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ABSTRACT 

Cytosolic free calcium (Ca2+
cyt) is a ubiquitous second messenger in 

eukaryotes. In Arabidopsis thaliana, diurnal or circadian (diel) rhythms in 

[Ca2+]cyt have been widely documented.  There is evidence to suggest that 

these diel [Ca2+]cyt oscillations modulate different signalling pathways, including 

photoperiodic signal transduction, gating responses to endogenous and 

environmental stimuli and feed-back entrainment of the core circadian clock 

itself. However, direct evidence for the role of Ca2+ in clock entrainment or as an 

output from the clock is lacking, and the question of the functional role of diel 

[Ca2+]cyt oscillations remains open. 

The role of diel [Ca2+]cyt rhythms in A. thaliana and their relationship relative to 

the central molecular oscillator was investigated.  While it was found that diel 

[Ca2+]cyt oscillations persist throughout the life cycle of A. thaliana, I found no 

indication that diel [Ca2+]cyt rhythms are involved in photoperiodic signalling.  

Furthermore, I demonstrated that normal diel [Ca2+]cyt oscillations persist even 

in the absence of a functioning core circadian clock, indicating that, contrary to 

the accepted view, diel [Ca2+]cyt oscillations are not directly controlled by the 

core circadian clock, but are more probably generated by a non-transcriptional 

oscillator.  

In silico analysis of the amino-acid sequences of the 12 core clock proteins 

revealed that TOC1 contains a putative EF-hand and may therefore provide a 

route into the molecular oscillator for diel [Ca2+]cyt signals. The TOC1 sequence 

was altered to eliminate the Ca2+ coordinating residues but attempts to express 

this protein in E. coli, N. benthamiana and Baculovirus were unsuccessful. 

Complementation of the A. thaliana toc1-1 mutant with transgenes containing 

the endogenous TOC1 promoter sequence upstream of the wild type or the 

altered TOC1 sequences were also unsuccessful. A series of experiments were 

conducted to provide empirical data for Boolean Logic models of circadian 

rhythmicity that would enable further characterisation of the potential link 

between diel [Ca2+]cyt oscillations and TOC1.  
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CHAPTER 1. INTRODUCTION 

Calcium (Ca2+) is a ubiquitous second messenger in eukaryotes (Rasmussen et 

al. 1976).  The circadian clock is a ubiquitous molecular oscillator in both 

prokaryotes and eukaryotes (Huang et al. 1990; Edmunds, 1983).  In plants, 

there is strong, but circumstantial, evidence that links circadian oscillations and 

oscillations of cytosolic free calcium ([Ca2+]cyt; Sai & Johnson, 2002; Love et al. 

2004; Dodd et al. 2007).  However, direct evidence for the role of Ca2+ in clock 

entrainment or as a key output from the clock is lacking and the question of the 

role of these circadian oscillations of Ca2+ remains open.  

 

1.1 Calcium 

Calcium (Ca) is the fifth most abundant element by mass in the Earth’s crust 

and ionic calcium (Ca2+) is the fifth most abundant ion dissolved in the sea.  Ca 

is an essential element for life and contributes various roles within organisms.  

Mineralised Ca is used structurally, e.g. calcium carbonate and calcium 

phosphate provide components of skeletal and shell structures and Ca2+ is 

utilised intracellularly as a regulator and signalling molecule (Gilroy et al. 1987; 

Dodd et al. 2006; Marti et al. 2013).  

The importance of Ca2+ as a signalling molecule was first theorised over a 

century ago, when an observation was made that isolated heart cells would only 

contract when in the presence of Ca2+ (Ringer, 1883). Ca2+ is now widely 

recognised as an important element of signal transduction pathways. The 

notion of signal transduction was first coined in the 1960’s during research into 

stress-induced glycogenolysis mediated degradation of the liver (Sutherland & 

Rall, 1960), although the specific term ‘Signal Transduction’ was not commonly 

used until the 1980’s (Rodbell, 1980). Sutherland noted that the effector or “first 

messenger”, adrenalin, interacted with a membrane bound receptor, which 

induced an increase of cyclic adenosine monophosphate (cAMP), which he 

termed the second messenger (Sutherland & Rall, 1960). In turn, cAMP 
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stimulated the activation of a glycogen phosphorylase, which converted 

glycogen to glucose (Sutherland & Rall, 1960; Durham et al. 1974). In short, 

signal transduction occurs when an external stimulus causes an extracellular 

signalling molecule to activate a cell receptor, generally located on the cell 

surface. This receptor can either directly initiate a downstream pathway, or a 

secondary molecule can relay the signal to the target, this secondary molecule 

is, therefore, termed the second messenger. Second messengers are activated 

in response to a wide range of stimuli and are required to modulate the activity 

of a diverse set of downstream targets. Second messenger signals are short 

lived in order to elicit the correct signalling response and hence need to be 

rapidly synthesised, degraded, sequestered and/or released (Barbieri, 2003). 

There are a relatively few second messengers, grouped into three categories: 

hydrophobic molecules, which are primarily membrane associated such as 

diaglycerols and phosphatidylinositols, diffusible gases such as nitric oxide and 

carbon monoxide, and hydrophilic molecules including cAMP, inositol 

triphosphate (IP3) and Ca2+ (Plieth, 2001; Xue et al. 2004; Zalejski et al. 2005; 

Correa-Aragunde, 2006; Trinquet et al. 2006).  The role of Ca2+ as a second 

messenger was initially investigated in excitable animal cells, including cardiac 

muscles and squid giant-axons.  In the 1980’s, the Ca2+ paradigm was 

translated from the animal system to plant cells, notably by Trewavas in the UK 

and Hepler in the USA (Wick & Hepler, 1980; Saunders & Hepler 1981; 

Hetherington & Trewavas, 1984; Trewavas et al. 1984; Blowers et al. 1985).  An 

explosion of interest in plant cell Ca2+ ensued that coincided with the rapidly 

developing field of confocal microscopy and plant molecular genetics, enabling 

precise investigations into the role of Ca2+ in plant cell signalling (Brownlee & 

Dale, 1990; Gilroy et al. 1990; Schroeder & Hagiwara, 1990; Knight et al. 1991; 

Fallon et al. 1993; McAinsh et al. 1995; Franklin-Tong et al. 1996; Webb et al. 

1997). This early work showed Ca2+ to be at the nexus of complex signalling 

networks. 
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Calcium transients, spikes, waves and oscillations 

In plants, cytosolic free Ca2+ ([Ca2+]cyt) is maintained at  an approximate basal 

level of 100 - 200 nM (Gilroy, 1989). In extracellular and intracellular stores, 

Ca2+ is contained and buffered in the millimolar range. Hence, there is a 

significant inward electrochemical concentration gradient of Ca2+ between the 

lumen of the intracellular compartments and the cytosol, and between the 

apoplast and the cytoplasm (Montero et al. 1995; Marsault et al. 1997; Pinton et 

al. 1998). In response to diverse stimuli, [Ca2+]cyt is transiently increased and 

these transients display different dynamics depending on the stimulus and cell 

type and can take the form of single spikes (Knight et al. 1996; Sai & Johnson, 

2002; Scrase-Field & Knight. 2003), long term oscillations (Johnson et al. 1995 ; 

Love et al. 2004) and a progressive cytosolic wave (tsunami; Gilkey et al. 

1978). [Ca2+]cyt is transiently increased by the coordinated action of passive 

Ca2+ influx through Ca2+ channels, active Ca2+ export by Ca2+-ATPases (or 

pumps) and binding to cytosolic Ca2+-binding proteins (Putney & McKay, 1999; 

Guerini & Carafoli, 1999; Figure 1.1). 

Calcium permeable cation channels, which allow Ca2+ to passively enter the 

cytosol have been identified in all plant membranes and are loosely classified 

by voltage dependence: the depolarisation activated cation channel (DACC), 

the hyperpolarisation activated cation channel (HACC), and the voltage-

independent cation channel (VICC; White, 2000; Miedema et al. 2001). 

DACCs are permeable to monovalent and divalent cations, including Ca2+. 

DACCs are activated at potentials more positive than -150 to -100 mV and they 

may transduce stress responses, since membrane depolarisation can result 

from a stress stimulus (Thuleau et al. 1994; Thion et al. 1998; Miedema et al. 

2001). The non-selective cation channel that is present in the plasma 

membrane and the nuclear envelope, is relative non-selective to mono-valent 

and divalent cations. Included in the DACC channel family are three distinct 

tonoplast DACCs, the slow vacuole (SV) cation channel is the most abundant 
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and well studied (Weiser, 1993; Carpaneto et al. 1999). The SV channels are 

thought to be regulated by [Ca2+]cyt dependent phosphorylation and two sites, 

one inhibitory and one activatory and therefore the opening and closing of SV 

channels is directly regulated by [Ca2+] (Allen & Saunders, 1995; Macrobbie, 

1997; Peiter, 2011). 

HACCs are permeable to divalent cations and are activated at potentials more 

negative than -100 to -150 mV. HACCs are activated by mechanosensitive 

signals, including gravity, touch or flexure (Gelli & Blumwald, 1997; Gelli et al. 

1997; Miedema et al. 2001; Fasano et al. 2002). 

In mature plants cells, the vacuole acts as the dominant intracellular Ca2+ store. 

In addition to the DACCs and HACCs, there are two types of ligand-gated 

channels in the tonoplast, regulated by inositol triphosphate (IP3) and cyclic 

adenosine diphosphate ribose (cADPR; Allen et al. 1995; Macrobbie, 1997; 

Muir et al. 1997). The regulation of IP3 dependent channels (IP3R) are 

independent of [Ca2+], however, tonoplast hyperpolarisation and osmotic stress 

induces channel opening and IP3R have been hypothesised to play a role in the 

regulation of turgor pressure (Xia & Yang, 2005). The ryanodine receptor (RyR) 

that is regulated by cADPR displays high selectivity for Ca2+ and the opening to 

these channels has been inhibited when Ca2+ is above 600 nm (White & 

Broadley, 2003). Following activation of RyR in the tonoplast, local [Ca2+] 

increase stimulates the opening of the SV channel in a mechanism called ‘Ca2+ 

induced Ca2+ release’ (CICR; Ward & Shroeder, 1994; Pei et al. 1999; Pottosin 

et al. 2004). 

The ER membrane contains a Ca2+-permeable channel gated by nicotinic acid 

adenine dinucleotide phosphate (NAADP; Lee, 1997). In animal cells it has 

been suggested that NAADP regulated Ca2+ release is amplified by IP3 and 

cADPR-dependent mechanisms (Wagner et al. 2003), however, it has not yet 

been shown whether this it the case in plant cells.  
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 Figure 1.1. Ca2+ transporters in Arabidopsis thaliana 
Numerous Ca2+ permeable channels are located in Arabidopsis thaliana plasma membrane. 
These include the depolarization activated cation channel (DACC), the hyperpolarisation 
activated cation channel (HACC), the non-selective cation channel (NSC), the two pore 
channel (TPC), the cyclic nucleotide gated channel (CNGC) and the glutamate like channel 
(GLC). The plasma membrane also incorporates P-type ATPase II pumps (ACA) that remove 
Ca2+ from the cytoplast to the apoplast against the electrochemical gradient.  

Tonoplast Ca2+ permeable channel comprise two ligand gated channels, inositol triphosphate 
receptor (IP3R) that is activated by IP3 and the ryanodine receptor (RyR) that is activated by 
cADPR. In addition to this the tonoplast also contains the specific DACC slow vacuolar 
channel (SV). The tonoplast also contains ACA pumps as well as H+/Ca2+ antiporters which 
also actively pump Ca2+ out of the cytosol and into the vacuolar store.  

The golgi, mitochondria and chloroplast membrane also contain P-type ATPases and the 
endoplasmic reticulum contains IP3R, RyR, a Ca2+ channel that is gated by nicotinic acid 
adenine dinucleotide phosphate (NAADP) as well as P-type ATPase pumps. 
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Cyclic nucleotide-gated channels (CNGC) are found in the plasma membrane 

and can be both permeable to monovalent and divalent cations. CNGCs have 

been hypothesised to be involved in pathogen defence responses (Clough et al. 

2000; Balague et al. 2003), although the manner by which the CNGCs are 

activated is yet to be elucidated. 

Arabidopsis thaliana contains a single two-pore channel (TPC), a protein to 

which two pore domains are present (Furuichi et al. 2001; Schulze et al. 2011). 

Limited work has been conducted on Arabidopsis TPC, but it has been 

proposed that the channel is involved in ABA and jasmonate signalling (Pieter 

et al. 2005; Bonaventure et al. 2007) and could be a pathway for CICR as it is a 

Ca2+-activating Ca2+ channel that is permeable (Ward & Schroeder, 1994). 

VICCs are found in the plasma membrane and are primarily involved in Ca2+ 

homeostasis. VICCs are thought to be open during the resting potential of plant 

cell membranes of around -50 mV (White & Davenport, 2002) and are 

hypothesised to be a counter to the continual efflux of Ca2+ generated by Ca2+ 

pumps (see below). 

Following an influx of Ca2+ to the cytosol, the Ca2+ must be removed to (i) 

maintain [Ca2+]cyt to a level appropriate for cellular metabolism, (ii) restore 

[Ca2+]cyt to a basal level therefore strengthen magnitude, kinetics and 

subcellular localisation of [Ca2+]cyt for signalling machinery (iii) replenishing Ca2+ 

stores for further Ca2+ signalling (iv) provide Ca2+ to the ER for the secretory 

system to function (White & Broadley, 2003). 

The two main types of calcium pumps that actively remove Ca2+ from the 

cytosol are Ca2+-ATPases and H+/Ca2+ antiporters (Lew, 1989; Hirschi et al. 

1996; Baekgaard et al. 2005). There are two plant families of Ca2+-ATPases; P-

type ATPase IIA family and the P-type ATPase IIB family. The P-type ATPases 

are highly selective for Ca2+, but have relatively low activity, and derive energy 

from ATP to pump Ca2+ from the cytosol. The P-type ATPase IIA family lacks an 

N-terminal domain, whereas the P-type ATPase IIB family is characterised by 
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an autoinhibitory N-terminal domain, that contains a Ca2+-CaM binding site, as 

well as a phosphorylation site (Pedersen et al. 2007; Duby & Boutry, 2009). The 

P-type ATPase IIB family activity can be modulated either by Ca2+-CaM binding 

or by phosphorylation by Ca2+-dependent protein kinases (Gerencser, 1993; 

Duby & Boutry, 2009). Both type of ATPases are present in the plasma 

membrane, tonoplast and the endoplasmic reticulum. The type IIA ATPase is 

additionally present in the golgi apparatus and the type IIB ATPase is present in 

the chloroplast and mitochrondrion membranes (Carafoli, 1992; Abdel-Ghany et 

al. 2005; Mills et al. 2008). The H+/Ca2+ antiporter is a low affinity high activity 

Ca2+ pump, again the H+/Ca2+ derives energy from ATP to exchange Ca2+ from 

the cytosol with H+ in the extracellular matrix (Hirschi et al. 1996). H+/Ca2+ 

antiporters are present in the plasma membrane and the tonoplast. The main 

role of H+/Ca2+ antiporters is proposed to be removal of Ca2+ from the cytosol 

during signalling elevations, therby terminating a Ca2+ transient or modulating 

the shape or duration of the transient (Allen et al. 2000; White & Broadley, 

2003).  

 

Techniques of intracellular Ca2+ measurement 

To dissect the mechanisms of Ca2+ signalling, it is necessary to accurately 

measure and visualise the Ca2+ dynamics in response to specific stimuli. 

Methods of intracellular Ca2+ measurement include the use of Ca2+-sensitive 

microelectrodes, the microinjection of fluorescent indicators and the 

recombinant expression of calcium sensitive bioluminescent or fluorescent 

proteins.  

The first recorded in vivo measurement of Ca2+ was achieved by the injection of 

the Ca2+-sensitive photoprotein aequorin (Shimomura et al. 1962) into Medaka 

(Oryzias latipes) fish eggs (Gilkey et al. 1978). Using this method, it was 

possible to visualise and intracellular Ca2+ wave that occurred in response to 

fertilisation (Gilkey et al. 1978). Functional aequorin is a conjugate of a 22 kDa 
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polypeptide named apo-aequorin and a metabolite called coelenterazine. Upon 

binding Ca2+, functional aequorin decays to coelenteramide, CO2 and apo-

aequorin, releasing also a single photon of blue light (Shimomura & Johnson, 

1969; Shimomura & Johnson, 1970). The bioluminescent emission is directly 

proportional to the Ca2+ bound to aequorin and hence the [Ca2+]cyt. The range of 

[Ca2+]cyt that can be reliably imaged using aequorin is 40 nM to approximately 

100 µM (Read et al. 1993) and the temporal resolution of the aequorin 

bioluminescence is not limiting when investigating Ca2+ transients (Read et al. 

1993). In these [Ca2+]cyt  ranges the slope of a log-log plot to discern light as a 

function of [Ca2+] is approximately 2.5 (Allen et al. 1977), this low 

bioluminescence requires the use of sensitive photomultipliers and therefore 

only large single cells, (Gilkey et al. 1978; Williamson and Ashley, 1982; Gilroy 

et al. 1989) give off enough bioluminescence for reliable imaging.  

An alternative to aequorin, the microinjection of Ca2+-sensitive fluorescent dyes, 

has been extensively used to image sub-cellular Ca2+ dynamics (Lakowicz et al. 

1992; Williams et al. 1985; Read et al. 2011). There is a large range of single 

wavelength and dual-wavelength ratiometric fluorescent dyes available that 

offer a variety of emission and excitation spectra, affinities for Ca2+ and 

response times to changes in [Ca2+]cyt (Read et al. 2011). Dyes may also be 

conjugated to high molecular weight dextrans that ensure a cytosolic signal, by 

inhibiting the incorporation of the dye into intracellular organelles (Glover et al. 

1986).  

Finally, Ca2+-sensitive electrodes may be used to accurately quantify 

intracellular [Ca2+] (Brownlee, 1986). The technique was pioneered in rhizoids 

of germinating Fucus serratus zygotes (Brownlee, 1986) and has since been 

extended to a variety of plant cell types. The range of [Ca2+]cyt that can be 

measured using Ca2+-sensitive electrodes is the highest of any alternative 

method, from 10 nM to 1 mM (Brownlee, 1986). However, measurements are 

technically challenging and possess a low temporal resolution because the 

electrodes take several seconds to respond to a change in [Ca2+]cyt. 
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Injecting a cell with aequorin, a fluorescent indicator, or an electrode is an 

invasive technique, which may both damage the cell or stimulate an artificial 

increase in [Ca2+]cyt (Trewavas & Knight, 1994). Moreover, these microinjection 

based techniques are not particularly suited to long term cell imaging. In order 

to overcome these pitfalls, recombinant technology was utilised to express in 

cells the calcium indicator desired; either apo-aequorin (Knight et al. 1991a) or 

so called CaMeleon-GFPs (Miyawaki et al. 1997).  

Recombinant apo-aequorin has been expressed very successfully in plants 

(Knight et al. 1991b; Johnson et al. 1995; Love et al. 2004) and, following 

reconstitution to aequorin by the application coelenterazine, has been used to 

investigate the effects of wide range of endogenous and exogenous stimuli 

including, cold-shock (Knight et al. 1991b; Knight et al. 1996), fungal elicitors, 

and heat stress (Larkindale & Knight, 2002), on [Ca2+]cyt dynamics. In addition 

apo-aequorin expression has been targeted to subcellular compartments (Read 

et al. 1992; Knight et al. 1993; Marti et al. 2013) enabling the specific Ca2+ 

dynamics of different cellular localisation to be investigated. The main limitation 

to aequorin measurements is that the levels of bioluminescence emitted is low, 

therefore Ca2+ imaging cannot be performed at the single cell level (Gilroy et al. 

1993). Despite this drawback, aequorin imaging has been invaluable in 

understanding [Ca2+]cyt signalling dynamic in a response to a range stimuli, at 

different time scales and in different cell or tissue types, as well as in whole 

plants (Rudd & Franklin-Tong, 2001). 

A relatively recent development in recombinant Ca2+ biosensors is that of the 

CaMeleons (Miyawaki et al. 1997; Allen et al. 1999; Choi et al. 2012). 

CaMeleons are chimeric fusions of a Ca2+-sensitive protein (Calmodulin; CaM 

or modifications thereof), a CaM-binding peptide and two green fluorescent 

proteins (GFPs) for which the respective spectral characteristics allow non-

radiative fluorescence resonance energy transfer (FRET) to occur between 

them when appropriately configured (Hoeflich, 2009). Upon binding Ca2+, the 

CaM moiety complexes with the CaM-binding domain and undergoes a 
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conformational change which brings the complementary fluorophores closer to 

each other and allows FRET to occur (Miyawaki et al. 1997; Allen et al. 1999). 

The consequent spectral shift in emission spectrum allows ratiometric 

determination of Ca2+ dynamics (Miyawaki et al. 1997; Pereschini et al. 1997). 

Like aequorin, CaMeleons may be targeted to intracellular compartments (Allen 

et al. 1999). CaMeleons are imaged using a 16-bit confocal microscope enable 

accurate determination of subcellular [Ca2+]cyt. Despite the superficial simplicity 

of the CaMeleon technique, the low levels of FRET to background fluorescence 

remains a significant problem, limiting the use of CaMeleons to the recording of 

relatively large Ca2+ events, such as touch sensing (Iwano et al. 2004), or the 

response of legume roots (Miwa et al. 2006).  

 

Architecture of peptide Ca2+ binding sites 

Arabidopsis cells contain in excess of 250 Ca2+-binding proteins (Reddy & 

Reddy, 2004), each having different affinities for Ca2+. When Ca2+-binding 

proteins are bound to Ca2+, they typically undergo a conformational change, 

allowing them to act as transducers or amplifiers of the Ca2+ signal, either 

directly or by interaction with other enzymes (Sanders et al. 1999; White & 

Broadley, 2003).  

Ca2+ binds through a limited number of functional peptide domains that share a 

similar pattern of Ca2+-coordinating motifs composed of acidic and polar 

residues that contain carboxyl and carbonyl oxygen atoms (Kretsinger et al. 

1974). The majority of these domains are classified as EF-hands. The other two 

classes are termed C2 binding domains and annexins (White & Broadly, 2003). 

The residues within the Ca2+-coordinating domain form a loop around the Ca2+ 

ion and the oxygen atoms bind the Ca2+ ion (Kretsinger & Nockolds, 1973). 

