CHAPTER I

INTRODUCTION

1.1 Two-component signal transduction

Bacterial cells have to onditions and adapt to their rapidly

(/é 1995; Parkinson; Dutta et al.,

1999 and Kofoid, 1992). ronmental changc: ccur regulation mechanisms

changing environment in ord
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accompanied by autophosph iphosphate (ATP) at the histidine
residue. The high "k-‘ ' ’ d to a conserved aspartate
€ response regmtor is able to control the

expression of tﬁ ﬂﬁ%ﬂﬂ W%fwzfﬂfﬂﬁ‘lular response to the

stimulus (Stock eflal., 1995; Stock, et .al 1989 and Aiba, et al. 1993)
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Flgure 1 shows the organization of the two-component signalling system

residue in the responsmregulator.

(Klumpp and Krieglstein, 2002). Histidine kinase proteins contain an N-terminal
signal sensing domain followed by a C-terminal transmitter domain. The signal
sensing domain consists of hydrophobic amino acids that transverse the membrane.

This domain functions as a membrane receptor at the external surface of the membrane
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(Stock et al, 1995). The final transmembrane domain is linked to the preceding
transmitter domain by linker domain. This is critical for proper signal transduction
(Stock et al., 2000). However, not all input domains are membrane bound. The
chemotaxis kinase, CheA and nitrogen regulatory kinase, NtrB are examples of soluble
cytoplasmic domains (Stock et al., 1989

at \ %d by several short blocks of

nated the F and G2 motifs. They are

The transmitter do
sequences. These have bec
referred to by the mos The H motif and residues

around it are involve ‘ ;‘ ) m aetivity. The N, GI1, F and G2

motifs are involved in  Injadditior \\ 'o upstream of the N motif is
proposed to be the hinge'regi ck.c *:: 989 -.‘l-._\-, et al., 1997 and Stock et al.,

2000). This region contains Seve A2Conse Itophobic residues that have been

The transmltt rfomain consists of two-functiona 'domains. These are the
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dimerization domain, cta o s ed the ATP-binding domain

containing conserved N, Gi .E and G2 motifs,(Klumpp and Krieglstein, 2002). On the

bass of ther dﬂ umfm 4B L bR A e W——
fna]f)r clgimked mae i ﬁwmﬁwgﬂ.ﬁ(ﬂon subdomain

is directl binding domain. This is exemplified by EnvZ involved
in osmoregulation in E. coli. In Class II, the H motif region is separated from
dimerization subdomain and is distant from the ATP-binding domain (Dutta et al.,
1999},

Histidine phosphorylation does not proceed by an intramolecular mechanism.

However, this mechanism requires formation of a homodimer with the dimerization



subdomain of the histidine kinase dimerizing to undergo trans-autophosphorylation
between two monomers (Cai et al., 2003). The dimerization domains of both EnvZ
and CheA form antiparallel four-helix bundles with the active site histidine residue

located in the middle and exposed face of helix I (Figure 2). The ATP-binding domain

inal receiver regulatory

gulatory domain has about

120 amino acids wi ved “Aspliresidue) that serves as the site of

phosphorylation by the histi i '! : er ¢t . 997). The majority of effector
oy .

domains have DNA-binding act Vi ';'. X to activate and/or repress

transcription of speciﬁc genes. _ 7 ’,é- th eciﬁc echanism of transcription

regulation differs for

Bacterial respo regulate n be subd 1de nto five families based on

sequence homolo @ in thé eemserved C-ternfisfal domain fl er et al., 1997). These
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contains ohly a single conserved N-terminal domain. However, the OmpR family,

iffed famlly The 'CheY

involved in osmoregulation consists of 240 amino acids and the NarL family, involved
in nitrate and nitrite regulation consists of 220 amino acids, both contain a C-terminal
DNA binding domain. The crystal structure of the DNA-binding domain of OmpR is

known as the winged-helix transcription factor. There is a recognition helix that



