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Abstract
Two-component signal transduction systems (TCS) consist of a sensor histidine
kinase and a response regulator. TCS are ubiquitous in prokaryotes, but found
only in some eukaryotes. TCS mediate adaptation to various environmental
changes in bacteria, plants, fungi, and protists. Histidine kinase 2 (Hik2) is a
sensor histidine kinase found in all cyanobacteria. The Hik2 homologue known
as Chloroplast Sensor Kinase is found in algae and plants, where it is encoded by
the nuclear genome and it is targeted to chloroplasts. CSK couples the redox state
of the photosynthetic electron transport chain to chloroplast gene transcription.
This thesis describes biochemical characterisation of the signal transduction
mechanism of Hik2 and its response regulator (Rre) partners in order to clarify the
Hik2-Rre two-component signal transduction pathway. Results presented in this
thesis illustrate that the autophosphorylation activity of the full-length Hik2
protein is specifically inhibited by sodium ions. An autophosphorylation event of
a histidine kinase is the result of homodimerisation and is followed by trans or
cis-autophosphorylation of each monomer on its conserved histidine residue.
Chemical crosslinking revealed that the Hik2 protein exists predominantly as a
phosphorylated (autokinase active) monomer, tetramer, and higher-order
oligomeric complexes. The functions of these different oligomeric states of Hik2
are also discussed. From a previous study, which was based on an observation
from a yeast two-hybrid assay, Hik2 was proposed to form a two-component pair
with Rre1 and RppA. However, no further evidence was presented to support
either direct interaction or direct phosphotransfer activity of the Hik2-Rre pair.
This thesis confirms interaction of Hik2-Rre1 and Hik2-RppA two-component
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pairs using an in vitro pull-down assay and phosphotransfer kinetics. Finally, a
model is proposed for the Hik2 based two-component signal transduction pathway.
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1.1.

GENERAL INTRODUCTION

Two-component signal transduction

Unicellular microorganisms – bacteria and algae, and also some complex
multicellular organisms such as plants have little ability to change their
surrounding environments. Therefore, in order to enhance their chances of
survival, they must possess mechanisms that allow them to continuously monitor
and to rapidly acclimate to ever-changing environmental conditions.

Sensor-response circuits known as ‘two-component systems’ (TCSs) are
utilised to mediate adaptations to various environmental changes in prokaryotes as
well as in plants, fungi, protozoa, and archaea. The simplest form of TCS consists
of two conserved proteins, a sensor histidine kinase (component 1) and a response
regulator (component 2) protein (see figure 1.1.A). The second form of TCS
consists of a multicomponent sensor histidine kinase known as a hybrid histidine
kinase, a histidine phosphotransfer protein, and a response regulator protein (see
figure 1.1.B).

1.2.

Reactions that are catalysed by two-component systems

Three basic phosphotransfer reactions are catalysed by two-component signal
transduction systems. The first reaction involves an autophosphorylation of
histidine kinase on its conserved histidine (His) residue. The second reaction
involves the transfer of phosphate from phospho-His to a conserved aspartate
residue of the response regulator protein. Finally, the phosphate is released from
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the response regulator as inorganic phosphate by addition of a water molecule in a
hydrolysis reaction catalysed either by RR alone or with the help of histidine
kinase (Stock et al, 2000).

1.3.

Domain architecture of typical histidine kinase

Most histidine kinases are membrane proteins. But some exist as water-soluble
cytoplasmic, sensor proteins. Membrane bound and soluble histidine kinases are
homodimeric in their functional forms. Each monomer of histidine kinases
contains a variable N-terminal sensor domain that is unique to each histidine
kinase. The sensor domain is linked to a conserved C-terminal core kinase domain
that is further divided into two functional domains. The first is the dimerisation
and phosphoacceptor domain (DHp domain), also annotated as HisKinase_A
domain in the Pfam database (Finn et al, 2006). The second domain is the
catalytic and ATP-binding (CA) domain, also referred to HATPase in the Pfam
database. The DHp domain contains the conserved phosphoryl-accepting histidine
residue that is a site for autophosphorylation. The CA domain contains an ATP
binding cavity, which, upon binding an ATP molecule, catalyses the transfer of !
phosphate group from the ATP molecule to a conserved histidine residue.

19
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Figure 1.1 Domain architecture of two-component system. A) a simple two-component system and B) a multicomponent
phosphrelay. The sensor domain is indicated by oval; the dimerisation and phosphoaccepting (DHp) domain by a cylinder; the catalytic
and ATP-binding (CA) domain by a triangle; receiver (Rec) domain by a hexagon; effector (Effe) domain by a pentagon; and histidine
phosphotransfer protein (HPt) by circle.
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1.4.

Diversity of sensor domains of histidine kinases

A sensor domain of HK is the non-conserved region that is located at the Nterminal region of HK polypeptide. Based on topology, sensor domains are
categorised into three major classes. i) HKs which have their sensor domain
located in periplasmic space of the cell; ii) HKs which are able to perceive
signal(s) using their transmembrane region; iii) and finally, those HKs which have
sensing domain confided to their cytoplasmic region (Gao & Stock, 2009;
Mascher et al, 2006).

Signal perception by periplasmic-sensor domains of HK is achieved by
direct interaction between the signalling molecule and the sensory domain. For
example, the Salmonella entrica PhoQ HK directly binds divalent cations such as
Mg2+ and antimicrobial peptides (Chakraborty et al, 2010). The sensory domains
of Klebsiella pneumonia CitA, Sinorhizobium meliloti DctB, Vibrio cholerae
DctB, and the Escherichia coli Dcus are known to bind small metabolites such
citrate and C4-dicarboxylates such as fumarate, succinate, and malate (Sevvana et
al, 2008; Zhou et al, 2008).

Sensor domains that are involved in signal perception from the
periplasmic or extracellular space are distinguished by their N-terminal
21
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periplasmic sensing region, which is flanked by a transmembrane domain at either
end of the sensor domain. The prototypical periplasmic space sensor HK has a
“linker” region that connects the sensory domain to the C-terminal kinase domain.
Various forms of linker regions are found, such as HAMP (named after their first
discovery in Histidine kinase, Adenylyl cyclase, Methyl-accepting protein, and
Phosphatases) and PAS (named after three proteins, Per-Arnt-Sim) domain (Gao
& Stock, 2009; Mascher et al, 2006).

Based on recently solved structures, the periplasmic space sensor domains
are further categorised into three classes; class 1 contains alpha-beta folds and
they were given the term PDC (PhoQ, DcuS, and CitA) (Cheung & Hendrickson,
2010). PDC forms central five-stranded anti-parallel !-sheet scaffold. The second
class of periplasmic-sensing domain has all-alpha folds that form four-helix
bundles such as those found in NarX (see figure 1.2). The third class contains
sensor domains that show a similar fold to periplasmic ligand binding proteins
(Cheung & Hendrickson, 2010).

22
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Figure.1.2 Architectures of periplasmic space sensor domains. A ribbon diagram
showing sensor domains with: A) PDC folds (D-malate- bound DcuS and succinate and
calcium bound DctB). None protein moieties are represented by ball-and-stick; carbon
atoms are shown in yellow, oxygen in red, and calcium in magenta. B) All-alpha folds
(NarX). Figure adapted from (Cheung & Hendrickson, 2010)
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Domain architecture of histidine kinases
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Figure 1.3 Diversity of domain architecture of histidine kinases. Domain
architectures of histidine kinases were modified from graphical output of SMART
database (Schultz et al, 1998). The conserved DHp and CA domains are depicted
by green rectangle and triangle, respectively. The sensor domain GAF (named
after its present in cGMP-specific phosphodiesterases, in certain adenylyl
cyclases, and in transcription factor FhlA) domain is depicted by magenta oval
shape; the PAS (named after three proteins, Per-Arnt-Sim) domain is shown by
orange parallelogram; the PAC domain is shown by cyan triangle shape; TM
(transmembrane) domains are shown by blue rectangle; HAMP (named after its
present in Histidine kinases, Adenyl cyclases, Methyl- accepting proteins and
Phosphatases) domain is shown by green pentagon; PBPs (bacterial periplasmic
solute-binding proteins) domain is shown by purple hexagon; PDZ domain is
shown by cyan octagonal shape; CHASE domain is shown by yellow rectangle. A
receiver domain is depicted by red hexagon; HPT (histidine phosphotransferase)
is depicted by gray rectangle; Chew (Chemotaxis W like adaptor domain) is
shown by yellow parallelogram.
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Sensing mechanisms that are embedded into the transmembrane region of
histidine kinase polypeptide utilises the transmembrane (TM) domain for signal
perception and transduction. HKs with this type of sensing mechanism usually
have multiple TM domains and lack an obvious extracellular domain. The
temperature sensor DesK, for example has five TM domains that are essential for
its temperature sensing activity (Mascher et al, 2006). The Arabidopsis Etr1
histidine kinase detects ethylene via its hydrophobic N-terminal TM domain
(Bleecker & Schaller, 1996). Finally, the redox sensor, SenS interacts with heme
binding protein HbpS via its N-terminal TM domain (Ortiz de Orue Lucana &
Groves, 2009).

Histidine kinases with cytoplasmic sensing domain are either entirely
cytoplasmic soluble proteins, such as phytochrome (Moglich et al, 2010), CSK
(Puthiyaveetil et al, 2008), NtrB, DosS (Ioanoviciu et al, 2007); or they are
membrane bound HKs with their cytoplasmic sensing domain located at the Nterminus, just before the first TM or after the last TM domain, just before the
kinase domain. For example, the K+ or salt stress sensor KdpD (Steyn et al, 2003)
(Heermann & Jung, 2010) has its sensory domain located before the
transmembrane domain. Also, the redox sensor ArcB histidine kinase possesses a
PAS domain found just after the last TM, just before the kinase domain (Malpica
et al, 2004).
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Many histidine kinases with cytoplasmic sensing domains adopt a true
PAS-fold that is similar to that found in ArcB, but differ from that found in PDCfold described above. A PAS domain is formed of 5-stranded anti-parallel !sheets that are flanked by "-helices. PAS domains are known to bind small
cofactors such as heme, FAD, and NADH. HKs with PAS domains are therefore
excellent reduction-oxidation (redox) sensors (Allen, 1993). Indeed, the FixL
histidine kinase from Rhizobium meliloti contains a heme-cofactor for sensing the
redox state of O2 gas (Miyatake et al, 2000). The Klebsiella pneumonae twocomponent system NifL is another example of a redox sensor. NifL contain a
FAD-cofactor that is again a sensor of the redox state of O2 gas (Grabbe &
Schmitz, 2003).

1.5.

Structure and function of kinase domain of histidine kinases

The core kinase domain of a histidine kinase has two conserved domains – the
DHp and the CA domains, which have characteristic conserved motifs that are
also referred to as boxes, play important roles in the autokinase and substrate
dephosphorylation activities of histidine kinases. These are H, N, G1, F, G2, and
G3 boxes. The H-box of HK is characterised by the conserved histidine residue.
The conserved histidine residue serves as the site for autophosphorylation. The
DHp domain is formed of a four-helix bundle, with two helices from each
monomeric histidine kinase polypeptide. As well as being an autophosphorylation
site and dimerisation domain, the DHp domain plays an important role in

28
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conferring specificity between the sensor histidine kinase and its conjugate
response regulator partner.

The overall structure of the CA domain is formed of layered !/"
sandwiched fold (see figure 1.4.B), composed of three helices and five stranded !sheets. The overall fold of the CA domain is distinct from that of Ser/Thr or Tyr
kinases. But it has a strong similarities with the ATP binding domain of DNA
topoisomerase II (Roca & Wang, 1992), Gyrase B (Ali et al, 1995), the chaperone
Hsp90 (Panaretou et al, 1998), and the DNA repair enzyme MutL (Ban et al,
1999). The CA domain is characterised by its conserved sequence motifs; N, F,
G1, G2, and G3 boxes that are important for stabilisation of an ATP molecule and
for the hydrolysis of the "-phosphate. The N-box and G1-box are involved in the
stabilisation of an adenine ring of an ATP molecule. In particular, a conserved
aspartic residue found within the G1-box forms a hydrogen bond with the amino
N6 of an adenine base (Marina et al, 2001; Trajtenberg et al, 2010). This
interaction is crucial for conferring specificity to an ATP molecule and to prevent
the binding of other nucleotides such as GTP. CA domains discriminate
nucleotides such as GTP based on the fact that they lack the amino group required
to forming a hydrogen bond with the carboxyl group of the conserved aspartic
acid found in the G1-box. The F-box, which is the less conserved region CA
domain and the G2-box together forms a flexible loop that acts as the ATP-lid and
controls the entry of the ATP-Mg2+ complex and the release of the ADP-Mg2+
complex. Conserved glycine residues the G2-box facilitates the flexibility of the
ATP-lid (Marina et al, 2001).
29
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Figure 1.4 Architecture of core-kinase domain of histidine kinase. A) Ribbon representation of kinase core domain of histidine
kinase, the DHp (dimerisation and phosphoacceptor) domain is coloured orange; the CA (Catalytic and ATP-binding) domain is coloured
magenta. B) Ribbon representation of CA domain. The conserved motifs (N, G1, F, and G2) are indicated. ATP analogue, AMP-TNP (5!Adenylylimidodiphosphate) is represented by ball-and-stick (A,B) renderings in each case. C) Molecular surface of CA domain (PDBID:
1id0). AMP-TNP molecule is represented by stick in red; the ATP-lid is represented in blue. Figure adapted from (Gao & Stock, 2009).
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Response regulator

The second component in two-component system is a response regulator (RR)
protein. Response regulators usually contain a helix-turn-helix DNA binding
domain that function as transcriptional activators or repressors. However, some
RRs do not have a DNA binding domain, and do not take part in transcriptional
control (figure 1.5). Instead, about 15 % of receiver domains are not attached to
an output domain and function by interacting with other proteins. And others
participate in enzymatic activities such as: methylesterase (Anand et al, 1998),
diguanylate cyclase (Ryjenkov et al, 2005), protein phosphatase (Shi, 2004). The
CheB response regulator from E.coli has a typical response regulator receiver
domain that is coupled to C-terminal methylesterase domain. The inactive form of
CheB inhibits the active site of methylesterase domain. Inhibition of CheB is
removed upon phosphorylation on receiver domain by the CheA histidine kinase.
Like CheB, the PelD response regulator of Caulobacter crescentus has non-DNA
binding domain, instead it has diguanylate cyclase activity (Chan et al, 2004).

RRs have a conserved input (receiver) domain and a highly variable
effector domain. A receiver domain catalyses a phosphoryl transfer from
phosphorylated histidine kinase to its conserved aspartic acid (Volz &
Matsumura, 1991). The overall structure of a receiver domain is formed of
conserved !/" folds, consisting of five-stranded parallel "-sheets that are
surrounded by five amphipathic helices (Volkman et al, 1995). The catalytic cleft
of a receiver domain has conserved acidic residues termed D2 with a conserved
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motif “DDD/E” which serves as a dication-binding site for Mg2+ or Mn2+ (Stock
et al, 1989). The second conserved acidic region is termed D1 and has a
conserved aspartic acid that is a site for phosphorylation. The receiver domain
exists at equilibrium between active and inactive conformations. Phosphorylation
thus stabilizes the active conformation and thereby shifts the equilibrium toward
the active RR.

Phosphorylation plays an important role in linking the signal from the
input domain to the effector domain. This role involves phosphorylation-induced
conformational changes that control the structure of !4-"5-!5 of the receiver
domain. For many receiver domains, !4-"5-!5 are crucial for protein-protein
interactions and are involved in dimerisation of RR. Thus phosphorylationinduced dimerisation seems to be the mechanism of response regulator activation.
Although phosphorylation stabilizes an active RR, and facilitates promoter
binding, it will not always lead to transcriptional activation. Transcriptional
initiation is governed by many factors, such as interaction with other activators or
repressors, and the location of DNA that RR binds (Maris et al, 2002).

Although phosphorylation plays an important role in promoter binding, it
has been reported that some RRs can bind promoters even in their
dephosphorylated form; however, phosphorylation seems to be required for
transcriptional initiation. Moreover, a response regulator can act both as a
transcription initiator or repressor. The dual activity of RR is governed by the
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location of its promoter-binding site. If the RR is bound upstream to the target
gene, it usually has a transcriptional activation role, whereas if it is bound
downstream to the target gene, then it has a transcriptional repressor role.
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Domain architecture of response regulators

Representative
response
regulators

Stand-alone receiver domain
CheY and
Spo0F like

Rec

Response regulators with helix-turn-helix (HTH) DNA binding domains
NarL like
HTH

Rec

AraC like
HTH

Rec

AraC

Rec

Fis

Rec

LytR

Rec

AAA ATPase

Fis like HTH
LytR-like
HTH
NtrC like

NarL

Fis

Response regulators with Enzamatic activity
PleD-like

GGDEF
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CheB

Rec

PP2C

Rec

DHp

CA

EAL

Rec

Figure 1.5 Diversity of domain architecture of response regulators. Domain
architectures of response regulators were modified from graphical output of
SMART database (Schultz et al, 1998). Based on the role of effector domain,
representative response regulators are divided into three categories: stand-alone
receiver domain depicted by red hexagon; response regulators with helix-turnhelix DNA binding domain, such those belong to NarL, AraC, Fis, LytR, or NtrC
families are depicted. The third category contains an effector domain that contains
enzymatic activity such as GGDEF (Diguanylate cyclase), CheB (chemotactic
methylestrase), PP2C (protein phosphatase 2C), DHp and CA (histidine kinase
core kinase domain), and EAL (c-di-GMP phosphodiesterase).
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Photosynthesis

Oxygenic photosynthesis converts light energy from the sun into useful chemical
energy. This important biological process takes place in some prokaryotes and in
chloroplasts, – bioenergetic organelles of eukaryotic plants and algae. In
photosynthesis in chloroplasts and cyanobacteria, light-driven primary electron
transfer is carried out by the photochemical reaction centers of two photosystems,
photosystem II (PS II) and photosystem I (PS I). A mobile electron carrier –
plastoquinone (PQ) – in the thylakoid membrane is a link in the electron transport
chain that connects these two reaction centres in series via the cytochrome b6f
complex. The reduction-oxidation (redox) state of the pool of PQ molecules
determines the distribution of excitation energy between photosystem II and I by
controlling the reversible phosphorylation of polypeptides of light harvesting
complex II (LHC II) (Allen, 1992; Allen et al, 1981) in chloroplasts; however, the
exact mechanism that govern the redistribution of phycobilisome in cyanobacteria
and algae is yet to be determined.