Structural Ca2+ binding domains can be characterised by loop geometry: EF-

hands have a basic helix-loop-helix topology (Kretsinger & Nockolds, 1973; 

Strynadka & James, 1989); C2 binding domains possess multiple ß-strands 
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(Earles et al. 2001); Annexins have a pair of discontiguous helix-loop-helices 

(Delmer & Pothika, 1997).  

The majority of Ca2+-binding proteins typically contain the EF-hand Ca2+-binding 

structural domain contained within proteins (Nakayama et al. 1992; Reddy & 

Reddy, 2004). EF-hands normally contain 29 amino acid residues, with 

residues 1-9 being the E α-helix, 10-22 the loop and 23-29 the F α-helix 

(Kretsinger et al. 1974; Figure 1.2). The loop of the EF hand, typically consisting 

of 12 residues, coordinates a calcium ion. The loop motif is often annotated X, 

*, Y, *, Z, *, -Y, *, -X, *, *, -Z. The 6 residues that coordinate Ca2+ are at 

positions 1, 3, 5 7, 9 and 12 and are annotated X, Y, Z, -Y, -X, -Z (Kawasaki & 

Kretsinger, 1994; Kretsinger, 1976). Each of the coordinating residues are 

acidic, polar and contain oxygen atoms in the side chain, with the exception of 

residue –Y (Renner et al. 1995; Drake et al. 1997). Due to the bipyramidal 

configuration of amino acids during Ca2+ binding, if no oxygen is present in the 

residue –Y (position 7), then H2O can substitute the coordinating oxygen (Silva 

et al. 1995; Cates et al. 1999). Frequently, Ca2+-binding proteins contain pairs 

of EF-hands that interact through antiparallel beta sheets, which allow 

cooperativity in Ca2+ binding (Ikura, 1996). 

Two other motifs that mediate Ca2+ binding are C2 domains and annexin 

repeats. The C2 domain is named such as it is similar to region 2 of protein 

kinase C. C2 domains are 130-145 amino acids in length and are present in 

membrane associated proteins. There are 142 C2 domain-containing proteins 

in Arabidopsis (Tomsig & Creutz, 2002). The C2 domains form 8 antiparallel β-

sheets connected by loops, three of the loops are positioned on top of the β-

sheets, and coordinate Ca2+-binding (Sutton et al. 1995). Annexin repeats 

contain 70 amino acids and are present in the membrane associated annexin 

family of proteins (Huber et al. 1990; Clark & Roux, 1995).  
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Figure 1.2. The canonical EF-hand. 
(A) Profile hidden markov model (pHMM) of EF-hand consensus sequence. EF- hand 
consists of an a-helix (E, residues 1-11), a loop around the calcium ion, an d a second a-
helix (F, residues 19-29). ‘n’ indicates hydrophobic residues and asterisks indicates 
variable residues. The Ca2+ ion is coordinated by an oxygen atom, or bridging water 
molecule, of the side chains of residues 10 (X), 12 (Y), 14 (Z), and 18 (- X). The Ligand at 
vertex - Y is the carbonyl oxygen of residue 16. Usually residue 21 (- Z) is Glu and is the 
sixth residue to coordinate calcium. It binds with both oxygen atoms contributing the sixth 
and seventh oxygens of a pentagonal bipyramid. The Glu at - Z coordinates with both 
atoms of its carboxylate group. Four carbonyl oxygens-X, Y, Z, and - Y coordinate Ca2+. 
The seventh ligand is the oxygen of water. (B) the arrangement of the amino acid 
residues in Ca2+ binding and the outstretch human hand from where the name ‘EF-hand’ 
was derived. 

Adapted from Nakayama & Kretsinger, 1994; Zhou et al. 2006. 
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Calcium binding proteins 

In A. thaliana, different EF-hand containing proteins (Reddy & Reddy, 2004), 

can be grouped into calmodulin, calmodulin-like other EF-hand containing 

proteins and Ca2+-dependent protein kinases.  

Calmodulin (CaM) a small signalling protein of approximately 148 amino acids, 

that is the most abundant Ca2+-binding protein in plants. Moreover, CaM is a 

ubiquitous across the Eukaryra and CaM-signalling has been implicated in 

phytohormone signalling, protein phosphorylation and dephosphorylation, 

metabolism regulation, ion transportation, protein folding, cytoskeletal function, 

and transcriptional regulation (Snedden & Froom, 2001; Yang & Poovaiah, 

2003; Bouché et al. 2004). In A. thaliana, there are 7 CaM genes that have, on 

average, 89 % sequence homology to vertebrate CaM (McCormack & Braam, 

2003). CaM possess 2 Ca2+ binding EF-hands in the N-terminal region of the 

protein and 2 EF-hands in the C-terminal region. The two sets of EF-hands are 

linked by a flexible central helices to give CaM a characteristic dumbbell-like 

tertiary structure. Each EF-hand can bind a single Ca2+ ion, hence, CaM is 

capable of binding four Ca2+. Ca2+ binding to 3 or more of CaM’s EF-hands 

causes a conformation change to the protein, exposing a series of hydrophobic 

residues on the protein. CaM-Ca2+ that has undergone a conformational change 

can then act in downstream cellular processes (Anderson, 1983; Liao & 

Zielinski, 1995; Zielinski, 1998).  

Calmodulin-like proteins (CML) contain at least one EF-hand and no other 

identifiable functional domain (McCormack & Braam, 2003). There are 50 CMLs 

in A. thaliana that contain at least 16 % sequence identity with CaM 

(McCormack & Braam, 2003). In some CMLs there are amino acid substitutions 

from the typical EF-hand motif, e.g. ten CMLs have a substitution from 

glutamate to aspartate in position 12 of the Ca2+-coordinating loop. The 

substitution from glu to asp will lower the affinity for Ca2+ (Cates et al. 1999). 
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Each CaM is expressed at all developmental stages and gene expression data 

indicates little redundancy in the CaM family. The CMLs are grouped into five 

major groups that are expressed in clusters during different developmental 

stages (McCormack et al. 2005). CaMs are expressed in all different plant 

tissue types, whereas CMLs have differentially expression in the different tissue 

types indicating a level of redundancy in the large CML family (McCormack et 

al. 2005). 

Calcineurin B-like proteins (CBL) contain 3 EF-hands as well as a myristoyl 

domain for membrane localisation, however, CBLs contain no functional domain 

(Shi et al. 1999; Hrabak et al. 2003; Zhu et al. 2003). In A. thaliana there are 10 

CBL isoforms that show differential expression in response to diverse 

exogenous stimuli (Luan et al. 2002; Qiu et al. 2002; Zhu et al. 2002; Cheong et 

al. 2003). 

Ca2+-dependent protein kinases (CDPK) are Ca2+-binding proteins that possess 

Ca2+-dependent kinase activity. CDPKs range from 40 to 90 kDa and are 

composed of five domains. The highly variable N-terminal is responsible for the 

large variation in protein size and is not well conserved between A. thaliana 

CDPKs (Cheng et al. 2002). The catalytic serine/threonine kinase domain is 

highly conserved (Klimecka & Muszynska, 2007). The catalytic domain can be 

inhibited by the adjacent pseudosubstrate containing autoinhibitory junction 

(Cheung et al. 2002). CDPK also contain a CaM like domain, containing four 

EF-hands responsible binding four Ca2+ (Cheung et al. 2002). 

In addition to CABPs there are also Ca2+-CaM binding proteins (CBP), upon 

binding Ca2+, CaM undergoes a conformational change and will expose a series 

of hydrophobic residues that can bind target proteins, these target proteins are 

CBPs.  
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The Ca2+ signature hypothesis 

The ‘Ca2+ signature’ hypothesis proposes that signal specific information is 

encoded within the specific pattern or temporal Ca2+ elevations (McAnish & 

Pittman, 2009), i.e. that the shape, duration and location of the Ca2+ transients 

convey stimulus specific information that can be recognised by cells (McAnish & 

Pittman, 2009). The kinetics of [Ca2+]cyt signatures can be described by a 

number of factors including the lag time between a stimulus and the initiation of 

a change in [Ca2+]cyt; the time to reach peak [Ca2+]cyt once a rise has been 

initiated; the amplitude of peak [Ca2+]cyt; the duration for which a peak [Ca2+]cyt 

persists; the time taken for [Ca2+]cyt to return to basal levels; the number of 

repetitive peak and troughs in a [Ca2+]cyt signature; the spatial location of the 

elevation in [Ca2+]cyt (Mahló et al. 1998). 

In addition to the Ca2+ signature, other hypotheses have been made to further 

rationalise the regulation attributed to a single ion (Ca2+), including the 

‘physiological address’ of cells and Ca2+ sensitivity priming. Different cell types 

have a different ‘physiological address’ meaning that the same Ca2+ signature in 

one cell type may have a different effect than another cell type (McAnish & 

Hetherington, 1998). The ‘physiological address’ in this case is the expression 

of appropriate signalling machinery required for transduction (McAnish & 

Hetherington, 1998). The term ‘Ca2+ sensitivity priming’ essentially means that 

Ca2+ sensitivity of specific responses is enhanced, enabling a defined response 

to occur in cells that express many different Ca2+ sensors (Israelsson et al. 

2006). Other concepts include parallel signalling, which would rationalise that 

additional levels of regulation come with other signalling events in parallel with 

Ca2+, to achieve the desired cellular effect.  

An alternative hypothesis to Ca2+ signature is the theory that Ca2+ acts as a 

chemical switch (Scrase-Field & Knight 2003). There is evidence in support of 

the chemical switch concept, e.g. in certain circumstances you can have similar 

Ca2+ signature with different end responses (Lui et al, 2000; Qui et al. 2007) 
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and similar end responses with the same Ca2+ signature (Knight et al. 1996; 

Pleith et al. 1999).  

 

Ca2+ transduction in plants 

Over the past 40 years Ca2+ has been implicated in a myriad of plant cellular 

processes. Ca2+ has been shown to be central to guard cell signalling network 

(Hetherington & Woodward, 2003), abscisic acid (ABA) stimulus elicits changes 

in [Ca2+]cyt in the guard cell and result in “Ca2+-programmed” stomatal closure 

(Allen et al. 2000; Allen et al. 2001). However, subsequent work has highlighted 

the complexity of guard cell signalling with the closure of stomata in the 

absence of Ca2+ oscillations in the guard cells and Ca2+ elevations that do not 

result in the closure of the stomata (Ng et al. 2001; Levchencko et al. 2005; 

Israelsson et al. 2006). 

Other pathways to which Ca2+ is integral are symbiosis signalling, in which 

nodulation factor oscillations in Ca2+ have been reported (Ding et al. 2008; 

Kosuta et al. 2008; Oldroyd & Downie, 2008); in addition to symbiotic signalling, 

plant pathogen interaction signalling is also dependent on Ca2+, in which 

molecules with microbe-associated molecular patterns release Ca2+ from 

intracellular and extracellular stores (Lecourieux et al. 2005; Ma et al. 2007; Du 

et al. 2009); Ca2+ is also integral to organ and cell type abiotic stress signalling, 

e.g. in response to NaCl (Kiegle et al. 2000; Tracey et al. 2008); Ca2+ gradients 

are also important in determining polarity during growth, especially in those 

cells with growing tips (Hepler et al. 2001) such root hairs (Takeda et al. 2008) 

and pollen tubes (Mahlo et al. 1995). 

Daily oscillations in cytosolic free calcium [Ca2+]cyt have been proposed to be an 

output of the circadian clock (Love et al. 2004; Xu et al. 2007). In diurnal and 

the free running condition of constant light there is a sinusoidal variation in 

[Ca2+]cyt that follows the photoperiod that the plants were grown in (Johnson et 

al. 1995). The estimated concentrations of these daily Ca2+ oscillations are 
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consistent with signalling ranges (Johnson et al. 1995; Love et al. 2004), but as 

yet, no direct signalling output has been attributed to the signals. 

 

1.2 Circadian clock(s) 

Circadian clocks are endogenous time-keeping mechanisms that are present in 

all eukaryotic and photosynthetic prokaryotic organisms (Huang et al. 1990; 

Edmunds, 1983).  The ‘clock’ controls approximate 24-hour oscillations of 

genetic, metabolic and physiological processes allowing organisms to anticipate 

and adapt to the changing surrounding environment (Bunning, 1960; 

Pittendrigh, 1961).   

The earliest recorded observation of endogenous rhythms date to the 4th 

century B.C., when Androsthenes of Thasos, an admiral of Alexander the 

Great, noted diurnal leaf movements in the legume Tamarindus indica 

(Tamarind; Bretzl, 1903).  Modern research on endogenous rhythms was 

pioneered in 1729 de Marian, who documented the diurnal leaf movements in 

Mimosa pudica seedlings which were kept in constant darkness (de Marian, 

1729). Linnaeus in the 18th century and Darwin, in the 19th century (Darwin, 

1880), were also fascinated by the endogenous rhythms in plants. Linnaeus 

even conceived the theoretical ‘floral clock’ (Horologium florae), in which the 

time of day could be ascertained by the opening and closing of flower’s from 

different plant species (Linneaus, 1751).  

The modern description of circadian was coined from the Latin ‘circa diem’ 

meaning ‘approximately in one day’ (Halberg, 1959). There are three main 

characteristics that define a circadian system:  

1. Environmental stimuli (or ‘zeitgebers’ = timegivers) entrain and reset 

circadian phases (Bünning, 1931) 

2. Circadian rhythms persist under constant, or free running, conditions 

(de Candolle, 1832) 
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3. Circadian rhythms exhibit little variation under a range of 

temperatures, a phenomenon known as ‘temperature compensation’ 

(Iberall & Cardon, 1964) 

 

Circadian rhythms are differentiated from diurnal rhythms because they persist 

in the absence of entraining stimuli (Halberg, 1959). The term diel describes a 

24 h rhythm that last approximately one day and incorporates both circadian 

and diurnal phenomena.  Circadian systems consist of input pathways, a central 

oscillator (the ‘clock’) and output pathways (Kay & Millar, 1995).  The central 

oscillator is entrained by external cues known as ‘zeitgebers’ (Aschoff, 1965) 

through the input pathways to synchronise the ‘clock’ to the environment.  The 

‘clock’ generates the circadian rhythms and the output pathways transduce the 

biological processes that are under circadian control (McClung 2006).  

In the last 30 years, the molecular basis of the circadian clock has been 

extensively studied in model organisms across the different Kingdoms; 

Drosophila (fruit fly) for Invertebrates (Konopka & Benzer, 1971), Mus (mice) 

and Phodopus (hamsters) for Mammals (Ralph & Menaker, 1988), 

Synechococcus for Cyanobacteria (Ishiura et al. 1998), Neurospora for Fungi, 

(Feldman & Waser, 1971), and Arabidopsis for Plants (Miller et al. 1995). 

Knowledge gained whilst studying these model organisms along with advances 

in genomics has allowed the expansion of research to other organisms e.g. 

Homo sapiens (humans; Toh, 2001) and Ostreococcus (algae) (O’Neill et al. 

2011). Generally the structure of the circadian oscillators comprise a set of 

mutually controlled genes arranged in more or less complex networks.  

Although circadian function is ubiquitous across the phylogeny, the evolutionary 

origins of the oscillators themselves and the molecular configuration of the 

different clocks are phylogenetically disparate (Figure 1.3).  Interestingly, it is 

possible that some elements of the clock may be conserved across Kingdoms. 

Work performed on the unicellular green algae O. taurii demonstrates the 

possible conservation of clock elements amongst Kingdoms.  It was discovered  
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Figure 1.3   Core transcriptional/translational feedback loops 

The convergent evolution of the circadian clock has resulted in organisms from all 
phyla sharing a conserved core oscillatory mechanism based on a 
transcription/translational negative feedback loop of central components: the KAI-A 
– KAI-B/C loop of the model cyanobacteria, S. elongatus (A); the CCA1 – TOC1 
loop of the photosynthetic microalgae, O. tauri (B); the FRQ – WCC loop of the 
model filamentous fungi, Neurospora (C) (WCC is the name given to the white collar 
complex of WC1 an WC2); the CCA1/LHY – TOC1 loop of the model angiosperm, 
A.thaliana (D); the PER/TIM-clock loop of Drosophila (E) and the PER/CRY – 
CLOCK/BMAL loop of mammals (F).  Oblongs represent genes.  Ovals represent 
proteins.  Arrows and perpendicular lines indicate positive (denoted P) and negative 
(denoted N) regulation respectively. 
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that in O. taurii, circadian phase oscillations were not reset by light after 

transcription was terminated, indicating that the algae were entrained by the 

pre-existing oscillations.  Persisting circadian rhythms of peroxiredoxin protein 

oxidation, a novel post-translational biomarker, in the absence of transcription, 

suggest post-translational processes are sufficient to keep time in the absence 

of transcription. It is possible that post-translational time keeping mechanisms 

are conserved across Kingdoms and that transcriptional processes evolved 

independently across Kingdoms subsequently (O’Neill et al. 2011). 

Prior to the sequencing of the human genome, and the subsequent expansion 

of genomic research, the circadian field had a different focus than today. 

Oscillator theories were varied; the Membrane Model (Njus et al. 1974) 

compounded previous theories incorporating the gene network idea of the 

Chronon Model (Ehret & Trucco, 1967) along with notions of oscillator theory 

(Pittendrigh & Bruce, 1957). The Membrane Model suggested that ions and 

membrane bound ion transport are the primary basis of oscillations, with gene 

networks complementary (Njus et al. 1974). The Membrane model also 

provided “rhythms are generated by a cellular biochemical system and that 

though the details may vary from species to species, some fundamental 

mechanism is common to all” (Njus et al. 1974). 

More recently, studies performed in both invertebrates and mammals have led 

to a revived appreciation for the potential importance of electrical and ionic 

signalling in particular Ca2+ signalling, in cellular oscillation. In addition, these 

and other studies have raised the possibility that negative, transcriptional 

feedback may be neither necessary nor sufficient for circadian oscillation. 

 

The centralised clock 

The circadian oscillator in mammals is a true ‘master clock’ contained within the 

suprachiasmatic nuclei (SCN) in the hypothalamus region of the brain (Ralph et 

al. 1990; Welsh et al. 1995).  This ‘master clock’ transduces information to 
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different tissues in the body via neuronal pathways.  The input of light is 

dependent on the eyes (Nelson & Zucker, 1981).  The photosensitive retinal 

ganglion cells perceive light (Berson et al. 2002) and this induces expression of 

melanopsin (Gooley et al. 2001), which in turn transmits the photic information 

to the SCN (Hannibal & Fahrenkrug et al. 2002).  The photic information, or light 

stimulus, is transduced via neural and hormonal output pathways (Silver et al. 

1996; Cheng et al. 2002) that synchronise other oscillations in the body 

including, amongst many others, sleep cycles and metabolism (Naylor et al. 

2000; Liu et al. 2007). As for the invertebrate Drosophila, the mammalian 

central oscillator again involves several interlocking negative feedback loops, in 

the core loop, CLK and Brain and Muscle ARNT-like protein 1 (BMAL1) form a 

heterodimer (Gekakis et al. 1998; Vitaterna et al. 1994) which bind to the E-box 

element (5’-CACGTG-3’) of PER AND CRYPTOCHROME (CRY) promoters to 

initiate transcription.  PER and CRY form a complex with CASEIN KINASE I 

EPSILON (CK1ε), translocating to the nucleus and inhibiting transcription of 

PER and CRY.  CLK AND BMAL1 are central to the other two interlocking 

negative feedback loops initiating transcription of RETINOIC ACID 

RECEPTOR-RELATED ORGAN RECEPTOR (ROR) and REV-ERB.  ROR 

feeds back to initiate BMAL1 transcription and REV-ERB inhibits BMAL1 

transcription.  The PER, CRY and CK1ε complex is again involved in these 

secondary loops, repressing ROR and REV-ERB transcription.   

To maintain correct timing there are certain post-transcriptional and post-

translational processes that are necessary including microRNAs (Cheng et al. 

2007), RNA binding protein mediated processes (Moore 2005; Gratacós & 

Brewer, 2010), chromatin remodelling (Crosio et al. 2000), phosphorylation 

(Kloss et al. 1998; Meng et al. 2008), dephosphorylation (Gallego & Virshup, 

2007), ubiquitination (Kwon et al. 2006; Lee et al. 2008), sumoylation (Cardone 

et al. 2005), acetylation (Hirayama et al. 2007) and deacetylation (Finkel et al. 

2009).  Other signalling pathways have been shown to feed into the core 

oscillator. Light elicits changes in [Ca2+]cyt and cAMP (Lundkvist, 2005), which 
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induces a pathway that results in phosphorylation of Ca2+/cAMP-response 

element binding protein (CREB; Tischkau et al. 2002; Golombek & Rosenstein, 

2010), phosphorylated CREB then binds to the light-responsive element of the 

PER promoter, acting as a transcription factor (Travnickova-Bendova & 

Cermakian et al. 2002; Zhang et al. 2006). 

 

The paired clock 

The first clock gene was isolated in 1971 following a mutant screen in D. 

melanogaster, annotated as PERIOD (PER) (Konopka & Benzer, 1971). Since 

then it is known as the central oscillator in D. melanogaster has several 

interlocking negative feedback loops. The core loop consists of the genes PER 

and TIMELESS (TIM) (Price et al. 1995; Rutila et al. 1998), which are positively 

regulated by CLOCK (CLK) and CYCLE (CYC) proteins, by binding to the E-box 

element (5’-CACGTG-3’) of PER and TIM promoters (Hao et al. 1997; Allada et 

al. 1998). PER and TIM accumulation inhibits CLK and CYC transcription, 

completing the core feedback loop (Lee et al. 1998; Bae et al. 2000).  There are 

three further interlocking feedback loops, in which the transcription factors CLK 

and CYC are central (Cyran et al. 2003; Benito et al. 2007; Kadener et al. 2007; 

Zheng et al. 2009).  Additional complexity is conferred in Drosophila by post 

translational processes have been shown to be important for correct timing, 

particularly the phosphorylation of PER (Baylies et al. 1987; Chiu et al. 2011) 

and CLK, (Kim & Edery, 2006; Yu et al. 2006) as well as the translational 

control of PER (Sathyanarayanan et al. 2004; Fang et al. 2007). The circadian 

oscillators are contained within brain cells (Ewer et al. 1992; Frisch et al. 1994), 

however peripheral tissues can perceive light directly or receive light information 

from photoreceptor cells (Hege et al. 1997).  This autonomous nature means 

that the clock in Drosophila is not a ‘master clock’ that entrains these peripheral 

cells (Plautz et al. 1997; Giebultowicz et al. 2000).  The circadian oscillator 

within the D. melanogaster brain does, however, control locomotive and 
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behavioural oscillations (Grima et al. 2004; Stoleru et al. 2004; Yoshii et al. 