Figure 2 Proposed model 4 Cai et al., 2003). The two subunits

are shown in yellow ar

243) is indicated whilé t

d-histidine side-chain (His-
3\ d by a pink sphere. The

conserved G1 and G2 b es are shown in red

ﬂ‘LlEJ’J‘VlEJ‘ﬂ?WEJ']ﬂ‘i
QW’]Nﬂ‘iﬂJﬂ‘lﬁﬂﬂmﬁﬂ



interacts with the major groove of DNA and flanking loop or wings that are proposed
to contact the minor groove (Stock et al., 2000 and Okamura et al., 2000) whereas the
binding of NarLL with another transcription factor regulates the NarL-regulated operon
(Stock et al., 2000). The NtrC family, involved in nitrogen regulation, includes

proteins of about 460 amino acids that contain an ATPase domain and a DNA-binding

domain downstream of the conserved |

ain. The unclassified family has

\ .—d 4
em’sponse regulator. The best
SN

a different type of effe 5

characterized of this fami hyla se-catalytic domain is associated

with the conserved N-t
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CheY. The pattern of ¢ esponse regulators will have
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five-stranded parallel B-sheet. = Ve ate is located in an acidic pocket

o s

in the B-sheet. The ,_,*17-'-“"-'-'-’";':-_3“-';=*-==\’ 11ces can have different

conformations. This coxﬂibu e ) ateraction between a histidine kinase-

response regulator pair (Stéckset al., 2000). @

The lifet u ﬂl ?()IRLEJ nfj nﬂ ’lﬂ jr varies significantly.
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Many respénse regulators have autophosphatase activity that decreases the lifetime of
the phosphoprotein (Stock et al., 2000). The transmitter domains of histidine kinase
EnvZ and PhoR also contain phosphatase activity towards their cognate response
regulator OmpR and PhoB, respectively (Hsing et al., 1998 and Carmany et al., 2003).

The phosphatase activity of EnvZ is in the histidine-containing substrate domain and



was enhanced by an interaction between this domain and catalytic domain (Zhu et al.,
2000). In contrast, the phosphatase activity of PhoR was enhanced when the catalytic
domain was deleted (Kramer and Weiss, 1999). The kinase and phosphatase activities
may be regulated by the input domain. The removal of the input domain of PhoR

leads to constitutive activation of the f

P kinase activity (Yamada et al., 1990).

1.2 Phosphate uptake / ' \

Phosphate is one gi#th: "N \ ‘.\h_ h levels for cell growth (Ray et

al., 1991). Phosphate cks of many biomolecules,

energy conservation a ssman and Takahashi, 2001).
Phosphate is transport " the low-affinity phosphate
inorganic transport (Pit) an th -+ High-af ‘ ph phate-speciﬁc transport (Pst).
Whereas the Pit system is constl ' ‘ e-the f" em is repressed under the conditions

of excess phosphat : by Pt er conditions of excess

V.
phosphate while conditms . ads Iﬂ. elevated production of the

genes encoding the Pst plpt s (Willsky %Malamy, 1980 and Rosenberg, 1977).

Roaifiore tmﬁi, uﬂf;mfﬁmlﬁ NEI L scoportant e i »
rze;}z';:)ssua 0 ﬁnes involved %pfljﬂaaje ﬁ ;1 ﬁ(w ,_\ éég Hoffer et al.,

Phosphate can be limiting in both freshwater and terrestrial environments, since
it often exists in forms not readily accessible to most organisms. Therefore phosphate
sensing in Escherichia coli is one of the most extensively studied two-component

signal transduction systems (Ray et al., 1991).



1.3 Phosphate sensing

The response of bacteria to changes in extracellular phosphate levels is
mediated by the Pho system (Zundel et al., 1998). The Pho two-component signal
transduction system is comprised of PhoR, the histidine kinase and PhoB, the response

regulator. The latter is a transcription,agtivater which regulates the genes belonging to

the phosphate (Pho) regulon. ho regulé )es several genes and operons for
th, ake and degradati ‘ h@ (Su, 2003). One of th
e uptake and degradation'® acelluldr phost ources (Su, . One of the

» ohosphate imiting growth is an alkaline
phosphatase (Ray et e alkaline phosphatase is
encoded by phoA whi 1995 and Torriani et al.,
1985). This enzyme is ace to release orthophosphate
from organophosphate comp@un \ ' PhoR senses extracellular
phosphate levels through the pho ABC transporter of the Pst system and
an ancillary protein, l’;: B ‘ A;J 990).