The redox state of the PQ pool also plays an important role in controlling
transcription of chloroplast DNA, regulating expression of genes that encode
reaction-center proteins of photosystem II and I, and thus initiating a long-term
acclimatory

process

known

as

photosystem

stoichiometry

adjustment

(Pfannschmidt et al, 1999). In cyanobacteria, prokaryotes from which chloroplasts
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originated, a similar redox control of photosystem stoichiometry is observed
(Fujita, 1997; Murakami et al, 1997).

The PS II is a large homodimeric complex that functions as a light-driven
water:plastoquinone oxidoreductase (figure.1.4A). The PS II complex of higher
plants and cyanobacteria is composed of 22 and 17 polypeptides, respectively.
The PSII complex comprises a chlorophyll pigment antenna, a P680 reaction
centre, and the water splitting complex. Each monomer of PS II RC core complex
includes one oxygen-evolving complex (OEC), two pheophytin (Pheo) molecules,
two chlorophyll a (Chl a) molecules, two plastoquinone (QA and QB) molecules,
and two heterodimer subunits, D1 and D2 (the letter ‘D’ is for a ‘diffuse’
appearance on the SDS-PAGE) that contain five transmembrane helices each. D1
and D2 polypeptides are products of the chloroplast psbA and psbD genes,
respectively. The D1 polypeptide binds one molecule of Pheo, one molecule of
Chl a, and QB. The D2 polypeptide binds one Chl a molecule, one Pheo molecule,
and QA molecule. Both D1 and D2 polypeptides bind a P680 reaction centre and a
conserved redox active tyrosine 161 that is found in the D1 polypeptide transfers
electron from the OEC to the P680 RC. The CP47 and CP43 proteins are core
antenna subunits of PSII, with each subunit containing six transmembrane helices.
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Figure 1.6 Architectures of photosystem II and I. A) Crystal structure of
photosystem II dimer complex from cyanobacterium, Thermosynechococcus
elongatus viewed parallel to the membrane plane (Ferreira et al, 2004). !-helices
are represented as cylinders. B) Ribbon representation of structure of chloroplast
photosystem I complex from plant, Pisum sativum, as viewed parallel to the
membrane plane (Nelson & Ben-Shem, 2004).
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Figure 1.7 Architectures of cytochrome b6f complex and ATPase. A) Crystal structure of cytochrome b6f complex from
Chlamydomonas reinhardtii viewed parallel to the membrane plane. The porphyrin rings of heme are shown in red and chlorin ring
of the chlorophyll is shown in green. B) Model of chloroplast ATPase. !-helices are represented as cylinders; C-ring is represented
by orange colour; "-subunit with red; and F1 subunit with green, gray, and blue (Nelson & Ben-Shem, 2004).
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Cytochrome b6f (cyt b6f) is a large complex is formed of heterodimer (see
figure.1.5.A). Each monomer of cyt b6f is composed of four large subunits that
includes the redox active protein subunits: cyt b563 (also known as b6), cyt f, and
Rieske iron-sulfur proteins, as well as subunit IV; in addition, each monomer
contains four small hydrophobic subunits: PetG, PetL, PetM, and PetN (Cramer et
al, 2008; Kurisu et al, 2003). In higher plants and algae, with the exception to the
Rieske iron-sulfur and PetM, all the other subunits are encoded by the chloroplast
genome. Cyt b6f function as a plastoquinone:plastocyanin oxidoreductase, and
mediates electron transfer between PS II and I. The transfer of one electron from
the doubly reduced plastoquinone (PQH2) to the high potential electron transfer
chain, consisting of Rieske iron-sulfur cluster and cyt f results in the release of
two protons to the lumen phase. Subsequently, the transfer of second electron
from PQH2 to b6 hemes results in the removal of a proton from the stromal phase,
which results in the proton motive force used to catalyse ATP synthesis.

PS I catalyses the second step in light-induced transmembrane charge
separation (See figure 1.4.B). The PS I is a monomeric complex in algal and plant
chloroplasts. However, in cyanobacteria, PS I is found as a trimeric protein
complex. Each monomer of PSI consists of 12-13 protein subunits and 127
cofactors that are non-covalently attached. PS I contains 96 chlorophyll, 22
carotenoids, 4 lipids, 3 4Fe4S clusters, 2 phylloquinones, and 1 Ca2+ ion. The core
complex of PS I is formed of a heterodimer of PsaA and PsaB subunits. PsaA/B
proteins are encoded by the chloroplast genome. PsaA/B proteins have structural
homologies to D1/D2 subunits of PSII and the L and M subunits of the purple
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bacterial reaction centre. Furthermore, the N-terminal region of PsaA/B shows
homologies to the core antenna proteins CP43/47 of PS II. This observation led to
the suggestion that PsaA/B subunits evolved by gene fusion of an ancient reaction
centre protein with antenna proteins. Upon photon absorption by a pair of
chlorophyll a molecules (an P700 pigment), the excited, strongly reducing P700
transfers an electron to a chlorophyll monomer, which then passes the electron to
to a primary electron acceptor (phyloquinone), and onto an iron sulfur cluster
(Kraus, 2008). Upon binding of Ferredoxin to PS I from stromal the phase, the
electron moves to the reduced iron-sulfur cluster and reduces NADP+ to NADPH
in a reaction catalysed by the enzyme ferredoxin-NADP+ reducatase.

Proton translocating ATP synthases (H+ ATPases) from different sources
have a similar over all structure. A hydrophilic part designated F1 (factor 1), has
ATPase activity and the capable of binding ADP and Pi, for the synthesis of an
ATP molecule. The F1 complex can also catalyse the hydrolysis of an ATP
molecule to ADP and Pi. The chloroplast F1 complex consists of five subunits that
are designated by Greek letters !, ", #, $, and %. The "-subunit of F1 adopts three
different conformations, two of which ADP and Pi or ATP is bound.

The second part of ATPase is the hydrophobic complex known as Fo or Cring (Figure 1.5.B). The Fo was discovered after F1. The Fo functions as a proton
pump from high proton gradient to lower proton gradient. Binding of a proton to
the C-ring of Fo results in rotation of the ring, this mechanical force is used to
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drive the rotation of ! subunit of a F1, which in turn alters conformation of
subunits of Fo and results the synthesis of ATP in the ATP synthesis. In
chloroplasts, the Fo transports protons from the lumen to stromal space; in
mitochondria, it transports protons from inner membrane space to the matrix; and
from the periplasmic space of bacteria to the cytoplasm (Bottcher & Graber,
2008).

1.8.

Mechanisms

of

short-term

and

long-term

adaptation

of

photosynthetic apparatus
Photosynthesis is optimal when the environment meets species-specific
requirements. However, environmental condition fluctuates on the time-scale of
minutes to days, which creates unwanted redox imbalance in a linear electron
transfer chain (ETC) (Ibrahim, 2009; Pfannschmidt, 2003). Imbalance of redox
state of ETC created from uneven light distribution between PSII and PSI has
negative effects on the photosystems. For example, reduced PQ promotes the
electron to transfer back to PSII, thus leading to the production of the free radical
superoxide. Oxygen radical is harmful because of its high rate of reactivity with
biological molecules. In case of the chloroplasts, the reactive free radical causes
photo-inactivation as well as accumulative chloroplast DNA damage, which may
results in incorrectly functional enzymes. Therefore, chloroplasts must have a
mechanism(s) to prevent and sequester free radicals.

In chloroplasts, the redox state of ETC is controlled in several ways. In the
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short term, pH change within the lumen activates a mechanism known as nonphotochemical quenching that allows LHCII to dump about 80 % of the solar
energy absorbed as a heat and fluorescence (Muller et al, 2001), thus resulting in
the decrease of excitation of reaction centres. However, this mechanism
dramatically reduces the efficiency of photosynthesis. The second pathway by
which the electron flow between PSII and PSI is maintained at a constant rate is
through light transition switch between light state 2 that favours PSI and light
state 1 that favours PSII (Allen, 2003a). In the event of high light intensity, the
rate of electron flow from PSII will be faster and therefore PSI will become
saturated. This imbalance of redox state activates a specific membrane bound
enzyme, a protein kinase (Allen, 1992; Allen et al, 1981), termed Stt7/Stn7
(Bellafiore et al, 2005; Depege et al, 2003; Rochaix, 2007). The activation of
Stt7/Stn7 leads to phosphorylation of LHCII, which results in the dissociation of
LHCII from PSII. Phosphorylated LHCII is no longer bound to PSII and diffuses
into the stromal where it associates with PSI and in doing so the work load of
each specific photosystem is decreased and the electron flow between them is
balanced (see figure 1.8).

In the event of long-term redox imbalance of PQ pool, for example, from
hours to days, redox regulation of gene expression will be activated to regulate the
relative amount of PSII and PSI supercomplexes (Pfannschmidt et al, 1999). This
long-term acclimation process was proposed to utilize a bacterial-type sensorresponse circuit for sensing the redox state of PQ-pool and to control the
transcription rate of genes coding for core component of photosystems (Allen,
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1993; Allen, 2003b). Recently, Puthiyaveetil and Allen discovered a bacterial type
sensor kinase termed CSK (Puthiyaveetil et al, 2008). The CSK conveys the redox
state of PQ-pool to chloroplast transcription regulators (figure 1.8) (Puthiyaveetil
et al, 2010; Puthiyaveetil et al, 2008).
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Figure 1.8 Discrete redox signalling pathways controls state transition and
photosystem stoichiometry adjustment (figure adapted from (Allen et al,
2011). State transition (red) and redox control of transcription (blue) are
controlled by two independent redox states of PQ pool (green). The reduced form
of plastoquinone (PQH2) controls state transition by acting on LHCII kinase,
whereas the oxidised form of plastoquinone (PQ) controls the long-term
acclimatory process by activating CSK as a protein kinase. The active CSK
controls transcription by phosphorylating SIG1, thus phosphorylated SIG1 (SIGP) inhibits transcription of psaA,B genes, while transcription of psbA,D genes are
unaffected.
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My PhD research

PhD

research

aims

to

elucidate

molecular

mechanisms

of

the

autophosphorylation and phosphotransfer activities of a conserved twocomponent system of chloroplasts and cyanobacteria. My research explores how
different signals, including redox, are perceived by Synechocystis Hik2 and by its
homologue, CSK of chloroplasts. This work also explores different oligomeric
forms of Hik2 and deduces their autophosphorylation mechanism. Finally, the
thesis presents results on functional partners of Hik2 and CSK, deducing
functional models on the Hik2-RR and CSK-RR two-component systems using
bioinformatics, molecular biology and biochemical techniques.
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Purification of nucleic acid

2.1.1. Plasmid DNA
Plasmid DNA was purified from 5 ml E.coli cell culture using Qiagen mini-prep
plasmid extraction kit. Plasmid DNA was eluted in 50 !L of RNase free water for
DNA sequencing or in 50 !L of Tris-HCl (pH 8) buffer for other down stream
procedures.

2.2.

Quantification of nucleic acid

DNA samples were quantified using a Nanovue Plus (GE Healthcare)
spectrometer. An optical density of 1.0 at 260 nm corresponds to a 50 !g mL-1
DNA.

2.3.

Cloning

2.3.1. Polymerase Chain Reaction (PCR)
Amplification of Synechocystis sp. PCC6803 Hik2 gene – The full-length
Synechocystis sp. PCC 6803 hik2 gene (slr1147) encoding for amino acids 1-434
and the truncated form of hik2 gene encoding for amino acids 175-434 were
amplified from Synechocystis sp. PCC 6803 genomic DNA (Synechocystis sp.
PCC 6803 genomic DNA was kindly donated by Mr. Dennis Nuernberg, Queen
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Mary, University of London). Primer pairs used for PCR are listed on table 2.1.
Primers were purchased from Eurofins MWG Operon, Germany.

Amplification of genes coding for the receiver domain of Rre, RppA, RpaA,
and RpaA proteins – Genes coding for the receiver domain of Rre1 (slr1783),
RppA (sll0797), RpaA (sll0797), and RpaB (slr0115) were amplified from
Synechocystis sp. PCC 6803 genomic DNA using the primer pair given in table
2.1 (Synechocystis sp. PCC 6803 genomic DNA was kindly donated by Dr.
Luning Liu, Queen Mary, University of London).

Amplification of Arabidopsis CSK gene – The full-length Arabidopsis
thaliana csk gene (At1G67840) (coding for amino acids 1-611) and the truncated
version of CSK gene (coding for amino acid 301-611) were amplified from
template DNA, the CSK_GFP plasmid construct that was kindly donated by T.A
Kavanagh at Cambridge University. The primer pair given in table 2.1 was used.

Table 2.1 Primers used for cloning
– Hik2_F_His (cloned in pET-21b)
Forward: GCGCGCcatatgGCCGGTTCCATCTCA
Reverse: GCGCGCctcgagCACTTGTTCTCCAGAGCG
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– Rre1_Receiver_His (cloned into pET-30a+)
Forward: GCGGCGggatccATGGTGGGCTTGAGTTTG
Reverse: GCGGCGctcgagCTAGACGATCGCCTCCAATTC

– RppA_Receiver_His (cloned into pET-30a+)
Forward: GCGGCGggatccATGCGAATTTTGCTGGTG
Reverse: GCGGCGctcgagCTACAGTCTTGCTAATAGCTC

– RpaA_Receiver_His (cloned into pET-30a+)
Forward: GCGGCGggatccATGCCTCGAATACTGATC
Reverse: GCGGCGctcgagCTACACCCGGGCTAACATTTC

– RpaB_Receiver_His (cloned into pET-30a+)
Forward: GCGGCGggatccATGGTGGTCGATGACGAG
Reverse: GCGGCGctcgagCTAGATTCTAGCTTCCAATTC

-CSK-F_His (cloned into customized pJC20)
Forward: GCCGTGcatatgCTTCTTT CTGCAATCGCTTC
Reverse: CGAggatccCTATGCTTCATTGGCTTC

– CSK_T_ His (cloned into customized pETG-10A)
Forward: CACCATGCAGTCATCTTGGCAAAAC
Reverse: CTATGCTTCATTGGCTTC
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Note: base pairs in lower case are restriction site overhangs.

Polymerase chain reaction was performed in a total reaction volume of 50
!L containing each deoxynucleoside triphosphates (Fermentas) at a final
concentration of 200 !M, 1 X HF Phusion DNA polymerase reaction buffer, 1
!M primer pair, 5 ng of template DNA, and 0.012 units of Phusion DNA
polymerase (New England BioLabs). RNase free water was added to a final
volume of 50 !L. PCR amplicon DNA was purified from enzymatic reaction
buffers using Fermentas gel extraction kit and DNA sample was eluted in 50 !L
of Tris-HCl (pH 8).

2.3.2. Restriction endonuclease digest
Double digestion reaction was carried out for the PCR DNA product or for
plasmid DNA in a total volume of 50 !L. Each digestion reaction mixture
included: 8 !g of PCR product or 4 !g of plasmid, 40 units of the appropriate
endonuclease (NEB), 100 !g !L-1 BSA (NEB), and 10-fold concentrated NEBbuffer. Volume was adjusted to 50 !L by adding RNase free water. Reactions
were incubated at 37 ºC for 3 hours. Digested DNA was mixed with 1 X DNA
loading dye (Invitrogen) and loaded onto an agarose 1 % gel. DNA fragments
were separated on agarose gel. DNA bands in the gel was cut and purified from
the gel using Fermentas gel extraction kit. DNA was eluted from the column in 50
!L of Tris-HCl (pH 8).
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2.3.3. Ligation
Ligation reaction was carried out in a total reaction volume of 20 !L. Reaction
was prepared by mixing the double digested plasmid and PCR product in 1:3
molar ratios respectively, 0.5 mM of ATP (Sigma), 20 units of T4-ligase (New
England Bio Labs), and 2 !L of 10 X T4 ligase buffer (1 X final). Volume was
adjusted to 20 !L using RNase-free water. Reaction was incubated at 25 ºC for 15
minutes or at room temperature over night.