2004). 

 

The decentralised clock 

Previously, it was assumed that prokaryotes did not have the molecular 

complexity or physiological necessity for circadian clocks.  This view altered in 

the 1980’s when research found alternating rhythms of incompatible oxygen-

sensitive nitrogen fixation and oxygen dependent photosynthesis, which 

satisfied the three afore mentioned circadian characteristics (Mitsui et al. 1986).  

The theory that some bacteria have a version of the circadian clock was 

confirmed in the 1990’s when the first cyanobacterial (photosynthetic-bacteria) 

clock genes were discovered (Liu et al. 1995).  Indeed, at present there is still a 

lack of evidence for the necessity or existence of a clock in non-photosynthetic 

bacteria.   

The molecular structure of circadian clock of the prokaryotic alga 

(cyanobacterium) Synechococcus contrasts sharply with that of the eukarotic 

organisms discussed previously. Transcriptional translational feedback loops 

(TTFL) are not necessary to sustain the circadian regulated oscillations, though 

TTFLs are still present (Isiura et al. 1998).  Instead, post-translational 

oscillations of KaitenC (KaiC) control circadian processes. Interactions of KaiA, 

KaiB and KaiC regulate the phosphorylation state of KaiC. KaiC 

phosphorylation drives the circadian oscillator, by initiating ordered autokinase 

and autophosphatase activity.  The various phosphorylation forms of KaiC allow 

a flexible mechanism for synchronisation, stabilising the oscillator and ATPase 

activity regulates the oscillator timing (Dunlap, 1999; Iwasaki et al. 2002).  The 

persistence of rhythmic transcription in a subset of genes in the absence of the 

core Kai genes suggests the possibility of multiple oscillators in Synechococcus, 

however, as yet this has not been proven (Ishiura et al. 1998; Iwasaki et al. 

2002). 
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In the fungal model, N. crassa, the core gene FREQUENCY (FRQ) is central 

(McClung et al. 1989). FRQ indirectly regulates its own transcription via the 

WHITE COLLAR COMPLEX (WCC; Froehlich et al. 2003), comprising of the 

proteins WHITE COLLAR 1 and WHITE COLLAR 2 (WC1 and WC2; 

Crosthwaite et al. 1997). FRQ also regulates levels of WCC by post-

transcriptional and post-translational processes (Froehlich et al. 2002).  The 

phosphorylation status of FRQ also determines the activity and sub cellular 

localisation of FRQ and WC1 and WC2 (Cheng et al. 2001). Several kinase and 

phosphatase genes have been shown to be instrumental in the maintenance of 

rhythmicity (Guo et al. 2010, Yang et al. 2004).   

The timing mechanism of the core molecular oscillator has been well 

characterised in A. thaliana by experiments and computational mathematical 

modelling and comprises of three interlocking negative feedback loops (Figure 

1.4; Gardner et al. 2006; Zeilinger et al. 2006; Mas, 2008).  The expression of 

the partially redundant transcription factors CIRCADIAN CLOCK ASSOCIATED 

1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) are initiated by light 

(Roden and Carré, 2001; Carré and Kim, 2002; Locke et al. 2005a), 

synchronising the clock to the external environment (Mas and Yanovsky, 2009).  

They are incorporated into the central loop along with the hypothetical protein 

‘X’ (Locke et al. 2005b; Locke et al. 2006; Zeilinger, 2006) and CCA1 HIKING 

EXPEDITION (CHE; Pruneda-Paz et al. 2009).  The pseudo response 

regulators PRR7 and PRR9 are activated indirectly by light via the dawn 

expressed CCA1/LHY (Nakamichi et al., 2005a, Nakamichi et al., 2005b). This 

forms the morning feedback loop as PRR7 and PRR9 directly inhibit CCA1/LHY 

transcription.  CCA1/LHY bind directly to the promoter of the pseudo response 

regulator TIMING OF CHLOROPHYLL A/B BINDING PROTEIN EXPRESSION 

1 (TOC1) inhibiting its expression in the morning (Locke et al. 2005a).  The 

dusk expressed TOC1 forms an evening loop with its activator, the hypothetical 

‘Y’, by inhibiting it (Locke et al. 2005b).  GIGANTEA (GI) has been well 

described as a clock controlled gene (Mizoguchi et al. 2005, Martin-Tryon et al.  
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2007) and GI has also been proposed to be a component of the hypothetical 

protein ‘Y’ (Locke et al. 2006).  ‘X’ activates LHY/CCA1 expression in the late 

night, which feeds the evening loop back to the morning loop (Locke et al. 

2005b). CHE has recently been incorporated into the central loop of the 

oscillator (McClung et al. 2009).  The transcription factor CHE is partially 

redundant in repressing CCA1 transcription with LHY and it forms a negative 

feedback loop with itself as it is regulated by CCA1 (Pruneda-Paz et al. 2009).  

The activation of CCA1 by CHE is repressed by the formation of the TOC1-CHE 

complex (Haydon et al. 2011), thus linking TOC1 directly to CCA1.  An extra 

regulatory loop comes in the form of the EVENING COMPLEX (EC) consisting 

of a complex of EARLY FLOWERING 3 (ELF3), EARLY FLOWERING 4 (ELF4) 

and LUX ARRHYTHMO (LUX; Nusinow et al. 2011). The EC forming 

interactions with the morning loop repressing the expression of PRR9, the 

evening loop by repressing the expression of TOC1, GI and ELF3, ELF4 and 

LUX, further adding to the robustness of the oscillator. 

Three protein families have been implicated in the light signal transduction that 

entrains the circadian clock in A. thaliana (and in plants generally). The red and 

far red light sensing phytochromes (PHYA, PHYB, PHYD and PHYE), the blue 

light sensing cryptochromes (CRY1 and CRY2), and three, F-box proteins (ZTL, 

FKF1 and LPK2).  

Phytochromes are proteins with a covalently linked tetrapyrrole chromophore. 

The phytochromes molecule exists in two transposable forms, the red-

absorbing inactive form (Pr) and the far-red-absorbing form (Pfr; Quail, 1994). 4 

of Arabidopsis PHY’s these have been implicated in clock entrainment (PHYA, 

PHYB, PHYD and PHYE; Devlin & Kay, 2001). PHYB, PHYD and PHYE 

mediate clock responses to high fluences of red light (Somers et al. 1998) and 

PHYA mediates clock responses to low fluences of red and blue light (Somers 

et al. 1998) and is the principle photoreceptor in high fluences of far red light 

(Wenden et al. 2011).  
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Cryptochromes possess two non-covalently linked chromophores, a light-

harvesting pterin and a catalytic flavin (Cashmore et al. 1999). CRY1 mediates 

clock responses to high and low fluences of blue light (Somers et al. 1998), 

whereas CRY1 and CRY2 mediate clock responses in a redundant manner in 

response to intermediate fluences of blue light (Devlin & Kay, 2000). 

Cryptochromes are involved in the central oscillator of the circadian clock in 

mammals (Cashmore et al. 1999), however, the cry1cry2 double mutant of 

Arabidopsis maintained full circadian rhythmicity, indicating that the 

cryptochrome genes are not an integral part of the circadian oscillator in 

Arabidopsis.  

At dawn, blue light initiates the formation of a complex between GI and 

ZEITLUPE (ZTL), by activating the Light Oxygen Voltage (LOV) domain of ZTL 

(Martin-Tryon et al., 2007).  This interaction inhibits the ZTL-mediated 

proteasome degradation of the central clock protein TOC1 (also known as 

pseudo response regulator PRR1).  At dusk, the GI-ZTL complex disassociates 

in the absence in blue light (Martin-Tryon et al. 2007), allowing ZTL to target 

TOC1 for degradation (Kim et al., 2007).  Interaction of TOC1 and PRR5, which 

is also a target of ZTL degradation, allows accumulation of TOC1 in the nucleus 

(Kiba et al., 2007), where the phosphorylation of TOC1 occurs (Fujiwara et al. 

2008).   Phosphorylation of TOC1 and PRR3 encourages their complex 

formation, competing with ZTL binding to TOC1 (Para et al. 2007). 

 

Circadian controlled physiology in plants 

Plants have many processes that are controlled by the circadian clock; 

photoperiodic flowering (Mizoguchi & Yoshida, 2009), nastic movements such 

as petal opening and leaf movement (McWatters & Roden, 2001), hypocotyl 

lengthening (Kim et al. 2005), stomatal conductance (Dodd et al. 2004), 

chloroplast movement (Haupt, 1982), expression of clock controlled genes 

(Harmer et al. 2000; Covington et al. 2008), protein phosphorylation (Carter et 
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al. 1991) and oscillations of cytosolic free calcium ([Ca2+]cyt; Sai & Johnson, 

1999; Wood et al. 2001 ; Love et al. 2004). 

 

1.3 Circadian oscillations of Ca2+ in Arabidopsis thaliana 

Circadian oscillations in [Ca2+]cyt were first observed in Nicotiana plumbaginifolia 

(Johnson et al. 1995)  and later in A. thaliana (Love et al. 2004). Plants 

expressing recombinant apo-aequorin were grown in diurnal photoperiods and 

were then transferred into a circadian free-run (LL) for imaging. The phase of 

the [Ca2+]cyt oscillation was shown to be modulated by the photoperiod of 

entrainment and the amplitude of [Ca2+]cyt oscillation was shown to be 

determined by the photon flux density (PFD; or light intensity; Love et al. 2004), 

thus putatively encoding photoperiodic information. The concentration of 

cytosolic free calcium at the peaks is 300-500 nM and at the troughs is 100-150 

nM, concentrations between 100 and 600 nM affect Ca2+ dependent processes 

(Sai & Johnson, 2001; Love et al. 2004). There has been some attempt to 

identify a signalling role for these diel [Ca2+]cyt oscillations, low temperature 

signals have been found to induce stomatal closure more rapidly at times when 

[Ca2+]cyt is high, i.e. the middle of the photoperiod, than at other times of day 

when [Ca2+]cyt is lower (Dodd et al. 2006). However, the diel [Ca2+]cyt oscillations 

are observed in the whole plant and not specifically in the guard cells (Love et 

al. 2004), so this cold-induced stomatal closure is not likely to be the primary 

signalling function of diel [Ca2+]cyt oscillations. Thus, the possible signalling role 

of these diel [Ca2+]cyt oscillations is yet to be defined.  

To further dissect the circadian mechanisms of [Ca2+]cyt oscillations, the Ca2+ 

dynamics were measured in a range of circadian loss of function mutants (Xu et 

al. 2007). It was found that the [Ca2+]cyt oscillations were dependent upon PHYB 

and CRY1, as well as the core circadian component CCA1, although it is as yet 

unclear if the light signalling is up or down-stream of the CCA1 regulation (Xu et 

al. 2007). 
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Moreover, in Nicotiana plumbaginifolia, the diel Ca2+ oscillations of different cell 

types, were found to oscillate with different circadian phases. As described 

above [Ca2+]cyt oscillates with a phase that is dependent on the entrainment 

photoperiod (Wood et al. 2001). Conversely, oscillations of chloroplastic free 

Ca2+ ([Ca2+]chl), display a large spike immediately after transition to the dark 

(Wood et al. 2001), that is dark dependent and does not persist LL (Sai & 

Johnson, 2001). There is no oscillation in free Ca2+ contained within the nucleus 

(Wood et al. 2001). 

In contrast to plants, Ca2+ has been shown to feed into the oscillator of the 

circadian clock in Drosophila and mammals. In plants, it has been shown that 

there are circadian oscillations of [Ca2+]cyt. There has been little but speculation 

as to the function of these oscillations, however, [Ca2+]cyt is at the appropriate 

concentration to affect Ca2+-dependent processes. The disparity of the 

organisation and components of circadian clock molecular oscillators across 

kingdoms indicates that mechanistically Ca2+ involvement in clock entrainment 

may or may not occur in plants, as in other D. melanogaster and mammals.  

 

1.4 Project aims and project outline 

It has been proposed that diurnal and circadian (collectively termed “diel”) 

oscillations and cytosolic free Ca2+ may convey information pertinent to 

photoperiod (Love et al. 2004). The outputs and transduction of these diel 

[Ca2+]cyt oscillations are, however, unknown (Love et al. 2004; Dodd et al. 

2007). 

A previous PhD student hypothesised that CaM was a key node in amplifying 

and transducing diel [Ca2+]cyt oscillations to the photoperiodic flowering 

pathway. To address this hypothesis they performed a series of investigations 

into the timing of flowering and the expression of circadian clock genes, in 

different photoperiods, following the application of different CaM antagonists. 

The results, however were equivocal and potentially over-interpreted.  
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Consequently, the first aim of this thesis was to replicate this previous work and 

validate the empirical approach adopted in that investigation.  I therefore 

devised and performed a series of experiments, described in Chapter 3, to 

determine the optimum, effective concentration of pharmacological antagonists 

on two defined circadian processes, the rhythmic expression of the CAB 

promoter measured by luciferase imaging, and [Ca2+]cyt oscillations measured 

by aequorin bioluminescence imaging.  Aequorin bioluminescence imaging 

experiments were performed on plants at different ages and throughout the life-

cycle to visualise any change in diel [Ca2+]cyt in any developmental stage.  The 

data acquired demonstrate that diel [Ca2+]cyt oscillations are robust and only 

minimally affected by pharmacological inhibitors and are present through all 

developmental stages of Arabidopsis.   

Throughout the phylogeny, the architecture of circadian clocks is largely defined 

by multiple interlocking transcriptional-translational feedback loops (TTFL) that 

regulate circadian timed processes. The diel [Ca2+]cyt oscillations have been 

hypothesised as a direct circadian output due to their apparent circadian nature 

of persisting in the free running condition of constant light. However, the exact 

position of the [Ca2+]cyt oscillations relative to the core TTFL of A. thaliana is 

unknown.  Recently, the paradigm of TTFLs as unique timekeepers has been 

questioned by the apparent control of non-transcriptional oscillators (NTOs; 

O’Neill et al. 2011) that can sustain timed processes in the absence of 

transcription. To address these ambiguities, I proposed to position more 

precisely the diel [Ca2+]cyt oscillations relative to the core molecular oscillator. 

Chapter 4 describes a suite of experiments using chemical inhibitors to 

suppress transcription and translation. As previously, the effect of the chemical 

inhibitors on diel [Ca2+]cyt oscillations were measured using aequorin 

bioluminescence or luciferase-reported expression of the CAB promoter. In 

addition, the effect of the transcriptional inhibitor on global transcription and on 

the transcription of sentinel genes in the core circadian clock was quantified 
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using nascent RNA labelling and the Reverse Transcriptase quantitiative 

polymerase chain reaction.  

In Chapter 5, I explored the hypothesis that the diel oscillations of [Ca2+]cyt may 

themselves feed-back into the circadian clock by direct interaction with one of 

the key clock proteins. I identied a protein in the circadian clock, TOC1, that 

would be a candidate for Ca2+ binding. In silico analysis was performed of the 

12 clock proteins to attempt to find a putative Ca2+ binding site. The aim was to 

express recombinant TOC1 protein containing the putative EF-hand like domain 

alongside a mutated TOC1 protein that would abolish any such Ca2+ binding 

and do a subsequent 45Ca2+ overlay to ascertain Ca2+ binding in vitro. 

Mathematical modelling can be used to consider a wide range of biological data 

to rationalise and hypothesise on biological functions. The lack of empirical data 

to satisfy the interaction of Ca2+ feeding into the circadian clock at present, the 

use of mathematical modelling is a useful tool to discern whether biological 

timing is more or less robust with the feeding in of Ca2+. A boolean logic (BL) 

modelling approach allows several circuit models to be constructed 

simultaneously and tested using a single data set. The data set needed to fit the 

BL model is gene expression data of circadian genes in different photoperiodic 

growth conditions. The aim of the work presented in Chapter 6 is to generate 

the gene expression data alongside Ca2+ imaging data to fit the BL model. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Arabidopsis thaliana culture  

The surface of Arabidopsis thaliana seed was sterilised prior to sowing. 100 mg 

of seed was incubated for 5 min with 1 ml of 70 % (v/v) ethanol, followed by 5 

min incubation with 1 ml of 10 % (v/v) NaClO and 6 washes with 1 ml sterile 

distilled water (SDW). Seeds were suspended in 1 ml of 0.15 % (w/v) agar and 

incubated at 4 °C, in the dark, for 2 days. Seed were sown on Levington 

compost (Scotts, UK) pre-treated with 0.02 % (w/v) intercept (Scotts, UK), or on 

0.5 x Murashige and Skoog (MS; pH adjusted to 5.8 using 1 M KOH; Sigma-

Aldrich, UK) medium containing 0.5 % (w/v) Phytagel (Sigma-Aldrich, UK). 

Plants were grown at 20 ˚C with a light intensity of 120 µmol m-2 s-1 in growth 

rooms (Reftech, Holland) or growth cabinets (Binder, Germany). Photoperiods 

were 8 h light: 16 h dark (8:16), 12 h light: 12 h dark (12:12), 16 h light: 8 h dark 

(16:8) or constant light (LL). 

 

2.2  Bacterial culture 
Escherichia coli was cultured either in liquid Luria-Bertani (LB) broth (10 g l-1 

tryptone, 5 g l-1 yeast extract, 10 g l-1 NaCl; pH adjusted to 7.0 using 1 M NaOH) 

or on LB agar (10 g l-1 tryptone, 5 g l-1 yeast extract, 10 g l-1 NaCl, 15g l-1 agar; 

pH adjusted to 7.0 using 1 M NaOH) containing the appropriate antibiotic, at 37 

°C, for 16 h, with shaking at 225 rpm.  

Agrobacterium tumefaciens was cultured either in liquid 2YT broth (16 g l-1 

tryptone, 10 g l-1 yeast extract, 5 g l-1 NaCl; pH adjusted to 7.0 using 1 M NaOH) 

or on 2YT agar (16 g l-1 tryptone, 10 g l-1 yeast extract, 5 g l-1 NaCl, 15 g l-1 

agar; pH adjusted to 7.0 using 1 M NaOH) containing appropriate antibiotic, at 

28 °C, for 20 - 72 h, with shaking at 225 rpm. 
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2.3 Plasmid DNA isolation 

Plasmid DNA was isolated using GeneJET Plasmid Miniprep kit (Fermentas, 

UK). 5 ml of plasmid containing liquid cultured E. coli was centrifuged at 13000 

g for 2 min. The supernatant and the pelleted cells were suspended in 250 µl 

resuspension solution. 250 µl lysis solution was added and was mixed by 

inverting the tube 6 times, followed by addition of 350 µl neutralisation solution, 

mixed by inverting the tube 6 times. The resulting emulsion was centrifuged at 

13000 g, for 5 min to pellet cell debris and chromosomal DNA. The supernatant 

was decanted into a GeneJET spin column and was centrifuged for 1 min at 

13000 g. The column flow through was discarded. 500 µl wash solution was 

added to the column and was centrifuged at 13000 g for 1 min. The flow 

through was discarded and the wash step was repeated a further time. The 

column was centrifuged for 1 min to remove any residual liquid. 50 µl elution 

buffer was added to the column, incubated for 2 min and the purified plasmid 

DNA was eluted by centrifugation at 13000 g for 2 min.  

 

2.4 Arabidopsis thaliana genomic DNA extraction 

A piece of A. thaliana leaf, measuring approximately 5 mm x 5 mm, was placed 

in a sterile 1.5 ml microfuge tube with 450 µl gDNA extraction buffer (1 M tris-

HCl pH 7.5, 0.25 M NaCl, 0.5 M ethylenediaminetetraacetic acid (EDTA)) and 

50 mg acid washed glass beads (∅ <106 µm; Sigma-Aldrich, UK) and was 

homogenised using a plastic micro pestle. The resulting homogenate was 

centrifuged at 16100 g for 15 min. 400 µl of the supernatant was transferred to 

a new, sterile 1.5 ml microfuge tube and centrifuged as before. 350 µl of the 

supernatant was transferred to a new, sterile 1.5 ml microfuge tube containing 

350 µl isoproponal, mixed by inversion 6 times and incubated at room 

temperature for 20 min. The solution was centrifuged at 16100 g for 15 min and 

the supernatant discarded. The DNA pellet was washed twice with 200 µl 70 %  

(v/v) ethanol, allowed to dry in air for 5 min and dissolved in 100 µl nuclease-
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free water (NFW). Extracted DNA was stored at 4 °C for short-term storage (up 

to 1 month) or - 20 °C for longer storage (Edwards et al. 1991).  

Spectrophotometric readings (Nanodrop 1000 spectrophotometer, Thermo 

Scientific) were acquired using the DNA nucleic acid setting, to estimate 

concentration and purity of DNA samples. For each sample, 1 µl aliquots were 

analysed in triplicate and the working concentration taken as the average of the 

replicate measurements.  

 

2.5 Arabidopsis thaliana RNA extraction and cDNA synthesis 
Ten day old seedlings were harvested at 4 h intervals over 28 h period, snap-

frozen and ground to a fine powder in liquid N2. 600 µl Z6 buffer (8 M 

guanidinium hydrochloride, 20 mM morpholinoethane sulphonic acid (MES), 20 

mM EDTA pH 7.0) was added to 100 mg ground plant tissue, mixed and 600 µl 

of the homogenate was passed into a chilled, sterile 1.5 ml microfuge tube 

containing 600 µl phenol:chloroform:isoamyl alcohol (25:24:1). This emulsion 

was centrifuged for 5 min at 16100 g, at 4 °C (F2402H rotor, Beckman Coulter). 

500 µl of the resulting aqueous phase was transferred to a new, cooled 1.5 ml 

microfuge tube. 25 µl 1 M acetic acid and 350 µl 100 % ethanol was added to 

the aqueous phase and vortexed. Following a 30 min incubation on ice and 

centrifugation at 16100 g, for 20 min, at 4 °C, the supernatant was discarded 

and the RNA pellet was washed with 500 µl 70 % (v/v) ethanol. RNA pellets 

were dried in air for 5 min and dissolved in 50 µl NFW.  

RNA extracts were treated with DNase I (Fermentas, UK) to eliminate genomic 

DNA prior to cDNA synthesis. 

