridization, hybridiza_tion and washing
The membrane was placed in a hybridization bottle with a 5-10 ml of pre-
hybridization solution. The hybridization b"otﬂﬂé was put in a hybridization oven at
37°C for 6 h, added the probe and incubétédjbvernight at 37°C. The solution was
decanted and the membrane was washed twice In 2x"SSC for 5 min at room
temperature in the hybridization bottle. The blot was washed twice in 2x SSC with
0.2% SDS for'380 min at 65°C. The blot was again-washed twice in 0.1x SSC for 10
min at room temperature. The membrane was dried and exposed at -80°C with a
Kodak Imaging Film in‘a’Kodak X<Omatic cassette.
2.2.4.4 RNA extraction
Synechocystis sp. PCC 6803 strains were grown in 200 ml of BG-11
containing suitable antibiotics for 3 days. The cells were collected by centrifuging at
2760 g 4°C for 10 min and resuspended in 2 ml hot phenol (65°C).All following steps

were done on ice. A 2 ml of NAES solution was added and aliquoted to 4 tubes
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containing glass beads. The tubes were agitated three times in a bead beater for 20s at
5000 rpm. The samples were centrifuged at 14000g 4°C for 10 min to separate phase.
All following centrifugations were carried out at 14000 g 4°C for 10 min in a
microfuge. The upper phase was transferred to a new tube and extracted twice with
phenol: chloroform. The sample was extracted again with chloroform and the upper
phase was transferred to a new tube. The RNA was precipitated by adding 2 volumes
of chilled 100% ethanol-and-kept at -20°C for-20-min. The pellet was collected by
centrifuging and dried at 37°C.for 10 min. The pellet was resuspended in 250 ul of
DEPC-treated water. The sample was addgd 62.5 pl of 10 M LiCl and incubated at
4°C overnight to remeve DNA. The fdllq_wing day, the pellet was collected by
centrifuging and rinsedawitfi 0.5 ml-of 2'M Li.CI. The RNA sample was resuspended
in 400 pl of DEPC-treated water and precipitated with 2 volumes of 100% ethanol
and 1/10 volume of sodium aCetate. The éarfwﬂble was frozen at -20°C for 20 min,
thawed at room temperature and centrifu‘g-ejd-. The RNA pellet was dried and
resuspended in 50 plof DEPC-treated water. The RNA samples were analyzed in 1%
MOPS agarose gel electrophoresis.
22.4.5RT-PCR

The reverse transcription (RT) PCR was performed according to SuperScript®

Il protocol with following changes.
CDNA systhesis

The RNA samples were first treated with DNase. Five-hundreded ng of RNA
was mixed with 2 pl of random hexamers, 2 pl of 10 mM dNTPs and made up to 13
pl with DEPC-treated water. The sample was incubated at 65°C for 5 min and placed

on ice for 1 min. The sample was further added 4 pl of 5x first-strand buffer, 1 pl of
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0.1 M DTT, 1 ul of RNaseOUT, and 1 pl of SuperScript Il reverse transcriptase and
incubated room temperature for 5 min. The reaction mixture was subsequently
incubated at 55°C for 30 min and heated at 85°C for 10 min. The same reaction was
also performed without enzyme used as a negative control.

PCR

The sphS and psbB cDNA were amplified by PCR with forward and reverse

primers (Table 3).

2.2.5 Characterization ot Synecho_pystis sp. PCC 6803 strains
2.2.5.1 Photoauiotrophie g_rovy_th curve measurements
Starter cultures werg grown 4n 156_ mI_ BG-11 containing suitable antibiotics
for 3 days. Each culture was split inte two 50 ml Falcon tubes and centrifuged at 2760
g for 10 min. The cells were washed twicé and resuspended in 2 ml of phosphate-
limiting BG-11 and an optical density at 730 nm was measured. The cultures were set
up in a volume of 150 mlin BG-11 and phosphate-limiting BG-11 to a starting OD-3
nm Of 0.05. Measurements of the OD730 nm Were taken every 12 h or 24 h and the cells
were diluted to'an OD730 nm Of less than 0.4 for each-measurement.
2.2.5.2 Absorption spéectra
Spectra were collected on'a Jasco V550 WV/Vis.spectrophotometer. Whole
cells were used at an ODggp nm Of 0.4 and scanned from 800 to 400 nm. To correct for
scattering, a piece of cellotape was put on either side of the sample cuvette holder and
the reference cuvette holder such that the cellotape covered the light path. The cuvette

holder was covered before setting up the reference with BG-11 (Hirani et al., 2001)
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2.2.5.3 Alkaline phosphatase assay

Solution 1: 0.2 M Tris-HCI pH 8.5 and 2 mM MgCl..

A culture of 50 ml was harvested by centrifuging at 2760g for 10 min and
resuspended in 1 ml of Solution 1. The OD730 nm Was measured for each resuspended
pellet. A 60 pl of cell suspension wasimixed with 910 pl of Solution 1. The substrate
p-nitrophenyl phosphate was added to a final“concentration of 3.6 mM in a total
volume of 1 ml reaction mixture. The sample was incubated at 37°C for 20 min. The
reaction was stopped by.ihe addition of 150 pl of 4 M-NaOH. Sample was centrifuged
at 13400g for 5 min.and the OD 0 um of; the p-nitrophenol in the supernatant was
measured (Hirani et aly2001). :

2.2.5.4 Phosphate uptake

A 100 ml culture was harvested an‘d:'lwashed twice with phosphate-free buffer
by centrifugation at 2760 g for 10-min. Cellrs_pgllet was resuspended with phosphate-
free buffer to an ODyapnm 0F 0.3. The cell sus-pt;nsion was placed at room temperature
under constant illumination for 30 min. The phosphate uptake was initiated by
addition of K,HPO, to cell suspension. At different time intervals, aliquots were
withdrawn, filtered.through 0:45 jum [cellulose’ acetate filters to remove cells. The
filtrates were collected to determine the phosphaté-concentrations.

2.2.5.5 Chlorophyll extraction

Chlorophyll was extracted from cells with methanol according to MacKinney

(1941). One ml of culture was collected by centrifugation and resuspended in 1 ml of

100% methanol. The sample was mixed thoroughly and the pellet was removed by

centrifugation at 14400 g for 5 min.
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2.2.6 Phosphate concentration measurements
Ammonium molybdate solution: 2.5% (w/v) ammonium molybdate in 3 N H,SO4
Reducing agent solution: 2% (w/v) ascorbic acid

Phosphate concentrations were measured spectrophotometrically using
coloring method modified by Katewa and Katyare, (2003). Five-hundreded pl sample
was mixed with 400 pl of ammonium molybdatesolution, forming phosphomolybdic
acid, and 100 pl of reducing-agent solution was-finally added to develop blue color of

molybdenum blue with an.absoeption maximum at 820 nm.

2.2.7 Calculatiens ;
Estimation of DNA congentration: _

50 pg/ml = Aggonm 0f L for dSDNA

33 pg/ml = Aggg nm Of 1 for sSDNA
Estimation of RNA concentration: s

40 pg/ml = Agsgnm OF 1 for ssSRNA
Estimation of alkaline phosphatase activity:

Arbitrary units (a:u.) = 1000-x Azpo i/t ¥V x OD730 gm
where: t = incubation time (min)

v = cell volume (ml)
Estimation of cell count:

OD730nm 0F 0.25 = 1 x 10° cells (Mayes et al., 1991)

Estimation of chlorophyll concentration:

1 mg/ml = ODgg3 nm Of 82 (MacKinney, 1941)
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RESULTS