2.3.4. Recombinant transformation
2 ng of DNA was transformed into One Shot TOP10 chemical competent cells
(Invitrogen) for plasmid amplification, or transformed into BL21-(DE3) chemical
competent cells (Invitrogen) for protein over-expression.
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Figure 2.1 Recombinant vectors containing Hike2 and CSK genes. The fulllength Hik2 (Hik2F), the full-length CSK (CSK_F), and truncated form of CSK
(CSKT) genes are shown by magenta and the C or N-terminal poly-histidine tags
(His-tag) are shown by red. Orange and blue arrows show the f1 and Ori origins
of replication, respectively; an ampicillin resistant gene is shown by green arrow;
black and brown arrows show the lacI and T7/lac promoters, respectively. The
direction of arrow indicates the direction of translation of genes.
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Figure 2.2 Recombinant vectors containing receiver domain of response
regulators. Genes coding for receiver domain of Rre1, RppA, RpaA, and RpaB
are shown by magenta arrow. The C or N-terminal poly-histidine tags (His-tag)
are shown by red arrow. Orange and blue arrows show the f1 and Ori origins of
replication, respectively; an ampicillin resistant gene is shown by green arrow;
black and brown arrows show the lacI and T7/lac promoters, respectively. The
direction of arrow indicates the direction of translation of genes
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Site-directed mutagenesis was made using Stratagene Quick Change site-directed
mutagenesis kit. Mutagenic primers listed on table 2.2 were designed using
PrimerX (Lapid & Gao, 2011) (a web-based program), and primers were
purchased from Eurofins MWG Operon, Germany. Mutagenesis was confirmed
by sequencing and clones were transformed into BL21-(DE3) chemical competent
cells.

Table 2.2 Primers used for site-directed mutagenesis
For H-box
–H185Q
Forward: CTGACCTCTTGCAGCAACTCCGCAATC
Reverse: GATTGCGGAGTTGCTGCAAGAGGTCAG

For G1-box
– G359A
Forward: CGCCGACACGGCTTATGGCATTC
Reverse: GAATGCCATAAGCCGTGTCGGCG

– G361A
Forward: GATCGCCGACACGGGTTATGCGATTCCCCCGGAGGATCAAC
Reverse: GTTGATCCTCCGGGGGAATTGCATAACCCGTGTCGGCGATC
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For G2-box
– G386A
Forward: CGAGGCTCCATTAATGCGACTGGTTTGGGTTTG
Reverse: CAAACCCAAACCAGTCGCATTAATGGAGCCTCG

– G388A
Forward: CATTAATGGCACTGCGTTGGGTTTGGCGATC
Reverse: GATCGCCAAACCCAACGCAGTGCCATTAATG

– G390A
Forward: CACTGGTTTGGCATTGGCGATCGTG
Reverse: CACGATCGCCAATGCCAAACCAGTG

.

2.4.

Protein over expression and purification

A colony grown on an agar-LB plate was used to inoculate an overnight starter
culture in 10 ml Luria Broth (LB) [9] that was supplemented with ampicillin at a
final concentration of 100 !g ml-1 or with Kanamycin at a final concentration of
35 !g ml-1. The overnight culture was diluted to 1:100 in LB media containing the
appropriate antibiotic and grown at 37 ºC to an optical density at 600 nm of 0.55
before initiating protein over-expression with 0.5 mM isopropyl "-D-1-
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thiogalactopyranoside (IPTG) (Melford) and then grown for a further 16 hours at
18 ºC. Cells were harvested by centrifugation at 6000 rpm for 10 minutes at 4 ºC
and the pellet was re-suspended in lysis buffer (300 mM NaCl, 50 mM NaH2PO4
pH 7.4, 25 mM imidazole, and 1 mM PMSF) and lysed with an EmulsiFlex-C3
homogenizer (Avestin). Lysate was separated by centrifugation at 39,000 g for 20
min. The supernatant was applied to Ni2+ affinity chromatography (GE
Healthcare) and His-tagged recombinant proteins were purified from the column
as instructed by the manufacturer. The above proteins were further purified using
Superdex 200 gel filtration.

2.5.

In vitro autophosphorylation assay

2.5.1. Autophosphorylation assay
Autophosphorylation assay was performed with 2.5 !M of purified recombinant
Hik2 protein in kinase reaction buffer (50 mM Tris-HCl (pH 7.5), 50 mM KCl,
10 % glycerol, and 10 mM MgCl2) in a final reaction volume of 25 !L.
Autophosphorylation reaction was initiated by adding 5 !l of 5-fold concentrated
ATP mix containing 2.5 mM ATP and 2.5 !Ci ["32-P]-ATP (6000 Ci mmol-1)
(PerkinElmer).

Reactions

were

incubated

for

15

seconds

at

22

ºC.

Autophosphorylation reaction was stopped with 6 !L of 5-fold concentrated
Laemmli sample buffer (Laemmli, 1970). Proteins were resolved on a 12 % SDSPAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis). Once
proteins were separated, the gel was rinsed with SDS running buffer and
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transferred into a plastic bag and the completely sealed bag was exposed to a
phosphor plate overnight. The incorporated !32-P was visualized using
autoradiography and the band intensity from the autoradiograph was quantified
using ImageJ version 1.44 (Schneider et al, 2012).

2.5.2. Autophosphorylation assay in the presence of salt
2.5 "M recombinant Hik2 protein was pre-treated with 5 "l of 5-fold concentrated,
low potassium reaction buffer (250 mM Tris-HCl (pH 7.5), 25 mM KCl, 50 %
glycerol, and 50 mM MgCl2) and water or with the following salts: NaCl (0.3M
final), Na2SO4 (0.25 M final), NaNO3 (0.3 M final) or KCl (0.375 M final) in a
total volume of 20 "L. Reaction mixtures were then incubated at room
temperature (22 ºC) for 30 minutes. Autophosphorylation reaction was assayed as
above (section 2.5.1).

2.5.3. Autophosphorylation assay in the presence of redox agents
2.5 !M of recombinant Hik2 or CSK proteins were treated with kinase reaction
buffer and the following redox agents: 2 mM K3Fe(CN)6, 6 mM DTT, 0.5 mM
benzoquinone, and 0.5 mM hydroquinone and incubated at room temperature for
30 minutes. Auophosphorylation reaction was assayed as above (section 2.5.1)
except that CSK was incubated at 30 ºC for 1 hour.
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2.5.4. Acid-base stability assay
Four replicates of autophosphorylation reactions of Hik2 were prepared as in
section 2.5.1. Proteins were then resolved on a 12 % SDS-PAGE and blotted to a
PVDF membrane. Each lane containing the autophosphorylated Hik2 protein was
cut and incubated in 50-100 mL of 50 mM Tris-HCl (pH 7.4) (neutral), 1 M HCl
(acidic), or 3 M NaOH (basic). The membranes were then incubated for 2.5 hours
at 55 ºC while being agitated. The presence or hydrolysis of !32-P was analysed
using autoradiography.

2.6.

Phosphotransfer kinetics

The autophosphorylation reaction was carried out by mixing 30 "M of Hik2 in a
total reaction volume of 375 "L containing kinase reaction buffer (50 mM TrisHCl (pH 7.5), 50 mM KCl, 10 % glycerol, 25 mM MgCl2, and 2 mM DTT) and
ATP mix (2.5 mM ATP and 37.5 "Ci [!32-P]-ATP (6000 Ci mmol-1)). The
reaction mixture was incubated at 30 for 10 minutes. Meanwhile, 25 "M of the
following response regulators: Rre1, RppA, RpaA, or RpaB were diluted in the
above kinase reaction buffer, in a total volume of 62.5 "L. A control sample
lacking response regulator was prepared in the same way, except that response
regulator protein was substituted with water. For each phosphotransfer reaction,
62.5 "L of autophosphorylated radiolabeled Hik2 protein was mixed with 62.5 "L
of the above response regulators or a control with water alone. Kinase and
response regulator were present at 1 "M and 5 "M, respectively. Reactions were
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mixed and incubated at 30 ºC. 25 !L was removed at 0, 20, 40, 60, and 90
minutes, and stopped by addition of Laemmli sample buffer. Proteins were
resolved on 15 % SDS-PAGE and the presence of "32-P was analysed using
autoradiography. The incorporated "32-P was visualized using autoradiography and
the band intensity from the autoradiograph was quantified using ImageJ.

2.7.

Chemical crosslinking

The full-length Hik2 protein was desalted into crosslinking reaction buffer (25
mM HEPES-NaOH (pH 7.5), 5 mM KCl, and 5 mM MgCl2) using PD-10
desalting column (Amersham Biosciences). Chemical crosslinking was carried out
in a total reaction volume of 20 !L containing varying concentration of Hik2
protein

in

crosslinking

reaction

buffer.

Crosslinking

agent

dithiobis

(succinimidylpropionate) was added to a final concentration of 2 mM from 24.73
mM stock solution in dimethyl sulfoxide. Reactions were incubated at 23 ºC for 4
minutes. Reactions were stopped by addition of 50 mM Tris-HCl (pH 7.5) and 10
mM glycine. The above reaction was also repeated with 2 !M Hik2 and varying
concentration of DSP. 2 !g of crosslinked proteins were resolved on 10 % SDSPAGE and followed staining with Coomassie Brilliant Blue.

2.7.1. Autophosphorylation followed by crosslinking
Autophosphorylation reaction of Hik2 was prepared as in section 2.5.1 and
followed by crosslinking as above. Proteins were resolved on 10 % SDS-PAGE
and the incorporated "32-P was visualized using autoradiography.
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Fluorometric titration of Arabidopsis CSK with DBMIB

Binding

of

plastoquinone

analogue,

2,5-dibromo-3-methyl-6-isopropyl-p-

benzoquinone (DBMIB) to recombinant CSK protein was examined by
tryptophan quenching of CSK. DBMIB titration was prepared in 1 cm X 4 cm
quartz cuvette containing 0.1 !M of CSK in 20 mM HEPES (pH 7.6) in a total
volume of 3 mL. Varying concentration of DBMIB was added and the total
volume of DBMB added never exceeded 0.05 % of the total sample volume.
Fluorescence

measurement

was

carried

out

using

Perkin-Elmer

LS55

spectrofluorometer with excitation wavelength set to 295 nm and emission
wavelength was set at 280-450 nm. Excitation and emission monochromators
were set to 5 nm and 10 nm, respectively. Fluorescence emission was monitored
at 342 nm. In equation 1,

Fcorrected and Fobserved are the corrected and observed

fluorescence intensities, respectively, and

Aex

and

Aem

are the respective

observance values of DBMIB at excitation (295 nm) and emission (340 nm)
wavelengths (Moxley et al, 2011).

Fcorrected = Fobserved x anti log

(!

ex

!!!em
!

)

(1)

An equilibrium dissociation consistence (kd) for CSK-DBMIB complex
was determined by nonlinear fitting of data using Prism 5 (Motulsky &
Christopoulos, 2003) to equation 2.
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n DBMIB
!d + DBMIB

(2)
free

Fractional saturation X of CSK was calculated using equation 3, where X
is the fraction of DBMIB bound and the corrected fluorescence with (F), without
(F[DBMIB]0), and saturation (F[DBMIB]max) DBMIB concentrations.

X=

F[DBMIB]0 – Fobserved

(3)

F[DBMIB]0 – F[DBMIB]max

The concentration of unbound DBMIB ([DBMIB]free) was calculated by
equation 4.

[DBMIB]free = [DBMIB]total – X[CSK]total

2.9.

(4)

TNP-ATP binding assay

TNP-ATP binding assay was carried out in a total volume of 3 mL containing 2
!M of CSK_T, 1 !M of TNP-ATP, and ATP binding buffer (10 mM NaCl and 10
mM Tris-HCl (pH 8)). Samples were prepared in 1 cm X 4 cm quartz cuvette.
Fluorescence

measurement

was

carried

out

using

Perkin-Elmer

LS55

spectrofluorometer with excitation wavelength set to 410 nm and emission
wavelength was set at 500-650 nm. Excitation and emission monochromators
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were set to 5 nm and 10 nm, respectively. TNP-ATP was excited at 410 nm and
emission was scanned in the rage of 500-650 nm.

TNP-ATP binding titration was carried out by successive addition, to give
varying concentrations of TNP-ATP, to 2 !M CSK diluted into ATP binding
buffer. Control titration without protein was performed in the same way.
Fluorescence emission intensity increase at 540 nm was monitored. Correction for
buffer fluorescence was made. The total volume of TNP-ATP never exceeded
0.001 % of the total volume.

TNP-ATP displacement was carried out by successive addition of varying
concentrations of ATP to a sample containing 2 !M CSK, 1 !M TNP-ATP in the
above ATP-binding buffer. Decrease in fluorescence emission intensity at 540 nm
was monitored. Total volume of ATP added never exceeded 0.05 % of total
sample volume.

2.10.

Sequence Analysis

Sequence similarity search was carried out with blastP and blastn (Altschul et al,
1990) using public databases, Cyanobase (http://genome.kazusa.or.jp/cyanobase)
and Joint Genome Institute (JGI) (http://www.jgi.doe.gov/). Domain prediction
was carried out using SMART database (http://smart.embl-heidelberg.de/smart/
set_mode.cgi?NORMAL1⁄41) (Schultz et al, 1998). Multiple alignment was
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generated with ClustalW (Chenna et al, 2003) and alignment was edited with
Jalview (Clamp et al, 2004). Phylogenetic tree was reconstructed using a webbased program Phylogeny.fr (http://www.phylogeny.fr/version2_cgi/index.cgi)
(Dereeper et al, 2008) and tree was edited using FigTree version 1.3.1.

64

Chapter 3
Phylogenetic distribution of Hik2

!
CHAPTER
!
!
THREE
!
!
3.1. INTRODUCTION

DISTRIBUTION, FUNCTION, AND
EVOLUTION OF HIK2 PROTEIN

Like all prokaryotes, "#$%&'$"()*+$ utilises two-component systems to monitor
and adapt to their surrounding environment. In 1996, the first complete genemic
sequence for Synechocystis sp. PCC 6803 was made available (Kaneko et al.,
1996). Since then, genomes of most cyanobacterial species were sequenced and
their complete genomic sequences can be accessed through the public databases,
Cyanobase (http://genome.kazusa.or.jp/cyanobase) and Joint Genome Institute
(JGI) (http://www.jgi.doe.gov/).

Cyanobacterial genomes encode a large number of two-component
proteins for their genomic size, even more than E.coli genomes (Ashby and
Houmard, 2006). But distribution of two-component systems varies between
different cyanobacterial species. For example, the genome of the filamentous
cyanobacterium Nostoc punctiforme encodes 146 histidine kinases and 168
response regulators. In contrast, some Prochlorococcus species have a very small
number of genes for two-component systems. Prochlorococcus MED4 and
Prochlorococcus SS120 genomes encode only five histidine kinases and six
response regulators. Furthermore, out of the five histidine kinases of MED4,
Histidine kinase 3 (His03) contains stop codons and frameshift, and therefore it is
possible that the mRNA of hik03 is not be translated (Mary and Vaulot, 2003).
Five histidine kinases are conserved in all cyanobacteria (Ashby and Houmard,
2006), one of which is Hik2. The ortholog of Hik2 that is also annotated as Hik01
in the genome of Prochlorococcus MED4 is present in all cyanobacterial species
and almost in all chloroplasts as a Chloroplast Sensor Kinase (CSK)
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(Puthiyaveetil et al., 2008, Ashby and Houmard, 2006). This implies that the Hik2
is an essential protein that plays an important role in cyanobacteria and
chloroplasts. The role of CSK in chloroplasts of higher plants is already known
(Puthiyaveetil et al., 2008, Puthiyaveetil et al., 2012, Puthiyaveetil et al., 2010);
while the role of Hik2 in cyanobacteria has yet to be demonstrated.
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Figure 3.1 Phylogenetic distributions of Hik2 proteins. Unrooted tree for
orthologues of Hik2 proteins in 49 cyanobacteria genomes was constructed from
amino acid sequences by the neighbour-joining method. Bootstrap consensus tree
is inferred from 1000 replicates. The colour corresponds to different forms of
Hik2 proteins. Clade coloured blue corresponds to cyanobacteria containing the
type I Hik2 protein; Clade coloured red corresponds to those containing the type
II; Clade coloured green corresponds to those containing the type III
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Figure 3.2 Domain Archtechare of Hik2 Proteins. The amino (NH2) and the
carboxyl (COO) termini are shown at each end, respectively. Domain architecture
of Hik2 was peridicted using SMART database (Schultz et al., 1998). The
predicted sensor domain is shown as GAF or where it is undefined it is shown as a
line. The kinase core contains the DHp and CA domain. The colour corresponds
to different forms of Hik2 proteins; i.e blue representing the full-length, type I
Hik2 protein; red representing type II Hik2 proteins; and green representing type
III Hik2 proteins.
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3.2. Distribution, function and evolution of Hik2 Protein

Histidine kinase contains a conserved kinase core domain and a variable sensor
domain. The Hik2 protein is present in all cyanobacterial species with its
conserved kinase core domain, consisting of DHp and CA domains (for further
information see chapter 6). Interestingly, the sensor domain of Hik2 is not fully
conserved in cyanobacterial species. From sequence alignment and domain
prediction, it appears that there are three types of Hik2 proteins and only one form
is present within each cyanobacterium. As shown in figure 3.1 and 2, type I Hik2
protein contains a GAF domain as its sensor domain. The majority of
cyanobacteria have this type of Hik2 protein. Type II Hik2s have a truncated form
of GAF domain. The third type of Hik2 has no recognisable sensor domain. This
finding is also consistent with earlier report by (Ashby and Houmard, 2006).

The presence of different forms of Hik2 proteins is intriguing because it
implies that the Hik2 has multiple functions that are probably species specific.
The type I Hik2 protein, which is found in freshwater and terrestrial cyanobacteria,
has fully conserved GAF domain, and therefore will have all the sensing
functional abilities. Whereas type II and III Hik2s are only found in marine
cyanobacteria have either a truncated form of GAF domain or non-at all (figure
3.1 and 3.2).
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The type II Hik2s probably had lost the ability to perceive some types of
signals. This is probably because the signal is now sensed by another histidine
kinase or those cyanobacteria are no longer exposed to such a signal. Therefore,
there is no selective pressure to retain such motif. It is even more intriguing to
find the type III Hik2s has lost their sensor domains completely.