Spectrophotometric readings (Nanodrop 1000 spectrophotometer, Thermo 

Scientific) were acquired using the RNA nucleic acid setting. 1 µl aliquots were 

analysed in triplicate and the working concentration for each RNA sample was 

taken as the average of the replicate measurements.  
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cDNA synthesis was performed using Maxima First Strand cDNA synthesis kit 

for RT-qPCR (Fermentas, UK) using µg RNA and stored at – 20 °C for short 

term storage (up to 1 month) or – 80 °C for longer storage. 

 

2.6 The Polymerase Chain Reaction (PCR) 
All standard polymerase chain reactions were performed using a G-Storm 

thermocycler (Somerton Biotechnology Centre, UK). 20 µl reactions were 

prepared using the Phusion high fidelity polymerase (Fermentas, UK) standard 

protocol. Reactions contained 0.25 µM of forward and of reverse primer, 3 % 

(v/v) DMSO, 1 µl DNA template, 1 x Phusion HF buffer and 0.02 U µl-1 Phusion 

polymerase. PCR conditions consisted of an initial denaturation at 98 °C for 30 

s, 30 cycles of denaturation at 98 °C for 10s, annealing at 50 – 65 °C for 30 s, 

extension at 72 °C for 30 s and a final extension 72 °C for 10 min. PCR 

products were resolved using agarose gel electrophoresis.  

 

2.7 Real Time quantitative PCR (RTqPCR) 
RTqPCR’s were conducted using a Rotor-gene 3000 (Corbett, UK). 25 µl 

reactions were performed with the Maxima SYBR green qPCR MasterMix 

(Fermentas, UK). Reactions contained 0.2 µM of forward and of reverse primer, 

1 µl template cDNA and 1 x Maxima SYBR green qPCR MasterMix. RTqPCR 

conditions consisted of an initial denaturation at 95 °C for 30 s, 40 cycles of 

denaturation at 95 °C for 10s, annealing at 55 or 60 °C for 30 s, extension at 72 

°C for 30 s and a melt curve between 72 – 99 °C. 

The sequences of the primers used for the RTqPCR’s are listed in Table 2.1. 

Primers for RTqPCR were designed using the minimum information for 

publication of quantitative real-time PCR experiments guidelines (Bustin et al. 

2009). cDNA sequences for primer designs were obtained from The 

Arabidopsis Information  Resource (TAIR: http://arabidopsis.org/). Primers were 

designed to be intron-spanning (i.e. one primer would bridge an exon-exon  
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Primer Sequence 
TOC1_FORWARD 5’AGTGTTCTTATCAAGTGACTGC3’ 
TOC1_REVERSE 5’TTATCACAGGGATTCTGCGAAG3’!
CCA1_FORWARD 5’CCTGAGATGGCCAATGAAGATCGAC3’ 
CCA1_REVERSE 5’CTCGCGGAAAGTGCTTGCGTTTG3’ 
LHY_FORWARD 5’CCAACGAAACAGGTAAGTGGCG3’ 
LHY_REVERSE 5’GCATGCTGTGCACAGTAGTACC3’ 
GI_FORWARD 5’CGATGTGCTGGCGATGTTTG3’ 
GI_REVERSE 5’GGCAAACGGATGAGCTTCC3’!
ELF3_FORWARD 5’CCATCTAGTCAGCCTTGTGGTG3’!
ELF3_REVERSE 5’CATGCTGTGCCGAAGATCTC3’!
ELF4_FORWARD 5’ATCAGCCATTCTCGATTGGTG3’!
ELF4_REVERSE 5’GCGATGTGGGAGAATCTTGA3’!
LUX_FORWARD 5’GGTGGAAATGGTTCTTGGTG3’!
LUX_REVERSE 5’TGATACTTTGTATGATCCTCTCC3’!
PRR5_FORWARD 5’GGAGCAAGTGAAGTTTGTCTTC3’ 
PRR5_REVERSE 5’CTGTGTATAAGTGTATGTTGAAAGG3’!
PRR7_FORWARD 5’CACTGCTTCCTGAATCTTGATC3’!
PRR7_REVERSE 5’GCCAAAGTTCTAGTGGTAGTGG3’!
PRR9_FORWARD 5’GAAGTGGTGCTCAGGCTATC3’!
PRR9_REVERSE 5’CGCTTGTCAATTCCACCAATCA3’!
ZTL_FORWARD 5’GGATTCGTTGTTACTGATGCC3’!
ZTL_REVERSE 5’CAAGAAGCGGCAATTTCCTCC3’!
CHE_FORWARD 5’GCCGACAACGACGGAGCAGTG3’!
CHE_REVERSE 5’CTCTTCCGTCAACTTTGCTGTGTCG3’ 
CO_FORWARD 5’GCTTCTCTGTCCATTGGACTG3’ 
CO_REVERSE 5’CCATTAACCATAACGCATACATTTC3’!
FT_FORWARD 5’CTATACTTTGGTTATGGTGGATCC3’!
FR_REVERSE 5’CAGTTGTAGCAGGGATATCAGTC3’ 
UBQ10_FORWARD 5’GCTCCGACACCATCGACAACG3’ 
UBQ10_REVERSE 5’CCTCTAGCTGCTTGCCGGCG3’ 
AT1G13320(HK)_FORWARD 5’CTTTACACAGGGAAGAATGTGC3’ 
AT1G13320(HK)_REVERSE 5’GAGCCAACTAGGACGGATC3’ 

Table 2.1. Primer sequences used in Real Time quantitative Polymerase 
Chain Reaction. 

Primers for RTqPCR were designed using the MIQE guidelines (Bustin et al. 
2009). cDNA sequences for primer designs were obtained from TAIR 
(http://arabidopsis.org/). Primers were intron-spanning, 20 – 25 bp in length, GC 
content of 40 – 60 % and have a Tm 55 - 60 °C. Oligocalc 
(http://www.basic.northwestern.edu/biotools/oligocalc.html) was used to ensure 
no mismatches, hairpins or complementarity in primer pairs. Amplicons were 80 – 
150 bp, with 40 – 60 % GC content and possess no secondary structures. 
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boundary so gDNA could not be amplified), 20 – 25 bp in length, GC content of 

40 – 60 % and have a Tm 55 - 60 °C. Oligocalc (http://www.basic.northwestern. 

edu/biotools/oligocalc.html) was used to ensure no mismatches, hairpins or 

complementarity in primer pairs. Amplicons were 80 – 150 bp, with 40 – 60 % 

GC content and possessing no secondary structures.  

 

2.8 Agarose gel electrophoresis 

0.8 - 1.2 % (w/v) agarose gels were made by adding 0.8 - 1.2 g agarose to 100 

ml of 1 x TAE (40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA pH 8.0) and 

was dissolved by heating at 800 W for 1 min in a microwave oven. The solution 

was allowed to cool to approximately 50 ˚C, 0.1 µg ethidium bromide (EtBr) and 

the solution was poured into gel casting tray (Peqlab, UK) and was allowed to 

solidfy. DNA samples were mixed with 6 x DNA loading dye (Fermentas, UK) 

and loaded onto the gel along with 5 µl GeneRuler™ 1 kb DNA ladder 

(Fermentas, UK) or 5 µl GeneRuler™ 100 bp DNA ladder (Fermentas, UK). 

Gels were run in 1 x TAE, at 120 V, for 45 – 60 min. EtBr stained DNA was 

visualised under ultraviolet (UV) light (312 nm wavelength). 

 

2.9 Bacterial transformations and colony PCR 

E. coli transformation was performed using the heat-shock method. A 50 µl 

aliquot of E. coli cells was thawed on ice and 200 ng of the appropriate plasmid 

DNA was added. Tubes were swirled gently and incubated on ice for 30 min. 

The cells were incubated at 42 ˚C for 45 s and transferred to ice for 2 min. 250 

µl S.O.C medium (20 g l-1 tryptone, 5g l-1 yeast extract, 0.5 g l-1 NaCl, 10 mM 

MgCl2, 10 mM MgSO4.7H2O, 2.5 mM glucose; pH to 7.0 with 1 M NaOH) was 

added to the cells and the suspension was incubated at 37 ˚C, for 1 h, with 

shaking at 225 rpm. 100 µl transformed cells were spread onto LB agar, 

containing the appropriate antibiotic, and incubated for 16 h, at 37 ˚C. 

Chemically competent A. tumefaciens cells were prepared from a inoculation of 

a single colony of A. tumefaciens GV3101 cells grown in 5 ml of 2YT broth 
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containing 50 µg ml-1 rifampicin (Sigma-Aldrich, UK) and 25 µg ml-1 gentamycin 

(Sigma-Aldrich, UK). 2 ml of overnight culture was used to inoculate 50 ml 2YT 

broth and was grown at 28 °C, with shaking at 200 rpm, until the OD600 reached 

0.5 - 1. After 30 min incubation on ice, the culture was centrifuged at 3 000 g, 

for 5 min, at 4 °C and the supernatant was discarded. Bacterial pellets were re-

suspended in 1 ml ice-cold 20 mM CaCl2. 100 µl cells were aliquoted into 

chilled tubes, snap-frozen in liquid N2 and stored at -80 °C. 

A. tumefaciens transformation was performed using the freeze-thaw method. 1 

µg appropriate plasmid DNA was added to 100 µl thawed, chemically 

competent, A. tumefaciens GV3101 cells, and snap-frozen in liquid N2. The 

cells were then thawed by incubation at 37 ˚C, for 5 min. 1 ml 2YT broth was 

added and the cell suspension was incubated at 28 ˚C, for 4 h, with shaking at 

150 rpm. The cells were centrifuged at 16100 g, for 30 s, the supernatant 

discarded and the remaining pellet re-suspended in 100 µl LB broth. 100 µl of 

cell suspension was spread onto 2YT agar (including rifampicin, gentamycin 

and plasmid appropriate antibiotic) and incubated at 28 ˚C for 72 h (Holsters et 

al. 1978). 

Colony PCR was used as a fast method to identify positive bacterial 

transformations. A single transformed colony was picked and suspended in 20 

µl TE buffer. The mix was then heated to 85 °C, for 10 min, to lyse the cells, 

and then centrifuged at 16100 g, for 1 min. The resulting supernatant was used 

as the DNA template in PCR.  

 

2.10  Restriction cloning 

TOC1 and mTOC1 fragments were generated by PCR, flanked with XhoI and 

EcoRI restriction sites using 5’-AAAACTCGAGCATATGCATCATCACCATC-3’ 

and 5’-GGGGGAATTCCATGCGAGCTCTTAGGTA-3’ primers. PCR products 

were cleaned up using PCR spin column clean up kit (Qiagen, UK) as per the 

manufacturer’s instructions and the cleaned up DNA fragments were eluted into 
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50 µl NFW. DNA fragments were digested at 37 ˚C for 15 min, in a reaction 

mixture containing 45 µl cleaned up DNA fragment, 12 µl Fast Digest Buffer 

(Thermo scientific, UK), 3 µl Fast Digest XhoI (Thermo scientific, UK), 3 µl Fast 

Digest EcoRI (Thermo scientific, UK) and 117 µl NFW. pCOLDII vector was 

digested at 37 ˚C for 10 min, in a reaction mixture containing 2 µl pCOLDII 

plasmid, 2 µl Fast Digest Buffer (Thermo scientific, UK), 1 µl Fast Digest XhoI 

(Thermo scientific, UK), 1 µl Fast Digest EcoRI (Thermo scientific, UK) and 24 

µl NFW. Digestions were heat inactivated at 80 ˚C for 5 min. Digested DNA 

fragments and vector were cleaned up using Spin column clean up kit (Qiagen, 

UK) as per the manufacturer’s instructions and the cleaned up digested DNA 

fragments and vector were eluted into 50 µl NFW. Spectrophotometric readings 

(Nanodrop 1000 spectrophotometer, Thermo Scientific) were acquired using the 

DNA nucleic acid setting, to estimate concentration of the digested DNA and 

vector. For each sample, 1 µl aliquots were analysed in triplicate and the 

working concentration taken as the average of the replicate measurements. 

Ligation reactions were performed using a 3:1 molar ratio of insert:vector. 

Reactions contained 50 ng digested pCOLDII DNA, 150 ng digested TOC1 or 

mTOC1 fragments, 1 x DNA ligase buffer (Thermo scientific, UK) and 0.05 U µl-

1 T4 DNA ligase (Thermo scientific, UK) and were incubated at 22 ˚C for 10 min 

and were heat inactivated at 80 ˚C for 5 min. 10 µl ligation was transformed into 

TOP10 Chemically competent E. coli cells (Invitrogen, UK), 100 µl transformed 

cells were spread onto LB agar, containing the appropriate antibiotic, and 

incubated for 16 h, at 37 ˚C. 5 colonies per transformation were picked and 

cultured in 5 ml LB broth, containing the appropriate antibiotic, at 37 °C, for 16 

h, with shaking at 225 rpm. Plasmid DNA was isolated from E. coli cells using 

GeneJET plasmid miniprep kit. The isolated clones were verified by 

sequencing. 
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2.11  Gateway cloning 

The PCR was used to generate DNA fragments flanked with attB1 and attB2 

sequences. PCR fragments were cleaned up using ExoSAP-IT (Affymetrix, UK). 

4 µl ExoSAP-IT was added to 10 µl PCR product followed by incubation at 37 

˚C, for 15 min. ExoSAP-IT reagent was inactivated at 80 ˚C, for 15 min.  

BP reactions were performed, to generate entry clones, by incubating reaction 

mixture containing 1 µl PCR cleaned up product, 1 µl pDONR vector (150 ng µl-

1), 6 µl T.E. buffer (pH 8.0) and 2 µl BP Clonase II enzyme mix (Invitrogen, UK) 

for 1 h, at 25 ˚C. After 1 h, 1 µl proteinase K (Invitrogen, UK) was added and 

incubated for 10 min, at 37 ˚C.  

5 µl BP reaction was transformed into TOP10 chemically competent E. coli cells 

and 100 µl transformed cells were spread onto LB agar, containing the 

appropriate antibiotic, then incubated for 16 h, at 37 ˚C. 5 colonies per 

transformation were picked and cultured in 5 ml LB broth, containing the 

appropriate antibiotic, at 37 °C, for 16 h, with shaking at 225 rpm. Plasmid DNA 

was isolated from E. coli cells using GeneJET plasmid miniprep kit. The isolated 

entry clones were verified by sequencing.  

LR reactions were performed, to generate expression vectors, by incubating 

reaction mixture containing 2 µl entry clone, 1 µl destination vector (150 ng µl-1), 

5 µl T.E. buffer (pH 8.0) and 2 µl LR clonase II enzyme mix (Invitrogen, UK) for 

16 h, at 25 ˚C. After 16 h, 1 µl proteinase K was added and was incubated at 37 

˚C, for 10 min, go terminate LR reaction.  

5 µl LR reaction was transformed into TOP10 chemically competent E. coli 

cells, 100 µl transformed cells were spread onto LB agar, containing the 

appropriate antibiotic, and incubated for 16 h, at 37 ˚C. 5 colonies per 

transformation were picked and cultured in 5 ml LB broth, containing the 

appropriate antibiotic, at 37 °C, for 16 h, with shaking at 225 rpm. Plasmid DNA 

was isolated from E. coli cells using GeneJET plasmid miniprep kit. The 

subsequent isolated expression vectors were used for further experiments. 
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2.12 Stable transformation of A. thaliana  

A single colony of A. tumefaciens containing the DNA to be transformed into the 

A. thaliana genome inoculated into 50 ml 2YT broth with the appropriate 

antibiotic and was grown until OD600 reached 0.8. Cells were pelleted by 

centrifugation at 10 000 g, for 15 min, at 4 ˚C. Cells were re-suspended in 

infiltration medium (5 % (w/v) sucrose, 0.05 % (w/v) silwet L-77) to a final OD600 

of 1.0. Approximately 50 flowering A. thaliana plants, per recombinant gene, 

were dipped in the infiltration suspension for 30 s. After dipping, plants were 

placed in trays with water and under plastic propagator lids, in the dark for 24 h, 

then returned to normal growth conditions to continue flowering and set seed 

(Clough & Bent, 1998). Seed were collected from dipped plants. 1 g of seed 

were suspended in 50 ml 0.8 % (w/v) agarose at 50 ˚C and were sown on 0.5 x 

MS medium with the appropriate antibiotic, placed in the light for 6 h and then 

were transferred to the dark and maintained at room temperature for 5 days. 

After 5 days, seedlings had germinated and those with elongated hypocotyls 

displayed resistance to the antibiotic and were transferred onto Levington soil 

(Scotts, UK). 

 

2.13 Transient expression in Nicotiana benthamiana 

A single colony of A. tumefaciens containing the DNA to be transformed into the 

A. thaliana genome was inoculated into 5 ml 2YT broth with the appropriate 

antibiotic and was grown for 16 h, at 28 ˚C, with shaking at 200 rpm. Cells were 

pelleted by centrifugation at 3 100 g, for 15 min, at 4 ˚C. Cells were re-

suspended in 2 ml 10 mM MgCl2, the OD600 measured and the volume of MgCl2 

adjusted until the OD600 was 1. 0.1 % (v/v) total resuspension volume of 100 

mM acetosyringone was added and maintained at room temperature for 3 h. 

The underside of a six week old Nicotina benthamiana leaf was infiltrated with 

500 µl of expression culture using a 1 ml syringe. 20 leaves were used per 

recombinant gene. Infiltrated leaves were harvested after 3 days. 



MATERIALS AND METHODS 

43 

 

2.14 Transformation Genotyping 

Positive plant transformations were identified by PCR genotyping. A 0.50 mm2 

sample of transformed plant leaf was excised using a Harris uni-core puncher 

(Thermo scientific, UK) and was placed into a PCR tube containing reaction 

mixture prepared using Phire plant direct PCR kit (Thermo scientific, UK). 20 µl 

reactions contained 0.25 µM forward and reverse primers, 1 X Phire plant PCR 

buffer and 0.4 µl Phire hot start II DNA polymerase. PCR conditions consisted 

of an initial denaturation at 98 ˚C for 5 min, followed by 40 cycles of 

denaturation at 98 ˚C for 5 s, annealing at 50 – 65 ˚C for 5 s, extension at 72 ˚C 

for 20 s and a final extension at 72 ˚C for 1 min. PCR products were resolved 

using agarose gel electrophoresis.  

 

2.15 Optimisation of recombinant protein expression 

DNA sequences encoding the wild type TOC1 (wtTOC1; At5g61380) and 

mutant TOC1 (mTOC1; At5g61380 with altered codons at positions 429, 431, 

434, 435, 439, 440) were synthesised in pJexpress vector 404 (AmpR) and 

pJexpress vector 401 (KanR) respectively (DNA2.0, USA). Both wtTOC1 and 

mTOC1 contained sequences for six histidine residues at the N-terminus, to 

generate His-tagged proteins.  

wtTOC1 and mTOC1 plasmids were transformed into BL21(DE3) (Invitrogen, 

UK) and BL21(DE3)Star (Invitrogen, UK) chemically competent cells, according 

to the manufacturers instructions. 100 ml bacterial cultures were grown to OD600 

0.6, 0.8 or 1.0 and protein expression was induced with isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 0.5 or 1.0 mM. After 

addition of IPTG (induction) bacterial cultures were incubated at 37 ˚C, with 

shaking at 220 rpm, or at 18 ˚C, with shaking at 220 rpm, and 5 ml aliquots 

were collected at 1, 2, 3, 4, 5, 6, 12 and 24 h.  
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wtTOC1 and mTOC1 plasmids were also transformed into ArcticExpress (DE3) 

chemically competent cells (Agilent), which contain cold-adapted chaperonins, 

which at low temperatures overcome protein misfolding and insolubility. 20 ml 

bacterial cultures were grown to an OD600 0.6, 0.8 or 1.0 and IPTG was added 

to a final concentration of 0.6, 0.8 or 1 mM, the cultures were transferred to 12 

˚C and grown for a further 24 h.  

wtTOC1 and mTOC1 plasmids were transformed into BL21(DE3)pLysS 

chemically competent cells (Invitrogen, UK) that constitutively express low 

levels of T7 lysozyme, reducing basal expression of recombinant genes under 

the T7 promoter. These cells are used when the protein being expressed could 

be toxic to E. coli cells. 100 ml bacterial cultures were grown in the presence or 

absence of glucose, to further suppress leaky expression, to OD600 0.3, 0.6 or 

1.0. IPTG was added to a final concentration of 0.1, 0.5, or 1.0 mM to induce 

expression and 5 ml aliquots were collected 30, 60, 90, 120, 150 and 180 min 

after induction.  

Plasmids in BL21 (DE3) chemically competent cells were also grown in 20 ml 

auto-inducible media (10 g l-1 tryptone, 5 g l-1 yeast extract, “M” solution (31.25 

mM Na2HPO4, 31.25 mM KH2PO4, 62.5 mM NH4Cl, 6.25 mM Na2SO4), 2 mM 

MgSO4.7H2O, “5052” solution (0.5 % (v/v) glycerol, 0.05 % (w/v) glucose, 0.2 % 

(w/v) α-lactose monohydrate), Trace metals solution (4 µM CaCl2, 2 µM 

MnCl2.4H2O, 2 µM ZnSO4.7H2O, 0.4 µM CoSO4.7H2O, 0.4 µM CuCl2.2H2O, 0.4 

µM NiSO4.6H2O, 0.4 µM Na2MoO4.2H2O, 0.4 µM Na2SeO3, 0.4 µM H3BO3)) 

initially for 3 h at 37 ˚C, followed by 48 h, at 20 ˚C, for auto-induction.  

wtTOC1 and mTOC1 that had been cloned into the pCold™II vector (TaKaRa 

bio, Japan) were transformed into BL21(DE3) chemically competent cells 

(Invitrogen). 50 ml bacterial cultures were grown to OD600 0.5, induced with 0.1, 

0.5 or 1.0 mM IPTG and were subsequently grown at 15 ˚C for 24 h.  