3.1 Characterization of the SphS deletion and alanine replacement strains

3.1.1 Bioinformatics analysis of Sph$

A SphS contains 430 amino acids with-a“highly conserved C-terminal region
to PhoR of E. coli but not.atthe N-terminal region (Fig. 8). The PhoR of either E. coli
or B. subtilis contains at least.a transmembrane region at the N-terminus with high
hydrophobicity. By contrasty the primary structure of SphS shows a very low
hydrophobicity at the N-ternimus-as anaiyzed by TMHMM (http://www.cbs.dtu.dk/
servicessTMHMMY/) (Fig. 9). The different databases and programs were also used to
analyze the SphS mainly for transmembrah’é "dq._main, such as, PredictProtein (Rost et
al., 1996), SMART (Letunic et -ak.,2006), T_OE?DOM (Tusnady et al., 2008), SOSUI
(Gomi et al., 2004), InterProScan-(hitp:/www:ebi-ac:uk/Tools/InterProScan/), Pfam
(http://pfam.sanger.ac.uk/). The presence of a transmembrane region was rarely
reported, only PHD prograf from PredictProtein and TOPDOM indicated a putative
membrane-spanning” domain ‘between ‘amino ‘acids 1le-4 and Ile-19 while the
cytoplasmie’ porticn .was- ‘strangly | revealeda ‘PAS/ domain (residues 70-137), a
Histidine' Kinase A (HisKA) domain or Dimerization Histidine phosphotransfer
(DHp) domain (residues 197-261), and a Histidine kinase-like ATPase (HATPase_c)
or Catalytic ATP-binding (CA) domain (residues 307-424) (Fig. 10). This might be a
result of almost programs calculate transmembrane domain on the basis of

hydrophaty. In addition, the result of either SMART or PredictProtein also suggested
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Figure 8 Alignment of protein sequences encoding histidine kinases involved in
phosphate regulation. (A) Alignment of SphS phosphate sensor of Synechocystis sp.
PCC 6083 (S6803), SphS phosphate|sensor.of Synechocaceus:sp. PCC 7942 (S7942)
(Genbank accession“numbei BAAD2454.1)“and PheR phosphate sensor of E. coli K-
12 (Ecoli) (Genbank accession number AAC73503.1). (B) Pairwise alignment of
SphS phosphate sensoriof Synechocystis sp. PCC 6083 (S6803):and'PhoR phosphate
sensor of E. coli (Ecoli). Alignment'was done with CLUSTAL'W 2.0:12 using default
parameters. The conserved His residue that is phosphorylated site in histidine kinases
are indicated in underline.
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Figure 9 The transmembrane helix prediction in phosphate-sensing proteins. The
histidine kinases for phosphate-sensing systems of Synechocystis sp. PCC 6803, (A)
SphS, (B) E. coli, PhoR and (C) B. subtilis, PhoR. The vertical axis is the probability
of transmembrane helix formation and the horizontal bar is amino acid length. The
amino acid sequences were analyzed by TMHMM V 2.0 at http://www.cbs.dtu.dk/

services/ TMHMMY/.
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two low-complexity regions between amino acids Ile-3 and Ile-19 and between Val-
41and Val-51 (data not shown). Deletions at either transmembrane or PAS domain, or
both domains of PhoR lead to constitutive expression of Pho regulon in E. coli
(Yamada et al., 1990; Scholten et al.,, 1993). In contrast, the removal of
transmembrane domains of PhoR does not alter the expression pattern of alkaline
phosphatase in B. subtilis (Shi & Hulett:,/1999). To test whether Synechocystis sp.
PCC 6803 cells need the N-terminal region or-not;-the deletions and Ala substitutions

at the N-terminus were performed. using oligonucleotide-directed mutagenesis.

3.1.2 Construction of the SphS d‘ele.'_[ion and alanine substitution strains

An E. coli strain CJ236 carrying‘ _pTZsII0337 has been created previously,
which was used to introduce,  'base Substitutions into start codon of sphS
(Juntarajumnong, 2007c). The oIigonucleoti:“cle‘ﬁairected mutagenesis was also done to
introduce deletions and Ala substitutions i‘nt'c.)~ Ehe extended N-terminal region of the
SphS, the oligonucléotide sequences were shown in Table 1. The mutated pTZsll0337
was transformed into Synechocystis sp. PCC 6803 ASphS strain. The transformed
cells were then“plated onto BG-11agar containing-25 pg/ml of kanamycin, resulting
of eight deletion and two Ala substitution strains(Fig. 11). All ten,strains were done
colony PCR usingthe sphS primer pair (Table 2) to verify.compléte segregation of the
mutated sphS with an expected band of 2.8 kb comparing to ASphS strain with an
expected band of 2.36 kb (Fig. 12). The PCR product of each mutant was further

sequenced to confirm the correctly mutated strain (data not shown).
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LLTGLPDTQE

-. PAS DHp CA -

419 70 137 197 261 307 424

1 MEITITLAIGG ATIGFGIGAIE RFRILNNKIKK LLTGLPDTQE VSHSLSLVSL 50 wild type
MEIITLA--— —-———-— IGAIE REFRINNKIKK LLTGLPDTOE VSHSLSLVSL A(IB-G15)
ME-—-—=-——-=-=- -—---—--SSSTC = LNNKIKK LLTGLPDTQE VSHSLSLVSL A(I3-R23)
ME-——=—=== ———————oliSF = =~ 1 ~LTGLPDTQE VSHSLSLVSL A(I3-L31)
ME-———-————- ——— T i EF- - AR s LSLVSL A(I3-844)
ME-——=———= ————-——giliS_ JF— B F— = SRSt S e~ —————— L A(I3-549)
MEIITLAIGG AIGFGIGALE RFRLNNKIKK LLTGLPDTQE ----LSLVSL A(V41-544)
MEIITLAIGG AIGFGIGAIE RERLNNKIKK LLTGLPDTQE ———---—-— LVSL A(V41-5846)
MEIITLAIGG AIGFGIGAIE RFRLNNKIKK LLTGLPDTQE --———-——--L A(V41-549)
MEIITLAééé AIGFGIGAIE RFRLNNKIKK K LLTGLPDTQE VSHSLSLVSL I8A,G%A,G10A
MEIITLAIGG AIGFAAGAIE RERLNNKIKK VSHSLSLVSL Gl5A,I16A

Figure 11 Amino acid deletions and substitutions in the N-terminus of the SphS.
The amino acid sequences are shown with'il_‘n’ 1-50 amino acids with dash represents
deleted amino acid and underlirie-fetter indicates substituted amino acid.
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Figure 12 PCR de nstrating complete seg? a‘f‘—‘{ntroduced mutated sphS
genes. (A) Genomic QﬂA map showing t gion ofJ1e sphS (sl10337) gene with
the kanamycin- reS|stance cassette used as selectable marker. Diagram shows sphS, the
kanamycin-re ? gjﬁﬁ"m e cassette of the sphS
deletion (AS Sﬁl mtﬁ ﬁ\ Eﬁﬁﬁzck box, respectively.
Short arrows ‘indicate the p05|t n of the PCR primers. q_SB) Agarose gel

o15 (e 3, A28 (e gy nerid v

(lane 6) A(v41-S44) (lane 8), A(V41-S46) (lane 9), A(V41-S49) (lane 10),
I8A,G9A,G10A(lane 11) and G15A,116A (lane 12).
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3.1.3 Measurement of growth and alkaline phosphatase activity

It has been shown that mutations at sphS, sphR or sphU, do not alter
photoautotrophic growth rate of Synechocystis sp. PCC 6803 under either phosphate-
sufficient or-limiting conditions, as well as the SphS control strain (Hirani et al.,
2001; Juntarajumnong et al., 2007b,. ¢). All ten constructed mutants also showed
similar growth rate measured by the optical density at 730 nm, as wild-type and SphS
control strains (Fig. 13, not-showed all-mutanis).-Ihe alkaline phosphatase activity of
each strain was measuredsspectrophotametrically at 400 nm, which showed no up-
regulation of alkaline phosphatase in A(I37R23), A(13-L31), A(13-S44) and A(13-S49)
mutants (Fig. 14A). All of those mutanté lalc_:ked a region between amino acids 3-19
which could be a membrane-spanning domain or low-complexity region, indicating
that this region was important for regulation of the Pho regulon. Internal deletions of
the two low-complexity regions-were perférrﬁgd, resulting in A(I8-G15) at the first
low-complexity region (residues 3-19) and A(V4-1-844), A(V41-5S46) and A(V41-549)
at the second low-complexity region (residues 41-51)." The results revealed no
significant effect of alkaline phosphatase expression in the mutations at the second
low-complexity’ region; while alkaline' phosphatase was: constitutively expressed in
A(I8-G15) strain even when grownainder phosphate-sufficient conditions (Fig. 14B).
However, the A(I8-G15) strain ‘stifl responded t0 phosphate' limitations as well as
under phosphate-sufficient conditions. The exhibited alkaline phosphatase activity
was 66% under phosphate-sufficient conditions whereas the alkaline phosphatase
activity was increased equally to that observed in control cells under phosphate-
limiting conditions. These might point out that the regulation of the Pho regulon of

SphS need the function of membrane-spanning domain rather than low-complexity
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region. The essential function of amino acids between lle-8 and Gly-15 was further
studied by alanine-scanning mutagenesis, however, only alanine replacement at amino
acids 8-10 (I8A,G9A,G10A) and 15-16 (G15A,116A) were obtained. The results of
alanine-scanning showed that alkaline phosphatase of both replaced strains were
similar to SphS control strain (Fig. 14C). The ASphS and ASphU strains were used as
negative and positive controls for alkaling’ phosphatase expression, respectively.
These results suggested that-the internal'deletions-at-second low-complexity region of
SphS, A(v41-S44), A(V41=S46) and A(V41-S49), and alanine substitutions at first
low-complexity regionsof SphS; I8A,GQA_,lG10A and G15A,116A, did not affect the

regulation of Pho regulen. -
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Figure 13 Photoautotrophic growth of the A(I8-G15) and control strains.
Photoautotrophic growth measured by the optical density at 730 nm of A(I8-G15)
mutant (squares) and SphS control strain (circles). Cells were grown in BG-11 (white
symbols) and phosphate-limiting BG-11 (black symbols). Note, the other mutants had
photoautotrophic growth similar to A(I8-G15).
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control A(3-R23) A(I3-L31) A(I3-544) A(I3-549)
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Figure 14 Alkaline phosphatase activity in SphS mutants. Cells were grown in
BG-11 (white bars) and in phosphate-limiting BG-11 (black bars). Data are the
average = the standard error of three independent experiments. Note the difference in

the scale on Y-axis for Fig. 14C.
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3.1.4 Verification of the sphS expression in each mutant by RT-PCR