The control of i,j:. P cﬁscs: inhibition when P; is in

excess, and activation un(Ier conditions of P imitation. When the environmental P;

concentration faﬂ U %&lﬁﬂ@%&ﬂ@ e o

to more arﬁ % ﬁ W 31 GP 1‘1 The induction
depends 0 oter of th t gene en an environmental Pi concentration is

greater than 4 uM, the P; repression requires an intact phosphate specific transport
(Pst) system, PhoR and PhoU. The Pst system is a cell surface receptor complex for P;
uptake composed of PstS, PstA, PstB and PstC (Steed and Wanner, 1993). Moreover,

the PhoU protein is proposed to be the negative regulator under phosphate sufficient



conditions. Thus the deletion of phoU results in an alkaline phosphatase activity in
phosphate sufficient conditions (Muda et al., 1992). A role for PhoU in P; repression
may involve an association between PhoU and PhoR in a repression complex. This

interaction may be necessary to maintain PhoR as PhoR® (the repressor form)

. ”@)R and PhoB are required for

wP i repression, it is likely that

pression complex by protein-

(Wanner, 1995).

Under conditions of
activation. Because multip
the process of P; repressigi

protein interactions (W.

1.4 Cross regulation
Normally the regulati ¥ = _ P e t signal transduction usually involves

interactions between pairs of ‘55: > Or1'S and response regulator. They act

= -

as partner proteins (Meeleary et al., 1993), In additic ,:_::£§5»_,- response regulators may
',,,— \

.
be cross regulated by p 1mses of different regulatory

systems or by a chemical glosphorylatmgﬁgent such as phosphoramidate, acetyl

phosphate and @b%ﬂlgpmﬂmg)wa’lﬁﬁy interaction may be
espemal ant as way of difect] erent syste a network to
coordlnateqc 1 :(lx@ tlj m yﬁjj;ﬁd&lcjeg ﬂl., 1993).

The mechanism of the phosphotransfer reaction comes from the observation
that the low molecular weigh phosphorylated compounds can transfer phosphoryl

groups to response regulators in the absence of a histidine kinase, in vifro (Hiratsu et

al, 1995). Thus, it is apparent that the response regulators can catalyze their own
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Figure 3 Small-molecule phosphodonors that can function to phosphorylate response

regulators.
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phosphorylation, the phosphotransfer reaction from the phosphohistidine of histidine
kinase to response regulator is an autophosphorylation reaction catalyzed by the
response regulator (Stock, 1995). The different response regulators show widely
different reactivities toward the three small phosphorylated compounds. Acetyl

phosphate is the preferred substrate eY, while phosphoramidate is a better

substrate for NRI and CheB autophosphorylafiefi®iecleary, 1993).

response regulators.

. d . .
The rates of autopH&Sphorlation als@aﬁcally between different
by

‘ cetyl phosphate CheY is
phosphorylated faster isp I \

horylated faster than PhoB (Mccleary,

1993). N7 ’

Vi
acetic acid during ferrﬁn 3

smwn to be involved in the

activation of acetate for igs Anetabolic utilization (Mccleary, 1993). The metabolic

pathway respon%euﬂ ’slnmgawiﬂ&llayﬁhosphate is shown in
Figure 4q Wﬁsiaof aﬁty s ﬁp]ﬁ Cﬁ.ﬁﬂﬁ!’ is catalyzed by
phosphotréq)sacety ase, ﬂe proipc 0 pjaT gene. Syne:tmsm of acety?p]hosphate from
ATP and acetate is catalyzed by acetate kinase, the product of ack4 gene. Both
reactions are readily reversible (Mccleary, 1993). In E. coli, Salmonella typhimurium

and related bacteria, the pta and ack4 genes are contiguous on the chromosome (Kwan

et al., 1988 and Wanner and Wilmes-Riesenberg, 1992). The expression of these
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genes is nearly constitutive, with only a two fold induction upon anaerobiosis.
Nevertheless, the activities of phosphotransacetylase and acetate kinase are at least 8-
to 11- fold higher in acetate-grown Methanosarcina cells than in cells grown on
methanol, monomethylamine, dimethylamine or trimethylamine (Singh-Wissmann and