Cells were pelleted by centrifugation at 10000 g, for 10 min, at 4˚C. Pellets were 

re-suspended in 2 ml Buffer A (20mM Tris-HCl pH 8.0, 0.5 M NaCl, 40 mM 

imidazole). Cells were disrupted by sonication, on ice, for 5 min, in 10 s bursts, 

with 10 s resting. Cell debris was pelleted by centrifugation at 20000 g, for 30 
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min, at 4˚C. The soluble fraction was retained and analysed by SDS-PAGE 

(NuPage Novex Bis-Tris, Invitrogen, UK).  

wtTOC1 and mTOC1 were subcloned into the gateway plant expression vector 

pGWB501 and were transformed into N. benthamiana leaves, following the 

method described above.  After 3 days, 10 leaves were snap frozen and ground 

in liquid N2.  1.6 ml extraction buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 

0.1 % (v/v) NP-40) was added to the ground tissue and the resulting 

homogenate was centrifuged at 13000 g for 5 min through a 0.2 µm centrifugal 

filter (Sartorius).  The flow-through was divided into two and aliquotted into 2 ml 

microfuge tubes containing 300 µl IgG-sepharose beads (GE-healthcare, UK) 

that had previously been washed 3 times with 1 ml extraction buffer.  This 

mixture was incubated on an orbital shaker for 2 h at 4 ˚C, and transferred to a 

column.  10 ml IgG binding buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1 

% (v/v) NP-40, 20 mM NaF, 20 mM EDTA) was eluted through the column 3 

times. 1 ml TEV buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 14 mM β-

mercaptoethanol) was eluted through the column 3 times. 20 µl TEV protease 

(Sigma-Aldrich, UK) was added to the column in 1 mL TEV buffer and the 

column was incubated, rotating, for 2 h at 4 ˚C.  The eluate was drained into a 

clean, sterile 15 ml tube and a further 1 ml TEV buffer was added to the column 

and eluted into the same 15 ml tube. The elution was transferred to a column 

with 6 ml CAM-binding buffer A (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM 

Mg(CH3COO)2, 1 mM imidazole, 2 mM CaCl2, 0.1 % (v/v) NP-40) and was 

incubated on a rotating incubator for 4 h at 4 ˚C. 1 ml CaM-binding buffer A was 

added to the column and eluted though the column twice and 1 ml CaM-binding 

buffer B (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM Mg(CH3COO)2, 1 mM 

imidazole, 2 mM CaCl2, 0.02 % (v/v) NP-40) was added to the column and 

eluted through twice. 2 ml of CaM-elution buffer (10 mM Tris-HCl [pH 7.5], 150 

mM NaCl, 2 mM EGTA) was added to the column and the elution was collected 

in a 2 ml tube. 20 µl of crude extract, TEV treated IgG sepharose elution, CaM-

agarose void fraction, CAM-agarose residual protein and final elution were 

analysed by SDS-PAGE (NuPage Novex 10 % Bis-Tris, Invitrogen, UK).  
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2.16 Sodium Dodecyl Sulphate – Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) 

13 µl protein samples was mixed with 5 µl NuPage 4 X LDS sample buffer  

(Invitrogen, UK) and 2 µl NuPage 10 X reducing agent (Invitrogen, UK) and 

heated to 70 ˚C for 10 min to denature. Precast NuPage Novex 10 % Bis-Tris 

gels (Invitrogen, UK) were immersed in 800 ml 1 X NuPage MOPS SDS running 

buffer (Invitrogen, UK). Reduced protein samples were loaded onto the gel 

along with Spectra multicolour broad range protein ladder (Fermentas, UK). 

Electrophoresis was performed at 200 V for 1 h.  

 

2.17 SDS-PAGE coomassie staining 

100 ml MilliQ water was placed into a microwavable container with an 

electrophoresed SDS-PAGE gel and microwaved at 1000 watts for 1 min, 

followed by 1 min incubation on an orbital shaker. The water was discarded and 

the microwave, wash incubation was performed a further 2 times. After the last 

wash, 20 ml Simply Blue SafeStain (Invitrogen, UK) was added to the SDS-

PAGE gel and was microwaved at 1000 watts for 1 min, followed by incubation 

on an orbital shaker for 5 min. The Simply Blue SafeStain was discarded and 

the gel was washed in 100 ml MilliQ water for 10 min on an orbital shaker to 

visualise protein bands.  

 

2.18 SDS-PAGE silver staining 

Electrophoresed SDS-PAGE gels were first fixed for 90 min in 200 ml fixing 

solution (50 % (v/v) ethanol, 12 % (v/v) acetic acid). The fixing solution was 

removed and the gel was washed 3 times for 20 min in 50 ml 30 % (v/v) 

ethanol, followed by 1 min incubation with 100 ml 0.01 % (w/v) Na2S2O3. The 

gel was washed a further 3 times for 20 s with 50 ml milliQ H20. 100 ml silver 

solution (0.1 % (w/v) AgNO3, 0.075 % (v/v) formaldehyde) was added to the gel 
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and incubated for 20 min. The silver solution was removed and the gel was 

washed twice for 20 s with 50 ml milliQ H20. 125 ml developing solution (3 % 

(w/v) Na2CO3, 0.05 % (v/v) formaldehyde, 0.002 % (w/v) Na2S2O3) was added 

and incubated for approximately 20 s until the protein bands are visualised and 

100 ml stop solution (50 mM EDTA) was added to terminate the development 

reaction.  

 

2.19 Western blotting 

A 0.4 µm Invitrolon™ Polyvinylidene Fluoride membrane (PVDF; Invitrogen, 

UK) was immersed in 100 % (v/v) methanol for 30 s and was rinsed in 

deionised water.  6 blotting pads (Invitrogen, UK), PVDF membrane and 2 filter 

papers were prepared by soaking in Transfer Buffer (1 X transfer buffer 

[Invitrogen, UK], 10 % (v/v) methanol, 0.1 % NuPage antioxidant [Invitrogen, 

UK]) for 5 min. The electrophoresed PAGE gel was removed from the casing 

and the PVDF membrane was applied to the gel’s surface, sandwiched in 2 

filter papers and 6 blotting pads and placed in the blot module. The blot module 

was assembled in the gel tank and transfer buffer was poured into the blot 

module and chambers. The proteins on the PAGE gel were blotted onto the 

PVDF membrane at 15 V for 16 h at 4 ˚C. After blotting, the PVDF membrane 

was removed from the blot module and incubated in ponceau solution (0.25 % 

(w/v) ponceau, 1 % (v/v) acetic acid) for 5 min on an orbital shaker. The 

ponceau solution was discarded and the PVDF membrane was rinsed in 

deionised water to ensure successful blotting onto the PVDF membrane. The 

membrane was next blocked for 1 h with blocking buffer (200 mM Tris-HCl [pH 

7.5], 1.7 M NaCl, 3 % (w/v) skimmed milk powder, 0.05 % (v/v) Tween-20) on 

an orbital shaker. The block buffer was discarded and the membrane was 

probed with primary antibody (polyclonal anti-TOC1 [Abnova, Taiwan] or 

monoclonal anti-polyHis [Sigma-Aldrich, UK], diluted 1:3000 in block buffer) for 

1 h on an orbital shaker. The primary antibody was removed and the membrane 

was washed 6 times for 5 min with 50 ml wash buffer (200 mM Tris-HCl [pH 
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7.5], 1.7 M NaCl, 0.05 % (v/v) tween-20). The membrane was next probed with 

secondary antibody (anti-rabbit IgG alkaline phosphatase conjugated [Sigma-

Aldrich, UK] or anti-mouse IgG alkaline phosphatase conjugated [Sigma-

Aldrich, UK] diluted 1:7500 in block buffer) for 1 h on an orbital shaker. The 

secondary antibody was removed and the membrane washed 6 times for 5 min 

with 50 ml wash buffer. The target bands were visualised by incubating the 

membrane with 10 ml of western blue stabilised substrate for alkaline 

phosphatase (Promega, UK) for 5 min, followed by 3 washes with 50 ml water 

to remove excess substrate.  

 

2.20 45Ca2+ overlays 

6000, 3000, 1500, 750 and 375 ng of wtTOC1 and mTOC1 protein expressed 

and purified by AlleleBiotech (USA) were dotted onto a nitrocellulose 

membrane. 6000, 3000, 1500, 750 and 375 ng of CaM and BSA were also 

dotted onto the nitrocellulose membrane as positive and negative controls. The 

nitrocellulose membrane was incubated in 20 ml overlay buffer (60 mM KCl, 5 

mM MgCl2, 10 mM imidazole-HCl [pH 6.8]) containing 1 mCi-1 45Ca for 10 min 

(Maruyama et al. 1984). The nitrocellulose was subsequently rinsed briefly in 

deionised H20. 

45Ca2+ labelled blots were exposed to X-ray film for 16 h at - 80 ˚C. The films 

were subsequently developed and scanned on an autoradiograph. 

 

2.21 Nascent RNA labelling 

20 two week old agar grown seedlings were removed from agar and floated in 

50 ml 250 µM 4-Thiouridine (4sU; Carbosynth, UK) for 1 h. Seedlings were 

removed from the 4sU and excess solution was removed by blotting. Seedlings 

were homogenised in liquid N2 and 250 mg ground tissue was weighed out, 

RNA was extracted and pellets were suspended in 50 µl NFW. 250 µl 
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biotinylation solution (10 mM Tris-HCl [pH 7.4], 1 mM EDTA, 0.2 mg m-1 EZ-link 

HPDP-Biotin [Pierce]) was added to the RNA extracts and incubated for 1.5 h. 

RNA was again extracted and pellets were suspended in 10 µl NFW. The 

biotinylated RNA samples were denatured at 65 ˚C for 10 min and were 

subsequently placed on ice for 5 min. 10 µl Alkaline binding buffer A (20 mM 

NaOH, 2mM EDTA) was added to the denatured RNA and 15 µl was dotted 

onto a Zeta+-probe blotting membrane (Bio-Rad, UK), along with 15 µl of 10-fold 

and 100-fold dilutions of RNA extracts (diluted in Alkaline binding buffer B [10 

mM NaOH,1 mM EDTA]). After RNA samples had been dotted onto the 

membrane, the membrane was incubated in blocking solution (0.1 M phosphate 

buffered saline [PBS; pH7.5], 10 % (w/v) SDS, 1 mM EDTA) for 20 min. The 

membrane was probed with ImmunoPure streptavidin-horseradish peroxidase 

conjugated (Thermo scientific, UK; 1:1000 dilution of 1 mg ml-1 in 50 ml blocking 

solution). After probing, the membrane was washed twice with 50 ml washing 

solution A (0.1 M PBS, 10 % (w/v) SDS) for 10 min, twice with 50 ml washing 

solution B (0.1 M PBS, 1 % (w/v) SDS) for 10 min, and twice with 50 ml washing 

solution C (0.1 M PBS, 0.1 % (w/v) SDS). The membrane was developed by 

ECL detection substrate (Pierce, UK); 10 ml detection reagent A and 10 ml 

detection reagent B were mixed, added to the membrane and incubated for 1 

min. The membrane was removed from the developing substrate and the biotin-

bound HRP signal was visualised by imaging for 5 min on ChemiDoc XRS 

system (BioRad, UK). (Dölken et al, 1970; figure 2.1). 
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Figure 2.1. Schematic for labelling nascent RNA method. 
20 A. thaliana seedlings were grown on agar for 14 d. Transcriptional inhibitor cordycepin was 
added to the seedlings. The seedlings were removed from the agar and floated in 4-thiouridine 
(4sU) solution to incorporate 4sU into nascent RNA. The A. thaliana leaves were lysed and 
RNA was extracted. The RNA extracts were biotinylated to conjugate biotin to the incorporated 
4sU. A further RNA extraction was performed to remove unbound biotin. The RNA was dotted 
onto a nitrocellulose membrane. The membrane was probed with Strepavadin-HRP, developed 
with ECL detection reagent and the chemiluminescence was visualised. The amount of 
chemiluminescence emitted was proportional to the amount of nascent RNA. 

!
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2.22 Bioluminescence imaging 

Prior to imaging, aequorin was reconstituted by the application of 10 µl 50 µM 

coelenterazine (Sigma-Aldrich, UK) on each 10 day old seedling subjective 

dawn in the two days prior to imaging. The volume of coelenterazine applied 

was increased as the plant increased in size up to a maximum of 100 µl 50 µM 

coelenterazine per leaf on the 6 and 7 week old plants. Coelenterazine stock 

was made to a concentration of 1 mM in 100 % (v/v) methanol and stored at – 

20 °C, working stock was made to 50 µM by diluting 1 mM stock in sterile H2O 

containing 0.05 % (v/v) Tween-20.  

For plants expressing Luc, 5 mM luciferin (Sigma-Aldrich, UK) was added 

directly prior to imaging. Working stocks of luciferin were made using sterile H20 

containing 0.05 % (v/v) Tween-20. Long term bioluminescence was recorded by 

an ImagEM photon counting camera (Hamimatsu, Japan). Bioluminescence 

images comprised clusters of seedlings or single seedlings for aequorin and 

luciferase measurements. For aequorin measurements an image was recorded 

over 25 min every 2 h and for luciferase measurements an image was recorded 

over 10 min every 1 h. All images were recorded in the dark with a 5 min delay 

after transition to dark before imaging to allow phosphorescence decay of 

chlorophyll. Images were processed by selecting regions of interest (ROI) on 

Hamimatsu Wasabi or Hokawo software for analysis.  

 

2.23 Multiple Sequence Alignment 

Amino acid sequences from 254 EF-hand containing proteins from A. thaliana 

were obtained from The Arabidopsis Information Resource database 

(www.tair.org; Swarbreck et al., 2007). Multiple sequence alignments were 

performed using the ClustalW programme (www.ebi.ac.uk/tools/msa/clustalw/) 

using the Gonnet protein weight matrix (Gonnet et al., 1992), with a gap open 

penalty of 10 and a gap extension penalty set at 0.1.  
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2.24  Profile Hidden Markov Model (pHMM) generation 

pHMM’s were generated from multiple sequence alignment results using 

HMMER 2.0 (http://hmmer.janelia.org/; Eddy, 1998) utilising the hmmbuild 

algorithm. The statistical profile logo was visualised using LogoMat-M 

(http://www.sanger.ac.uk/resources/software/logomat-m/). 
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CHAPTER 3. INVESTIGATING THE ROLE OF DIEL CA2+ OSCILLATIONS IN 
PHOTOPERIODIC SIGNALLING  

 

3.1 Introduction 

A previous PhD student in the laboratory, Andrew Murphy, researched the 

hypothesis that calmodulin (CaM) transduces photoperiodic information 

encoded within circadian regulated Ca2+ signals, either as a feedback to the 

endogenous oscillator or directly into the photoperiodic flowering pathway. 

The concentration of free calcium in the cytosol ([Ca2+]cyt)  rises during the light 

part of the photoperiod to a peak in the middle of the day and falls to a low in 

the middle of the night (Johnson et al. 1995). These [Ca2+]cyt oscillations persist 

in constant light and hence have been deemed to be circadian regulated, 

however, interestingly the oscillations do not persist in constant darkness (Xu et 

al. 2007). The phase of this [Ca2+]cyt oscillation is modulated by the photoperiod 

of entrainment, the amplitude of the oscillation has been shown to be 

determined by the photon flux density (or light intensity; Love et al. 2004) and it 

has hence been hypothesised that these  [Ca2+]cyt oscillations encode 

information regarding photoperiod and light quality. The peaks and troughs of 

the [Ca2+]cyt oscillations fall within a signalling range (300-500 nM and 100-150 

nM respectively) and Ca2+ has therefore been implicated in day-length 

signalling and floral timing (Love et al, 2004). The signalling machinery that 

transduces the signal from the cellular [Ca2+]cyt oscillations has yet to be 

elucidated.  

CaM is a key node in Ca2+ signal transduction and as such was a candidate for 

Murphy’s investigation into the role of Ca2+ in clock-controlled processes. Ca2+-

dependent CaM signalling has been implicated in a vast number of cellular 

processes including phytohormone signalling, protein phosphorylation and 

dephosphorylation, metabolism regulation, ion transportation, protein folding, 
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cytoskeletal function, and transcriptional regulation (Snedden & Froom, 2001; 

Yang & Poovaiah, 2003; Bouché et al. 2004). 

A variety of chemical CaM-antagonists have been used in previous studies to 

dissect the mechanisms of CaM action (Harmon et al. 1987; Polya & Chandra, 

1990; Roberts & Harmon, 1992; Jaworski et al. 2003). Chemical CaM 

antagonists bind to CaM-Ca2+ and inhibit downstream Ca2+-dependent CaM 

mediated processes (Moreau et al. 1986). The application of chemical 

antagonists of CaM has been shown to affect photosynthesis, stomatal 

movement, phototaxis in algae, gravitropic response, hormonal action, enzyme 

secretion, protoplast function, senescence, membrane lipid autolysis, and 

germination of fungal spores (Moreau, 1987). Among the most commonly used 

antagonists are the competitive napthalenesuphonamide antagonist W-7 

(Figure 3.1[A]) and the substituted imidazole inhibitor antagonist calmidazolium 

(CMZ; Figure 3.1[C]). W-7 sequesters CaM preferentially, but not exclusively 

(Jan & Tseng, 1999). W-5 (Figure 3.1[B]), a dechlorinated structural analogue of 

W-7 has approximately an order of magnitude less affinity for CaM than W-7, 

and thus W-5 has routinely been used as a pseudo control for W-7 at the same 

concentration (Love et al 1997; Jan & Tseng, 2000). CMZ is amongst the most 

selective antagonist of CaM (Williams et al. 1996), but has been shown to block 

cellular machinery such as Ca2+-channels (Sunagawa, 1999). In previous 

studies, CaM-antagonists have been used at concentration ranges, between 10 

– 150 µM for W-7/W-5 and 0.1 – 30 µM for CMZ (Si & Olds-Clarke, 2000; 

Sengupta et al. 2007). 

Murphy performed a series of growth and flowering time experiments after 

application of the CaM-antagonists W-7 and CMZ. He also monitored the 

expression of the key circadian clock gene TOC1, the photoperiodic flowering 

regulation genes CO and FT as well as CaM1 by Reverse Transcription 

quantitative Polymerase Chain Reaction (RTqPCR) after the addition of the 

CaM antagonists W-7 and CMZ.  
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Figure 3.1 Chemical structures of the CaM-antagonists W-7, W-5 and CMZ. 
Chemical structure of the CaM-antagonist W-7 (N-(6-aminohexyl)-5-chloro-1-
napthalenesulphonamide; A). 
Chemical structure of W-5 (N-(6-aminohexyl)-1-napthalenesulphonamide), de-
chlorinated pseudo control for W-7 (B). 
Chemical structure of the CaM-antagonist calmidazolium (CMZ; C). 
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Murphy found that in long day, inductive photoperiods (16 h light: 8 h dark), 

photoperiodic flowering time was affected by the addition of the CaM-antagonist 

W-7; this observation phenocopied the effect of the suppressor of phya-105 

(spa1) mutant. SPA1 is important for seedling growth in light and darkness, leaf 

expansion and photoperiodic flowering (Laubinger et al. 2004; Fittinghoff et al. 

2006; Laubinger et al. 2006). SPA1 controls photoperiodic flowering in 

Arabidopsis by regulating the stability of the floral inducer CONSTANS (CO; Liu 

et al. 2008; Jang et al. 2008). The addition of CaM-antagonists to Arabidopsis 

seedlings resulted in a similar effect on CO than in spa1. However, spa1 also 

fails to delay flowering in short, non-inductive photoperiods (8 h light: 16 h dark; 

McNellis et al. 1994; Laubinger et al. 2004), which is not consistent when CaM-

antagonists are applied to short day grown seedlings. Despite this 

inconsistency, Andrew Murphy hypothesised that CaM and SPA1 interact and 

mediate photoperiodic flowering in A. thaliana through Ca2+ feedback to the 

circadian clock by CaM-SPA1 direct regulation of GIGANTEA (GI), a core clock 

component (Figure 3.2). 

The aim of the research presented in this chapter was to investigate Andrew 

Murphy’s hypothesis that the [Ca2+]cyt oscillations were fed back into the 

circadian clock by interaction with the core clock component GI, via the CaM-

SPA1 complex, and transduce photoperiodic flowering. 

Murphy optimised the CaM-antagonist concentration he used by performing a 

root gravitropism assay. There are several problems with using this type of 

assay. Root gravitropism is not a physiological phenomenon that is specifically 

dependent on CaM-signalling, the gravitropic effect is largely dependent on 

auxin-mediated signalling. It has yet to be established whether the [Ca2+]cyt 

oscillations are persistent in root cells, however, the circadian clock is altered in 

roots and lacks the expression of the morning, light responsive genes. In 

addition to these factors, CaM can be differentially expressed in roots and 

leaves and the signalling pathways are also likely to be different. These  
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Figure 3.2 Murphy hypothesis model. 
Three loop circadian clock model adapted from Zeilinger et al. 2006, with former PhD 
student Murphy’s hypothetical interactions. In this model the [Ca2+]cyt activates CaM, 
which in turn interacts with and activates SPA1. In a known interaction, SPA1 targets 
CO for proteasomal degradation. SPA1 is also predicted to regulate the expression of 
GI.Genes are represented by rectangles and proteins are represented by ovals. 
Genes and proteins expressed during the day are displayed in yellow and those 
expressed at night are displayed in blue. The hypothetical interactions are indicated 
with grey arrows and known interactions are indicated with black lines, positive 
regulation is shown with lines ending in arrows and repression is displayed with black 
lines ending in bars.  
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differences could mean that an active concentration or effect discerned in the 

roots may not be applicable in the leaves.  

A variety of concentrations of the CaM antagonists W-7, W-5 and CMZ were 

applied to plants and the effect of inhibiting Ca2+-dependent CaM signalling was 

measured using two defined circadian clock outputs; the rhythmic activation of 

the CHLOROPHYLL A/B BINDING PROTEIN (CAB) promoter, as reported by 

CAB::LUC and the oscillations of [Ca2+]cyt, as reported by aequorin 

bioluminescence.  

To address the hypothesis that [Ca2+]cyt oscillations are a signal for floral timing, 

the persistence of the diel [Ca2+]cyt oscillation throughout the lifetime of the plant 

were investigated. If [Ca2+]cyt oscillations do transduce photoperiodic flowering, 

it is reasonable to expect a change in the pattern of [Ca2+]cyt prior to floral 

induction or a cessation of these oscillations once flowering has occurred. 

 

3.1 Results 

3.2.1 Variability of the [Ca2+]cyt Oscillations  

In order to investigate the seedling to seedling variability of the [Ca2+]cyt in a 

diurnal photoperiod and in a circadian-free run (constant light; LL), aequorin 

bioluminescence was measured for 48 h in diurnal 16 h light: 8 h dark (16L:8D) 

photoperiod followed by 72 h in circadian LL (Figure 3.3). 15 individual 

seedlings expressing 35S::aeq were grown in 16L:8D for 14 d prior to imaging. 