The RT-PCR was also performed to verify that the mutations did not affect the
expression of sphS in which some mutated strains lacked alkaline phosphatase
induction. The total cDNA synthesis was carried out with random hexamers and
specific amplification of sphS was done subsequently by PCR with RT-PCR primers
(Table 3). These experiments included ‘the<Co-expression of psbB, constitutively
expressed gene for chlorephyl-binding protein-(Eaion-Rye & Vermaas, 1991), used
as a positive control. A«negative control for each strain was also included,
demonstrating that there was no DNA glontamination in the RNA samples. The
expected PCR products'of sphS$ and psbB are 0.35 kb and 0.66 kb, respectively (Fig.
15). The ASphS straing however, showed_only pshB PCR product at 0.66 kb (Fig.
15B, lane 1 & 10). Transcription, 6f sphS In each mutant was similar to that of the

- 44

control strain.

3.1.5 Construction of the SphS deletion: ASphU double mutation strains

The sphU (slrO741) encoding a negative regulator has been cloned and
interrupted by insertion-of chloramphenicol-resistance cassette previously, pAslr0741-
cam® . In addition, it also has been transformed-into Synechocystis sp. PCC 6803,
resulting in' ASphU'strain’ (Juntarajumnong et al., 2007b)..Both of them were obtained
from laboratory stocks and pAslr0741-cam® was checked by restriction enzyme
digestion. The Not | digest yielded fragments of 3.8 kb and 2.9 kb, while Nco | digest

yielded fragments of 3.2 kb, 1.6 kb, 1.1 kb and 0.85 kb (Fig. 16).
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SphS [E—
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Figure 15 RT-PCR an'lalysis of sphS expression. (A)-Diagram shows open reading
frames (bold lines) and «DNA (thin long arrows) for psbB and sphS. Short arrows
indicate primers used for PCR' (B) Gel shows PCR products indicating psbB and sphS
expression; ‘‘+2and"“~*indicate the presence and-absence of reverse transcriptase,
respectively, with 1kb plus DNA marker (lane M), The strains arer ASphS (lane 1 &
10), SphS*control (lane 2 & 9), A(I8-G15) (lane 3),  A(13-R23)+(lane 4), A(13-L31)
(lane 5),.A(13-S44) (lane 6), A(13-S49) (lane 7), A(V41=S46) (lanc™8), A(V41-544)
(lane 11), A(V41-S49) (lane 12), IBA,G9A,G10A (lane 13) and G15A,116A (lane 14).
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One mutant lacking negative regulation, A(I8-G15), and four mutants lacking positive
regulation, A(13-R23), A(13-L31), A(13-S44) and A(13-S49), were transformed with
pAslr074l-CamR plasmid, resulting in A(I8-G15): ASphU, A(I3-R23): ASphU, A(I3-
L31): ASphU, A(13-S44): ASphU and A(13-S49): ASphU. The mutants were grown on
BG-11 plates containing 25 pg/ml of kanamycin and 15 pg/ml of chloramphenicol. In
order to confirm the homozygosity of these sirains, colony PCR was done using
slr0741 forward and reverse-primers (Table 2).-Figure 17 shows that sphU gene in
each mutant was completely segregaied showing a 3.9 kb band while a 1.8 kb band
was obtained from SphS‘conirolsirain.

3.1.6 Measurement.of alkaline pﬁosp_hatase activity

The ASphU strain constitutively expresses Pho regulon, indicated by alkaline
phosphatase activity in which acCktivity unde; p‘ﬁ'bsphate-sufficient conditions is higher
than that under conditions of phosphate Iihiféﬁbn (Fig. £4C; Juntarajumnong et al.,
2007b). Therefore, this strain was used as a positive control. The A(I8-G15): ASphU
mutant exhibited constitutive alkaline phosphatase activity which was higher than
A(18-G15) ~2-fold either under phosphate-sufficient or phosphate-limiting conditions
(Fig. 14B, Fig. 18) while the other four double mutation strains,zA(13-R23): ASphU,
A(13-L31): 'ASphUj 'A(13-S44): ASphUrand A(13-849):! ASphU, ‘still-lost the positive
function to up-regulate the Pho regulon in response to phosphate-limiting conditions

(Fig. 18).
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Figure 17 PCR demonstratmg comp*lgfg-.segregatlon of the gene encoding
chloramphenicol- reslstance cassette in the ASng, SphS deletion: ASphU
strains. (A) Diagra ."ov_v"i—i'“ﬁ%-"ﬁ—"‘iu— sphU (white box) interrupted
by chloramphenicol-resistance cassette (black k ) a1; Bgl 1l site. Short arrows
indicate the position of the PCR primers. (B) Agarose‘gel electrophoresis with 1 kb
Plus DNA marker (lane¢ M), SphS contrels(lane 1), ASphU (lane 2), A(I8-G15):

i:glﬁg ((||::: @%ﬁj @) ﬁhﬂj‘j& ? %‘Q%f'} ﬂSﬁU (lane 5), A(13-S44):
AR mﬂm URIAINYIAY
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Alkaline phosphatase (a.u.)
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control | ASphU  A(8-G15): A(3-R23): A(3-L31): AQ3-SH): AQ3-S49):
T ASPHU—ASPHU ASphU  ASphU  ASphU

Figure 18 Alkaline phosphatase activity in SphS deletion: ASphU double
mutation strains. Cells were grown in BG-11 (white bars) and in phosphate-limiting
BG-11 (black ibars). Data are the average & the standard error of three independent
experiments.
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3.2 Characterization of the APstl and APst2 strains

The Pst system is required for Pho regulon control in E. coli, while
Synechocystis sp. PCC 6803 possesses 2 Pst systems. The pstl operon consists of
sphX, pstS1, pstC1, pstAl, pstB1l and pstBI°, and the pst2 operon consists of pstS2,
pstC2, pstA2, and pstB2 (Fig. 19). Both.operons are up-regulated in Synechocystis sp.
PCC 6803 after phosphate limitation expostire in which the pstl is rapidly increased
expression levels while the psi2 takes a'longer-time-(Suzuki et al., 2004). In contrast
to other cyanobacteria whieh their genome sequences have been reported, all other
cyanobacteria posses oaly oné pst system. Whether Pstl or Pst2 system is required as

in E. coli, deletion of each operon was-created.

> ) >
——" H)y = -y -
< <
slr0791 slo679 si0680  s0681 "~ sll0682 5110683 sll0684  sll0685
sphX pstS1 pstC1 pstAl  pstBl. pstBl’
> >
< <
sll1154 slri247 ste1248 slr1249  slr1250 ¢ slri251

pstS2 pstC2  pstA2  pstB2

Figures19 Diagram showing genomic map indicates pstl and-pst2 operons. (Top)
The pstl-operon contains six open reading frames. (Bottom) The pst2 operon contains
four open reading frames. The open reading frames of genes in pst operons are
demonstrated in black arrows and the genes located upstream and downstream of pst
operons are indicated in white arrows. Short arrows indicate the position of the PCR
primers.
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3.2.1 Construction of the APstl and APst2 strains

The 6.3 kb fragment containing six genes of pstl was replaced with a 1.8 kb
spectinomycin-resistance cassette, yielding APstl strain. Similarly, the 3.9 kb
fragment containing four genes of pst2 was replaced with a 1.2 kb kanamycin-
resistance cassette, resulting in APst2 strain.

A 2.1 kb upstream fragment and a 2:3/kb.downstream fragment of pstl operon
were amplified by PCR and-ligated to pGEM® T-easy; producing pUpst1 and pDpst1,
respectively (Fig. 20A, 20B).~A 2.0 kb spectinomycin-resistance cassette form
pTrunc-spect was inseitéd into/Nde 1 site ‘Qf pDpst1, resulting in pDpstl-spec® (Fig.
20C). A 4.1 kb downstream of pstl-spéctilnomycin-resistance cassette fragment of
pDpst1-spec’, obtaineddfrom Sph | digest,_qu introduced into pUpstl at Sac | site,
yielding a 9.3 kb pApsti-spec” plasmid (Fig. 20D). On the pApstl-spect construct,
spectinomycin-resistance cassette was replaﬁ:edﬂ"between -19 bp upstream of the ATG
start codon of sphX and 38 bp downstrearh b-fjt-he TAA Stop codon of pstBI’ in the
same orientation as the pstl operon.