Ferry, 1995). In Sinorhizobium melilg > acetate kinase and phosphotransacetylase

activity is up-regulated in respoms shashitaie” limitation (Summers et al., 1999).

has been reported that gefic 7 gron in E. coli (Wanner and
Wilmes-Riesenberg, 199"
expression in S. typhi e inactivation of pta also
eliminated the acetate kina ers et al., 1999), suggesting
Levels of acetyl phoéph__ -- ally depending on the carbon source
in the growth medi 1, AFor exampl _-__-_--_7 iyl phosphate are observed

bﬂ

when cells are grown o 1rmmg conditions. Moderate

levels of acetyl phosphat?g: observed w cells are grown on glucose and high

fevels of acetylﬁ Aohdtd o m&%@wlﬁﬂgﬂﬁm pyruvate. Hence,

acetyl phosp e le\él: q f] %/ %s e§ ﬁw ﬁd ﬂowmg through
glycoly51s Ac CiEnggeil 1 aj ce Eﬁ[‘jh elevated when
entry of carbon into TCA cycle is slower than entry to glycolysis (Mccleary et al.,

1993).

Acetyl phosphate is made via Pta and degraded via AckA during growth on

glucose or pyruvate; the converse is true during growth on acetate. The AckA
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mutation leads to elevated acetyl phosphate levels because of a block in its breakdown.
The Pta mutation leads to lower acetyl phosphate levels because of a block in its
synthesis (Wanner, 1992). In order to determine if the response regulator proteins can

also be phosphorylated by endogenous acetyl phosphate in the absence of histidine

, Vaterrupted and combined with a histidine

: .—d 4
f a éty% the acetate kinases which
'] \Q purified from Bacillus
AR

8), Veillonella alcalescens (Griffith and

kinase, the acetate kinase genes need

kinase mutant strain.
Because of the i

catalyze the acetyl ph

Nishimura, 1979), Achellep o doidTawit (k \ e and ‘Muhlrad, 1979), Salmonella
etobutylicum (Diez-Gonzalez et
d Desulfovibrio vulgaris (Yu et

al., 2001). Acetate kinase from .-'iﬂ;,; nicrebes is a homodimer except the enzyme

from B. stearotherm ) ____:7_ al., 2001). There are two

d

forms of acetate kinase ‘o | “U ase (AK-I) is a homodimer

and the other (AK-II) is a.hggrodimer. Thedgolecular mass of each subunit from all

organisms are iﬂe%&loﬁ?»m EM ﬁ Marﬂ fﬁnd in eukaryotic cells
but is found i Tnerobic athogens “including_Bé@illu d’f‘b j0_cholerae. The
specific ﬂxﬂr@lﬁliﬁj Hﬁnﬁoﬁta newé:s ‘ s of antibiotics
(http://www.bmb.psu.edu/faculty/ferry/lab/labmembers/sarah/). There has been no

report about acetate kinase in cyanobacteria, therefore the partial purification to study

some properties of this enzyme in Synechocystis sp. PCC 6803 was performed in this

study.
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1.6 Cyanobacterial phosphate sensing
Cyanobacteria grow and survive under various environmental conditions and
require genetic mechanisms to adapt to environmental changes. Many genes encode

two-component signal transduction systems (Ikeuchi and Tabata, 2001). Systems

homologous to the Escherichia coli pP oB system have been identified in

Synechococcus sp. PCC 794 d Synechococcus sp. WH 7803

—

(Watson et al., 1996). Th fse SPHS™ARG 1ts cognate response regulator

SphR, were shown to bggi ad B\Q\‘f pecific response to phosphate

" t.al501993). Similarly, a two-
- \\\\

component system inv I : D ate-limiting conditions was
also identified in the m ﬁﬁ ms) \ 0