Each seedling was selected as an individual ROI for analysis. The individual 

seedlings had [Ca2+]cyt rhythms that were statistically different from each other 

(p < 0.0001, F = 63.51, df = 14, 15; ANOVA). However, if post-hoc comparison 

analyses (Tukey) are utilised to compare between seedlings individually, as 

opposed to between seedlings and the rest of the group as a whole, then the 

results are more interesting. For example, [Ca2+]cyt oscillations in one seedling 

are not statistically distinguishable from those of 20 % (3) of the other  
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Figure 3.3 Individual seedling variation of [Ca2+]cyt rhythms. 
Aequorin bioluminescence of Arabidopsis seedlings imaged for 48 h in diurnal (LD) 
and 72 h in circadian free-run (LL) at a PFD of 120 µmol m-2 s-1. 15 individual 
seedlings were entrained in a 16 h light: 8 h dark photoperiod for 14 d prior to 
imaging. Each individual seedling was selected as an ROI for analysis. Each black 
square represents an individual seedling and the red line represents the Savitzky-
Golay filtered data. The solid yellow bar above the abscissa indicates imaging in the 
light and the solid blue bar above the abscissa indicated imaging in the dark. The 
dashed yellow line above the abscissa represents subjective day and the dashed 
blue line above the abscissa represents subjective dark in the circadian free-run 
imaging. The grey horizontal line represents dusk or subjective dusk and the dashed 
grey horizontal line represents dawn or subjective dawn. 
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seedlings, but, is statistically different from the other 80 % (12) of seedlings. 

This post-hoc analysis implies that the [Ca2+]cyt oscillations observed in 1/5 of 

the seedling population are synchronised within the time resolution of the 

experiment. Despite the variability of the [Ca2+]cyt oscillations between the  

remaining 80 % of the seedling population, the average period and phase of the 

[Ca2+]cyt oscillation is robust in both diurnal photoperiods and circadian-free run. 

Consequently, the oscillations observed in clusters of 15 or more seedlings (i.e. 

the average oscillation in a population) represents an appropriate measurement 

of those that occur in individual seedlings. 

 

3.2.2 Aequorin imaging of [Ca2+]cyt in seedling clusters 

Clusters of 15 - 20 Arabidopsis thaliana seedlings expressing apo-aequorin 

(35S::aeq) were grown for 14 d in a 12 h light: 12 h dark photoperiod. Aequorin 

was reconstituted by ectopic application of 50 µM coelenterazine in 2 pulsed 

applications, administered at dawn on the 2 days immediately prior to imaging. 

Seedling clusters were transferred to constant light (LL) circadian free-run and 

aequorin bioluminescence was measured every 2 h using a photon counting 

camera (Figure 3.4). The clusters of 35S::aeq seedlings were imaged alongside 

wild type seedlings (accession Columbia-0 [Col-0]) to ensure that the 

bioluminescence emitted was attributed to the Ca2+ mediated aequorin decay. 

Each cluster of seedlings was selected as a region of interest (ROI) for analysis. 

The bioluminescence was recorded data was graphed (Figure 3.4[N]) and a 

Savitzky-Golay filter was applied to the data. As previously shown, the aequorin 

bioluminescence, i.e. [Ca2+]cyt, increased after subjective dawn, peaked in the 

middle of the subjective day and decreased to subjective dusk followed by a 

minimum during the subjective dark period. The phase of the [Ca2+]cyt rhythm 

corresponds to the photoperiod of entrainment. There was no visualised 

bioluminescence or statistically significant rhythm in the Col-0 seedlings. 
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Figure 3.4 Bioluminescence imaging of seedlings expressing apo-aequorin. 
Brightfield (BF; A) and photon counting images (B-M) of clusters of wild type Colombia-0 
Arabidopsis seedlings (right hand side of image) and Arabidopsis seedlings expressing 
apo-aequorin (left hand side of image) over 24 hour time period. Images (A) and (B) 
display the Regions Of Interest (ROI’s) selected for analysis. (N) Aequorin luminescence 
of Arabidopsis seedlings in free-run (LL) at PFD of 120 µmol m-2 s-1. Seedlings were 
entrained in 12 h light: 12 h dark photoperiod for 10 d prior to imaging. ROI’s were 
selected as (B) and applied to all images. Diamond points represent the mean 
luminescence of 9 seedling clusters. Error bars indicate 1 S.E. The curve represents the 
predominant signal in the data set following application of Savizky-Golay filtering. ZT 
indicates Zeitegeber time from 0 indicating subjective dawn and the commencing of 
imaging. 

!
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3.2.3 Persistence of [Ca2+]cyt oscillations over the life cycle of A. thaliana 

Aequorin bioluminescence was recorded in 20 Arabidopsis plants for 96 h in LL 

after 3, 4, 5, 6 or 7 weeks of growth (Figure 3.5) The whole experiment was 

repeated three times and the statistical analyses performed represent all of the 

technical and biological replicate data. By 3 weeks of growth the plants had 

developed 6 leaves. At 4 weeks a small rosette had formed containing less than 

15 leaves. At week 5 plants had developed a short inflorescence carrying floral 

buds but no open flowers, indicating that the floral stimulus had occurred. At 

week 6 the inflorescence was well developed and contained expanded cauline 

leaves, open flowers and young siliques. By week 7 the plants had begun to 

senesce and the siliques to dehisce. This experiment was technically replicated 

three times. 

Diel [Ca2+]cyt oscillations occurred throughout the entire lifecycle of the plant. 

Moreover, there was no difference was observed the period or phase of the diel 

[Ca2+]cyt oscillations at any age or at any developmental stage of the plants’ life 

cycles (p = 0.3523, F = 1.409, df = 4, 5; ANOVA, Tukey post-hoc comparison). 

However, the amplitude of the diel [Ca2+]cyt oscillations increased progressively 

with age which can be attributed to increasing biomass or leaf thickness as the 

plant ages, or increasing production of aequorin as the plant grows. The 

statistical analyses shown are an average of the technical and biological 

replicates. 

 

3.2.4 The effects of calmodulin-antagonists on [Ca2+]cyt 

Aequorin bioluminescence was measured in 20 two week old Arabidopsis 

plants following exposure to the calmodulin-antagonist W-7 (Figure 3.6). 

Solutions of 250 µM, 500 µM, 1000 µM of W-7 were sprayed onto the plants as 

a light mist. Similarly a solution containing only the carrier solvent served as a 

negative control. A sharp increase in [Ca2+]cyt was observed immediately after 

the application of all the solutions and is likely to be due to either mechanical  
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Figure 3.5 [Ca2+]cyt oscillations over the A. thaliana life cycle. 
Aequorin luminescence of Arabidopsis seedlings expressing apo-aequorin. 20 
plants were grown for 3, 4, 5, 6 or 7 weeks prior to imaging in 16 h light: 8 h dark 
photoperiod at PFD 120 µmol m-2 s-1. Plants were imaged for 96 h in circadian 
free-run (LL). Each individual plant was selected as an ROI for analysis. Diamond 
points represent the mean luminescence of the 20 plants and error bards 
represent 1 S.E. The curve represents the Savitsky-Golay filtered data. Grey solid 
vertical lines represent subjective dusk and grey dashed vertical lines represent 
subjective dawn. The data shown represents an average of three technical 
replicates of the experiment. 
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perturbation of the plants or to the action of the carrier solvent. For all 

concentrations of W-7 tested the [Ca2+]cyt oscillations persist and show no 

statistical significant differences to the control (p = 0.2172, F = 1.501, df = 3, 

136; ANOVA).  

Application of identical concentrations of W-5, the dechlorinated analogue of W-

7 often used a pseudo control, also showed no statistical difference in the 

presence, period, or phase of [Ca2+]cyt oscillations (Figure 3.7; p = 0.1819, F = 

1.733, df = 3, 136; ANOVA). 

Application of an alternative class of CaM-antagonist, namely CMZ at 

concentrations of 5 µM and 25 µM also showed no significant difference 

between the present, period or phase of the diel [Ca2+]cyt oscillations compared 

to the carrier solvent control (Figure 3.8; p = 0.0878, F = 2.517, df = 2, 72; 

ANOVA). 

It therefore appears that the inhibition of CaM has no effect on diel [Ca2+]cyt 

oscillations and strongly unlikely that the interaction Ca2+-CaM-SPA1 is a 

regulator of the circadian clock. Alternatively it is possible that the 

concentrations of CaM antagonists applied to the plant were insufficient to 

inhibit CaM, even though the highest concentration used exceeded the 

published values by an order of magnitude. 

To ascertain the effects of calmodulin antagonists on another circadian clock 

output, W-7 (Figure 3.9) and W-5 (Figure 3.10) were added, as before, to 20 

two week old Arabidopsis plants expressing recombinant CAB::LUC. CAB::LUC 

is a well documented reporter of circadian clock function (Anderson & Kay, 

1994).Results of this series of experiments were identical to the observations 

made for diel [Ca2+]cyt oscillations, viz., there was no statistical difference is the 

CAB::LUC oscillations following application of W-7 (p = 0.8559, F = 0.2575, df = 

3, 140; ANOVA) or W-5 (p = 0.8159, F = 0.3131, df = 3, 140; ANOVA) 

compared to the control. 
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Each of the above experiments was replicated three times and the statistical 

analyses shown are an average of the technical three replicates. 
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Figure 3.6 [Ca2+]cyt oscillations following W-7 application. 
Aequorin luminescence of Arabidopsis seedlings expressing apo-aequorin following 
application of the CaM-antagonist W-7 (N-(6-aminohexyl)-5-chloro-1-
napthalenesulphonamide). 20 seedlings were grown for 14 d in 12 h light: 12 h dark 
photoperiod prior to imaging. Seedlings were imaged for 72 h in circadian-free run (LL). 
Each individual seedling was selected as an ROI for analysis. Diamond points represent 
the mean luminescence of 20 seedlings and error bars indicate 1 S.E. The curve 
represents the Savizky-Golay filtered data. Grey solid vertical lines represent subjective 
dusk and grey dashed vertical lines represent subjective dawn. The orange solid vertical 
line indicates the point when W-7 was applied to the seedlings. The small graph in the 
top right corner is the data represented on a larger scale. The data shown represents an 
average of three technical experimental replicates. 

!
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Figure 3.7 [Ca2+]cyt oscillations following W-5 application. 
Aequorin luminescence of Arabidopsis seedlings expressing apo-aequorin following 
application of the CaM-antagonist W-5 (N-(6-aminohexyl)-1-napthalenesulphonamide). 
20 seedlings were grown for 14 d in 12 h light: 12 h dark photoperiod prior to imaging. 
Seedlings were imaged for 72 h in circadian-free run (LL). Each individual seedling was 
selected as an ROI for analysis. Diamond points represent the mean luminescence of 20 
seedlings and error bars indicate 1 S.E. The curve represents the Savizky-Golay filtered 
data. Grey solid vertical lines represent subjective dusk and grey dashed vertical lines 
represent subjective dawn. The orange solid vertical line indicates the point when W-5 
was applied to the seedlings. The small graph in the top right corner is the data 
represented on a larger scale. The data shown represents an average of three technical 
experimental replicates. 
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Figure 3.8 [Ca2+]cyt oscillations following calmidazolium application. 
Aequorin luminescence of Arabidopsis seedlings expressing apo-aequorin following the 
addition of the CaM-antagonist calmidazolium (CMZ). 20 seedlings were grown for 14 d 
in 16 h light: 8 h dark photoperiod prior to imaging. Seedlings were imaged for 72 h in 
circadian free-run (LL). Each individual seedling was selected as an ROI for analysis. 
Diamond points represent the mean luminescence of 20 seedlings and error bars indicate 
1 S.E. The curve represents the Savitzky-Golay filtered data. Grey solid vertical lines 
represent subjective dusk and grey dashed vertical lines represent subjective dawn. CMZ 
and carrier solvent control were applied at 0 h. The graph represents an average of three 
technical experimental replicates. 
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CAB::LUC 

Figure 3.9 CAB::LUC oscillations following W-7 application. 
Luciferase luminescence from Arabidopsis seedlings expressing recombinant 
CAB::LUC following application of the CaM-antagonist W-7 (N-(6-aminohexyl)-5-
chloro-1-napthalenesulphonamide). 20 seedlings were grown for 14 d in 12 h light: 12 
h dark photoperiod prior to imaging. Seedlings were imaged for 72 h in circadian-free 
run (LL). Each individual seedling was selected as an ROI for analysis. Diamond 
points represent the mean luminescence of 20 seedlings and error bars indicate 1 
S.E. The curve represents the Savizky-Golay filtered data. Grey solid vertical lines 
represent subjective dusk and grey dashed vertical lines represent subjective dawn. 
The orange solid vertical line indicates the point when W-7 was applied to the 
seedlings. The small graph in the top right corner is the data represented on a larger 
scale. The graph represents an average of data obtained from three technical 
experimental replicates.!
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Figure 3.10 CAB::LUC oscillations upon application W-5. 
Luciferase luminescence from Arabidopsis seedlings expressing recombinant 
CAB::LUC with following the application of the CaM-antagonist W-5 (N-(6-
aminohexyl)-1-napthalenesulphonamide). 20 seedlings were grown for 14 d in 12 h 
light: 12 h dark photoperiod prior to imaging. Seedlings were imaged for 72 h in 
circadian-free run (LL). Each individual seedling was selected as an ROI for analysis. 
Diamond points represent the mean luminescence of 20 seedlings and error bars 
indicate 1 S.E. The curve represents the Savizky-Golay filtered data. Grey solid 
vertical lines represent subjective dusk and grey dashed vertical lines represent 
subjective dawn. The orange solid vertical line indicates the point when W-5 was 
applied to the seedlings. The small graph in the top right corner is the data 
represented on a larger scale. The graph represents an average of data obtained 
from three technical experimental replicates. 
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3.3 Discussion 

In the aequorin imaging described in this chapter the changes in aequorin 

bioluminescence were only visualised and detected in the 35S::aeq seedlings 

that express apo-aequorin and not in the wild type Col-0 seedlings. This change 

in bioluminescence can indeed be attributed to the changes in [Ca2+]cyt (Wood 

et al. 2000, Love et al. 2004, Dodd et al. 2007), and not another bioluminescent 

phenomenon of the plant, as previously suggested (Berger, 1992). 

It was also demonstrated that circadian [Ca2+]cyt rhythms are present in 

individual seedlings and the average bioluminescence of a population of 

seedlings is a relatively accurate reflection of that occurring in individual 

seedlings. The data however remains somewhat noisy. Savitzky-Golay filtering 

was therefore used as a digital filter to both smooth the data and reduce 

background noise. Savitzky-Golay filters apply polynomial least-square 

functions to a localised portion of the data to obtain a single point. This process 

is iterated to reduce the data to a smooth curve (Savitzky & Golay, 1964).  

When considering oscillating data sets overlaid by noise, Savitzky-Golay filters 

are applied to smooth the data set while maintaining the waveform (Schafer, 

2010). Savistzky-Golay filters are therefore ideal for analysing circadian 

oscillations. Traditionally, Fourier transforms have been used to remove noise 

and identify phase and period of circadian data (Mas et al. 2003; Izumo, 2006; 

Xu et al, 2010). Fourier transforms use an average waveform that forces the 

data to fit to a sinusoidal wave. By definition a sinusoidal wave is symmetrical, 

this symmetry poises a severe problem when faced with asymmetric oscillations 

such as [Ca2+]cyt oscillations, that are not based on a 12 h light: 12 h dark 

photoperiod. Moreover, Fourier Transforms project the waveform onto a circle, 

which is infinite. When considering high frequency oscillations, the constraints 

of Fourier Transformations are not insurmountable. However, when considering 

few, low frequency oscillations of a biological rather than a physical nature, 

Fourier Transform does present difficulties, which is why Savistzky-Golay 

filtering was used in this study.  
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Previously Murphy proposed that CaM regulates photoperiodic flowering by 

transducing photoperiodic information encoded within the circadian [Ca2+]cyt 

oscillations. However, the data presented here clearly show that circadian 

[Ca2+]cyt oscillations persist through the life cycle of Arabidopsis and show no 

variation immediately prior to, or just after flowering. Two interpretations are 

possible, the most parsimonious is that Ca2+ has no effect on photoperiodic 

flowering, but rather the diel [Ca2+]cyt oscillations have an alternative function, 

such as gating more immediate, shorter term stimuli, e.g. cold shock, or plant 

growth regulators (Dodd et al. 2004). The second possibility is that the 

physiological address of Ca2+ signalling machinery, i.e. that the components 

necessary for transduction are present in cells at the appropriate time to induce 

flowering, is such that the diel [Ca2+]cyt oscillations are sufficient to initiate 

photoperiodic flowering. Hence, circadian Ca2+ signalling may be co-opted in 

the flowering pathway. This evidence however, remains circumstantial and 

there is still no direct evidence to indicate that the diel [Ca2+]cyt oscillations 

directly initiate photoperiod flowering in Arabidopsis. 

Andrew Murphy further hypothesised that the [Ca2+]cyt oscillations regulate 

circadian timing through a feedback loop mediated by the CaM-SPA1 complex 

and the core clock component GI. Chemical CaM-antagonists were used in 

both Murphy’s and in this research to dissect the involvement of CaM. 

The use of chemical antagonists is experimentally challenging. In multicellular 

organisms it is difficult to apply pharmacological agents evenly to cells. 

Moreover, the antagonists often confer unwanted secondary effects (Jan & 

Tseng, 2000; Lin & Rydqvist, 2000). Finally the mode of action of the 

antagonists is usually not characterised in the cell or tissue type to which they 

are applied. When the pharmacological agent has a marked effect on the 

physiological phenomenon under investigation it is relatively simple to conclude 

that the molecule that is antagonised plays a part in that physiological process. 

However, when the pharmacological agent has no effect on the physiology, it is 

not possible to conclude, with certainty that the process under investigation is 
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not reliant on the molecule targeted by the antagonist. In this latter case, the 

lack of an observable effect does not deny that that effect is not present. The 

experiments performed here are a good example of the uncertainty; even 

though the antagonists were applied up to 10 fold more concentrated than in 

the previous literature (Harmon et al. 1987; Polya & Chandra, 1990; Roberts & 

Harmon, 1992; Jan & Tseng, 2000; Jaworski et al. 2003).  

In this particular set of experiments, it was not possible to identify a positive 

control that would confirm the presence of the antagonist inside the mesophyll. 

Indeed, previous work using CaM-antagonists has largely focussed on either 

single cells or on the cells at the surface of multicellular plants, i.e. guard cells 

or root hairs. There is also the problem of the specificity of the CaM-

antagonists, the affinity of W-7 and CMZ for calmodulin-like proteins or other 

EF-hand proteins is largely unknown. 

It is therefore difficult to couple a response following addition of a CaM-

antagonist to CaM directly. Indeed, “one needs an understanding of the 

limitations and realise that inhibition of an enzyme or process by CaM-

antagonist is not enough evidence to implicate the involvement of CaM” 

(Moreau, 1987).  

Murphy applied CaM-antagonists to plants and performed flowering time and 

RTqPCR experiments. The observations he made partially phenocopied spa1, 

which lead to the formulation of the hypothesis that CaM interacts with SPA1 to 

regulate circadian timing. However, the application of CaM-antagonists could 

not fully account for the phenotype of the spa1, but this matter seemed to be 

overlooked by Murphy. The work presented here used the same CaM-

antagonists and measured the effects on two circadian clock outputs, the 

rhythmic expression of the CAB promoter and oscillations of [Ca2+]cyt. The 

application of CaM-antagonists had no effect on either of these clock outputs. 

There could be other experimental approaches to address the specific 

hypothesis that CaM interacts with SPA1 to regulate the core clock component 
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GI. A yeast three-hybrid system enables the detection of RNA binding to two 

proteins by activating a reporter gene in vivo (Sengupta et al. 1996) and could 

be utilised to show that it would be possible for CaM-SPA1 and GI to interact. 

However, showing the interaction of CaM-SPA1 and GI would only partially 

satisfy this hypothesis. 

The optimisation of the CaM-antagonists by a root assay in Murphy’s work, in 

addition with the actual experiments performed and the loose nature to which 

the hypothesis was formed, in combination with the worked presented here at 

the very least casts doubt on the hypothesis and so work was not expanded 

upon. 
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CHAPTER 4. POSITIONING THE DIEL [CA2+]CYT OSCILLATIONS RELATIVE TO THE CORE 
MOLECULAR OSCILLATOR 

 

4.1 Introduction 

The core circadian oscillator is defined as a network of transcription-translation 

feedback loops (TTFLs), whereby rhythmically expressed clock genes directly 

or indirectly regulate their own expression.  

Previously it was assumed that circadian rhythms had evolved only in 

eukaryotic cells and that prokaryotes lacked the cellular complexity and 

physiological necessity for circadian clocks. This view was radically altered, by 

the discovered that the photosynthetic bacterium Synechococcus elongatus 

possess a core circadian oscillator, however the arrangement of the circadian 

oscillator in S. elongatus is different from that of eukaryotes and is driven by the 

post-translational state of KaitenC (KaiC). The three Kai genes (KaiA, KaiB and 

KaiC) in Synechococcus are expressed rhythmically (Ishiura et al. 1998) and 

form a TTFL that is typical of circadian molecular architecture. However, this 

Synechococcus TTFL is not required to sustain circadian oscillations (Dunlap, 

1999; Iwasaki et al. 2002). Instead, post-translational oscillations of KaiC control 

circadian processes. Interactions of KaiA, KaiB and KaiC regulate the 

phosphorylation state of KaiC, which drives the circadian oscillator by initiating 

ordered autokinase and autophosphatase activity (Ishiura et al. 1998; Iwasaki et 

al. 2002).  The various phosphorylation forms of KaiC allow a flexible 

mechanism for synchronisation, stabilising the oscillator. ATPase activity fine-

tunes the timing of the oscillator (Ishiura et al. 1998; Iwasaki et al. 2002). 

While TTFLs may be paradigmatic in the Eukarya, work performed on the 

unicellular green algae Ostreococcus taurii has challenged this view by 

demonstrating circadian time keeping in the absence of transcription. 