Type III Hik2 is found only in three cyanobacterial species; Gloeobacter
violaceus PCC 7421, Synechococcus sp. JA-2-3B'a(2-13), and Synechococcus sp.
JA-3-3Ab. These three cyanobacteria diverged very early from other
cyanobacteria (Gupta, 2009). Therefore, it is possible that the ancestral Hik2
protein lacked a sensor domain and later Hik2 acquired the new GAF sensor
domain through gene fusion. Alternatively, it is possible that the sensor domain of
Hik2 in those three cyanobacteria was lost after they diverged from other
cyanobacteria.

Gloeobacter violaceus is unusual in that it lacks the orthodox thylakoid
membrane that houses the photosynthetic machinery, as is found in all other
oxygen-evolving

cyanobacteria.

Gloeobacter

still

performs

oxygenic

photosynthesis that unusually takes place on the plasma membrane. Gloeobacter
also lacks psaI, psaJ, psaK, and psaX genes encoding for Photosystem I complex
(Inoue et al., 2004). The loss of GAF-sensor domain from Gloeobacter Hik2
could be linked to the fact that photosynthesis does not take place in the thylakoid
membrane.
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The CSK protein in chloroplasts of Arabidopsis thaliana couples the redox
signal from the thylakoid membrane to chloroplast transcription (Puthiyaveetil et
al., 2008). Like Hik2, CSK does not have a predicted transmembrane domain.
However, the CSK protein is capable of receiving signals from the thylakoid
membrane (Puthiyaveetil et al., 2010, Puthiyaveetil et al., 2008), and can directly
bind quinone (see chapter 8). Therefore, the GAF domain of CSK and Hik2 might
have the ability to loosely associate itself to the thylakoid membrane so that it can
receive a signal from the photosynthetic electron transport chain. There are
examples of soluble histidine kinases that receive signals that are located in the
membrane. The CikA (Circadian Input Kinase A) from Synechococcus elongatus
PCC 7942 is a soluble histidine kinase that contains a GAF domain as its sensor
domain. The CikA was reported to sense the redox state of plastoquinone pool
(Ivleva et al., 2006). The regulator of N2-fixation genes – NifL histidine kinase
from Azotobecter Vinelandii again contains soluble PAS sensor domain, yet it can
still receives signal from the quinone pool (Grabbe and Schmitz, 2003).

The orthodox view of the signal sensing mechanism of histidine kinases is
that it takes place in the sensory domain, where the signal is then transduced to
the kinase domain via signal-induced conformational change. Conformational
change eventually leads to regulation of histidine kinase autophosphorylation.
However, a recent study by Wang et al challenges this view of the signal
perception mechanism of histidine kinases. Their finding showed that histidine
kinase EnvZ signal sensing abilities is not restricted to its sensor domain. Wang et
al study showed that the truncated form of EnvZ that only contains the core
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kinase domain was perfectly capable of sensing an osmotic signal (Wang et al.,
2012). They showed that NaCl was required for stabilisation of the four-helix
bundle;

thereby

promotes

stable

conformation

that

facilitates

an

autophosphorylation event of EnvZ (Wang et al., 2012).

Response regulator 1 (Rre1) is a putative response regulator partner of
Hik2 and Hik34. (Paithoonrangasarid et al.; 2004) Hik34-Rre1 controls
expression

of

nineteen

genes

in

response

to

hyperosmotic

shock

(Paithoonrangsarid et al., 2004). Furthermore, Rre1 controls five more genes that
are not under the control of Hik34. In order to determine the histidine kinase that
is upstream to Rre1, Paithoonrangsarid et al screened histidine kinase mutant
libraries; however, they could not identify potential histidine kinase that controls
those five genes. However, their yeast-two hybrid screening identified Hik2 as
potential partner Rre1. It is therefore likely that Hik2-Rre1 controls the five genes
that are under the Rre1 control, but not under Hik34 controls. If Hik2 perceives an
osmotic signal, it is likely that it may employ EnvZ type mechanism. Therefore,
one can assume that the full-length and the truncated form of Hik2 perceive an
osmotic signal. The GAF domain of Hik2 that is found in type I and II Hik2s in
addition might be involved in perceiving an additional signal such as redox signal
or might bind small ligands required to regulate its autophosphorylation activity.
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Signal transduction by a two-component system (TCS) begins when a histidine
kinase undergoes an autophosphorylation in an ATP-dependent manner. This
autophosphorylation is then coupled to a histidine-to-aspartate phosphotransfer
event from a conserved histidine residue on the histidine kinase to a conserved
aspartic residue of a response regulator (see chapter 7 for an account of the HisAsp phosphotransfer reaction). The autophosphorylation event of a full-length
histidine kinase is governed by environmental signal. Thus upon stimulation by
signalling molecule(s), histidine kinases undergo conformational changes that
result in the activation or inactivation of their autophosphorylation. Therefore, it is
crucial to identify the signalling molecule(s) that regulate the activity of any
histidine kinase.

As described in detail in chapter 1 section 1.4, histidine kinases possess
diverse sensory domains that are capable of recognising various types of signal.
One signal molecule that modulates the autophosphorylation activity of the
histidine kinase is redox. Reducing agents donate electron(s) or hydrogen atom(s)
to an acceptor molecule, whereas oxidising agents accept electron(s) or hydrogen
atom(s) from a donor molecule. Redox reactions are key post-translational
modulator for several enzymes involved in electron transport chains and
metabolic pathways.

Redox sensor histidine kinases utilise a redox signal to modulate their
autokinase activity (Allen, 1993). For example, the RegB-RegA two-component
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system in Rhodobacter capsulatus is a global regulator that controls a wide range
of oxygen-responsive processes such as respiration, photosynthesis, and nitrogen
fixation. The autophosphorylation activity of RegB and phosphotransfer to an
aspartic acid residue of RegA is controlled by the redox state of an electron carrier
– ubiquinone (Wu & Bauer, 2010). Another well-studied quinone pool redox
sensor is the Arc (Aerobic Respiratory Control) two-component system of E. coli.
The ArcA-ArcB TCS consists of a membrane bound ArcB sensor histidine kinase
and the ArcA response regulator (Georgellis et al, 2001; Malpica et al, 2004).
ArcB is a ubiquinone sensor that uses cysteine residues for its redox sensing
mechanism. Upon shifting from anaerobic to aerobic growth conditions, the
ubiquinone pool in the E. coli respiratory membrane becomes oxidised. Electrons
from cysteines on the ArcB are then transferred to the ubiquinone pool, which
leads to formation of an intermolecular disulfide bond between each monomer of
ArcB polypeptide. This results in the inhibition of ArcB autophosphorylation
(Malpica et al, 2004).

Salt stress also controls the activity of some histidine kinases by directly
stabilising or destabilising their tertiary structure (Wang et al, 2012). Although
salt and hyperosmotic stresses are often regarded as the same signal, however,
there is a clear distinction between them. Hyperosmotic stress results in efflux of
water from the cytoplasm of cell, which causes a decrease of cytoplasmic volume
and an increase in the concentration of solutes. In contrast, salt itself has a small
effect on the cytoplasmic volume. However, intracellular concentration of Na+
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and Cl- ions can rapidly increase through influx of NaCl via Na+/K+ and Clchannels (Los et al, 2010).

In E. coli, salt stress is sensed by a designated histidine kinase EnvZ. No
homologue of EnvZ is encoded in cyanobacterial genomes. Instead, in
cyanobacteria, salt and hyperosmotic stresses are monitored by multifunctional
histidine kinases, namely Hik34, Hik10, Hik16, Hik33 and a putative sensor Hik2
(Marin et al, 2003; Paithoonrangsarid et al, 2004). In addition to salt, these
histidine kinases have been reported to perceive other signals. For example, Hik34
functions as a temperature sensor (Surette et al, 1996); the Hik33 was reported to
sense redox (Mary & Vaulot, 2003).

Paithoonrangasarid et al suggested that Hik2 could be involved in
hyperosmotic sensing. However, there is no genetic or biochemical evidences to
support this suggestion. Therefore, the function of Hik2 was extrapolated from its
putative response regulator, the Rre1.

In this chapter, I describe results of an investigation of the
autophosphorylation activity of Hik2 in the presence of salt. The homologue of
Hik2 in chloroplasts is involved in PQ pool redox sensing, it is therefore likely
that the Hik2 also perceives a redox signal. The role of redox sensing activity of
Hik2 will be explored.
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RESULTS

4.2.1. Overexpression and purification of full-length recombinant Hik2
protein

In

order

to

elucidate

the

signalling

molecule(s)

that

modulate

the

autophosphorylation activity of the Hik2 protein, I cloned Synechocystis sp. PCC
6803 full-length hik2 gene (slr1147) encoding a polypeptide of 435 amino acids.
The clones were then over-expressed and purified as described in materials and
methods section (chapter 2). Figure 4.1.A, lane 3 shows the overexpressed Hik2
protein is present mainly in the soluble cell fraction, and can be purified using
nickel affinity chromatography. The C-terminal His-tagged Hik2 protein migrated
on reducing 12 % SDS-PAGE with an apparent molecular mass of 50 kDa.
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Figure 4.1 Over-expression and purification of recombinant Hik2 protein.
Recombinant Hik2 was expressed and purified as indicated under the method and
material section. 12% SDS-PAGE followed by staining with Coomassie blue of
different cell fractions shows in lane 1 protein molecular weight markers in kDa;
lane 2 is total cell fractions containing recombinant Hik2 protein; lane 3 is soluble
fraction; and lane 4 is Hik2-His6 eluted from nickel chromatography. The position
of the 50 kDa molecular weight marker is indicated on the left. The position of
Hik2 is indicated on the right
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4.2.2. Sequence alignment of Hik2 shows conserved cysteine residues
Sequence alignment of Hik2 orthologous (figure 4.2) shows two conserved
cysteine residues. The first conserved cysteine is found at the start of GAF
domain. This cysteine residue is also conserved in algal and plants CSK protein
(Puthiyaveetil et al, 2008). The second conserved cysteine residue is found at the
end of the GAF sensor domain, just before the start of Kinase domain. This
cysteine however is partially conserved and missing from Microcystis,
Microcoleus, Lyngbya Majuscula, and Cyanothece.

4.2.3. Hik2 does not respond to redox agents in vitro
From the sequence alignment shown in figure 4.2 there are two conserved
cysteine residues that are possibly involved in redox sensing. In order to
investigate the effects of redox agents on the autophosphorylation activity of
Hik2, the full-length recombinant Hik2 protein was incubated with different redox
agents; Potassium ferricyanide, benzoquinone, hydroquinone, and DTT. I found
that the untreated full-length Hik2 protein was autokinase active (figure.4.3, lane
1). Oxidising agents: potassium ferricyanide and benzoquinone had no effect on
the activity of Hik2 (figure.4.3, lane 2 and 3, respectively). Also, reducing agents,
DTT did not affect the activity of Hik2 (figure.4.3, lane 4).
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4.2.4. Na+ ions regulates the autophosphorylation activity of Hik2
To investigate the effect of various types of salts on the autophosphorylation
activity of Hik2, I incubated the purified Hik2 protein with NaCl, Na2SO4, NaNO3
or KCl in the presence of 2.5 !Ci of ["

32

P] ATP. Figure 4.4 shows that NaCl,

Na2SO4 or NaNO3 inhibited the autophosphorylation activity of Hik2 (figure
4.4.A, lane 2, lane 3, and lane 4, respectively). However, KCl did not inhibit the
autophosphorylation activity of Hik2. This result implies that the Na+ ion and not
the Cl- ion is responsible for inhibition of the activity of Hik2. Figure.4.5 shows
dose-response inhibition of Hik2 with an increase in concentration of NaCl. A 50
% inhibition of autophosphorylation of Hik2 was achieved at 0.25 M of NaCl.
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residue located at the beginning of the GAF domain; B) shows the second conserved cysteine residue found at the end of the GAF domain. The
conserved cysteine residues are indicated with an arrowhead.

!

chemical properties and degree of conservation, and is the standard scheme of ClustalX (Chenna et al, 2003). Purple corresponds to
acidic amino acids; blue, hydrophobic; green, polar and neutral; brown, glycine; and khaki, proline. A) Shows the first conserved cysteine

!

Figure 4.2 Sequence alignment of GAF domain of cyanobacterial Hik2 proteins. Amino acids are coloured according to their
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Figure 4.3 Effect of redox agents on the autophosphorylation activity of Hik2.
5 !M full-length recombinant Hik2 proteins were pre-equilibrated for 30 minutes
in kinase reaction buffer containing: lane 1, dd.H2O; lane 2 benzoquinone; lane 3,
K3Fe(CN)6; and lane 4, DTT. Autophosphorylation activity of Hik2 initiated by
addition of 2.5 !Ci ["32-P] ATP and reaction was incubated at 22 ºC for 15
seconds before terminating the autophosphorylation reaction with 6 !l of 5 fold
concentrated Laemmli sample buffer (Laemmli, 1970). Proteins were resolved on
12 % SDS-PAGE and the gel was exposed to autoradiography (autorad)
overnight.
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Figure 4.4 Effects of different salts on the autophosphorylation activity of
full-length Hik2. A) 2.5 !M of full-length Hik2 protein was pre-equilibrated for
30 minutes with the following salts: lane 1, untreated sample; lane 2, treated with
0.3 M NaCl; lane 3, treated with 0.25 M Na2SO4; lane 4, treated with 0.3 M
NaNO3; lane 5, treated with 0.375 M KCl. Autophosphorylation was initiation by
adding 2.5 !Ci ["32P]ATP and incubated at 22 ºC for 20 seconds.
Autophosphorylation was terminated with Laemmli sample buffer and proteins
were resolved in 12 % SDS-PAGE. The SDS-PAGE was exposed to
autoradiography (autorad) overnight. The above experiment was repeated at least
three times. B) The intensity of bands from the autoradiograph was quantified
using imageJ (Schneider et al, 2012) and data points were plotted using Prism 6
(Motulsky & Christopoulos, 2003). Each data represents the mean of three
measurements ± S.E.
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Figure 4.5 Concentration-Response of inhibition of Hik2. A) 5 !M of fulllength Hik2 protein was pre-equilibrated for 30 minutes with 0 to 1 M NaCl in a
final volume of 20 !L. Autophosphorylation was performed for 15 seconds as
indicated under the materials and methods. Autophosphorylation was terminated
with Laemmli sample buffer and proteins were then resolved on 12 % SDSPAGE. B) Intensity of each band was quantified using ImageJ and data points
were plotted using Prism 6. Each point represents the mean ± S.E of three
measurements.
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DISCUSSION

Most two-component proteins are not required for growth of cyanobacteria under
laboratory conditions and therefore deletion of their genes is not lethal. However,
inactivation of hik2 gene was shown to be lethal (Paithoonrangsarid et al, 2004). I
therefore used an in vitro approach to characterise the sensing mechanism of Hik2
protein. In this chapter, the full-length hik2 gene (encoding for 435 amino acids)
was successfully cloned and the polyhis-tagged recombinant Hik2 protein was
purified from E.coli. The purified Hik2 protein migrated on a reduced SDS-PAGE
with an apparent molecular weight of 50 kDa, which corresponds to Hik2
monomer (figure 4.1). Moreover, the purified Hik2 protein in solution was
colourless, which indicates that the recombinant Hik2 protein does not contain
coloured cofactors such as heme, FAD, or iron-sulfur cluster that are required for
some sensor proteins to perceive redox signals. The lack of colour from the
recombinant Hik2 protein was further supported by the primary amino acid
sequence of Hik2, in which there is no obvious motifs for any known cofactor.

The predicted sensor domain of cyanobacterial, red and brown algal Hik2
protein is a GAF domain. But for green algal and higher plants, SMART database
does not predict the nature of its sensor domain (Puthiyaveetil et al, 2008).
Nevertheless, sequence alignment of the sensor domain of higher plants Hik2s
with that of red algal and cyanobacteria show that they share strong similarities. In
addition, bacterial purified recombinant Hik2 protein of higher plant Arabidopsis
thaliana (see chapter 8) and the brown algal Phaeodactylum tricornutum were
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also colourless in solution (Puthiyaveetil, unpublished data). Arabidopsis and
Phaeodactylum Hik2 also lack obvious motifs required for binding cofactors. So it
is not surprising to find that bacterial over-expressed and purified recombinant
Hik2 protein is also colourless.

Cyanobacterial Hik2 was predicted to form a two-component pair with
Rre1 (Puthiyaveetil & Allen, 2009). The Hik2 homologue, CSK co-occur with
Rre1/Ycf29 in chloroplasts of brown and red algae, but not in higher plants. In
plants, CSK is found as an orphan, modified histidine kinase. The Hik2-Rre1 twocomponent system pairs in cyanobacteria and chloroplasts of red algae are
probably involved in regulation of gene(s) encoding components of the
phycobilisome complex (Puthiyaveetil & Allen, 2009). Therefore, it is likely that
Hik2 perceives its redox signal directly or indirectly from the electron transport
chain. The fact that Arabidopsis CSK functions as a redox sensor implies that the
cyanobacterial Hik2 could also be involved in redox sensing. CSK however relays
the redox signal to the chloroplast genome through a modified route, using
eukaryotic type serine/threonine catalytic mechanism and was proposed to act on
regulatory components of plastid transcription (Puthiyaveetil et al, 2010).