In the same manner, a 2.1 kb upstream fragment and a 2.5 kb downstream
fragment of pst2 operon were amplified by RCR and /ligated to pGEM® T-easy,
producing pUpst2 and pDpst2, respectively (Figs21A, 21B). A31:2 kb kanamycin-
resistance cassette Was'inserted into Nsi I'site of pUpst2,-creating pUpst2-kan® (Fig.
21C). A 3.2 kb upstream of pst2-kanamycin-resistance cassette fragment of pUpst2-
kan®, obtained from Apa I-Stu | double digest, was introduced into pDpst2 at Bsm |
site, yielding an 8.6 kb pApst2-kan® plasmid (Fig. 21D). On the pApst2-kan®
construct, kanamycin-resistance cassette was inserted between -220 bp upstream of

the ATG start codon of pstS2 and 86 bp downstream of TAG stop codon of pstB2. All
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) _Upstream pst1
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‘( T Pst 1 (2240)
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Pst 1(6240)0™ »
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DowpStream psti’ " BamHI (408)

Pst 1(4050)

Figure 20 Plasmid maps of pUpsti, pDpstly pDpstl-spec” and pApstl- spec®. (A)
The pUpstl plasmid, the‘Upstream; fragment of pstl was ligated into pGEM® T-easy
vector. (B) The pDpstl plasmid; the downstrgam fragment of pstl was ligated into
PGEM® T-easy vector. (C) The pDpstl- speER plasmld the spectlnomycm resistance
cassette was inserted in the pDpsil at Nde 1 site. (D). The pApst1- spec” plasmid, the
Sph I digested product containing downstream of pstl and spectinomycin-resistance
cassette fragment was‘inserted in pUpstl at Sac | site. The gray arrows indicate open
reading frame of amp|C|II|n -resistance cassette. The upstream and downstream
fragments of pstl are shown in black arrows with indicated text. The white arrows
represent spectinomycin-resistance. cassette.-The numbers.in_parentheses indicate the
positions of the restriction enzyme sSites in the plasmids.
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Figure 21 Plasmid maps of pUpst2 prstZ pUpst2-kan® and pApst2-kan®. (A)
The pUpst2 plasmid, the upsiream fragment of pst2 was ligated into pGEM® T-easy
vector. (B) The pDpst2 plasmid,“the down’stream fragment of pst2 was ligated into
PGEM® T-easy vector. (C) The pUpst2-kar kan’ plasmid, the kanamycm -resistance
cassette was inserted in the pUpsi2 at Nsi }_sgq_te_ (D) The pApst2-kan™ plasmid, the
Apa [-Stu | double "digest produ(:t containing upstream of pst2 and kanamycin-
resistance cassette fragm@nrwas—msgrted—m—prstZ—ar Bsm | site. The gray arrows
indicate open readmg frame of ampicillin-resistance cassette. The upstream and
downstream fragments-of pst2 are shown in black arrews with indicated text. The
white arrows represent Kanamyecin-resistance cassette. The numbers in parentheses
indicate the pasitions of the restriction‘enzyme sites in the plasmids.
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plasmids were confirmed by digesting them with restriction enzymes (data not
shown).

Both pApstl-spec® and pApst2-kan® plasmids were transformed into
Synechocystis sp. PCC 6803 wild-type strain and transformants were plated on BG-11
containing 25 pg/ml of spectinomycin and 25 pg/ml of kanamycin, respectively. In
order to verify the homozygosity of both transformed strains, a Southern analysis was
carried out.

The 2.1 kb upstream pstl product from PCR was digested with Ban I,
resulted in two bands of 1.5/kband 630‘. b_p fragments. The 630 bp fragment located
between nucleotides -649 and =20 bp upétrjeam of the ATG start codon of sphX was
chosen as a probe for Seuthern analysis tc‘;»_ideptify the homozygosity of APstl strain.
Similarly, the 2.1 kb upstream of pst2 pro_d_qét from PCR was double digested with
EcoR I and Hpa I, resulted in three bands 0%- 1 kb 695 bp and 400 bp fragments. The
695 bp fragment located between nucleotidéé‘;;flé? and -433 bp upstream of the ATG
start codon of pstS2 was used as a probe for Southern analysis to identify the
homozygosity of APst2 strain.

To perform a Southern analysis, .genomic BDNA aof both wild-type and APstl
strains were extracted and incubated with Hind Il The expecteds4:1 kb of wild type
and 3.1 kb'of APstl were obfaitied ifi"Figure 22 For 'APst2 ideéntification, genomic
DNA of both wild-type and APstl strains were extracted and digested with Ban II.

Figure 23 shows a 4.1 kb band in wild type and a 2.2 kb band in APst2 as expected.
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bold line. (B) Southern blot of wild type and APst1. Genomic DNA was digested with
Hind 111 and probed with a 630 bp fragment.
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3.2.2 Measurement of growth and absorption spectra

Synechocystis sp. PCC 6803 wild-type, APstl and APst2 strains were grown in
either BG-11 or phosphate-limiting BG-11 containing suitable antibiotics and
measured growth, pigment contents, alkaline phosphatase and phosphate uptake.
Figure 24 shows that the absence of Pstl or Pst2 system did not affect growth rate.
The whole cells spectra corresponding to pigment contents also were not altered when
Pstl or Pst2 system was absent (Fig. 25). The cell-spectra of 3 day-old cultures were
severely decreased, however; the absorption maxima at 440 nm and 680 nm, due to
chlorophyll a, and a peak at 620 nm, d“?, to phyeobillins, still could be seen (Fig.

25B). -

10

OD at 730 nm

0.01 T . T
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Figure 24 Photoautotrophic growth of the APstl and APst2 strains.
Photoautotrophic growth measured by the optical density at 730 nm of APstl
(triangles), APst2 (squares) and wild type (circles). Cells were grown in BG-11 (white
symbols) and phosphate-limiting BG-11 (black symbols).
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Figure 25 Absorption spectra of whole cells. Cells of wild type (solid lines), APstl

(dot lines) and APst2 (dash lines) grown in (A) BG-11 and (B) phosphate-limiting
BG-11 for 3 days.
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3.2.3 Measurement of alkaline phosphatase activity

As mentioned above, E. coli needs Pst system to form inhibition complex with
a negative regulator, PhoU, and a histidine kinase, PhoR, while Synechocystis sp.
PCC 6803 possesses two Pst systems. The alkaline phosphatase assay was carried out
in each deletion strains to identify which system is required for the Pho regulon
control. Figure 26 shows the alkaline phosphatase activity in APstl and APst2 strains,
compared with wild type.-The APstl ‘constitutively expressed alkaline phosphatase
even grown in phosphaie-sufficient | conditions and increased in response to
phosphate-limiting coaditions. /By contrast, the APst2 had alkaline phosphatase
activity similar to that.observed in wild fypg_, suggesting Pst2 system is not required
for control of the Phosregulon. The levél_s qf alkaline phosphatase in APstl were
~70% under phosphate=sufficient conditions and shifted up to ~100% under
phosphate-limiting conditions, cempared ?to‘ JJthat observed in wild type under
phosphate-limiting conditions. These resulfs éhéWed that only Pstl system is required
for inhibition of Pho fegulon expression under phosphate-sufficient conditions and

Pst2 system is not involved in regulation of Pho regulon.

3.2.4 Construction of APstl: ASphU and-APst2: ASphUidouble mutation

strains

Both APstl and APst2 strains were further transformed with pAslr0741-CamR to
inactivate sphU. Transformants were plated on BG-11 agar containing 25 pg/ml of
spectinomycin and 15 pg/ml of chloramphenicol for APstl: ASphU strain while BG-
11 agar containing 25 pg/ml of kanamycin and 15 pg/ml of chloramphenicol for

APst2: ASphU strain. Verification of the complete segregation of the chloramphenicol-
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Figure 26 Alkaline phosphatase.activity in APstl and APst2 strains. Cells were
grown in BG-11 (white bars)'and in phosphgte-limiting BG-11 (black bars). Data are
the average * the standard error.of three independent experiments.

resistance cassette inserted sphU in each strain was performed by colony PCR. The
result in Figure 27 demonstrates that sphU gene in each mutant was completely

segregated showing a 3.9-kb band while a 1.8 kb band was obtained from wild type.