Ostreococcus is an ideal eukaryote with which to study transcriptional 

mechanisms, as transcription is terminated in the dark. It was found that 
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circadian phase oscillations were not reset by light after transcription was 

terminated and that the circadian oscillations remained in phase with the initial 

entrainment photoperiod. The circadian oscillations observed were the rhythms 

of peroxiredoxin protein oxidation, a novel post-translational biomarker. In the 

absence of transcription, peroxiredoxin protein oxidation was in phase with the 

original photoperiod, suggesting that some post-translational processes were 

sufficient to keep time in the absence of transcription (O’Neill et al. 2011), as in 

Synechococcus. The circadian oxidation of peroxiredoxin was also observed in 

human red blood cells, which are enucleate and therefore show no pattern of 

transcription or gene expression (O’Neill & Reddy, 2011). These experiments 

and the description of the core oscillator in Synechococcus changed the 

perception of the fundamental nature of TTFLs as essential components of a 

core circadian oscillator. It is now clear that, at least in certain cases, non-

transcriptional oscillators (NTO) can convey sustained circadian rhythms. This 

new hypothesis is in fact not so new; Acetabularia crentula cells display 

rhythmic rates photosynthesis following nuclear removal (Sweeney & Haxo, 

1961), suggesting the presence of a physiological oscillator rather than 

molecular oscillator. It is conceivable that the diel [Ca2+]cyt oscillations are not a 

direct output of the circadian clock as previously asserted in the literature 

(Johnson et al. 1995; Love et al. 2004), but represent an output from a 

biochemical oscillator that functions as an NTO. 

The aim of this chapter is to ascertain whether circadian [Ca2+]cyt oscillations are 

independent of transcription and translation and hence attempt to position the 

diel [Ca2+]cyt oscillations relative to the core molecular oscillator. 

Pulsed application of chemical inhibitors was used to suppress transcription and 

translation. Simultaneously diel [Ca2+]cyt oscillations were recorded using 

aequorin bioluminescence. The effects of the inhibitors on transcription and 

translation were verified either by direct measurement of RNA synthesis or by 

expression of CAB::LUC.  
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4.2  Results 

4.2.1 Optimisation of cordycepin concentration 

Cordycepin is an inhibitor of transcription (Klenow & Overgaard-Hansen, 1964; 

Uno et al. 2000; Matiolli et al. 2011; O’Neill et al. 2011). Arabidopsis thaliana 

seedlings that express recombinant CAB::LUC were grown in clusters, 

entrained to 12 h light, 12 h dark photoperiods, and luciferase bioluminescence 

imaged following application of 50 to 400 µg ml-1 cordycepin (Figure 4.1). 

Applying 50 µg ml-1 of cordycepin to seedlings resulted in an in elevation 

luminescence, which fell to basal levels after 24 h and there was no effect on 

the resulting CAB::LUC oscillation. With application of 150, 200 and 300 µg ml-1 

of cordycepin there was a large elevation in the level of luminescence 

measured that lasted 24 h. After 24 h, each set of treated seedlings had an 

oscillation that was in phase with the original photoperiod of entrainment. 

However, the amplitude of the luminescence peak was reduced as cordycepin 

concentration increased. Applying 400 µg ml-1 cordycepin to the seedlings 

resulted in a large elevation in luminescence measured for 48 h followed by a 

luminescence level that did not oscillate. At 50 µg ml-1 an oscillatory CAB::LUC 

rhythm is persistent, indicating that the oscillatory peak is not due to the 

cordycepin degrading the luciferin present in the plant leaves. This experiment 

was replicated three times.  

400 µg ml-1 was therefore selected as the effective transcriptional inhibitory 

concentration to be utilised in further experiments. 

 

4.2.2  Chlorophyll fluorescence to measure photosynthesis after application of 

cordycepin and cycloheximide 

Chlorophyll fluorescence can be measured as an indication of the plants 

photosynthetic efficiency and hence health. Twenty-four plants, split up into four 

sets of six plants were subjected to chlorophyll fluorescence imaging after  
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Figure 4.1. CAB::LUC following application of a cordycepin titre. 
Luciferase luminescence of Arabidopsis seedlings expressing recombinant 
CAB::LUC following application of a the transcriptional inhibitor cordycepin. 20 
Arabidopsis seedling clusters were grown for 14 d in 12 h light: 12 h dark 
photoperiod prior to imaging. Seedlings were imaged for 96 h in a circadian free run 
(LL). Each individual seedling cluster was selected as an ROI for analysis. Diamond 
points represent the mean of 20 seedling clusters and error bars represent 1 S.E. 
The curves represent the Savitzky-Golay filtered data. Cordycepin was applied at 24 
h. The data shown represents an average of three technical replicates of the 
experiment.  

CAB::LUC 
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flashes of light with increasing photosynthetic photon flux density (PPFD; light 

intensity; Figure 4.2) 100-1500. 400 µg ml-1 cordycepin, 500 µg ml-1 

cycloheximide (CHX) and 50 mM nicotinamide were respectively applied to one 

set of six plants each. After 96 h, chlorophyll fluorescence was again measured 

after light flashes of increasing PPFD. Chlorophyll autofluorescence was 

measured after 96 h as that was the maximum amount of time that the plants 

would be experimented on after the chemical inhibitor application. The 

photonsynthetic efficiency of the plants that had cordycepin and cycloheximide 

applied to them had decreased from the control non-treated plants, however, 

the plants that had 50 mM nicotinamide applied showed the largest decrease in 

photosynthetic efficiency. This concentration of nicotinamide has been used in a 

study to dissect cADPR signalling (Dodd et al. 2007). 

 

4.2.3 Cordycepin is an inhibitor of RNA synthesis 

440 seedlings were grown for 14 d in a 12 h light: 12 h dark photoperiod. 400 

µg ml-1 cordycepin was applied to 420 seedlings, which were then transferred to 

constant light (Figure 4.3). At 0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 

56, 60, 64, 68, or 72 h after the cordycepin pulse 20 seedlings were harvested 

and nascent RNA labelled by incubation in 4-Thiouridine (4sU) solution for 60 

min. The level of total transcription was reduced 15 fold from time point 0 for 24 

h. After 24 h the level of nascent RNA rose sharply to a level 2 fold higher than 

0 h and stayed elevated for 48 h (Figure 4.3). This experiment was repeated 

twice and the results for each replicate were in agreement.  

 

4.2.4 The effect of cordycepin on the circadian clock 

As indicated previously, CAB::LUC expression is commonly used as an 

indicator of circadian clock function. Luciferase luminescence was measured in 

20 seedling clusters that expressed CAB::LUC following application of 400 µg  
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Figure 4.2. Chlorophyll fluorescence of seedlings after inhibitor application  
Six plants were subjected to chlorophyll fluorescence imaging after flashes of light 
with increasing photosynthetic photon flux density (PPFD) before the application of 
any pharmacological inhibitors of transcription and translation and 96 h after the 
application of the pharmacological inhibitors. The electron transport rate was 
calculated as a measure of photosynthetic efficiency. 
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Figure 4.3 Labelling of nascent RNA after cordycepin application. 
(A) Nascent RNA labelling dot blot. 20 seedlings per timepoint had 400 µg/ml cordycepin 
applied. Seedlings were incubated for 0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56, 
60, 64, 68 or 72 h and subsequently has nascent RNA labelled by 4sU. Timepoints 24 h and 
48 h were performed in duplicate to ensure reproducibility. C indicates control seedlings that 
did not have the cordycepin application. Biotinylated 4sU labelled RNA extracts were dotted 
onto a nitrocellulose membrane, along with a 1/10 and 1/100 dilution. The membrane was 
probed with streptavadin-HRP and the resulting chemiluminescent emission was imaged. (B) 
Data extracted from nascent RNA dot blot. Densitometry analyses were performed on (A) 
using ImageJ to extract data from the dot blot. The graph shown represents an average of 
two technical replicates of the experiment.  
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ml-1 cordycepin (Figure 4.4). Application of 400 µg ml-1 cordycepin to the 

seedlings resulted in an elevation in the luminescence measured for 48 h. After 

48 h the resulting luminescence level was reduced to a baseline that did not 

oscillate, suggesting that cordycepin had indeed inhibited CAB::LUC 

expression. This experiment was technically replicated three times.  

In a similar experiment, aequorin bioluminescence was measured in 20 

seedling clusters of Arabidopsis thaliana expressing apo-aequorin following the 

application of the transcriptional inhibitor cordycepin (Figure 4.5). Application of 

400 µg ml-1 of cordycepin to the seedlings resulted in an sustained elevation in 

the aequorin luminescence lasting 24 h. Following that increase, oscillations of 

aequorin bioluminescence were reinstated in phase with the initial photoperiod 

of entrainment. This experiment was repeated three times independently. 

These data suggest that the diel [Ca2+]cyt rhythms are independent of 

transcription.  

To confirm that transcription did not occur between 36 and 96 h after 

cordycepin application, absolute RTqPCR analysis of selected circadian clock 

genes was conducted. Two genes, CCA1 and PRR7 were selected from the 

morning loop and two genes, TOC1 and ELF4 were selected from the evening 

loop for analysis (Figure 4.6). Optimised primers (see Chapter 6) were used in 

this analysis.  

Standard clones were constructed for CCA1, PRR7, TOC1 and ELF4 using 

gateway cloning (Figure 4.7). Spectrophotometric readings (Nanodrop 1000 

spectrophotometer, Thermo Scientific) were acquired for the standard clones 

and the copy number µl-1 of the sample was calculated using the clone genome 

size. Standard curves were produced for each clone by amplifying a 5-times 

serial dilution of each clone in 25 µl RTqPCR reaction (Figure 4.8[A] & [B]). End 

point melt analysis was conducted at the end of each RTqPCR run to ensure 

that only one amplicon had been produced per primer set (Figure 4.8[C]). 
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Figure 4.4 CAB::LUC oscillations upon application of cordycepin. 
Luciferase luminescence of Arabidopsis seedlings expressing recombinant cab::luc upon 
application of the transcriptional inhibitor cordycepin. 20 seedling clusters were grown for 
14 d in 12 h light: 12 h dark photoperiod prior to imaging. Seedlings were imaged for 72 
h in a circadian-free run (LL). Each individual seedling cluster was selected as an ROI for 
analysis. Diamond points represent the mean of 20 seedlings and error bars indicate 1 
S.E. The curve represents the Savizky-Golay filtered data. Grey solid vertical lines 
represent subjective dusk and grey dashed vertical lines represent subjective dawn. 
Cordycepin was applied at time point 0. The graph shown represents an average of 
three experimental replicates. 

CAB::LUC 
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Figure 4.5 [Ca2+]cyt oscillations following application of cordycepin. 
Aequorin luminescence of Arabidopsis seedlings expressing recombinant apo-aequorin 
upon application of the transcriptional inhibitor cordycepin. 20 seedling clusters were 
grown for 14 d in 12 h light: 12 h dark photoperiod prior to imaging. Seedlings were 
imaged for 72 h in a circadian-free run (LL). Each individual seedling cluster was selected 
as an ROI for analysis. Diamond points represent the mean of 20 seedlings and error 
bars indicate 1 S.E. The curve represents the Savizky-Golay filtered data. Grey solid 
vertical lines represent subjective dusk and grey dashed vertical lines represent 
subjective dawn. Cordycepin was applied at time point 0. The graph shown represents an 
average of three technical experimental replicates. 
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1900 seedlings were grown for 14 d in a 12 h light: 12 h dark photoperiod. 400 

µg ml-1 cordycepin was applied to 900 seedlings which were then transferred 

into constant light. 50 cordycepin-treated seedlings and 50 control seedlings 

were harvested 0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56, 60, 64, 68, 

or 72 h after cordycepin application and total RNA purified. The purified RNA 

was reversed transcribed to cDNA and RTqPCR was performed on each of the 

cDNA samples using primers to amplify CCA1, PRR7, TOC1 or ELF4. Each 

RTqPCR was performed in triplicate to ensure reproducibility. Analysis was 

performed by comparing the amplified products to the standard curves to 

ascertain the copy number of each genes respective cDNA in the extracted 

sample. The experiment was technically replicated three times.  

The timing and phase of CCA1 expression was not affected by the application 

of 400 µg ml-1 of cordycepin (Figure 4.9[A]). However, the expression of PRR7 

was completely suppressed by cordycepin (Figure 4.9B]). The expression of 

TOC1 was suppressed for the first 24 h after application of 400 µg ml-1 of 

cordycepin and then resumed an oscillatory pattern, but out of phase of that of 

the controls (Figure 4.9[C]). ELF4 expression was suppressed for approximately 

36 h and then resumed oscillatory behaviour for which the phase trended 

towards that of the control (Figure 4.9[D]).  

Taken together these experiments indicate that transcription was suppressed 

for 24 h after application of cordycepin and returned to normal approximately 32 

h after application of the inhibitor. Moreover, when transcription resumes it is at 

a much higher level than that of the control.  It therefore appears that the 

suppression of the CAB::LUC signal observed at 400 µg ml-1 of cordycepin may 

be due to a lag in the initiation of translation and not due to the actual inhibition 

of transcription by cordycepin. It also appears that the oscillation in [Ca2+]cyt are 

suppressed by cordycepin, but return to normal and in phase with the return to 

transcriptional activity. Taken alone this result suggests that [Ca2+]cyt oscillations 

are an output of the clock. However, closer analysis of specific clock genes, 

show that only the transcription of CCA1 returns to normal following cordycepin  
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Figure 4.6 RTqPCR primer selection. 
Arabidopsis thaliana circadian clock oscillator model highlighting with red boxes the 
genes selected for RTqPCR analysis, following addition of the transcriptional inhibitor 
cordycepin. CCA1 and PRR7 were selected from the morning loop, and TOC1 and ELF4 
were selected from the evening loop. 
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Figure 4.7 Absolute RTqPCR clone construction. 
(A) cDNA fragments of CCA1, PRR7, TOC1 and ELF4 were amplified with flanking 
attb1 and attb2 sites by PCR and DNA fragments were resolved on an agarose gel. 
Lane1 contains the CCA1, lane 2 contains TOC1 fragment, lane 3 contains PRR7 
fragment, lane 4 contains ELF4 fragments and lane 5 contains UBQ10 fragments 
(subsequently not used in the analysis). attb flanked cDNA fragments were ligated 
into pDONR221 vector by a gateway BP reaction and were subsequently transformed 
into TOP10 E. coli cells. (B & C) Colony PCR of transformed E. coli containing 
pDONR221 vector with CCA1 resolved in lanes 6-10, TOC1 resolved in lanes 11-15, 
PRR7 resolved in lanes 16-20 or ELF4 resolved in lanes 21-25 cDNA (UBQ10 in 
lanes 26-30). W indicates no template control for the primers and L indicates 
GeneRules 100 bp DNA ladder (Fermentas, UK). 
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Figure 4.8 RTqPCR primer optimisation. 
(A) 5-times serial dilution calibration curve of CCA1 used to make the standard 
curve. cDNA were amplified in 25 µl reactions. (B) Resulting efficiency data for 
standard curve. (C) Melt curve of CCA1 amplicons ensuring that only one product 
was amplified. 
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Figure 4.9 RTqPCR of CCA1, PRR7, TOC1 and ELF4  
after cordycepin application. 

950 seedlings were grown for 14 d in 12 h light: 12 h dark photoperiod. The seedlings 
were transferred to constant light for 24 h and at subjective dawn 400 µg ml-1 
cordycepin was added to half of the seedlings. 25 control seedling and 25 cordycepin 
treated seedlings were collected every 4 h for 72 h following cordycepin application. 
RNA was extracted and absolute RTqPCR quantification was performed from 250 mg 
ground seedlings. 
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treatment. Transcription of PRR7, TOC1 and ELF4 do not return to normal and 

are/or out of phase relative to the entraining photoperiod.  

 

4.2.5 The effect of cycloheximide on the circadian clock 

Cycloheximide is routinely used as an inhibitor of eukaryotic translation. 100 

and 500 µg ml-1 of cycloheximide was applied to 20 seedling clusters of 

Arabidopsis thaliana expressing recombinant CAB::LUC (Figure 4.10). A sharp 

increase in bioluminescence was observed for 12 h after all applications 

including control. However, in the control plants circadian CAB::LUC 

bioluminescence is observed with oscillations that match the entrainment 

photoperiod. For all concentrations of cycloheximide tested there is a 

suppression of bioluminescence, with slight oscillations, that display an 

approximate phase shift of 12 h. The experiment was replicated three times. 

The initial increase in bioluminescence in all plants including the control may be 

explained by the presence of EtOH (the carrier for cycloheximide) in the 

solution. EtOH can generate free radicals in plants and these free radicals may 

cause chemiluminescent decay of residual luciferin on or within the leaves of 

the plants.  

In a similar experiment, aequorin bioluminescence was measured in 20 

seedling clusters of Arabidopsis thaliana expressing apo-aequorin following the 

application of 100 and 500 µg ml-1 of the translational inhibitor cycloheximide 

(Figure 4.11). In the case of plants expressing apo-aequorin, an initial 12 h 

spike in bioluminescence is also observed, which, may be due to EtOH induced 

chemibioluminescent decay of coelenterazine. Alternatively, this peak in 

bioluminescent to a stimulus, i.e. the application of alcohol to the plant. Despite 

this initial increase, cycloheximide appears not to have any effect on diel 

[Ca2+]cyt oscillations. This experiment was replicated three times to ensure 

experimental reproducibility. 
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Figure 4.10 CAB::LUC oscillations following cycloheximide application. 
Luciferase luminescence of Arabidopsis seedlings expressing recombinant 
CAB::LUC upon application of the translational inhibitor cycloheximide (CHX). 20 
seedling clusters were grown for 14 d in 12 h light: 12 h dark photoperiod prior to 
imaging. Seedlings were imaged for 72 h in a circadian-free run (LL). Each individual 
seedling cluster was selected as an ROI for analysis. Diamond points represent the 
mean of 20 seedlings and error bars indicate 1 S.E. The curve represents the 
Savizky-Golay filtered data. CHX was applied at time point 0. The graph represents 
an average of three experimental replicates. 
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Figure 4.11 [Ca2+]cyt oscillations following cycloheximide application. 
Aequorin luminescence of Arabidopsis seedlings expressing recombinant apo-
aequorin following application of the translational inhibitor cycloheximide (CHX). 20 
seedling clusters were grown for 14 d in 12 h light: 12 h dark photoperiod prior to 
imaging. Seedlings were imaged for 72 h in a circadian-free run (LL). Each individual 
seedling cluster was selected as an ROI for analysis. Diamond points represent the 
mean of 20 seedlings and error bars indicate 1 S.E. The curves represent the 
Savizky-Golay filtered data. CHX was applied at time point 0. 
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4.3 Discussion 

Cordycepin was first isolated from the entomopathogenic fungus Cordyceps 

militaris (Cunningham et al. 1950). Cordycepin, also named 3’-deoxyadenosine, 

is a structural analogue of the nucleoside adenosine, lacking a hydroxyl moiety 

on the 3’ position of the ribose. Cordycepin can be readily incorporated into 

RNA during synthesis because of the structural similarities, but the lack of 

oxygen on the 3’ ribose position terminates RNA synthesis prematurely. Thus, 

cordycepin can be utilised as an inhibitor of transcription (Klenow & Overgaard-

Hansen, 1964; Uno et al. 2000; Matolli et al. 2011; O’Neill et al. 2011).  

The effect of the addition of cordycepin and cycloheximide on photosynthetic 

efficiency was determined by a chlorophyll fluorescence assay. Light energy 

absorbed by the chlorophyll can be harnessed in three ways, it can be used to 

drive photosynthesis, it can be dissipated as heat or it can be re-emitted as light 

(Maxwell & Johnson, 2000). These three processes act in competition, any 

increase in one will decrease the other, i.e. if there is a decrease in 

photosynthesis, the amount of heat dissipated and light emitted would increase 

(Maxwell & Johnson, 2000). By increasing the light intensity the plants are 

exposed to and working out the quantum yield of photosystem II, the electron 

transport rate can be calculated, and hence the overall photosynthetic capacity 

in vivo can be ascertained (Baker et al. 2008). The electron transport rate of 

plants with 400 µg ml-1 cordycepin, 500 µg ml-1 CHX and 50 mM nicotinamide 

was determined with increasing photosynthetic photon flux density (PPFD) 

between 50 and 1500 µmol m-2 s-1. 50 mM nicotinamide has been used in a 

previously publication to dissect the Ca2+ and cADPR signalling pathway in 

Arabidopsis (Dodd et al. 2007), and so was used in this experiment as a 

control. After 96 h, the plants that had cordycepin and cycloheximide applied 

had lower photosynthetic efficiencies than plants that had nothing applied, but 

the efficiency was not as low as in the nicotinamide treated plants. 400 µg ml-1 

cordycepin and 500 µg ml-1 cycloheximide were then used in subsequent 

experiments.  
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After pulsed application of 400 µg ml-1 of cordycepin, the level of total 

transcription, determined by 4sU labelling, is reduced 15-fold for 24 h to a 

minimum level. After 24 h, there is a sharp elevation in transcription, 2-fold 

higher than the initial transcriptional level. The limitation of this data set is the 

lack of the negative control plants through the experiment, i.e. plants that didn’t 

have cordycepin applied to them were only labelled by 4sU at 0 h. This means 

that the basal level to which any change in transcriptional level is compared is 

not adequate, it may be that there are other factors that would cause the total 

level of transcription to increase after 24 h and this would be mirrored in 

untreated plants. It would be reasonable to assert that the large increase in 

transcription in the treated plants results from the application of cordycepin, but 

without the necessary control it is impossible to know.  

Absolute RTqPCR was used to quantify the transcript levels of CCA1, PRR7, 

ELF4 and TOC1, each of which are present in the different loops of the 

Arabidopsis circadian clock (CCA1 is directly induced by light and is placed in 

the morning loop along with PRR7, both TOC1 and ELF4 are in the evening 

loop; Figure 4.6). The use of absolute RTqPCR was preferred because 

housekeeping genes that are used as a reference in relative RTqPCR, would 

also been inhibited by the transcriptional inhibitor cordycepin. For the first 24 h 

after cordycepin application, the expression of all four clock genes was reduced 

by approximately 95 %, to a minimum, in line with the total level of transcription. 