Sequence alignment of cyanobacterial Hik2 proteins showed that there are
two conserved cysteine residues that could be involved in redox sensing (figure
4.2). In particular, the first conserved cysteine residue is fully conserved in all
cyanobacteria species and in all chloroplasts. However, our in vitro assay shown
on figure 4.3 shows that Hik2 did not respond to different redox condition.
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Therefore, at this stage the redox-sensing activity of cyanobacterial Hik2 is just
speculative and based on: i) The Arabidopsis CSK perceives redox signal in vivo
and ii) The function Rre1/Ycf29 is linked to control of genes encoding for
phycobilisome.

In addition to redox sensing ability of Hik2, it was also predicted to be
involved in sensing a hyperosmotic signal. The work presented in this chapter
demonstrates that the recombinant Hik2 protein responds to salt signal,
specifically to sodium ions (figure 4.4 and 4.5). The cyanobacterial genome
encodes for five-histidine kinases Hik2, Hik10, Hik16, Hik33, and Hik34 that
have been proposed to sense salt and hyperosmotic signals. All of the above
histidine kinases likely to have one or more functions.

Bacterial cells exposed to high salt concentration have to cope with lower
water potential and higher ionic potential, which can be toxic to cellular
metabolism (Los et al, 2010). Increase in sodium ion concentration in the
cytoplasm of the cell competes for potassium-binding sites in proteins and leads to
inhibition by destabilising their tertiary structure. In cyanobacteria, an increase of
sodium ion concentration results in efflux of potassium ions.

Salt stress also has profound effect on photosynthesis.

Treatment of

cyanobacteria with high concentrations of NaCl results in 40 % decrease of the
D1 protein of photosystem II complex, and as a consequence, it results in a
decrease in photosystem II mediated oxygen evolution activity. But it increases
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expression of genes encoding subunits of the photosystem I reaction centre (Marin
et al, 2003). Therefore, it is vital that cyanobacteria contain robust system(s) to
regulate salt and osmotic homeostasis. Indeed, to date, five two-component pairs,
including the putative Hik2-Rre1 pair, are involved in responding to salt and
osmotic shock.

Paithoonrangasarid et al reported that in cyanobacteria, the Rre1 is
required for transcription activation of some salt tolerance genes in a high salt or a
hyperosmotic conditions. However, the work presented here shows that the
autophosphorylation activity of Hik2 is inhibited by sodium ion, thus in high salt
condition, Rre1 is no longer able to accept phosphoryl group from Hik2. It is
therefore likely that the dephosphorylated form of Rre1 has transcription
activation role for those genes that Paithoonrangasarid et al reported. Therefore,
Hik2-Rre1 system acts as transcription repressor in active form, and the repression
is removed in high salt condition, upon inhibition of Hik2 by sodium ion.
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OLIGOMERISATION STATE OF HIK2

INTRODUCTION

Signal transduction typically initiates at the cell surface, where the stimulus
(chemical ligand) is detected by membrane-spanning receptors; signal
transduction then propagates through the transmembrane domain to the cytoplasm.
In membrane bound histidine kinases, signalling molecules are detected thorough
their extracellular sensor domain, which is located at the N-terminus of histidine
kinase polypeptide. Both soluble and membrane-anchored histidine kinases exist
predominantly as homodimers that are assisted by their conserved DHp domains.
In addition, higher oligomeric order for membrane histidine kinases have been
reported for Dcus (Scheu et al, 2010), RegB (Swem et al, 2003), AtoS (Filippou
et al, 2008), KdpD (Heermann et al, 1998), and also for the chemotaxis receptor
(Massazza et al, 2011). For the above histidine kinases, with exception of the
chemotaxis

receptor,

higher

order

oligomerisation

was

promoted

by

intermolecular disulfide bond. But soluble histidine kinases have not been
reported to form higher order oligomers. Instead, soluble histidine kinases are
reported to exist only as an inactive monomer or an active dimer for EnvZ
(EnvZc) (Cai et al, 2003), VirAc (Pan et al, 1993), and CheA (Surette et al, 1996).

Oligomeric states of proteins can be determined using several techniques,
such with mass spectrometry, circular dichroism, fluorometric denaturation,
chemical crosslinking, native-PAGE, and size exclusion chromatography. NativePAGE and size exclusion chromatography are most suited for stable proteinprotein interactions; therefore, they are not the best choice for proteins that have
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transient or semi-stable interaction, as a result they lead to disruption of such
interaction.

Alternatively, chemical crosslinking provides a more direct method of
studying transient semi-stable protein-protein interaction. This technique involves
formation of covalent bonds between two polypeptides that are in close proximity,
for example, between two monomers in a dimer or between two dimers in a
tetramer. This technique mimics near physiological conditions and has advantages
for studying oligomerisation of semi-stable protein-protein interactions. In this
chapter,

I

describe

(succinimidylpropionate)

results
here

obtained
described

using
as

DSP

crosslinker
and

size

dithiobis
exclusion

chromatography to study oligomeric states of full-length of Synechocystis sp
PCC6803 Hik2 proteins.

DSP contain reactive N-hydroxysuccinimide functional groups at each
ends of its spacer arm, which is formed of 6 carbons and 2 sulphides. The side
chain of lysine and N-terminus of each polypeptide are targets for crosslinking by
DSP functional groups. Figure 5.1 shows a theoretical chemical reaction between
each monomer of two Hik2 polypeptides and functional groups of DSP. The
product is detected using non-reducing SDS-PAGE.
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Figure 5.1 Theoretical reaction between DSP and Hik2 polypeptide. A, DSP
and nucleophilic attack of the carbonyl group of DSP by an amino group of a
Hik2 polypeptide. B, the product of the Hik2 oligomer. The distance of spacer
arm is shown below the figure Å.
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5.2. RESULTS

5.2.1. Hik2 exists predominantly as monomer and tetramer
In order to determine the oligomeric state of Hik2, recombinant Hik2 protein was
incubated with varying concentration of crosslinker DSP for 5 minutes.
Crosslinked products were then resolved on a non-reducing SDS-PAGE. Figure
5.2, lane 2 shows the untreated Hik2 protein that has migrated on a non-reducing
SDS-PAGE with an apparent molecular weight of 50 kDa, corresponding to the
monomeric form of Hik2. Figure 5.2, lane 3-10 shows chemical crosslinking
produced two distinct protein bands at 50 kDa corresponding to monomeric form
and a second band at 200 kDa corresponding to tetrameric form containing a
dimer of dimers. Increasing the concentration of DSP from 0-9 mM (Figure.5.1,
lane 3-10) had no effect on oligomerisation state of Hik2; so therefore, the
monomeric form does not result from the shortage of crosslinker.

5.2.2. The oligomeric state of Hik2 is concentration dependent
I next investigated whether the oligomeric state of Hik2 depends on Hik2 protein
concentration. Crosslinking was performed with varying concentrations of Hik2
proteins, ranging from 2-50 !M, while the concentration of DSP and incubation
times were kept constant. Equal amounts of crosslinked Hik2 proteins were then
analysed with non-reducing SDS-PAGE. Interestingly, there is no correlation
between the monomeric state of Hik2 and protein concentration. But the
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tetrameric form of Hik2 decreased with increase in protein concentration (Figure
5.3).

5.2.3. Hik2 exists as phosphorylated monomer and tetramer states:
In order to investigate functional states of Hik2-monomer and Hik2-tetramer, I
carried out autophosphorylation of Hik2 before and after crosslinking. Figure 5.4,
lane 2 shows Hik2 protein that was allowed to autophosphorylate and followed by
crosslinking with DSP produced phosphorylated monomer and tetramer forms.
Figure.5.4, lane 3 shows crosslinking followed by autophosphorylation produced
inactive monomer and tetramer.

5.2.4. NaCl converts hexamer form of Hik2 into tetramer
On Superdex 200 column that calibrated with buffer lacking NaCl, the Hik2 was
eluted as oxctamer and hexamer (figure 5.5A, blue line) forms. However, in the
presence of 600 mM (figure 5.5A, red line), higher order oligomers (octamer and
hexamer) were converted into tetramer.
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Figure 5.2 Effects of chemical crosslinking on the oligomeric state of Hik2. 5
!M of recombinant, His-tagged Hik2 protein was treated with various
concentrations of DSP for 5 minutes at 23 ºC as indicated in the materials and
methods (chapter 2). Lane 1 shows protein molecular weight in kDa; lane 2,
shows untreated Hik2 protein (control); lane 3, Hik2 treated with 1 mM DSP; lane
4, Hik2 treated with 2 mM DSP; lane 5, Hik2 treated with 3 mM DSP; lane 6,
Hik2 treated with 4 mM DSP; lane 7, Hik2 treated with 5 mM DSP; lane 8 Hik2
treated with 6 mM DSP; lane 9, Hik2 treated with 7 mM DSP; lane 10, Hik2
treated with 9 mM DSP. Samples were subjected to non-reducing 10 % SDSPAGE. The molecular weight is shown on the left in a kDa. The oligomeric states
of Hik2 are indicated on the right
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Figure 5.3 Effect of protein concentration and chemical crosslinking on the
oligomeric state of Hik2. 2- 50 !M Hik2 proteins were treated with 2 mM DSP
for 5 minutes and the crosslinking reaction was terminated with 50 mM Tris-HCl
and 20 mM glycine. 2 !g of protein was loaded on non-reducing 10 % SDSPAGE. Lane 1 shows protein molecular weight marker in kDa. Lane 2, 2 !M
untreated Hik2 protein. Proteins in the following lanes were cross-linked and
corresponds to the following protein concentrations: lane 3, 2 !M; lane 4, 3 !M;
lane 5, 4 !M; lane 6, 5 !M; lane 7, 10 !M; lane 8, 15 !M; lane 9, 20 !M; lane 10,
25 !M; lane 11, 30 !M; lane 12, 35 !M; lane 13, 40 !M; lane 14, 45 !M; and
lane 15, 50 !M. Protein molecular weight markers are shown on the left hand
side in kDa. Different oligomeric states are labelled on the right hand side of the
gel
!
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Figure 5.4 Functional characterisation of oligomeric states of Hik2. The effect
of crosslinking on the autophosphorylation activity of Hik2 was tested with 2 mM
DSP and 5 !M Hik2 protein. Lane 1 shows protein molecular weight marker in
KDa; lane 2 shows result of Hik2 proteins that was allowed to autophosphorylate
before crosslinking; lane 3 shows result of Hik2 protein that was first crosslinked
and followed by autophosphorylation. Autophosphorylation products were then
resolved on a 10 % non-reduced SDS-PAGE and the gel was then exposed to
autoradiography (autorad). The gel was then stained with Coomassie Brilliant
Blue (stained SDS-PAGE).

98

Octamer
(~ 400 kDa)

Tetramer (~ 200 kDa)

Monomer

Hexamer (~ 300 kDa)

B

Apoferritin

Carbonic
anhydrase

Alcohol dehydrogenase

Hik2 with
600 mM NaCl
(~ 200 kDa)

Hik2 without
NaCl
(~ 300 kDa)

CHAPTER
FIVE

99

Figure 5.5. Chromatographic separation of Hik2 on Superdex 200. A) Typical elution profile of Hik2 on Superdex 200 eluted with
buffer containing 50 mM Tris-HCl (pH 7.6) and 100 mM KCl (blue line) or with 50 mM Tris-HCl (pH 7.6) and 600 mM NaCl (red
line). The elution positions of Hik2 without NaCl (400 and 300 kDa, consisting of an octamer formed of dimer of tetramers, a hexamer
formed of trimer of dimers, respectively) and with 600 mM NaCl (200 kDa, consisting of dimer of dimer) are shown. B) Calibration
curve of the Superdex 200 using standard proteins of known molecular weight: Apoferritin (443 kDa), Alcohol dehydrogenase (150
kDa), and Carbonic anhydrase (29 kDa). Blue dextran (2000 kDa) was used to determine the void volume (V0). The positions of Hik2
eluents from the Superdex 200 are shown by blue arrow (without NaCl) and by red arrow (with 600 mM NaCl), respectively.
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5.3. DISCUSSION
This chapter describes an investigation into the in vitro oligomerisation states of
Hik2 using the chemical crosslinker DSP. I show that the full-length Hik2 protein
exists as monomeric and tetrameric forms (figure 5.3). Below, I discuss the
possible functional roles of different oligomeric states of Hik2.

Eukaryotic protein kinases such as receptor tyrosine kinases oligomerise
upon ligand binding. However, histidine kinases are programmed to become “auto”
oligomers regardless of stimulation by signalling molecules, through their
conserved dimerisation domain. Almost all known examples of histidine kinases
are thought to exist as homodimers. But little is known about higher order
oligomeric states of histidine kinases. Recent studies showed that at a low protein
concentration, the CheA sensor kinase exists predominately as a monomer, while
a dimer forms in vitro. The relative quantity of the dimeric state of CheA
increases with an increase in CheA protein concentration (Surette et al, 1996).
The data obtained by Surette et al implies that in vivo, the CheA most probably
exist as inactive monomer and its dimerisation is probably stabilised upon its
interaction with the chemotaxis receptor. The membrane anchored sensor kinase
DcuS (dicarboxylate uptake sensor and regulator) from E. coli exists as monomer,
dimer and tetramer both in vitro and in vivo (Scheu et al, 2010). The ArcB sensor
kinase of E.coli contains two conserved redox-active cysteines that are regulated
by the redox state of ubiquinone. Oxidation of these cysteines leads to
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intermolecular disulfide formation between each monomer of ArcB and locks
ArcB into a state inactive as a protein kinase. (Georgellis et al, 2001; Malpica et
al, 2004). Anther example of regulatory oligomerisation is the RegB histidine
kinase. For RegB, the active dimer form was converted into inactive tetramer
form by intermolecular oxidation of its conserved cysteine (Swem et al, 2003).
Like ArcB, oligomerisation of RegB disrupts its autokinase activity.

Like DcuS, chemical crosslinking showed that the Hik2 exists
predominately as monomeric and tetrameric forms (figures 5.2 and 5.3). However,
unlike CheA, DcuS, ArcB and RegB, the dimeric form of Hik2 could not be
detected (figures 5.2, 5.3, and 5.5). For Hik2, chemical crosslinking produced
higher-order oligomers such as tetramer, hexamer and octamer. Furthermore, gel
filtration showed that the Hik2 is present predominantly as a hexameric and of
octameric forms (figure 5.5A), and therefore likely that in vivo, the Hik2 might be
present as higher order forms.

Functional

characterisation

of

oligomeric

state

of

Hik2

using

autophosphorylation assay and chemical crosslinking showed that the monomeric
and tetrameric forms of Hik2 were present as phosphorylated (autokinase active)
forms (figure 5.4, lane 2). The absence of dimer and phosphorylation of the
monomeric form of Hik2 is interesting because it was thought that dimerization
activity of histidine kinases was universal and required for their transautophosphorylation activity; therefore, one would assume that the monomeric
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form of Hik2 is autokinase inactive and Hik2 should only become active upon
dimerisation. Although histidine kinases such as CheA and EnvZ are active upon
dimerisation, it seems that this is not the case for Hik2. The present study shows
that the Hik2 monomer is an active/autophosphorylated form (figure 5.4, lane2).
This suggests two explanations; i) Hik2 uses a cis-autophosphorylation
mechanism,

therefore

dimerisation

may

not

be

essential

for

its

autophosphorylation activity; ii) the monomeric and tetrameric forms of Hik2
could be at equilibrium, thus the phosphorylated/active tetramer that formed of a
dimer of dimers rapidly dissociates into monomers, giving the phosphorylated
monomeric form that is observed in figure 5.4, lane 2. The ability for Hik2 to
form tetramer and higher-order complexes could be part of its in vivo signal
enhancing and transmission mechanism. Indeed, the Hik2 was highly active in its
higher oligomeric form (figure 5.4); however, when it was treated with sodium
ion, which converts the octamer and hexamer forms of Hik2 into tetramer (figure
5.5A), it becomes less active (chapter 4, figure 4.4 and 4.5). Thus suggesting that
the autophosphorylation activity of Hik2 require cooperativity between dimers in
hexamer and higher order oligomers.
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DOMAIN OF HIK2

INTRODUCTION

The core kinase domain of a histidine kinase has two conserved subdomains. The
DHp and CA subdomains are important for autophosphorylation and
phosphotransfer activities of histidine kinases. The conserve histidine kinase
phosphorylation site is located in the DHp domain and can usually easily be
determined from sequence alignment. However, direct determination of
phosphorylation sites of peptides using conventional techniques employs an acid
treatment of phosphorylated peptide followed by mass spectroscopy. This
technique is most suitable for identification of acid-stable phosphoamino acids,
those containing the phosphoester bond (P-O) (phosphoserine, phosphothreonine,
and phosphotyrosine).

It is, therefore, challenging to study acid labile

phosphoamino acids such as those with acyl-phosphate bond (phosphoglutamate
and phosphoaspartate) or those with a phosphoramidate bonds (phosphohistidine).
Histidine kinases are known to autophosphorylate on the conserved histidine
residue found in the H-box.