3.2,5 Measurement of alkaline phosphatase activity

Figure 28 shows' the “alkaline phosphatase activity of APstl: ASphU and
APst2: ASphU strains under phosphate-sufficient and phosphate-limiting conditions,
compared with wild type and ASphU. All three mutated strains had a similar alkaline
phosphatase pattern, the activity under phosphate-sufficient conditions was higher

than under phosphate-limiting conditions.
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Figure 27 PCR demgnstrating complete segregation of the gene encoding
chloramphenicol-resistance cassette In the APstl: ASphU and APst2: ASphU
strains. (A) Diagram-showing genomic.map indicates sphU (white box) interrupted
by chloramphenicol-regiStance/ cassette (black hox) at Bgl Il site. Short arrows
indicate the position of the PCR primers' (B) Agarose gel electrophoresis with 1 kb
Plus DNA marker (lane/M); wild type (lane l) ASphU (lane 2), APstl: ASphU (lane
3) and APst2: ASphU (lang 4). -
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Figure 28 Alkaline phosphatase activity in APstl: ASphU and APst2: ASphU
double mutation strains. Cells were grown in BG-11 (white bars) and in phosphate-
limiting BG-11 (black bars). Data are the average + the standard error of three
independent experiments.



68

3.2.6 Construction of SphS deletion: APst1 strains

The results above showed that the A(I8-G15) SphS and APstl strains
constitutively expressed alkaline phosphatase ~66% and ~70% when cells grown
under phosphate-sufficient conditions, respectively, compared to that observed in wild
type under phosphate-limiting conditions (Fig. 14, 26). Double mutation at both
regions was created by transforming pApstl-spect into A(I8-G15) SphS strain,
designated A(I8-G15): ARstl strain. The mutant-earrying a mutation at the second
low-complexity region of SphSyA(V41-S46) SphS, and the mutant carrying a deletion
of the whole putative wansmembrane regign, A(I3-R23), were also transformed with
pApst1-spec®, creating A(V41-846): APsti apd A(I3-R23): APstl strains, respectively.
The multiplex PCR .was: carried out‘_to _illustrate the homozygosity of the
spectinomycin-resistance cassette inserted pstl in each strain. A single band of 2.0 kb
showing complete segregation 0f spectinorﬁjyc‘i"lh':-resistance cassette either A(I8-G15):
APstl, A(VA1-S46)APSH or A(I3-R23): APstl Siraing while the wild type and

mutants carrying a native pstl operon showed two bands 0f 0.86 and 1.0 kb (Fig. 29).

3.2.7 Measurement of alkaline phasphatase activity

Alkaline phosphatase activity of A(I8-Gl5): APstl double mutation strains
was not'significantly different from that obtained from ‘both 'single.mutation strains
(Fig. 14, 26, 30). The A(I8-G15): APst1 mutant exhibited alkaline phosphatase~ 50%
under phosphate-sufficient conditions and increased to ~100% under phosphate-
limiting conditions. Mutation at Pstl system in A(V41-S46): APstl mutant elevated
level of alkaline phosphatase to ~60 % under phosphate-sufficient conditions but not

under phosphate-limiting conditions, compared to that observed in wild type under
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phosphate-limiting conditions. However, no alkaline phosphatase was observed in

A(13-R23): APst1 under both conditions (Fig. 30).

slr0791 wsll0679 Jvll06870' sil0681 sll0682 sll0683 sll0684 sll0685

APstl

Figure™2% tPCR <tlemonstrating icomplete™segregation <of the® gene encoding
spectinomycin-resistance cassette‘in-the A(I3-R23): APstl, A(I8-G15): APstl and
A(V41-S46): APstl double mutation strains. (A) Diagram showing genomic DNA
maps indicates pstl operon (top) and spectinomycin-resistance cassette replacement
(bottom). The open reading frames of genes in pstl operons are demonstrated in black
arrows and the genes located upstream and downstream of pstl operons are indicated
in white arrows. The gray arrow represents spectinomycin-resistance cassette. Short
arrows indicate the position of the PCR primers. (B) Agarose gel electrophoresis with
1 kb Plus DNA marker (lane M), wild type (lane 1), APstl (lane 2), A(I8-G15) (lane
3), A(I8-G15): APstl (lane 4), A(V41-S46) (lane 5), A(V41-S46): APstl (lane 6),
A(13-R23) (lane 7) and A(I3-R23): APstl (lane 8).
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Figure 30 Alkaline phosphatase activity in A(I8-G15): APst1, A(V41-S46): APstl
and A(I3-R23): APst1 double mutation strains. Cells were grown in BG-11 (white
bars) and in phosphrate-limiting BG-11 (black bars).-Data are the average + the
standard error of threesthdependent experiments
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3.3 Phosphate uptake

The presence of two Pst systems but Pit system is absent in Synechocystis sp.
PCC 6803. Therefore, in this study the APstl was used to study the phosphate uptake
kinetics of Pst2 system and in the same manner, the Pstl system was Kinetically
studied in the APst2. Both of the Pstl and Pst2 systems are members of ABC (ATP-
binding cassette) transport superfamily, consisting of periplasmic phosphate-binding
protein(s), transmembrane.or-perimease proteins-and-ATP-binding protein(s). Amino
acid sequence alignments_between Pstl and Pst2 systems showed that the phosphate-
binding proteins, SphXXsand PstS1 in Pstl system and PstS2 in Pst 2 system, had low
identity and similarityswhile the others,: permease and ATP-binding proteins, had

higher ~50% identity and ~70% sim#arity“in both of them (Fig. 31 and Table 4).

3.3.1 Kinetics of phosphate transp(;r'[‘"lih wild type

Synechocystis sp. PCC 6803 wild-t‘yﬁner(-:ells werg grown in either BG-11 or
phosphate-limiting BG-11 for 1 day. Cells were collected and resuspended in
phosphate-free HEPES-KOH buffer pH 7.5. The K;HPO, solution was added to be
150 pM in the cell suspension to initiate phosphate uptake. The cells grown in
phosphate-sufficient conditions (BG-11) showed no apparent; phosphate uptake
activity while cells'grown in phosphate=limiting canditions’'exhibited.a linear increase
in phosphate uptake during 30 min (Fig. 32). The phosphate uptake activity depended
on concentrations of phosphate which showed saturation kinetics. Under phosphate-
limiting conditions, double-reciprocal plots yielded a Ky, of 80.67 uM and maximum

velocity (Vimax) of 3.12 umol/ min/ mg chlorophyll a for wild type (Fig. 33).
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Table 4 Comparison of amino acid sequences between protein homologs of the

Pst1 and Pst2 systems®.

% ldentity % Similarity

Pi-binding protein (Periplasm)

37

SI10679 (SphX) : sn/ / N 41

S110680 (PstS1) : 57
Permease (Transmemb

S110681 (PstC1) : 67
S110682 (PstAl) : 68
ATP-binding protei

S110683 (PstBl) S110684.(PstB1°) 84

NIN EJ na

S110683 (PstB1): S ur1250?Pst82§] 73

snwsﬂpﬁﬂ @ﬂﬂﬁm ll Vi ’] ’J‘Eaﬂ E] ’] ﬂ E.I?o

*The deduced amino acid sequences of the subunits were analyzed using BLASTP
(Altshul et al., 1997)



76

80

Pi uptake (umol/ mg Chl a)

0 10 20 30
Time (min)

Figure 32 Phosphate uptake in Synechgéystis sp. PCC 6803 wild-type cells. Cells
grown in BG-11 (white' circles) or phesphate-limiting BG-11 (black circles).
Phosphate uptake was measured at 150 uM. Data are the average * the standard error
of three independent experiments. o B
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Figure 33 Kinetics of phosphate uptake in Synechocystis sp. PCC 6803 wild-type
strain. (A) Saturation curve of phosphate uptake into wild-type cells. (B) Double-
reciprocal plot of phosphate uptake into wild-type cells. Cells grown in phosphate-
limiting BG-11.
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3.3.2 Effect of metabolic inhibitors and phosphate analogs on phosphate

transport

Bioinformatics analysis suggested both Pst systems are members of ABC
transport superfamily which use energy directly from hydrolysis of ATP to drive
substrate transport through membrane, The photosynthetic Synechocystis sp. PCC
6803 obtains energy from light and produces/AFP, therefore, the phosphate uptake of
Synechocystis sp. PCC 6803 -was half reduced-under dark conditions (Table 5).
Similar results were foundswhen cells were incubated with a specific photosynthesis
inhibitor, DCMU, orKCN, /as CN". _known to inhibit both respiration and
photosynthesis. The presence of varioésj ion-gradient dissipating agents slightly
affected phosphate uptake which reduced'!710-2_0% of phosphate uptake, compared to
that observed in the absence of inhibitor;_;-:fl'_He uptake of phosphate was extremely
reduced in the presence of ATP=synthetic il;}hi’l')jfni‘tor, CCCP, remaining activity ~25%,
as well as the presénce of N-ethylmaleir.r.-li"agnétrongly reduced activity to ~30%.
Phosphate analogs, Na;AsO, and Na\VVOs, were selected as phosphate competitors for
phosphate uptake. The phosphate uptake was significantly reduced ~30% when either
Na,AsO, or NavVQs was present. Fhelinhibition of both/ phosphate analogs was not
concentration dependent as increasing the concentrations of beth analogs did not

increase the mhibition of phosphate‘uptake activity'(data not shown).
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Table 5 Effect of metabolic inhibitors, incubation in the dark and phosphate
analogs on phosphate uptake in Synechocystis sp. PCC 6803°.