A A
Y22

al., 1996). Cloning and sequéncimg*of the A'f

starvation in Synecho

s sp. WH 7803 (Watson et
agment identified a set of two-
component signalling proteins h 3 the SphS-Sth proteins. The genes

were shown to be ind d in response to phosphate-limitir .:} onditions.
Previously, the ﬁe

been identified in Synechogygs sp. PCC 68 The histidine kinase (PhoR) encoded

by the s1/0337 ﬂ uﬂ ’lm EJ mi uﬂ '](fllﬁ encoded by sir0081

gene are ﬁ % aj % l‘]? ;1 PCC 7942 and
Escherichi col r ni utations using o 1gonu§|Jeot1de directed

mutagenesis have also been introduced into the conserved motif of the transmitter

ate ﬂrvatlon response have also

domain of S110337 and the DNA-binding domain of SIr0081 to examine the function
of the specific amino acids, particularly where these differ from their counterparts in E.

coli (Hirani, 2001; Simpson, 2003). The alkaline phosphatase was measured in these
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mutants because it can act as a monitor for the activity of the pho regulon. This
enzyme was normally induced under phosphate-limiting conditions whereas there was
no induction of alkaline phosphatase under phosphate-sufficient conditions. The
results showed that in Symechocystis sp. PCC 6803, His-207 was the

tively located in the third turn of helix I,

autophosphorylation site and Lys-209, |
was required for activity thro _\\{:' actit th.a cluster of hydrophobic residues
to form the H motif. Additionaly a positivelycharsed amino acid may be required at
the 210 position. Glycine52eGly454 and the G387 to Leu-390 in the ATP-
binding domain may i 4 may be involved in the

binding of ATP to ATP&bindingldg The 86, t0'Val-289 in the hinge region

appeared to stabilize the"intgrag e-containing and the ATP-
binding domain (Hirani, 20 0 1

It was noted previous th ponse regulator protein and OmpR are
members of the ::- -helix-turn-helix family of DNA | ,,;o ing proteins. The major
T A

i
difference between O DI i rdomain linker and in the

transactivation loop that piecedes the DNA rec gmtlon helix. The length of this loop

differs between ﬂnu 83N 3{].@ Y2l Ehogesidues, respectively:

and is known to interact with differefit subunits oFRNA E(iiymer&é (Walthers et al.,

2003). lﬂﬁ’l@ mgm %\n w’] r@ n 1nteracaw§'! the a-subunit
of RNA polymerase (Makino et al., 1993). However, the residues in SIr0081 differ
considerably from the corresponding residues in OmpR and PhoB suggesting that they
may be involved in a specific interaction with the cyanobacterial RNA polymerase. It

was confirmed that the Gly is specific for the interaction with the cyanobacterial RNA
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polymerase. Moreover, the specific Trp-236 is involved in DNA binding in
Synechocystis cells and the pho box is different from that of E. coli (Simpson, 2003).

In addition, mutation of Thr-214 in the SI110337 resulted in up-regulation of
alkaline phosphatase activity under phosphate-sufficient conditions. = However,

removal of negative regulator PholJ

is mutant reversed the effect under
phosphate-limiting condition ¢
regulation of alkaline phosp AT activity. "““‘*1!.'}; suggested that Thr-214 may
interact with the PhoU (Si Ao 7

In this study, s site in OmpR (Asp-55) of
corresponds to Asp-88# % was carried out to check
whether this conserved site. The mutation of Thr-
214 to other amino acid res eS_Was 35 ed in the presence and absence of
PhoU protein to elucidate the #W"* een PhoU and Sl110337 (PhoR) in

Synechocystis sp. PCC -" 1803 -

- 1y

1.7 Oligonucleotide-dire¢ted mutagenesis g ,

Ohgonuﬂ umm NNTHYNRS, et s

the studﬁ Wﬁit c lﬁ% Aj a‘ otein. Many
mu agene51s i

techniqueszare avalla e or per orming in vitro ical strategy is to
clone the segment of DNA to be mutated into a vector whose DNA exists in both
single- and double-stranded forms. An oligonucleotide conplementary to the region to
be altered, except for a limited internal mismatch, is hybridized to a single-stranded

copy of the DNA. A complementary strand is then synthesized by T7 DNA
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polymerase using the oligonucleotide as a primer. Ligase is used to seal the new
strand to the 5 end of the oligonucleotide. The double-stranded DNA, completely
homologous except for the intended mutation, is then transformed into E. coli,
resulting in two classes of progeny, the parental and those carrying the

oligonucleotide-directed  mutation p:/www.biochem.arizona.edu/.../Lecture6.