For experiments described in this chapter, I employed an acid-base
stability assay and site-directed mutagenesis to characterise the nature of
phosphoamino acids and the ATP-binding domain.
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RESULT

6.2.1. Acid-base stability assay
Phosphoserine and phosphothreonine are stable under acidic conditions but labile
under alkaline conditions. Conversely, proteins that are phosphorylated on basic
residues (histidine, arginine, or lysine), their phosphoryl groups are acid labile but
stable under basic conditions (Attwood et al, 2007). Those phosphorylated on
acidic residues, such as aspartate or glutamate are susceptible to both acid and
base hydrolysis (Attwood et al, 2011). The nature of the phosphoamino acid of
Hik2 was investigated using acid-base stability assay. Figure 6.1 shows four
replicates of autophosphorylated Hik2 proteins resolved on SDS-PAGE and
blotted onto PVDF membrane. The PVDF membranes were then treated with
buffers containing either 50 mM Tris-HCl (pH 7.4) (neutral), 1 M HCl (acidic), or
3 M NaOH (basic). The membranes were then incubated for 2.5 hours at 55 ºC
while being gently agitated. Figure 6.1.A shows that the

32

P on untreated Hik2

(control) were relatively stable. Figure 6.1.B shows that the

32

P on Hik2 were

relatively stable at pH 7.4, at 55 ºC for 2.5 hours. Figure 6.1.C shows that the 32P
on Hik2 were completely hydrolysed upon incubation in 1 M HCl, at 55 ºC for 2.5
hours. Figure 6.1.D shows that the

32

P on Hik2 were relatively stable when

incubated in 3 M NaOH, at 55 ºC for 2.5 hours.
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Figure 6.1. Acid-base stability assay. Four replicates of autophosphorylated
Hik2 proteins were resolved on a 12 % SDS-PAGE and blotted to a PVDF
membrane. The PVDF membrane was then cut and incubated either in 50 mM
Tris-HCl (pH 7.4), 1 M HCl, or 3 M NaOH at 55 ºC for 2.5 hours. The hydrolysis
of !32P was visualised using autoradiography. A, untreated; B, treated with 50 mM
Tris-HCl (pH 7.4); C, treated with 1 M HCl. D, treated with 3 M NaOH.
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6.2.2. Hik2 undergoes autophosphorylation on His185
The result shown in Figure 6.1 indicates that Hik2 was autophosphorylated on a
histidine residue. I therefore mutated the conserved histidine residue located in the
H-box of Hik2 to a glutamine to test its role in the autophosphorylation activity.
The wild-type and putative phosphorylation site mutant recombinant proteins
were purified and assayed as described in the materials and method (chapter 2).
Figure 6.2 lane 2 shows histidine to glutamine mutation completely abolished the
autophosphorylation activity of Hik2.

6.2.3. Characterisation of ATP-binding pocket of Hik2
The ATP-binding cavity of any histidine kinase contains conserved residues that
are essential for its autophosphorylation. These include the G1 and G2 boxes,
which have the characteristic signatures ‘DxGxG’ and ‘GxGxG’, respectively.
Figure 6.3 shows sequence alignments of Hik2 orthologous shows that Hik2
contains typical histidine kinase G1 and G2 boxes. The conserved glycine
residues in G1 and G2 boxes were then individually substituted to alanine
residues in order to establish their role in autophosphorylation of Hik2. Figure 6.4
shows that the wild-type protein become autophosphorylated, however,
substitution of the first or second conserved glycine residues in the G1-box
abolished the autophosphorylation activity of Hik2 (Figure 6.4. lane 2 and 3).
Similarly, substitution of any of the conserved glycine residues in the G2-box
completely abolished the autophosphorylation of Hik2 (Figure 6.4. lane 4, 5 and
6).
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Figure 6.2 Effects of H185Q mutation on the autokinase activity of Hik2. The
conserved histidine residue in the H-box was substituted to a glutamine as
instructed in the method and material section. 2 !M of purified variant of Hik2
protein was assayed in the presence of 2.5 !Ci ATP at 22 ºC. proteins were then
resolved on a 12 % SDS-PAGE and the gel was exposed to an autoradiography
overnight. Lane 1 shows the wild-type Hik2 protein. Lane 2 shows H185Q mutant
protein.
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Figure 6.3 Conserved features of kinase domain of cyanobacterial Hik2 protein. Amino acids are
coloured according to their chemical properties and degree of conservation, and is the standard scheme of
ClustalX (Chenna et al, 2003). Purple corresponds to acidic amino acids; blue, hydrophobic; green, polar
and neutral; brown, glycine; and khaki, proline. A) DHp domain. The conserved H-box of Hik2 is shown
above the sequence. B) CA domain. The conserved N, G1, and G2 boxes are shown above the sequence.
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Figure 6.4 Effects of G1 or G2 box mutation on the autokinase activity of
Hik2. The first two conserved glycine residues in the G1-box and all three
conserved glycine residues in the G2-box were substituted individually to alanine.
Purified variant of Hik2 proteins were assayed as indicated in materials and
methods (chapter2). Lane 1, wild type Hik2 protein; lane 2, G1-box mutant
G359A; lane 3, G1-box mutant G361A; lane 4, G2-box mutant G386A; lane 5,
G2-box mutant G388A; lane 6, G2-box mutant G390A. The autophosphorylation
reaction was allowed to proceed for 15 seconds at 22 ºC. The autophosphorylation
reaction was quenched with 6 !l of Laemmli sample buffer. Proteins were
separated on a SDS-PAGE 12 % and the incorporated "32-P was visualized using
autoradiography.
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DISCUSSION

Histidine kinases possess unique kinase core domain that sets them apart from
serine/threonine or tyrosine kinases. Their core catalytic domain consists of
conserved motifs that are also referred to as boxes. These conserved boxes – H, N,
G1, F, G2, and G3 are directly involved in binding and the hydrolysis of an ATP
molecule. Here, I show that Hik2 has a typically bacterial histidine kinase
catalytic domain.

Histidine kinases are known to be autophosphorylated on a conserved
histidine residue that is located in their H-box. I confirmed the nature of the
phosphoamino acid of Hik2 using an acid-base stability assay. Figure 6.1 shows
that the phosphoamino acid of Hik2 was acid labile and base stable, which
indicates that Hik2 is autophosphorylated on histidine, arginine, or lysine
residue(s). I then investigated the role of conserved histidine residue (H185) of
Hik2 by substituting it with glutamine. My mutational study as shown in figure
6.2 rendered Hik2 into an inactive form (figure 6.3).

The kinase core domain of Hik2 contains a typical histidine kinase CA
(Catalytic and ATP-binding) domain, which consists of conserved sequence
motifs N, G1 (DxGxG), F, G2 (GxGxG), and G3 boxes (Puthiyaveetil & Allen,
2009; Puthiyaveetil et al, 2008). The CA domain is essential for binding an ATP
molecule and for priming the gamma phosphate of ATP for a nucleophile attack
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by the conserved histidine residue that is located within the H-box. Therefore,
mutation within the G1 or G2 box is not possible without disrupting the structure
of the nucleotide-binding pocket and it leads to inactivation of the autokinase
reaction. Indeed, mutation within G1 or G2 boxes for several histidine kinases
abolishes their autokinase activity (Chen et al, 2009; Gamble et al, 1998).
Similarly, substitution of any of the glycine residues in the G1 or G2 boxes of
Hik2 abolished its autophosphorylation activity (figure 6.4). Here, it is also
important to note that for EnvZ or CheA kinases, mutation of the first conserved
residues in G2 boxes is non-inhibitory. However, this was not the case for Hik2,
where it was not possible to substitute any of the conserved residues within the
G2-box without disrupting the activity of Hik2. This may indicate that G2-box
found in Hik2 has a different fold to those found in EnvZ or CheA proteins. The
G1-box plays an important role in conferring specificity to ATP. In particular, a
conserved aspartic acid in the G1-box is involved in forming hydrogen bond with
amino nitrogen 6 of an ATP molecule. But nucleotides such as GTP contain an
oxygen molecule in place of the amino group of ATP; therefore, they are easily
discriminated.
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In bacteria, sensor histidine kinases and their corresponding response regulators
are often encoded in the same operon (Alm et al, 2006). Therefore, given genome
sequences, identifying functional partners in bacterial two-component system can
be straightforward. However, some histidine kinases and their response regulator
partners are not encoded in the same operon and identifying two-component pairs
using purely a genomic approach is not straightforward.

In cyanobacteria, genes encoding Hik2 and its putative response regulators
are not found in the same operon. As the result, we could not identify conjugate
response regulator partner(s) of Hik2 using the conventional genomic approach.
However, Hik2 and its putative response regulators were identified in large-scale
protein-protein interaction studies by (Sato et al, 2007). In these studies, Hik2 was
observed to interact with Rre1 (Response regulator 1) and RppA (Regulator of
photosynthesis and photopigment-related gene expression), in vivo, in a yeast
two-hybrid assay. However, it is important to note that protein-protein interaction
in the yeast two-hybrid assay most often leads to false positives because of
random, non-specific interactions arising from over-expression of bait and prey
proteins. Therefore, data obtained from yeast two-hybrid assays should always
taken with caution, unless otherwise supported with further evidence from pulldown assays, in vivo Bimolecular Fluorescence Complementation (BiFC)
interaction, and/or in vivo/vitro functional interaction. But such important
supporting evidence for Hik2-Rre1 or Hik2-RppA is not yet available.
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In this chapter, I therefore describe systematic characterisation of the
interaction of various response regulators with Hik2 using in vitro
phosphotransfer kinetics, with the aim of deducing the functional partner(s) of
Hik2.

7.2.

Possible candidate response regulator partners of Hik2

In order to determine the response regulator partner(s) of Hik2, I selected the
following four Synechocystis sp. PCC 6803 response regulators for screening:
Rre1 (slr1783), RppA (sll0797), RpaA (regulator of phycobilisome-associated A,
sll0797), and RpaB (regulator of phycobilisome-associated B, slr0115).

These response regulators were selected on the basis that Rre1/Ycf29 and
RpaB/Ycf27B response regulators co-occur with Hik2 in all cyanobacteria and in
chloroplasts of non-green algae (Ashby & Houmard, 2006; Lopez-Maury et al,
2002; Puthiyaveetil & Allen, 2009; Puthiyaveetil et al, 2008). The genome of the
red alga, Cyanidioschyzon merolae encodes only for one histidine kinase, which is
a Hik2 homologue, and the gene product is then targeted to chloroplasts. The
chloroplast genome of Cyanidioschyzon merolae also encodes for two response
regulators, Rre1/Ycf29 and RpaB/ycf27B (Matsuzaki et al, 2004; Puthiyaveetil &
Allen, 2009; Puthiyaveetil et al, 2008). Therefore, it seems very likely that Hik2-
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Rre1 and Hik2-RpaB form two-component pairs in cyanobacteria and in the
chloroplasts. Finally, Rre1 was observed to interact with Hik2 in a yeast twohybrid assay (Sato et al, 2007).

In cyanobacteria, RppA forms a two-component pair with RppB – a
nickel-responsive histidine kinase that regulates nickel responsive genes (LopezMaury et al, 2002). In addition to its role in nickel homeostasis, Li et al reported
that RppA regulates transcription of photosynthetic genes in response to the redox
state of PQ pool through unknown sensor histidine kinase (Li & Sherman, 2000).
Therefore, it was interesting that RppA was observed to interact with Hik2 in
yeast (Sato et al, 2007).

RpaA forms a conjugate response regulator pair with the KaiC-interacting
histidine kinase, SasA (Li & Sherman, 2000; Wu & Bauer, 2010). SasA is a
histidine kinase that interacts with KaiC. The autophosphorylation activity of
SasA is controlled by KaiC. In Synechococcus elongateus, the circadian rhythm is
generated by an oscillator consisting of the KaiA, KaiB and KaiC. The circadian
clock receives an input from the redox state of plastoquinone pool through CikA
(Circadian Input Kinase A) and also through direct interaction of KaiA with the
oxidised form of PQ (Ivleva et al, 2006; Wood et al, 2010). In this model, the
SasA-RpaA two-component system forms the primary clock output pathway.
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Since there is no evidence for Hik2-RpaA interaction, RpaA is used here to serve
as a negative control in the Hik2 phosphotransfer experiments described.

7.3.

RESULT

7.3.1. Conserved sequence motifs of putative response regulator partners of
Hik2
Figure 7.1 shows conserved sequence features of the receiver domains of Rre1,
RpaA, RpaB, and RppA from Synechocystis sp. PCC 6803. The D2-box shown in
figure 7.1.A is responsible for binding Mg2+ ions. The D1-box shown on figure
7.1.A was reported to be a phosphorylation site for multiple response regulators,
and to be required for dephosphorylation of histidine kinases. In addition to these
conserved sequence motifs, a conserved cysteine residue is present in RppA,
RpaB, and RpaA, but not in Rre1 (figure 7.1.B).
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A
AWDYL

D2

B

C

Q/NSLP

D1

K

Figure 7.1 Conserved features of receiver domain of putative response
regulators of HIK2. The sequences aligned are for receiver domains
corresponding to amino acid positions from and between the following segments
of the full-length protein: A) Rre, 62-114; RpaA, 6-57; RpaB, 2-53; RppA, 6-59.
B) Rre, 119-162; RpaA, 62-105; RpaB, 58-98; RppA, 64-105. The residue colour
scheme is the same as in Figure 4.2. The conserved acidic residues (D2 and D1
boxes) and K-box are shown. Sequence similarities that are shared only between
Rre1 and RppA (AWDLY and Q/NSLP) are also shown.
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7.3.2. Hik2-Rre phosphotransfer kinetics reveal that Hik2 transfers
phosphate to Rre1 and RppA
Hik2 interacts with Rre1 and RppA in yeast two-hybrid assay. This indicates that
Rre1 and RppA are potential response regulators for Hik2. To further confirm
Hik-Rre1 and Hik-RppA two-component systems, I cloned genes encoding the
receiver domains of Rre1, RppA, and RpaB. Genes were cloned into pET-30a(+).
The gene encoding the full-length RpaA protein was cloned into pET-21b.

In order to allow faithful signal transmission between functional twocomponent pairs, there is specificity between the kinase and the response
regulator, and therefore they should exhibit faster phosphotransfer kinetics than
non two-component pairs. The autophosphorylation reaction of full-length Hik2
was performed as indicated in materials and methods (chapter 2). For the
phosphotransfer reaction, 67.5 !L of autophosphorylated Hik2 are mixed with
67.5 !L of response regulator reaction mix and incubated for 0, 20, 40, 60, or 90
minutes before terminating the reaction with SDS-sample buffer. Results shown
on figure 7.2.B indicate that the phosphotransfer between Hik2-Rre1 was the
fastest when compared to that between Hik2-RppA, Hik2-RpaB, and Hik2-RpaA.
In just 20 minutes, Rre1 removed approximately 45 % of phosphate and over
90 % of phosphate was removed within 90 minutes. There was a delay in the
phosphotransfer activity of Hik2-RppA. However, between 20 minutes and 90
minutes, the kinetics increased rapidly. In contrast, RpaA and RpaB showed
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similar kinetics to Hik2 alone, and therefore RpaA and RpaB did not remove
phosphate from Hik2.
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Figure 7.2.A Time-course of phosphotransfer from P-Hik2 to Rre, RppA,
RpaA, and RpaB. 1 !M of autophosphorylated Hik2 (P-Hik2) was mixed with 5
!M of the following response regulators that were already preequilibrated in
kinase reaction buffer: A) Rre1; B) RppA; C) RpaA; D) RpaB; and E) Control (no
response regulator mix) in 25 !L final volume. The phosphotransfer reaction was
allowed to proceed for 0, 20, 40, 60, and 90 minutes. Reaction was terminated at
the indicated time, and proteins were resolved on 15 % SDS-PAGE. The SDSPAGE exposed for autoradiography overnight. The above experiments were
repeated at least three times with fresh protein samples.!
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Figure 7.2.B Kinetics of phosphotransfer from P-Hik2 to Rre1 and Hik2. The
intensity of bands from the autoradiography (fig.7.2.A) was quantified using the
programme ImageJ and the percentage activity was plotted as a function of time
(in minutes). Data for Hik2-RpaA are shown with a red line; purple line shows
data for Hik2-RpaB; green line shows data for Hik2-RppA; blue line shows data
for Hik2-Rre1; and cyan line shows data for Hik2 alone. An error bar indicates
standard error of the mean value of three independent experiments.
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DISCUSSION

Response regulators contain a conserved receiver domain and a variable output
domain that serves as a DNA binding domain, or, in some cases, is involved in
regulation

of

protein-protein

interactions

such

as

in

chemotaxis

or

methyltransferase activities. As shown on figure 7.1, the receiver domains of
putative response regulators of Hik2, the Rre1, RppA, RpaA, and RpaB contain a
conserved divalent-binding motif (D2) and a putative phosphorylation site (D1).
In addition, the receiver domain is responsible for conferring specificity to the
true two-component pair (Skerker et al, 2008). This prevents crosstalk between
non-conjugate two-component pairs. Specificity is achieved by conserved
residues having coevolved in the functional two-component pairs. Here, figure 7.1
shows Rre1 and RppA shares some common conserved features that are unique to
them but missing from RpaA and RpaB response regulators. Both response
regulators contain AWDVL, and Q/NSLP (figure 7.1), however, it appears that
these sequences are not found in other cyanobacterial Rre1 and RppA proteins.
The second conserved feature of these putative response regulators of Hik2 is that
a conserved cysteine residue is present in RppA, RpaA, and RpaB, but not in Rre1.
The presence of a conserved cysteine residue is interesting because it is probably
required for additional control of response regulators activity. DNA-binding
activities of response regulators are regulated by phosphorylation. However, the
presence of conserved cysteine residues in RpaA, RpaB, and RppA indicates that
in addition to phosphorylation, their DNA binding activities could be regulated
directly by the redox state of the electron transport chain, for example, by the
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redox state of the ferredoxin-thioredoxin system. At night, in darkness, Fd is
present predominantly as its oxidised form, whereas in day-light, it is reduced by
photosynthesis through PSI. The redox state of ferredoxin-thioredoxin system
regulates several Calvin cycle enzymes.