Treatment Phosphate uptake (%)
Control 100 + 2
Dark 48 £5
DCMU 20 pM® 51+6
KCN 5 mM 54+3
Na ionophore 10 pM 91+4
Gramicidin10 uM 80+3
Valinomycin 20 pM 77+4
Amiloride 20 pM 77+5
Monensin 20 pM 69 + 4
DCCD 40 pM° 91+6
NaF 1 mM 93+5
CCCP 40 pM° 23+6
N-ethylmaleimide 1 mM 31+6
Na,AsO4 20 UM 72+4
NaVO; 20, uM 74+6

®Cells were preincubated with inhibitors for 30 min before the addition of K,HPO, to
initiate uptake at 70 uM. Data are the mean of three experiments + SD. °Cells were
preincubated with inhibitors for 2 min before assays.
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3.3.3 Effect of external pH on phosphate transport

Phosphate transport in a cyanobacterium Synechococcus sp. PCC 9742 has
been reported that the kinetic parameters at either pH 7.5 or pH 10 were not
significantly different (Ritchie et al., 1997). In this study phosphate uptake was
performed at different pH values from pH 5 to 11 using 25 mM each of MES-KOH
(pH 5.0-6.0), HEPES-KOH (pH 7.0-8.5) and.ethanolamine-KOH (pH 10.0-11.0).
Figure 34 shows a broad-activity of-phosphatie-uptake under alkaline conditions
ranging from pH 7 to 10+ The phosphate uptake activity was demolished at acid
conditions and strong_alkaline conditions._l In addition, phosphate uptake activity in
either HEPES-KOH o TrissHCI was sirriilar_, suggesting buffer species had no effect

on phosphate uptake.
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Figure 34 Effect of external pH on phosphate uptake in Synechocystis sp. PCC
6803. Cells were preincubated in MES-KOH (pH 5.0-6.0), HEPES-KOH (pH 7.0-8.5)
and ethanolamine-KOH (pH 10.0-11.0). Phosphate uptake was measured at 70 pM.
Data are the average + the standard error of three independent experiments.
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3.3.4 Effect of divalent cations on phosphate transport

Phosphate uptake in cyanobacteria showed a specific cation requirement, such
as Ca’*, Mg®* and Sr** (Rigby et al., 1980; Ritchie et al., 1997). The effect of such
divalent cations on phosphate uptake was tested by adding of CaCl,, CaSO,4, MgCl, or
MgSO, 0.5mM into uptake sample. However, the phosphate uptake activity was not
different when the CaCl, or CaSO, was present«(data not shown). In the presence of
MgCl, or MgSO,, phosphate-uptake was significantly increased ~30% after 20 min
and shown to be decreasgdto_ihe same as control when the sample was added with
ion chelator, EDTA (Fig. 35). Ihese resultjs suggested that the anions, CI” and SO4%,

had no effect on phosphate uptake in Synéchocystis sp. PCC 6803.

Pi uptake (umol/ mg Chl a)

0 L L] T
0 5 10 15 20
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Figure 35 Effect of Mg®" on phosphate uptake in Synechocystis sp. PCC 6803.
Cells were preincubated in HEPES-KOH buffer pH 7.5 (circles), HEPES-KOH buffer
pH 7.5 containing 0.5 mM MgSO, (squares) and 0.5 mM of each MgSO, and EDTA
(triangles). Phosphate uptake was measured at 70 puM. Data are the average + the
standard error of three independent experiments.
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3.3.5 Effect of osmolality on phosphate transport

The presence of NaCl could generate ionic stress and osmotic stress. To test
whether ionic stress or osmotic stress affected phosphate uptake, experiments were
performed by varying the concentrations of NaCl, sorbitol, and the combination of
NaCl and sorbitol with a fixed osmolality equivalent to 100 mOsmol/ kg. Figure 36
shows that ionic stress imposed by NaClsstimulated phosphate uptake whereas
osmotic stress imposed hy-sorbitol reduced phosphate uptake. The osmolality of 100
mOsmol/ kg contributed.solely by sorbitol caused ~50% reduction in phosphate
uptake. However, incrgasing the concentration of NaCl while keeping the osmolality

at 100 mOsmol/ kg led0 a progressive inbrease of phosphate uptake.

3.3.6 Kinetics of phosphate transport in APstl strain

Alkaline phosphatase gene {phoA), bstiﬂ"'and pst2 operons were reported to be
involved in Pho regulon (Suzuki et al., 20074)‘.-Aé mentioned above, Synechocystis sp.
PCC 6803 APstl strain constitutively expressed alkaline phosphatase (Fig. 26). This
strain also had phosphate uptake activity constitutively. Similar to alkaline
phosphatase activity, cells grown under both conditions exhibited a linear increase in
phosphate uptake during 30 min inswhich cells under phosphate=limiting conditions
took phasphate up'more!than: cells' under phosphate-sufficient ‘conditions (Fig. 37),
however, the uptake rates under both conditions were very lower than wild type (Fig.
32). These also showed saturation kinetics under either phosphate-sufficient or
phosphate-limiting conditions. Double- reciprocal plots yielded a K, of 0.13 and 0.18
uM and a Vpyax Of 0.22 and 0.18 pumol/ min/ mg chlorophyll a under phosphate -

limiting and phosphate-sufficient conditions, respectively (Fig. 38).
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Figure 36 Effect of salt stress and osmolality stress on phosphate uptake in
Synechocystis sp. PCC 6803. Phosphate uptake were done in 25 mM HEPES-KOH
buffer pH 7.5 Ccantaining~NaCl (circles);: NaClo andy sorbitol to keep osmolality
equivalent to 100 mOsm/ kg (triangles), and sorbitol (squares). Phosphate uptake was
measured at 70 uM. Data are the average + the standard error of three independent
experiments:
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Figure 37 Phosphate uptake in Synecﬁocystis sp. PCC 6803 APstl cells. Cells
grown in BG-11 (white' circles) “or p‘hosphate—limiting BG-11 (black circles).
Phosphate uptake was measured at 50 uM;-Data are the average + the standard error
of three independent experiments. -
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Figure 38 Kinetics of phosphate uptake in Synechocystis sp. PCC 6803 APstl
strain. (A) Saturation curve of phosphate uptake into APstl cells. (B) Double-
reciprocal plot of phosphate uptake into APstl cells. Cells grown in BG-11 (white
circles) or phosphate-limiting BG-11 (black circles).
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3.3.7 Kinetics of phosphate transport in APst2 strain

Synechocystis sp. PCC 6803 APst2 strain did not lose the control of Pho
regulon as found in APstl strain. Therefore, the phosphate uptake activity under
phosphate-sufficient conditions was not observed while cells under phosphate-
limiting conditions showed a linear increase in phosphate uptake during 30 (Fig. 39).
Similarly, phosphate uptake in APst2 strainsalso showed saturation kinetics under
phosphate-limiting conditions-(Fig. 40)-Under phesphate-limiting conditions, double-
reciprocal plots yielded a i< 0i5.16 pM and maximum velocity (Vimax) of 2.17 pmol/

min/ mg chlorophyll a fer APst2.
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Figure 39 Phosphate uptake in Synechocystis sp. PCC 6803 APst2 cells. Cells
grown in BG-11 (white circles) or phosphate-limiting BG-11 (black circles).