Figure 5. /

A key strategy i

html). The steps involved .in"eligonucle dotlirected mutagenesis are shown in

enesis methods is to increase

the relative number population. The dUTP

incorporation strategy ‘tepair of template DNA has

been "marked" with de ifro. DNA synthesis step. Thomas

Kunkel developed the dU y taking advantage of an E. coli

strain that contains defects in "--

into DNA. Oligonu ......................... :_“:_L method to generate
specific nucleotide alteratio cm-poration into M13 DNA is

e for preventing dUTP incorporation

done by using a phagemid: \g:tor to producsjlngle strand DNA in an E. coli strain

st i el i N Bl ERmb Thalaurse o, 1o

mutagenic olj nucleotlde i a%“m o§ ﬁjA (U), and in
vitro DN t’}J @15 f]f %at oﬁﬁande A. Following

transformation into ung+, dut+ E. coli, the template strand is degraded and the
surviving double strand plasmid is isolated and sequenced (http://www.biochem.

arizona.edv/.../Lecture6.html).
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1.8 Rapid amplification of cDNA ends (RACE)

Transcription initiation points can be mapped by rapid amplification of cDNA
ends (RACE). It involves production of the desired cDNA by reverse transcription,
linking of a modified anchor oligonucleotide to the 5° end of cDNA, and successive

amplification with a primer complementary to the anchor and primers specific for the

cDNA upstream of the reverse tran A quence (Figure 6). The addition

r se'encmlapped 5’ end of the cDNA,

"1'2.\ d.fragment (Kaebernick et al.,

of the anchor places a kno¥
which can be identified

2002).

1.9 Synechocystis sp. P
Cyanobacteria can be ota, Division of Cyanophyta and

Cyanophyseae class (Ikeuchi et al ,;

ol
S #E

e-celled blue-green algae range in size

Y = )
cyanobacteria lack miwh ewoplasmic reticulum. The

from about 0.6 pm -————m—-n: gension. The bacteria and

cyanobacterial cell is surr ounded by the cytoplasmic membrane and a multilayered cell

wall similar to tﬂ MI%LT% n&n@ w'l%j glﬂajr cell wall consists of
an outer a j‘iﬁ T c dgepi layer which
varies 1na|c ess b ween nm but can be considerably th1c1er The outer

membrane functions more as a passive molecular sieve, whereas the cytoplasmic
membrane serves as a true selective permeability barrier (Gantt, 1994).
Synechocystis cells have been defined as a unicellular coccoid, or spherical

cyanobacterium. They divide by binary fission. Synechocystis sp. PCC 6803 is a
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unicellular non-nitrogen-fixing cyanobacterium and a ubiquitous inhabitant of fresh
water. The entire genome of Synechocystis sp. PCC 6803 was sequenced in 1996.
This was the first photoautotrophic organism to be fully sequenced. The circular

genome was originally deduced to be 3,573,470 bp long. Since the Synechocystis sp.

PCC 6803 is naturally transformable by enous DNA, it affords great simplicity for

the introduction of mutations. inte target ¢ been one of the most popular
J

organisms for genetic and"physiclogica swtosynthesis (Ikeuchi et al.,

2001).

Objectives of this

1. To examine the functio ‘ “ '*Wf AN " er of S110337 (PhoR) in the
presence and absence of thg'ne ' '> reg . (PhoU) and of the conserved Asp-88
of the receiver domain of Sl !{r_; e‘!‘ ‘ 1 B) echocystis sp. PCC 6803.

2. To study the exp ._ se1on_of acetate kinase and shosah ! ansacetylase genes under

phosphate stress. E

3. To determine if the SI€008] response regulator proteins can be phosphorylated by

s LA TV AWENS
LT ST TR
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