A recent study by Hanke et al showed that RpaA interacts with ferredoxin
(Fd) in a redox dependent manner (Hanke et al, 2011). The RpaA-Fd interaction
was observed to be the strongest under reducing conditions, which implies that, in
cyanobacteria, RpaA interacts with Fd in the day-time when Fd is in its reducing
form (Matsuzaki et al, 2004). Moreover, a previous study suggested that the
SasA-RpaA system is activated by Kai proteins during the day-time (Taniguchi et
al, 2010). Tangiuchi et al reported that RpaA receives inputs from two distinct
pathways. One input comes from the circadian clock proteins, through KaiC-SasA
system, and a second input from a non-circadian pathway, from an unknown
regulator (Taniguchi et al, 2010). More importantly, their findings show that both
inputs exert their effects on RpaA only in the day-time. Furthermore, Tangiuchi et
al propose that, at night, the histidine kinases CikA and LabA together inhibit the
activity of RpaA. However, in light of the new finding obtained by Hanke et al,
and from the presence of conserved cysteine residue in RpaA (figure 7.1.B), it is
likely that RpaA, RpaB, and RppA are regulated by a light-dark cycle. In this
cycle, during the day, these response regulators are activated by the Fd system,
whereas at night they become inactive because oxidation of their conserved
cysteine by Fd. It is therefore likely that CikA and LabA may not play any part at
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all in the inactivation of RpaA at night. The role of conserved cysteine residues
of RppA and RpaB most probably play similar roles as in RpaA, but further
experiments are required to explore their interaction with Fd, also using
mutational study to confirm the role of this conserved cysteine.

Interaction of the above response regulators with Hik2 was confirmed
using in vitro phosphotransfer kinetics. Phosphotransfer kinetics showed that Rre1
had the highest phosphotransfer activity, followed by RppA (figure 2.A and figure
2.B). This finding is consistent with the data obtained in yeast-two hybrid assay
(Sato et al, 2007). Interestingly, the rate of dephosphorylation of Hik2 by RppA
was low for the first 20 minutes; however, it increased between 20 and 90 minutes.
The delay in phosphotransfer activity between Hik2-RppA could have a
functional role. RppA has been reported to regulate transcription of genes
encoding for photosystems in response to the redox state of PQ pool, that usually
a long-term acclimatory process usally takes place in minutes, hours or days.

In cyanobacteria and chloroplasts, the redox state of the PQ pool controls
redistribution of excitation energy between photosystem II and I by a process
known as state transitions. The redox state of PQ pool also controls transcription
of the chloroplast genes that encode reaction-center proteins of photosystem II
and I, initiating a long term acclimatory process known as photosystem
stoichiometry adjustment (Pfannschmidt et al, 1999). In cyanobacteria, the redox
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state of the PQ pool controls reaction-center gene transcription (Fujita, 1997;
Murakami et al, 1997) and this process has been suggested to involve the RppA
two-component signal transduction system (Li & Sherman, 2000). The finding of
an interaction of RppA with Hik2 by Sato et al, and the fact that RppA can accept
phosphate from autophosphorylated Hik2 (figures 7.2.A and 7.2.B) is therefore
interesting.

As shown in chapter four, the autophosphorylation activity of Hik2 is
negatively regulated by salt, and it is therefore likely that Hik2 acts as a negative
regulator of salt tolerance genes through Rre1. Most bacterial transcriptional
activators can have both transcriptional activator or repressor roles. The NarL
transcriptional activator, for example, requires phosphorylation for its DNA
binding activity and for transcriptional activation (Browning et al, 2004; Maris et
al, 2002). A truncated form of NarL that has a deletion of the receiver domain
binding DNA is similar to its phosphorylated form, but DNA binding activity
alone is not sufficient for transcription initiation. Transcriptional activation seems
to require cooperativity between two or more transcriptional activators (Barnard et
al, 2004; Browning et al, 2004).

Rre1 controls many genes, including those involved in temperature and
salt tolerance, and possibly genes encoding for the photosynthetic light-harvesting
antenna system. Recent studies also showed that the Synechocystis Sp. PCC 6803
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Rre1 protein binds specifically to the promoter region of adhA gene and regulates
its transcription (Vidal et al, 2009). Similar to FNR and NarL, Rre1 may interact
with other regulatory proteins in order for it to have dual function as a
transcriptional activator and repressor. Furthermore, transcriptional activation or
repression by a response regulator is governed by the location of its DNA binding
with site respect to the transcriptional initiation site. If the DNA binding site is
located upstream to the site of transcriptional initiation, then response regulators
will have transcriptional activator roles, whereas if the binding site is located
downstream to the gene, then they will have transcriptional inhibition role
(Barnard et al, 2004). It is therefore important to identify the location of Rre1 and
RppA binding sites to further understand their roles as transcription activators or
inhibitors.
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Chloroplasts were once free-living cyanobacteria and they had their own complete
genome. However, after cyanobacteria became endosymbionts, they lost vast
numbers of genes to their hosts nuclear genetic system. The small portion of
genes that were retained by the chloroplast encode core components of reaction
centres, enzymes that are involved in fatty acid synthesis, and genes that encode
bacterial type transcription machineries (Allen et al, 2011; Delannoy et al, 2011).
So, why are these small portion of genes were kept by the organelle? What makes
those genes special? Many hypotheses have been devised to answer these
questions. In particular, a process of CES (for control by epistasy of synthesis)
and Co-location for redox regulation (CoRR) hypotheses seem to stand out from
the rest in explaining why chloroplasts have “cherry-picked” certain genes for
retention.

CES states that those small portions of genes are important for
autoregulation of assembly and assembly factors (Zerges, 2002). Indeed, CES was
demonstrated for genes encoding core proteins of PS II and Cyt b6f (Choquet et al,
2003; de Vitry et al, 1989; Erickson et al, 1989). However, PS I genes does not
obey the CES rule. Instead, PS I genes were shown to be under the control of
redox reaction. The process of CES was also not observed in cyanobacteria, and
therefore, probably arose with endosymbiosis.
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CoRR states that co-location of genes and gene products in the same
compartment is needed to facilitate rapid and direct regulation by the redox signal
generated by photosynthesis in the chloroplast or by respiration in the
mitochondrion (Allen, 1993; Allen, 2003). CoRR predicted the presence of
bacterial type signalling system in chloroplasts, which would function as a redox
sensor and redox response regulator to link the redox state of electron transport
chain to chloroplast transcriptional control.

Evidence in support of CoRR

emerged for the first time in 1999, where it was demonstrated that the redox state
of PQ pool regulates genes encoding the core components of reaction centre
complexes (Pfannschmidt et al, 1999). Recently, Puthiyaveetil and Allen
discovered a bacterial-type redox sensor, termed Chloroplast Sensor Kinase
(CSK), in algal and higher plants. CSK couples the redox signal from the
photosynthetic electron transport chain to chloroplast transcription (Puthiyaveetil
et al, 2008).
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RESULT

8.2.1. CSK binds DBMIB
CSK was shown to control transcription of psaA/B genes in response to light that
favours oxidation of the PQ pool, and it is, therefore possible that the CSK senses
the PQ pool directly. Here, we investigated interaction of CSK with PQ analogue,
DBMIB, using a fluorometric technique. The intrinsic fluorescence of protein is
mainly due to tryptophan residues. This fluorescence is sensitive to small
structural changes, and therefore tryptophan fluorescence quenching is used to
study conformational changes in polypeptides. I titrated DBMIB with CSK as
described under the materials and methods section and measured fluorescence
emission at 340 nm. Fluorescence emission was plotted as a function of free
DBMIB concentration. Figure 8.1 shows that the CSK binds DBMIB with
increasing concentration of DBMIB. A Kd value of 3.66 !M was obtained by
fitting data to nonlinear curve as described under the materials and methods
section (chapter 2)

8.2.2. CSK does not autophosphorylate, in vitro
We next examined in vitro autophosphorylation of CSK in the present of different
redox agents. Figure 8.2, lane 1 shows that untreated CSK is inactive. Figure 8.2,
lane 2, 3, 4, and 5 were treated with K3Fe(CN)6, DTT, benzoquinone, and
hydroquinone, respectively. Similar to the untreated CSK sample (figure 8.2, lane
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1), treatment of CSK with different redox agents did not yield CSK autokinase
activite (Figure 8.2, lane 2-5). Interestingly, benzoquinone and hydroquinone
treated CSK proteins migrated as two bands on 12 % SDS-PAGE (figure 8.2, lane
4 and 5)
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Figure 8.1 Fluorometric binding titration of DBMIB to CSK. Varying
concentrations of DBMIB were added to CSK at 0.1 !M final in a total volume of
3 mL, and titration was performed at 25 ºC. CSK protein was excited at 280 nm
and fluorescence emission was measured at 340 nm. Data were converted to free
DBMIB concentration as indicated under the materials and methods section
(chapter 2) and data were plotted as the function of free DBMIB concentration.
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Figure 8.2 Effect of different redox agents on the activity of CSK. Purified
recombinant CSK proteins were pre-treated with: lane 1, nothing; lane 2, 2 mM
K3Fe(CN)6; lane 3, 6 mM DTT ; lane 4, 0.5 mM benzoquinone; lane 5, 0.5 mM
hydroquinone. Autophosphorylation was initiated by addition of [!32-P] ATP and
the reaction mixture was then incubated at 30 ºC for 60 minutes. The reaction was
terminated by adding 6 "L of 5-fold concentrated sample buffer and proteins
were resolved on a 12 % SDS-PAGE.
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The ATP binding cavity of histidine kinases contains conserved residues that are
essential for its autophosphorylation (see chapter 6). These residues includes G1
and G2 boxes, which have characteristic signatures “DxGxG” and “GxGxG”,
respectively. Sequence alignment of CSK homologues shows that CSK in green
plants has a modified ATP-binding domain. In higher plants, only the first
conserved glycine residue is retained, and the second conserved glycine residue in
the G1-box is replaced by an aspartic acid (figure 8.3). Moreover, the first two
conserved glycine residues in the G2-box are replaced by an asparagine and a
valine, respectively. Only the third conserved glycine residue of the G2-box is
retained in higher plants (figure 8.3).

8.2.4. Secondary structural prediction of the ATP-lid of CSK and Hik2
Figure 8.4 shows, with exception of Cynidioschzon merolae CSK, the
cyanobacterial Hik2 and chloroplasts CSKs all have similar predicted secondary
structure of the ATP-lid. In secondary structure, the ATP-lid is located between
the G1-box and the G2-box forms a coil-coil. Cynidioschyzon merolae CSK
contains an unusually large sequence between the G1 and G2 boxes, perhaps
suggesting a larger ATP-lid. Furthermore, Arabidopsis and Phaeodactylum CSKs
do not have the conserved G2-motif.
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Figure 8.3 Conserved sequence features of CA-domain of CSK. Sequence alignment of higher plant CSK and its
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boxes are shown above the sequence.
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Figure 8.4 Predicted secondary structure of the ATP-lid of CSK homologues.
Secondary structure of ATP-lid of Cyanobacterial Hik2 and of CSK of
Cyanidoschzon merolae, Thalassiorira, Phaeodactylum tricornutum, and
Arabidopsis thaliana CSK protein predicted using programme PSIPRED
(http://bioinf.cs.ucl.ac.uk/psipred/). The conserved motif of G1 and G2 boxes is
shown. Where the motif is missing, this is indicted by the red cross. AA stands for
a target sequence; Pred stands for predicated secondary structure; coil is shown
with black line; helix is shown with red oval shape; strand is shown with blue.

138

!
CHAPTER
!
EIGHT
!
!
!
8.2.5. TNP-ATP binding

CHLOROPLAST SENSOR KINASE

Based on the sequence alignment shown on figure 8.3, CSK is predicted to
contain a modified ATP binding cavity. Furthermore, the recombinant CSK
protein was inactive in autophosphorylation in vitro (figure 8.2). In order for CSK
to function as a protein kinase, it must first have the ability to bind an ATP
molecule, and then it must catalyse substrate phosphorylation. Here, I investigated
the ATP binding activity of Arabidopsis CSK using a fluorescent ATP derivative
TNP-ATP. TNP-ATP contain a trinitrophenyl group, which upon being exposed
to a hydrophobic pocket such as an ATP binding cavity, it becomes more
fluorescent. The result shown on figure 8.4 the fluorescence emission spectrum of
TNP-ATP changed in the presence of 2 !M CSK (figure 8.5, blue line), indicating
that TNP-ATP-CSK complex is formed. Fluorescence emission at 540 nm is
increased by more than two-fold in the presence of CSK. The TNP-ATP from
CSK was displaced with addition of an excess natural ATP (figure 8.5, green
line).

8.2.6. TNP-ATP binding constant
We next investigated binding affinity of TNP-ATP to CSK by varying the
concentration of TNP-ATP in the presence of CSK and 1 mM natural ATP. The
fluorescence emission increase at 540 nm was measured and data was fitted to
nonlinear regression to calculate Kd for TNP-ATP. Figure 8.6 shows that
a Kd value of 1.1 !M was obtained.
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8.2.7. TNP-ATP dissociation constant.
TNP-ATP dissosciation constant was determined by titrating against ATP in the
presence of 1 !M TNP-ATP and the resulting fluorescence decrease was
measured. Figure 8.7 shows that a Kd value of 7.5 mM for ATP was calculated by
fitting data using nonlinear regression. This study indicates that CSK binds TNPATP better than it binds ATP.
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Figure 8.5 Binding equilibrium of TNP-ATP to Arabidopsis CSK using
fluorescence spectroscopy. TNP-ATP was excited at 410 nm and excitation
emission was measured between 500 to 646 nm. Fluorescence emission spectra of
1 !M TNP-ATP is shown by red line (––); fluorescence spectra of 1 !M TNPATP in the presence of 2 !M CSK is shown by blue line (––); and fluorescence
spectra of 1 !M TNP-ATP in the presence of 2 !M CSK and 40 mM natural ATP
is shown by green line (––).
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Figure 8.6 Titration of Arabidopsis CSK with TNP-ATP. TNP-ATP binding
titration was performed with varying concentration of TNP-ATP in the presence
of 2 !M CSK and 1!M ATP. TNP-ATP was excited at 410 nm and excitation
emission at 540 nm was monitored. Correction to background TNP-ATP
fluorescence was made by subtracting values for buffer plus TNP-ATP from CSK
plus TNP-ATP and data were then plotted using Prism 5 (Motulsky &
Christopoulos, 2003). Each data point represents the mean ± S.E of three
measurements. Dissociation constant (Kd) for TNP-ATP was calculated by
nonlinear regression curve fitting of data.
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[ATP] (mM)

Figure 8.7 Displacement of TNP-ATP from Arabidopsis CSK. TNP-ATP
displacement titration was performed with varying concentration of ATP to a
sample that was pre-equilibrated with 1 !M TNP-ATP and 1 !M CSK. Decrease
in intensity of emission at 540 nm was measured. Data was plotted as function of
ATP concentration and data were plotted using Prism 5 (Motulsky &
Christopoulos, 2003). Each data point represents the mean ± S.E of three
measurements. The dissociation constant (Kd) for TNP-ATP was calculated by
nonlinear regression curve fitting of data.
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DISCUSSION

CSK has been proposed to link the redox state of the PQ pool to chloroplast gene
transcription (Puthiyaveetil et al, 2008). But it is not yet clear whether CSK
receives a direct signal from the PQ pool. Here, using a fluorometric assay, I
exploit the interaction of a PQ analogue, DBMIB with the full-length Arabidopsis
CSK protein. Our result shown in figure 8.1 demonstrates that CSK binds DBMIB
directly. This observation further supports the proposal that CSK acts as a PQ
pool sensor.

The PQ pool has a standard midpoint potential of + 50 mV, n = 2
(Silverstein et al, 1993b; Silverstein et al, 1993c) and an effective redox potential
that changes with fluctuating light distribution between the photosystems. These
fluctuations may affect a specific redox sensor. For example, the redox state of the
PQ pool controls the light-dependent phosphorylation of chloroplast lightharvesting complex II (LHC II) (Allen, 1992; Allen et al, 1981). The LHCII
kinase (Stn7/Stt7) is responsible for phosphorylation of LHC II (Bellafiore et al,
2005; Depege et al, 2003; Rochaix, 2007). LHCII kinase has a midpoint of
potential of + 48 mV, which is similar to that of PQ pool midpoint potential
(Silverstein et al, 1993a). But some quinone pool sensors do not use its redox
signal. The RegB for example interacts with the reduced and oxidised form of
ubquinone with a similar affinity, and only the oxidised form of ubquinone seems
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to inactivate the autophosphorylation activity of RegB (Wu & Bauer, 2010).
However, the autophosphorylation activity of RegB is regulated through an
allosteric effect triggered by binding of ubquinone/ubiquinol rather than oxidation
by ubiquinone (Wu & Bauer, 2010). In contrast, the result shown here in figure
8.2 that CSK does not respond to different redox reagents. The fact that CSK
binds DBMIB indicates that CSK could also employ similar sensing mechanism
to RegB. We also noted that benzoquinone–and hydroquinone–treated CSK
protein migrated as two bands on the SDS-PAGE gel that is both denaturing and
reducing (figure 8.2, lanes 4 and 5). Cysteine residue in enzymes are known to
react with quinones to form quinone-cysteine adducts that cannot be broken with
reducing agents, for example by DTT used in our sample buffer (Li et al, 2005).
Cysteine residues in CSK could be forming a thioether-quinone adduct. This
observation further strengthens quinone-binding activity of CSK. However, it is
not yet clear whether the adduct formation is part of the signalling mechanism of
CSK.