Phosphate uptake was measured at 50 uM. Data are the average * the standard error
of three independent experiments
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CHAPTER IV

DISCUSSION

Bioinformatics analysis of SphS revealed a putative transmembrane region
between amino acids lle-4 and lle-19 (Fig. 9) and mutants lacking this region
completely lost a positive function of histidine Kinase, increasing the Pho regulon
expression after phosphate<limitaitons exposure (Fig..14). Deletion of 8 amino acids
within the putative membrane-spanning tegion (A(18-G15) mutant) resulted in the loss
of a negative function of histidine kinase.in which the Pho regulon was constitutively
derepressed. However, other mutants |acking 4, 6 and 9 amino acids at second low-
complexity region (amino acids 41-51) retained hoth positive and negative functions
which repressed the Pho regulon express.,i’éﬁ‘nynder phosphate-sufficient conditions
and activated the expression of the Pho reg‘u_lo,n. under phosphate-limiting conditions
(Fig. 14). These mutanis—siti-—contained-the—intaci-membrane-associated region,
suggesting the important role of this region while amino acids between Val-41 and
Ser-49 were not necessary for either both positive or negative functions of SphS-SphR
system. The membrane-associated Tegion (amino ‘acids 4-19) requirement, however,
amino-acids at'8, 9} 10,415 and-16! of SphS+were rot essential_residues as alanine-
scanning'mutagenesis at these amino acids of SphS showed nothing in response to
phosphate-limiting conditions was different to wild type significantly (Fig. 14).
Hence, the role of the membrane-associated region was probably guidance on SphS
localization into membrane. Furthermore, it has been reported recently that the PAS

domain (amino acids 70-137) of SphS is required for suppression of alkaline
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phosphatase and heterologous expression of SphS in E. coli indicates SphS is
membrane protein (Kimura et al., 2009). In addition, Kimura et al. (2009) also
showed the mutant carrying chimeric SphS had similar phosphate limitation response
as wild type. This fusion SphS contained N-terminal hydrophobic 222 amino acids of
NrsS, Nickel-sensing histidine kinase; and C-terminal SphS kinase core (amino acids
51-430) including a PAS domain. The resulifrom such protein emphasized that the
SphS is membrane-anchoring — protein and--neither sequence specificity at
transmembrane region noiranuno acids at second low-complexity is required for
SphS-SphR system controls™ Disruption gf membrane-associated region in A(I8-
G15)SphS, APstl anddA(I8-G135): APst‘l s_trains constitutively expressed alkaline
phosphatase at similar devels suggesting membrane-associated domain of SphS and
Pstl system both target the same control mechanism probably via hydrophobic
interaction. In addition, transmemibrane regiron‘ Bf SphS might form dimer as found in
almost histidine kinases using Leu-Gly irnt‘e-rjféce. Figure 41 shows the predicted
amino acids lied in N=terminal a-helix of SphS indicating a long hydrophobic residue
of lle interface and a short residue of Gly interface in which possibly form dimer
interface as found in-glycopharin’ A’ (Fig. 42),- a membrane protein of human
erythrocyte (MacKenzie et al., 1997). Together with gene expression studies that the
expression of sphSand'sphR are not up-regulated whereas.the phoB-phoR transcript is
increased in response to phosphate-limiting conditions (Hirani et al., 2001; Suzuki et
al., 2004), these suggested the different mechanisms in regulation of phosphate-
sensing systems between E. coli and Synechocystis sp. PCC 6803.

The deleted SphSs lacking membrane-spanning region were likely cytosolic

protein, however, it was hardly detected since the expression levels of sphS was too
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low both RNA and protein levels, as they could not be detected by Northern and
Western blots (Hirani et al., 2001; Juntarajumnong et al., 2007b, c; Kimura et al.,
2009). Mutants carrying these deleted SphS still showed no alkaline phosphatase
activity when a negative regulator SphU was interrupted (Fig. 18), these were similar
to those observed in ASphU: ASphS jand ASphU: SphS-H207Q (formerly called
ASphU: SphS-H160Q, number changed as a result of the new start codon of sphS was
identified) (Juntarajumnong-et-al.,; 2007b). It could-be concluded that SphS lacking

membrane-spanning regioa-fully lost histidine kinase activity.

1

- 0

£2))
N W,

£ [ E200.G-13
iy AR L-6

Figure 41 Helical wheel representation of the predicted N-terminal a-helix of
SphS. Hydrophobic Ile and Gly residues are indicated with black and white arrows,
respectively.
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Figure 42 Stero'view of the transmembrane domain of glycophorin A. Molecular
surfacesyof, each, monomer,were:drawn at radii correspending to, the van der Waals
hard sp‘hereﬁ“The Backbone' and ‘melecular surface of each'manomer.is distinguished
by blue and yellow colors (PDB accession number: 1AFO) (MacKenzie et al., 1997).



90

In E. coli, a low-affinity Pit and a high-affinity Pst phosphate transport
systems are present. The Pst system and negative regulator PhoU, belonging to Pho
regulon, play crucial roles in control of PhoR-PhoB phosphate-sensing system which
regulate the Pho regulon expression in E. coli. In contrast to Synechocystis sp. PCC
6803, the pit gene is absent while two operons encoding Pst system are present, the
pstl and pst2 operons belong to the Phosreguion and both are up-regulated when
grown under phosphate-limiting conditions-but-net-for a negative regulator SphU
whose expression is independent of phosphate (Suzuki et al., 2004). The influx of
phosphate into Synecheeystis sp./RPCC 68_03 grown in phosphate-sufficient medium
was not observed under experimental cohdit_ions either at a low (0.1 pM) (Hirani et
al., 2001) or high (150 pM) concentratib_n qf phosphate in the assay. These also
supported the absence of the caonstitutive Pit transport system and the very low
expression of the Pho regulon unéer phosphétta‘ill"imiting conditions.

As mentioned, above, the absencé ofPlt low-affinity phosphate transport
system in Synechocystis sp. PCC 6803 is not surprising as found in many marine
cyanobacteria. Typically marine cyanobacteria that are exposed to oligotrophic
conditions where phasphate is limiting also lack Pit-phosphate uptake systems (Moore
et al., 2005; Martiny et al., 2006).«n addition, the genomes of these cyanobacteria
usually contain genes encoding multiple phosphate-binding proteins,-but not all such
genes involved in the Pho regulon. The expression study showed that some genes
encoding phosphate-binding proteins were not up-regulated in phosphate limitation
response (Moore et al., 2005; Martiny et al., 2006). However, it seems that only
Synechocystis sp. PCC 6803 genome contains two Pst systems while other

cyanobacteria have only one Pst system. The presence of two Pst systems which share
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high homology (~70-80% similarities in permease and ATP-binding proteins) (Table
4) together with the monophasic phosphate uptake observed in wild type (Fig. 32)
suggested a possible heterologous combination of both Pst systems.

We have identified the Pstl system is necessary for negative regulation of the
SphS-SphR phosphate-sensing system controlling the Pho regulon expression (Fig.
26). Hence, the Pstl system should be present possibly at basal level in the inactive
form since no noticed phosphate uptake activity-in-both wild-type and APst2 strains
(Fig. 33, 40).

Kinetics study of phesphate uptake‘lfound that the affinity of Pst2 system was
higher than Pstl system, Kg of 0.13 and‘5.;6 LM, respectively, while the wild type
containing both systems had a very-low af_fini_ty toward phosphate with a K, of ~80
MM. The Vmax values were also, calculated of 0.18, 2.17 and 3.12umol/ min/ mg
chlorophyll a, for APstl, APst2 aid wild typ'-e, ‘rﬂéspectively (Fig.33, 38, 40). The very
low kinetic parameters in APstl, however,r gfé%&th and pigment content of this strain
were not defective,“compared to wild type either under phosphate-sufficient or
phosphate-limiting conditions (Fig. 24, 25). These indicated each strain had stored
phosphate sufficiently-as wild type over the ‘course of the imeasurements despite
lacking the Pstl or Pst2 system (Rag et al., 2009)., The very high:Ks, that observed in
wild type could 'be ‘explained-thatSynechocystis‘sp. PCC 6803 adapted to external
phosphate concentration as reported in its neighbor Synechococcus sp PCC 7942
Wagner et al. (1995) revealed that the kinetics properties for phosphate uptake by
cyanobacteria adapts to the external phosphate concentration. Therefore, the Ky, of

~80 uM for phosphate in wild type likely reflected acclimation of the phosphate
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uptake apparatus to the high level of phosphate in BG-11 in which practical
concentration of phosphate is 175 pM.

It could be concluded that the phosphate uptake in Synechocystis sp. PCC 6803
was energy-dependent from the results of amino acid sequence analysis together with
phosphate uptake study in the presence of various metabolic inhibitors (Table 5). The
uptake of phosphate was able to transpori phosphate in H.PO, and HPO,* forms
since the activities at pH 7.and-pH 10 were not significantly different (Fig. 34).

The stimulation of.phosphaie uptake by various cations in cyanobacteria has
been reported (Rigby eial., 4980; Fernand_e;z Valiente & Avendano, 1993; Avendano
& Fernandez Valientey 1997; /Ritchie et al., 1997). However, only Mg and Na*
slightly activated phosphate uptake in SS/_nec_hocystis sp. PCC 6803. The different
results might be explained that those cyanobacteria posses both Pit and Pst system
while the Pit system is absent in Synechocysit-is‘él'b. PCC 6803.

The phosphate-sensing system in‘ S&ﬁéchocystis sp. PCC 6803 could be
simplified as shown 1 Figure 43. The Pstl phosphate transport system and negative
regulator SphU were required to repress the expression of the Pho regulon under
phosphate-sufficient | conditions which' are’thought to form Jinhibition complex as
reported in E. coli (Fig. 5). Evensthough the Pst2 system hadsan affinity toward
phosphate ‘higher ‘thanvthe' Pst1systém, the Pst2 system was-not.involved in the
regulation of the phosphate-sensing system (Fig. 26). In addition, the response
regulator SphR has been shown to bind specifically at regulatory elements upstream

of the Pho regulon genes, called Pho boxes (Suzuki et al., 2004).
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Figure 43 The proposed model of phosphate-sensing system in Synechocystis sp.
PCC 6803. T hrga rjlﬁﬂr(m . The Pst2 system had
an affinity to ﬁﬂa MP 1 , the former was not involved in
regulation of the phosphate-sensing system. The SphS is shown in,cartoon model with
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transduced across membrane to SphR and SphR binds at Pho boxes to regulate the
expression of the Pho regulon genes.