Loss of a gene encoding a conjugate response regulator partner of histidine
kinases usually leads to loss of gene encoding the sensor kinase. For example, the
Ycf26 and the Ycf27 are known to form conjugate pairs in cyanobacteria are also
present in chloroplasts of most red algae (Ashby et al, 2002; Seki et al, 2007). But
Ycf26 and Ycf27 are absent from green lineages. The chloroplast genome of the
ancient red alga C. merolae encodes for Ycf27 and Ycf29 response regulators;
however, the ycf26 gene is absent from this alga. Instead, the nuclear encoded
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CSK functionally replaces Ycf26 function in C. merolae (Puthiyaveetil & Allen,
2009).

The CSK of the green algal and land plant lineage has lost the conserved
histidine residue that is a site for autophosphorylation and that is also needed for
phosphotransfer; Therefore, this modified CSK cannot function as a typical
histidine kinase. Instead, the conserved histidine residue in CSK is replaced by
tyrosine or glutamine in green algae and by glutamate in higher plants
(Puthiyaveetil & Allen, 2009; Puthiyaveetil et al, 2008). Comparably, there is an
equivalent modification in the CA domain of those modified CSKs (figure.8.3 and
8.4). However, this modification has not affected the ATP binding activity of
Arabidopsis CSK (figure 8.5, 8.6, and 8.7). The binding affinity of CSK for the
fluorescent analogue of ATP (TNP-ATP) is 1.1 !M, a result that is comparable to
that of bacterial histidine kinases. The EnvZ and CheA have Kd value for TNPATP of 1.9 !M and 1.7 !M, respectively (Plesniak et al, 2002; Stewart et al,
1998). Furthermore, TNP-ATP can be displaced from CSK using ATP (figure
8.7).

Although modification within the ATP binding domain of CSK did not
affect its ATP binding activity, we could not detect autophosphorylation of CSK
in vitro (figure 8.2.). This suggests that the CSK in chloroplasts has a different
catalytic mechanism from that of its cyanobacterial homologue. Perhaps this
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modification is need for CSK to integrate new catalytic mechanism. Since Ycf29
and Ycf27 are missing from chloroplasts of green lineages, CSK must undergo
modification in order to rewire into an existing signal transduction pathway of
chloroplasts. Indeed, Puthiyaveetil et al (Puthiyaveetil et al, 2010) have shown
that Arabidopsis CSK protein interacts with two plastid transcription machineries,
including sigma factor 1 (SIG1), a transcriptional initiation factor that has
prokaryotic origin. SIG1 is required to initiate psbA and psaAB genes
transcription (Shimizu et al, 2010). The second protein that CSK interact with is
the plastid transcription kinase (PTK). Interestingly, Shimizu et al (Shimizu et al,
2010) showed that transgenic Arabidopsis plants, lacking the putative SIG1
phosphorylation site were unable to regulate transcription of psaAB genes in light
condition that favours the oxidation of PQ pool. This is interesting because
transgenic plants that lack the csk gene also have the same phenotype as SIG1
mutant plants (Puthiyaveetil et al, 2008).

Histidine kinases do not transfer the !-phosphate group directly from an
ATP molecule to their substrate. Instead, they use the higher energy of the
phosphoramide bond to facilitate the transfer of their phosphate to an aspartate
residue of the response regulator. However, Phospho-serine/threonines are
thermodynamically more stable than phosphoramide or acyl-phosphate; therefore
they cannot passively transfer phosphate groups. Indeed, several modified
histidine kinases, such as ETR2 (Moussatche & Klee, 2004), plant phytochrome
(Fankhauser et al, 1999), !-keto dehydrogenase kinase (Lasker et al, 2002), and
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pyruvate dehydrogenase kinase (PDK) (Thelen et al, 2000) have lost the ability to
catalyse His-Asp phosphotransfer. Instead, they have acquired a catalytic
mechanism that is similar to serine/threonine kinases, and they now phosphorylate
their substrates on serine or threonine residues. In addition to a serine/threonine
kinase activity, PDK was observed to autophosphorylate on multiple histidine
residues. But PDK does not catalyse His-Asp phosphotransfer (Thelen et al,
2000). Energetically, it is also possible to transfer phosphate from His or Asp to
serine/threonine. Indeed, in the CheA-CheY two-component system, disruption of
the conserved aspartate residue of CheY resulted in the transfer of phosphate from
the conserve histidine of CheA to a serine residue of CheY (Bourret et al, 1990).
The glutamate residue replacing the histidine in the H-box of modified CSKs
possibly work in such way as to transfer phosphate to its substrate. However, it is
not yet clear whether the modified CSKs are autophosphorylated on a glutamate
residue.
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Final conclusion and summary

The work presented in this thesis provides insight into an autophosphorylation
mechanism of full-length Hik2 protein and its phosphotransfer activity to its
response regulator partners, Rre1 and RppA.

In chapter 3, I showed evidence that the gene encoding for Hik2 protein is
distributed in all 49 cyanobacterial species that I had looked at. Furthermore, in 12
cyanobacteria genomes, Hik2 is present as a truncated form, a finding that is also
in agreement with Ashby et al (Ashby & Houmard, 2006). The full-length Hik2
protein of Synechocystis sp. PCC 6803 is autokinase active in its ground state and
its activity was inhibited by sodium ions (chapter 4, figures 4.4 and 4.5).
Furthermore, Hik2 protein seems to exist as a monomer, a tetramer and as higherorder oligomers that are probably at equilibrium with each other (chapter 5.1-5.3).
Analysis of autophosphorylation activity of Hik2 revealed that the monomeric and
oligomeric forms of Hik2 are autophosphorylated (chapter 5.4). For Dcus and
ArcA, higher-order oligomers seem to be a mechanism of inhibiting their
autokinase activities (Malpica et al, 2004; Scheu et al, 2010). However, the role of
higher-order oligomerisation of Hik2 has yet to be elucidated.
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Mutational studies of conserved motifs of the core kinase domain of Hik2
revealed that the Hik2 uses similar ATP-binding and autophosphorylation
mechanisms to those of typical histidine kinases, such as EnvZ (chapter 6, figures
6.1-6.3). However, the Hik2 homologue in chloroplasts, CSK is found as a
modified histidine kinase. Firstly, the conserved histidine residue that is required
for autophosphorylation activity is replaced in CSK by a glutamine or tyrosine in
green algae and by a glutamate in higher plants (Puthiyaveetil et al, 2008).
Secondly, the ATP binding-cavity of modified CSKs contains mutations within
key motifs that are important for stabilising an ATP molecule upon binding, and
are required for the release of the ADP molecule from its binding cavity (chapter
8, figure 8.3). Nevertheless, these mutations did not abolish the protein ATPbinding abilities. The striking difference between Hik2 and CSK is that the
recombinant CSK protein is inactive in autophosphorylation, in vitro. Perhaps the
modified CSK had lost its autophosphorylation activity or it may require a signal
to activate autophosphorylation. However, CSK is active in chloroplasts, and
couples the redox state of PQ pool to chloroplast gene transcription. As shown in
chapter 8, figure.8.1, CSK interacts with the PQ analogue, DBMIB. This finding
further support CSK as PQ pool redox sensor. However, we have yet to
demonstrate the kinase activity of CSK either in vitro or in vivo.
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A model for Hik2 control of gene expression in Synechocystis

Figure.9.1 proposes our current working model of transcription control mediated
by Hik2 two-component signal transduction system in the cyanobacterium
Synechocystis sp. PCC 6803, and is based on the following observations. Firstly,
Hik2 interacts with Rre1 and RppA in vivo, in a yeast two-hybrid assay (Sato et al,
2007). Secondly, Rre1 and RppA were implicated in regulation of transcription of
genes encoding components of photosynthetic machineries; also, Rre1 was
reported to control salt tolerance genes (Li & Sherman, 2000; Paithoonrangsarid
et al, 2004). Thirdly, the Hik2 homologue CSK controls chloroplast gene
transcription in response to changes in the redox state of PQ pool (Puthiyaveetil et
al, 2008). Finally, Hik2 transfers a phosphoryl group to Rre1 and RppA in vitro
(chapter 7, figures 7.2.A and 7.2.B). In these model presented in figure 9.1,
autophosphorylated Hik2 transfers a phosphoryl group to Rre1 and RppA.
Phosphorylated Rre1 activates genes encoding phycobilisome and genes coding
for photosystems, thereby balancing the redistribution of electrons between PS II
and PS I. Conversely, phosphorylated Rre1 represses salt tolerance genes.
Phosphorylated RppA activates transcription of genes encoding core components
of photosynthetic reaction centres (Li & Sherman, 2000). Upon salt or
hyperosmotic shock, autophosphorylation of Hik2 will be inhibited (chapter 4,
figure.4.3 and 4.5). Rre1 and RppA are then no longer phosphorylated, thus Rre1
no longer acts as a transcription inhibitor for salt tolerance genes.

152

!
!
!

CHAPTER
NINE

GENERAL DISCUSSION

Figure 9.1 The proposed signal transduction pathways of the Hik2 twocomponent system. The autophosphorylation activity of Hik2 is regulated by
signals from photosynthesis and by sodium ion (Na2+). Red arrow an indicates
inhibitory effect. Black arrow indicates activation. Autophosphorylated (active)
Hik2 transfers phosphoryl group to Rre and RppA. Phosphorylated Rre1 and
RppA activate genes encoding for photosynthetic reaction centres. In addition,
phosphorylated Rre1 acts as a negative regulator for salt tolerance genes. Under
high salt condition, Na2+ inhibits the autophosphorylation of Hik2, thus removing
repression from salt tolerance genes.
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A model for CSK control of gene expression in chloroplasts

It is thus proposed that in light 1 conditions, CSK acts as the SIG1 kinase and
repress psaA transcription, and thereby regulates the stoichiometry of
photosystems (Puthiyaveetil et al, 2010). This proposal (Puthiyaveetil et al, 2010)
is based on the following two key observations. Firstly, CSK and SIG1 interact
(Puthiyaveetil et al, 2010). Secondly, both CSK knockout mutants and the
phosphorylation site mutant of SIG1 have the same signalling phenotype – neither
shows wild-type repression of psaA/B transcription in photosystem I light (light 1)
– suggesting they are part of the same signal transduction pathway. The
demonstration that CSK binds the PQ analogue, DBMIB (chapter 8, figure 8.1
and figure 8.2, lanes 4 and 5) further clarifies some important points in the CSK
signal transduction pathway. First of all, it reveals the crucial gene regulatory
signal from the photosynthetic electron transport chain as oxidised PQ (figure
9.2.A). In photosystem II light – light 2 – (figure 9.2.B), the PQ pool becomes
reduced and CSK is likely to become inactive as a protein kinase because PQH2
inactivates CSK. In light 2, a putative phospho-SIG1 phosphatase is predicted to
dephosphorylate the phosphorylated SIG1 (Puthiyaveetil et al, 2012; Puthiyaveetil
et al, 2010), and thereby remove repression of psaA/B genes transcription. The
dephosphorylated SIG1 can now transcribe psaA/B and psbA/D genes efficiently,
increasing the PS I/PS II ratio in light 2 (Puthiyaveetil et al, 2012; Puthiyaveetil et
al, 2010).
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Figure 9.2 A model showing Chloroplast Sensor Kinase (CSK) coupling the redox signal from the PQ pool to chloroplast gene
transcription. A) Activation of CSK. When PS I is preferentially excited, the PQ pool becomes oxidised. The oxidised PQ pool then
activates the autophosphorylation and kinase activity of CSK. The active CSK can then act as a protein kinase for Sigma Factor 1 (SIG1)
(green) (Puthiyaveetil et al, 2012; Puthiyaveetil et al, 2010). Phosphorylated SIG1 cannot transcribe the psaA gene efficiently (shown by a
dotted line), but transcription rate for psb gene is unaffected (Shimizu et al, 2010). B) Inactivation of CSK. When PSII is selectively exited
(light 2), the PQ pool becomes reduced and PSI becomes the rate-limiting step. In this condition, any autokinase and protein kinase activities
of CSK are suppressed. In light 2 conditions, a phosphoprotein phosphatase is predicted to act on plastid-encoded polymerase (PEP) to
dephosphorylate Phospho-SIG1 (Puthiyaveetil et al, 2012; Puthiyaveetil et al, 2010), and thereby remove repression of the psaA gene
transcription.
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Future directions

9.4.1. Determination of protein-protein and protein DNA interactions in
Hik2-RR two-component system
As discussed in chapter 7, Hik2 forms a two-component pair with Rre1 and RppA.
However, the functional interaction that presented in this thesis is based on an in
vitro phosphotransfer assay. This work would greatly benefit from in vivo, in
cyanobacterium, functional protein-protein interaction between Hik2-Rre1 and
Hik2-RppA using techniques such as Bimolecular Fluorescence Complementation
(BiFC). The principle of BiFC employs tagging protein A and protein B with Nterminal and C-terminal YFP fragments, respectively. Interaction between protein
A and B brings the two half fragments of YFP in close proximity, which allows it
to reform into its native structure and emit fluorescence upon excitation (Hu et al,
2002). In this study, protein A represents Hik2 and protein B represents Rre1 or
RppA.

Further interaction of Hik2 with its partners could be studied in vitro using
isothermal titration calorimetry and Biacore. These two techniques will allow us
to determine binding affinities (Kd) between Hik2-Rre and Hik2-RppA, and also
will allow us to determine the binding mechanism employed in the Hik2-RR twocomponent system.
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In order to identify promoter region(s) that Rre1 and RppA bind,
chromatin immunoprecipitation (ChiP), and gel electrophoreses mobility shift
followed by DNase I footprinting could be employed. Once binding regions are
identified, one could look at the condition(s) under which the transcriptional
factor binds to the promoter region, and at its role as transcription activator or
repressor. Since ChiP technique involves crosslinking of DNA-protein complexes,
the technique can be used to identify further interacting factors that are probably
required for Rre1 and RppA transcriptional activation or inactivation using mass
spectroscopy.

9.4.2. Deletion and overexpression of hik2, rre1, and rppA genes
Disruption of genes in cyanobacteria involves homologous recombination and
insertion of antibiotic resistance gene. Success of complete segregation of the
recombinant genes is determined using the PCR technique. Single and double
mutant strains of Rre1 and RppA could be generated to further characterise the
Hik2-RR system. Mutant and wild-type cell lines will be treated with different
conditions such as high-light, low-light, and light conditions that favour the
oxidation or reduction of PQ pool. Transcript levels for various genes encoding
for photosynthetic and respiratory complexes will be analysed using a RT-PCR
and/or a Northern blotting. Alternately, DNA-microarrays can be used to look at
global transcription effects to determine genes that are under Hik2-Rre1 and
Hik2-RppA control. Since disruption of the hik2 gene is lethal, one could
overexpress Hik2 and as well as Rre1 and RppA proteins in Synechocystis sp.
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PCC 6803 under different stress conditions and that determine under which
condition Hik2 is phosphorylated or dephosphorylated.

9.4.3. Structure determination of CSK and Hik2
Hik2 and the unmodified CSK proteins contain typical histidine kinase motifs and
are therefore predicted to employ the His-Asp phosphotransfer mechanism.
However, the modified form of CSK lacks several conserved motifs that are found
in histidine kinases. First of all, it lacks the conserved histidine residue that is
required for phosphorylation. Therefore, the modified CSK employs a different
catalytic mechanism than unmodified CSK and Hik2. Structure determination of
Hik2 and the modified CSK, followed by structural comparison will reveal insight
into the catalytic mechanism of Hik2 and CSK. Furthermore, since there is no
structure available for a full-length histidine kinase in the protein databank,
elucidation of full-length structure of CSK and/or Hik2 will shed light into the
mechanism of a signal propagation from the sensor domain of histidine kinase to
its kinase domain.

158

Appendix

!
!
!

APPENDIX

Protein overexpression and purification
Figure 2 shows the result of protein overexpression of the full-length and the
truncated forms of Arabidopsis CSK protein. Figure 2, lane 2 shows that the fulllength CSK protein is mainly present in the insoluble cell fraction, and present in
a low quantity in the soluble cell fraction. The purified CSK_F migrated on SDSPAGE with an apparent molecular mass of 75 kDa. The truncated form of CSK,
containing the core kinase domain of CSK, migrated on SDS-PAGE with an
apparent molecular mass of 37 kDa.
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Figure 1 Recombinant plasmid containing the following clones: A) Hik2_F; B) RpaA; C) Rre1, RpaB, and RppA; D); CSK_F; E)
CSK_T were double-digested with the appropriate restriction enzymes indicated in the material and method section. DNA size
markers are shown on the lift in kb. DNA fragment corresponding to the vector and insert are shown on the right.
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Figure 2. Protein overexpression and purification. The full-length CSK protein was overexpressed and purified as
described in the experimental section. The following samples were loaded on a SDS-PAGE 12 %. Lane 1, protein molecular
weight marker; lane 2, total cell lysate; lane 3, soluble cell fraction; lane 4 and 5 are elution fraction1. On the left, protein
molecular weight markers are shown in kDa. The positions of the overexpressed CSK_F and CSK_T are indicated on the
right.
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