CHAPTER V

CONCLUSION

The present study using Synechocystis sp. PCC 6803 has revealed the following

findings:

1.

The membrane-associated region of the'SphS.between amino acids lle-4 and lle-19
was essential for requlation.of the SphS-SphR phosphate-sensing system, deletion
of this region (A@3-R23), A(13-S44) and A(I13-S49)) resulted in the loss of the
induction of alkaling phosphatase_aptivity, whereas internal deletion of this
region (A(I8-G15))+ resulted (in 7‘co.nstitutive expression of the alkaline
phosphatase activity

Amino acids lle-8, Gly=9, Giy-10, GIy’}l5 and lle-16 of the membrane-associated
region and amino acids between Val—41"a_r_1(nj-:_8er—49 were not important amino acids
for SphS-SphR system regulation. -

The SphS lacking the membrane-spanning region-completely lost the positive
function to up-regulate the alkaline phosphatase expression even the SphU or
Pstl system was Inactivated.

The Pstl system, but not the Pst2 system;=was_required for regulation of the
SphS-SphR’ phosphate-sensing system.” In"addition, the absence of Pstl or Pst2
had no effect on growth and pigment content, suggesting only one system took
up phosphate sufficiently for cell utilization.

Deletion of the Pstl did not alter alkaline phosphatase activity in the strains

carrying mutation at membrane-associated region of the SphS.
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The APstl strain showed constitutive activity of alkaline phosphatase as well as
phosphate uptake. The kinetics study revealed the K, values of 0.13 and 0.18
MM and the Vmax values of 0.22 and 0.18 pmol/ min/ mg chlorophyll a were
observed in the APstl mutant under phosphate-limiting and phosphate-sufficient
conditions, respectively.

Phosphate uptake was not observed inswild-type and APst2 strains grown in
phosphate-sufficient._ medium andJgenomic_information suggested no pit gene.
Hence, the constituiive ~phosphate transport (Pit) system is absent in
Synechocystis sp. PEC 6803.

The phosphate uptake/in wild typej_daad a Ky of 80.67 uM and a Vmax of 3.12
umol/ min/ mg chlorophylla. | j _ .

The APst2 strain hd & Kn.0f 516uM and & Viax of 2.17 pmol/ min/ mg
chlorophyll a for phosphate'transport. ;i"-:’

The phosphate, uptake Was energ'y;"':aﬁd pH-dependent which could be

significantly stimulated in the presence of Mg“" and Na* while the osmolality

generated by sorbitol decreased the phosphate uptake.
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H,0

Bacto-agar

100x BG-FPC*

189 mM Na,COs

175 mM K;HPO4

6 mg/ml Ammonium ferrig'Citrate
1MTES

30% Na,S,03 5H,0

1 M HEPES-NaOH, pH 7.5

947 ml
15
10 ml
1.ml

1 ml

1 mi
10 ml
10 ml

20 ml

967 ml

10 ml

1ml

1ml

1ml

100x BG-FRC*

1-000%x T race metal mix**

(100 ml) (1,000 ml)
NaNO3 14.96 ¢ HsBOs 2869
MgSOu7H0 0.75-9 MnClp.4H,0 1.81¢
CaCl,.2H,0 0369 ZnS0,4.7H,0 0.221¢g
Citric acid 0.065 ¢ Na;Mo00,4.2H,O0  0.390 g
0.5M Na-EDTA 55.4 ul CuS0,4.5H,0 0.080 g
After autoclaved, add 10 ml of Co(NO3),.6H,0 0.049 g

1,000x Trace metal mix**

Sterile filtrate, store at 4 °C
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APPENDIX B
Medium for Escherichia coli

LB medium (1 liter)

Liquid medium Solid medium

Bacto tryptone 10g
Yeast extract Y » | 59
NaCl 7 ‘ _ 10g
Agar | . ! 159

2x YT media (1 liter)

Yeast ext r 109
ﬁuﬂqwaﬂ%Wawnﬁ

Aga 15 9,

All compositions were dissolved together with 1liter of distilled water. The

medium was sterilized by autoclaving at 15 Ib/in? for 15 minute.



APPENDIX C

Reagents for heat-shock transformation

yB media (500 ml)

yeast extract

bactotryptone

KCI

108

Adjust the vith toclave. After autoclaving, cool

down and add 17

TfBI Solution (500 ml
potassium acetate
MnCl;
RbClI
CaCl,

Glycerol 75 ml

434 wamwgcqtﬁ-@m o

TfB..afﬂ’llﬁSlﬂim UA1AINYAY

100 mM MOPS (pH 7.0) 10 ml

CaCl, 1.10g
RbCl 0.12¢g
Glycerol 15 ml

Autoclave and store at 4°C in the dark
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APPENDIX D

Reagents for alkaline lysis

Solution I (100 ml)

5.0 ml 1.0 M Glucose

After a €20 /ml ase was added and stored at 4°C

Solution 111 (500 mi)’"
147 g potassmﬂacetate

575"ﬁ'ﬂ£*‘331ﬂ HNINYINT

Alitoclave and store at 4°C
ARIANN I UNNINYIAY
TE buﬂ‘er (500 ml)
5 ml 1 M Tris-HCI, pH 8.0
1ml0.5MEDTA

Autoclave and store at room temperature



APPENDIX E

Reagents for DNA electrophoresis
5x TBE buffer (1 liter)

Tris base 549

20 x SB buffer (50

NazB407 10

H3BO3

Loading dye (20 ml)
Bromophenol &

Vi

Xylelne cyanolFF

J
Glycerol . 6 ml

ﬂUEJ’JV]EJVIﬁWEJ’Iﬂ?
ammﬂimwnﬂmaﬂ

110
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APPENDIX F

Reagents for Southern blot

20x SSC (1 liter)

175.3 g NacCl

88.2¢ Naj citrate *

800 m H2 .
Adjust th/v | ake to 1 liter with milli-q water

100x Denhardts sol
lg
1g &
I‘E‘: H ‘J
19 BSA (Fracti {--s
TR
Make up tg 50 ith milli-g \ sterilize, store at —20°C

e/

Denhardts Pre-hyb H‘l‘ tion

SXDeﬂﬂE]l'?VIElﬂiw BN
wmmn‘im UNIAINYAY

% formamide

U
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APPENDIX G

Reagents for making probe of Southern blot

Solution O (20 ml) Stop Solution

1.25 M Tris-HCI pH 8.0 20 mM Tris-HCI pH 7.8

- W{/’ 20 mM NaCl
— < 2mM EDTA
SolutionA(Storeat-M AR +.0.25% (wiv) SDS

5ul dGTP, 5

0.125 M MgCl,

18 ul 2-merc AM); I OLB Solution (make fresh)
1 ml Solution 2 ul Solution A
5 ul Solution B
Solution B (Store at 4°C) 3 ul Solution C

2 M HEPES-Na(

Solution C ¢

ol TNV TN T
S AANINTUNRINYINY

10 mg/ml (make 5 ml or less)



113

APPENDIX H

Reagents for RNA gel electrophoresis

DEPC-Water

1 ml DEPC

11 milli-Q water

Stir for a co rs. cum-ght at 37°C  Autoclave at 15

psi, for 15 minutes, to i

Adjust to-pH 7.0 with
'E'

=

)

2x RNA Loading buffeg(l ml)

mmﬂ%ﬂ?ﬂﬂﬂﬁﬂﬂﬁﬂi

ﬁmmm URIANYIAY

100 pl glycerol
105 pl sterile DEPC-water
25 pl bromophenol blue (make stock of 10 mg/ml in ethanol)

10 ul ethidium bromide (stock of 10 mg/ml)
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APPENDIX |

Reagents for pTZ19U mutagenesis

High salt buffer 10x Synthesis buffer

300 mM NacCl 100 mM Tris-Hcl, pH 7.9

100 mM Tris-Hcl, p 5 mM each dNTPs

1 mM EDTA 10 mM ATP
. 50 mM MgCl;
DTT Solution 15mM DTT
0.1MDTT in@.

Neutralized ATP

10x Annealing buffer ‘a

sonisbi A AT NN T
g;mﬂmm URNINYIAY

TE stop buffer
10 mM EDTA

10 mM Tris-Hcl, pH 8.0
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APPENDIX J

Standard curve of phosphate

OD at 820 nm

150
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