After 24 h, PRR7 expression remained at a low level; TOC1 and ELF4 

transcription became oscillatory but the oscillations were out of phase for a 

further 24 h; and transcription of CCA1 appeared unaffected by the inhibitor and 

showed normal, in phase expression. Taken together these genes represent 

four different elements for a functioning molecular oscillator clock, three of 

which are dysfunctional following the application of cordycepin. It is therefore 

reasonable to suggest that 24 h following cordycepin treatment the central 

molecular oscillator does not function properly. The apparent normal 

transcription pattern observed for CCA1 may be explained by the fact that 
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CCA1 is controlled directly by light signalling. It is interesting that CCA1 

expression remains in phase after transcriptional inhibition when PRR7 remains 

low and TOC1 and ELF4 display a phase shift for a further 48 h. Conversely, 

after 24 h [Ca2+]cyt displays a robust diel oscillation that is in phase with that of 

the control. Previously CCA1 has been shown to be integral to the [Ca2+]cyt 

oscillations (Xu et al. 2007), but it was unknown whether the oscillations in Ca2+ 

were upstream or downstream of CCA1 expression. The work presented here is 

an interesting addition of the assertion that [Ca2+]cyt oscillations are dependant 

upon CCA1, as both CCA1 expression and [Ca2+]cyt oscillations are persistent 

after addition of cordycepin. However, these data do not clarify whether the 

[Ca2+]cyt oscillations are upstream or downstream of CCA1. 

Cycloheximide is a glutarimide antibiotic that was first isolated from the 

bacterium Streptomyces griseus (Leach et al. 1947). Cycloheximide is routinely 

used as an inhibitor of eukaryotic protein synthesis (Heim et al. 1990; Fujiki et 

al. 2000; O’Neill et al. 2011; Rayson et al. 2012), however, the precise 

mechanism of action is not fully understood.  Cycloheximide is known to block 

aminoacyl transfer of RNA to nascent peptides on ribosomes, thus blocking 

protein expression (Lin et al. 1966; Gottleib et al. 1970). 

The application of 100 or 500 µg ml-1 of cycloheximide to seedlings affected the 

phase of the circadian rhythmic expression of the CAB promoter, but the 

circadian [Ca2+]cyt oscillations remained in phase with the control i.e. unaffected 

by the inhibitor.  

Methionine radiolabelling of nascent protein production after CHX application 

would ideally been carried out to ascertain the effect of total translation levels, 

however this experiment was not carried out due to time constraints. CHX is a 

commonly used inhibitor of translation (Fuerst et al. 1996; O’Neill et al. 2011), 

and has been used many more times than cordycepin, hence why the 

transcriptional labelling assay was prioritised. 
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The disparities between the two defined circadian outputs, CAB::LUC 

expression and [Ca2+]cyt oscillations, following deregulation of the core 

molecular oscillator may indicate that in Arabidopsis the mechanisms that that 

control expression of CAB and [Ca2+]cyt oscillations are different, as have been 

suggested before (Sai & Johnson, 1999; Wood et al. 2001). More speculatively, 

an alternative explanation for the disparity observed here, is that the [Ca2+]cyt 

oscillations are not directly regulated by the circadian clock, but by a different 

oscillatory pathway. Alternatively, diel [Ca2+]cyt oscillation may be an artefact 

from another as yet undefined signalling pathway. The manner in which the diel 

[Ca2+]cyt oscillation are generated and sustained rhythmically remains to be 

identified, but the data presented in this chapter indicate that diel [Ca2+]cyt 

oscillations are robust even in the absence of transcription and translation, and 

therefore may not be a direct output of the core molecular oscillator, as 

previously proposed (Johnson et al. 1999; Love et al. 2004). The circadian 

clock research field in Arabidopsis has largely been focussed on genes and 

proteins, particularly formulating transcriptional translational feedback loop 

models. However, there are many other processes involve in robust timing that 

are overlooked in these models. For example, the [Ca2+]cyt oscillations may not 

be dependent on a the presence or absence of a specific gene or protein, but 

rather a post-transcription or post-translational mechanism.  

Luciferase promoter fusions are used extensively to monitor the rhythmic 

expression of circadian regulated promoters (Millar et al. 1995; Harmer et al. 

2000). However, the use of a fluorescent fusion protein, i.e. luciferase to 

ascertain the expression of the promoter specifically can be problematic. The 

resulting image that is being generated is of the protein that is translated and 

there are a lot of processes that can affect the level of a protein, e.g. post-

transcriptional processes, codon bias, protein turnover. The problems 

associated with this method of characterising promoter expression mirror the 

issues of the Arabidopsis circadian field in general. In that there are a lot of 

intricacies in expression that are overlooked. In this set of experiments there is 
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a disparity between the level of CAB promoter expression as determined by 

luciferase promoter fusion and the level of transcription, both total and clock 

specific transcript levels. In hindsight, RTqPCR should have been carried out on 

CAB along with the other clock genes, this would have been able to ascertain 

the reliability of the luciferase imaging in this context. One possible explanation 

for the large increase in CAB::LUC luminescence after addition of the 

transcriptional inhibitor cordycepin is that the plants exhibited a stress response 

and turned over all of the transcript that was already synthesised into protein.  

The robustness of the diel [Ca2+]cyt oscillations again raises the question of their 

possible role in cell signalling. It has previously been suggested that diel 

[Ca2+]cyt gate stimulus response phenomena (Dodd et al. 2004; Dodd et al. 

2006). In this scenario, higher [Ca2+]cyt result in a faster or enhanced response 

to stimuli. No direct observation of Ca2+ was made, however, to demonstrate 

that cells with higher resting Ca2+ indeed respond faster or more sensitively to a 

given stimulus (Dodd et al. 2006). During my PhD this hypothesis was under 

investigation by a post-doctoral research fellow in the laboratory, using 

CaMeleon Ca2+ biosensors. 

In Chapter 3, it was concluded that the [Ca2+]cyt oscillations were not likely to 

feed back into the circadian clock by the interaction with CaM. However, in 

Drosophila and in mammals Ca2+ has been shown to be a regulator of circadian 

clock function (Lundkvist, 2005). It therefore remains possible that Ca2+ may 

feed into the A. thaliana circadian clock in a similar manner, not through CaM, 

but by direct interaction with the regulatory sequences upstream of circadian 

clock genes or with the circadian clock proteins themselves. These two 

possibilities will be explored in the next chapter.  
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CHAPTER 5. A PUTATIVE CA2+ BINDING PROTEIN AT THE CENTRE OF THE 

ARABIDOPSIS CIRCADIAN CLOCK 

5.1 Introduction 

The timing mechanism of the core molecular oscillator in Arabidopsis thaliana 

comprises multiple interlocking negative feedback loops (Gardner et al. 2006; 

Zeilinger et al. 2006; Mas, 2008).  The expression of the transcription factors 

CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED 

HYPOCOTYL (LHY) are initiated by light (Roden and Carré, 2001; Carré and 

Kim, 2002; Locke et al. 2005a), synchronising the clock to the exernal 

environment (Mas and Yanovsky, 2009). The morning loop of the Arabidopsis 

circadian clock is comprised of the partially redundant CCA1/LHY, which 

activate the pseudo response regulators PRR5, PRR7 and PRR9 (Nakamichi et 

al., 2005a, Nakamichi et al., 2005b; Locke et al. 2006). PRR5, PRR7 and PRR9  

directly inhibit CCA1/LHY transcription.  CCA1/LHY bind directly to the promoter 

of the pseudo response regulator TIMING OF CHLOROPHYLL A/B BINDING 

PROTEIN EXPRESSION 1 (TOC1) inhibiting its expression in the light (Locke 

et al, 2005a).  TOC1 inhibition is therefore derepressed at dusk. TOC1 forms an 

evening loop with its activator, the hypothetical ‘Y’, by inhibiting expression of Y 

(Locke et al. 2005b).  GIGANTEA (GI) is a well described clock controlled gene 

(Mizoguchi et al. 2005, Martin-Tryon et al. 2007) and has been proposed as 

being a component of ‘Y’ (Locke et al. 2006). LHY and CCA1 are incorporated 

into a central loop along with a hypothetical protein ‘X’ (Locke et al. 2005b; 

Locke et al. 2006; Zeilinger, 2006), which activates LHY/CCA1 expression just 

before dawn, linking the evening and morning loops (Locke et al. 2005b). An 

extra regulatory loop comes in the form of the newly described evening 

complex, compromising of EARLY FLOWERING 3 (ELF3), EARLY 

FLOWERING 4 (ELF4) and LUX ARRHYTHMO (LUX; Nusinow et al. 2011). 

The evening complex forms interactions with both the morning and evening 

loops by inhibiting the expression PRR7, PRR9, TOC1 and GI, as well as 
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negatively regulating its own constituents (ELF3, ELF4 and LUX) expression 

(Pokhilko et al. 2012).  

There are therefore 12 candidate proteins that are currently identified in the 

circadian clock that may be regulated by Ca2+. Moreover, the upstream 

promoter sequences of the genes that encode these 12 key clock proteins may 

also bind Ca2+, directly.  This chapter describes a series of in silico analyses to 

determine whether any of these 12 candidates possess a putative Ca2+ binding 

domain, and attempt to verify these in silico predictions in vitro or in vivo.     

 

5.2 Results 

5.2.1 In silico analysis of Arabidopsis circadian clock promoter sequences 

Promoter sequences were obtained from The Arabidopsis Information Resource 

database (TAIR; www.tair.org; Swarbreck et al, 2007) for the key circadian 

genes CCA1, LHY, PRR5, PRR7, PRR9, TOC1, LUX, ZTL, CHE, ELF3, ELF4, 

and GI. For each gene, a nucleic acid sequence of 2,500 bp upstream of the 

gene start codon was selected, as it should contain all of the promoter elements 

for that gene. The Abscisic Acid Response-Elements (ABREs) containing the 

nucleic acid sequence CACGTG[T/C/G], are regulated by Ca2+ (Kaplan et al. 

2006). The identification of an ABRE sequence in a gene promoter could 

therefore indicate Ca2+ regulates that gene. The circadian clock promoter 

sequences were scanned for ABRE sequences. However, there were no 

recognised ABRE sequences in any of the circadian clock promoter sequences.  

 

5.2.2 In silico analysis of Arabidopsis thaliana circadian clock protein 

sequences 

Protein sequences were retrieved from The Arabidopsis Information Resource 

database (TAIR; www.tair.org; Swarbreck et al, 2007) for the key circadian 
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clock proteins: CCA1, LHY, PRR5, PRR7, PRR9, TOC1, LUX, ZTL, CHE, 

ELF3, ELF4, and GI. Amino acid sequences were uploaded onto ExPASy 

prosite (http://prosite.expasy.org/; Sigrist et al, 2002; De Castro et al, 2006; 

Sigrist et al 2012) and were scanned for recognised functional domains (Figure 

5.1[A] and [B]).  

CCA1, LHY and LUX contain a MYB-like DNA-binding structural domain. The 

response regulator family of proteins (PRR5, PRR7, PRR9, and TOC1) all 

contain the bacterial-like response regulator signal transduction domain, as well 

as a domain named CO, CO-like TOC1 DOMAIN (CCT, named thus as it is 

present in CO, CO-like and the TOC1 protein) that has been putatively 

implicated as a DNA binding or protein-protein interaction. ZTL contains a PAS 

repeat DNA-binding structural profile and an F-box, a component of the SCF 

complex, functioning in proteasomal ubiquitination. CHE contains a DNA-

binding TCP profile. ELF3, ELF4, and GI contain no recognised functional 

domains. 

None of the circadian clock protein sequences contain recognised Ca2+- binding 

domains.  Searching for a putative Ca2+-binding protein in the Arabidopsis 

circadian clock could have terminated at this point. However, because of the 

variability in the Ca2+-binding proteins, identifying a putative Ca2+-binding 

protein by a domain scan, such as the ExPasy Prosite scan does not 

necessarily mean that the protein will actually bind Ca2+. Conversely, because a 

protein has not been identified by the domain scan, it does not mean that it 

does not bind Ca2+.  

 

5.2.3 Consensus sequence for EF hand Ca2+-binding domains in A. thaliana 

254 EF-hand containing Ca2+-binding proteins from A. thaliana were obtained 

from TAIR, to generate a consensus model of EF-hands in A. thaliana. For each 

protein, the Ca2+-coordinating element of the amino acid sequence was 

identified using a prosite scan and confirmed from sequence annotation on 

TAIR. A profile Hidden Markov Model (pHMM) was generated from results of a  
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Protein AA position Recognised 
domains* 

Domain function 

CCA1 19-73 Myb-like DNA-binding transcription factor 
LHY 19-73 Myb-like DNA-binding transcription factor 

160-278 Response regulator 
like 

Bacterial like signal transduction domain, putative DNA binding 
or protein-protein interaction site PRR5 

616-660 
CCT 

Putative nuclear localisation signal and protein-protein 
interaction site 

79-197 Response regulator 
like 

Bacterial like signal transduction domain, putative DNA binding 
or protein-protein interaction site PRR7 

669-711 
CCT 

Putative nuclear localisation signal and protein-protein 
interaction site 

38-156 Response regulator 
like 

Bacterial like signal transduction domain, putative DNA binding 
or protein-protein interaction site PRR9 

417-459 
CCT 

Putative nuclear localisation signal and protein-protein 
interaction site 

20-138 Response regulator 
like 

Bacterial like signal transduction domain, putative DNA binding 
or protein-protein interaction site TOC1 

533-575 CCT Putative nuclear localisation signal and protein-protein 
interaction site 

LUX 139-200 Myb-like DNA-binding transcription factor 
39-114 PAS repeat profile DNA-binding transcription factor 

ZTL 
208-241 F box One of SCF complex, for proteasomal ubiquitination 

CHE 31-85 TCP profile DNA-binding transcription factor 
ELF3 None 
ELF4 None 

GI None 

Figure 5.1. A. thaliana circadian clock protein domains. 
Arabidopsis circadian clock protein amino acid sequences were obtained from ‘The 
Arabidopsis Information Resource’ website (www.tair.org). The amino acid sequences were 
uploaded onto ExPASy prosite database (prosite.expasy.org) to scan for recognised 
structural or functional domains. (A) The output generated by ExPASY Prosite Scanner for 
A. thaliana CCA1. (B) Table listing all domains for the A. thaliana circadian clock proteins as 
recognised by ExPASY Prosite. 
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multiple sequence alignment performed using the HMMER hmmbuild algorithm 

(Eddy, 1998). The pHMM was visualised using LogoMat-M 

(http://www.sanger.ac.uk/resources/software/logomat-m/; Figure 5.2[A]). The A. 

thaliana EF-hand consensus was generated from highly conserved residues, 

with the largest entropy from the pHMM (Figure 5.2[B]).  

 

5.2.4 Modelling putative EF-hand in clock protein sequences of A. thaliana 

The amino acid sequences of the 12 selected core circadian clock proteins 

were compared to the Arabidopsis thaliana consensus EF-hand binding 

sequence generated by the pHMM using the HMMER hmmalign algorithm  

(Eddy, 1998). The best scoring alignment was attributed to the TOC1 sequence 

between residues 429 and 442 (Figure 5.3[A]). The tertiary structure of TOC1 

was visualised using PyMOL (http://www.pymol.org/; The PyMOL Molecular 

Graphics System, Version 1.5.0.4 Schrödinger, LLC.) The portion of the protein 

structure that represents residues 429 to 442, and therefore the putative EF-

hand, is contained within the previously identified CCT domain of TOC1 (Figure 

5.3[C]). The putative Ca2+-coordinating loop of the TOC1 putative EF-hand 

contains 14 residues, whereas the majority of EF hand Ca2+-coordinating loops 

contain 12 residues. These 2 additional residues may explain why the putative 

EF-hand was not identified by the prosite scan, which is less specific, does not 

allow gaps in the alignment, and does not account for variability in the 

recognised domain length. Moreover, the position of the putative Ca2+-binding 

domain in the three dimensional structure of TOC1 is consistent with previously 

published results that indicates that TOC1 has a putative domain that is similar 

to other metal ion binding domains (Kolmos et al, 2008; Figure 5.3[B]).  

 

 

 



A PUTATIVE CA2+-BP IN THE CLOCK 
 

! ! 103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amino acid Ligand coordinating 
AA 

Consensus sequence 

1 X D 
2 * x 
3 Y D/S/N 
4 * x 
5 Z D/N/E 
6 * G 
7 -Y x 
8 * L/V/I 
9 -X S/D/I/E 

10 * x 
11 * x 
12 -Z E/D 

Figure 5.2. A. thaliana EF-hand consensus sequence. 
(A) Hidden markov model profile of the Ca2+-coordinating loop of EF-hand protein in A. 
thaliana. A hidden markov model (HMM) was generated from 254 Arabidopsis Ca2+-
binding proteins using HMMbuild algorithm (Eddy, 1998). The profile HMM (pHMM) was 
visualised using LogoMat-M (http://www.sanger.ac.uk/resources/software/logomat-m/). 
Each column of the pHMM represents a residue of the consensus. Within each column, 
the height of the amino acid represents the relative entropy of that amino acid in the 
consensus sequence. The colour of the amino acid in the pHMM are reflective of the 
biological properties, with red indicating charged residues, blue indicating polar, 
uncharged residues, orange or yellow indicating aliphatic residues, and green indicating 
aromatic residues. The annotation at the top of the consensus: X, Y, Z, -Y, -X, -Z indicate 
the Ca2+-coordinating residues and * indicate the non-Ca2+-coordinating residues. (B) 
Tabular representation of the consensus sequence (A). Again, X, Y, Z, -Y, -X, -Z indicate 
the Ca2+-coordinating residues. The amino acids recorded in the table are those with the 
largest relative entropies and where there is no clear consensus an ‘x’ is recorded to 
indicate high sequence variability. 
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Amino acid Ligand coordinating 
AA 

Consensus sequence TOC1 sequence 

1 X D D429 
2 * x S430 
3 Y D/S/N S431 
4 * x Q432 
   V433 

5 Z D/N/E D434 
6 * G G435 
7 -Y x S436 
8 * L/V/I G437 
   F438 

9 -X S/D/I/E S439 
10 * x A440 
11 * x P441 
12 -Z E/D N442 

Figure 5.3. A putative Ca2+-binding domain in TOC1 recognised in silico. 
TOC1 amino acid sequence was aligned to the Arabidopsis EF-hand HMM using the 
hmmalign algorithm (Eddy, 1998). (A) Tabular representation of the alignment of 
TOC1 amino acid residues 429-442 to the EF-hand consensus sequence. TOC1 
amino acid residues in agreement with the consensus are displayed in green and 
residues not in agreement are displayed in red. (B) TOC1 protein from Kolmos et al, 
2008, the red arrow indicates a portion of the globular structure that is similar to other 
metal ion domains and the black circle represents the putative position of a bound 
ion. (C) TOC1 protein conformation, the portion of the protein that corresponds to the 
amino acid sequence residues 429-442 is displayed in red. 
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5.2.5 Point mutation of TOC1 protein 

DNA sequences were designed to contain codons that following translation will 

alter the amino acid residues at loci 429, 431, 434, 435, 439 in TOC1 from 

Aspartic Acid, Serine, Aspartic Acid, Glutamic Acid, Serine respectively to 

Alanine, and at loci 440 from Alanine to Cysteine (Figure 5.4[A]). This altered 

DNA sequence was termed mutant TOC1 (mTOC1). DNA sequences encoding 

wildtypeTOC1 (wtTOC1) sequence and mTOC1 sequence were synthesised 

into pJexpress vectors 404 and 401 (DNA 2.0, USA) respectively, and termed 

pwtTOC1 and pmTOC1. 

 

5.2.6 Recombinant expression of wtTOC1 and mTOC1 in E. coli 

pwtTOC1 and pmTOC1 were transformed into the E. coli expression line 

BL21(DE3) and BL21(DE3)star, which allow high levels of recombinant protein 

expression from low-copy number plasmids. Bacterial cultures were grown to an 

OD600 of 0.6, 0.8 or 1.0 and protein expression was induced by addition of 

isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM 

or 1.0 mM. After IPTG induction, the bacterial cultures were incubated at 37 ˚C 

or 18 ˚C and aliquots were collected at 1, 2, 3, 4, 5, 6, 12 and 24 h after 

induction (Table 5.1). Protein was purified and the soluble fraction was resolved 

by SDS-PAGE. Figure 5.5 is an example of a coomassie stained SDS-PAGE 

gel. Some amino acid residues do not readily stain with coomassie, therefore, 

silver staining was performed as an additional procedure to coomassie. Silver 

staining provides a 30-fold increase in sensitivity over coomassie staining, 

detecting as little protein as 0.05 ng (Rabilloud et al. 1994; Figure 5.6). Western 

blotting was performed using a commercial anti-TOC1 antibody (Abnova, 

Japan; Figure 5.7), but no recombinant wtTOC1 or mTOC1 protein was 

detected. The anti-TOC1 antibody utilised had been raised from a synthetic C-

terminal TOC1 peptide and has been successfully utilised in western blots 

probing for TOC1 protein (Makino et al. 2002). 
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Amino acid Ligand coordinating 
AA 

Consensus 
sequence 

TOC1 sequence Mutated sequence 

1 X D D429 A 
2 * x S430 S 
3 Y D/S/N S431 A 
4 * x Q432 Q 
   V433 V 

5 Z D/N/E D434 A 
6 * G G435 A 
7 -Y x S436 S 
8 * L/V/I G437 G 
   F438 F 

9 -X S/D/I/E S439 A 
10 * x A440 C 
11 * x P441 P 
12 -Z E/D N442 N 

Figure 5.4. Point mutation of TOC1 protein. 
The sequence of the TOC1 protein was altered to eradicate any putative Ca2+-binding. (A) 
Table displaying the mutated amino acid residues of the TOC1 protein (mTOC1). The 
putative Ca2+-coordinating residues, which were in agreement with the consensus sequence, 
were substituted with Alanine residues and the native Alanine residue was substituted with 
Cysteine. The residues that were altered are highlighted in black in the ‘mutated sequence’ 
column and those that were unchanged are displayed in grey.  
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pwtTOC1 and pmTOC1 were transformed into ArcticExpress(DE3) E. coli 

expression lines which express chaperonins, and therefore are more apt  

produce soluble, correctly folded, recombinant protein. The bacterial cultures 

were grown to an OD600 of 0.6, 0.8 or 1.0 and IPTG was added to a final 

concentration of 1.0 mM. The induced cultures were incubated at 12 ˚C for 24 h 

(Table 5.1), then the protein was purified and analysed by SDS-PAGE and 

western blotting. Unfortunately no recombinant protein was detected. 

Recombinant heterologous proteins can often be toxic to the E. coli in which 

they are expressed. BL21(DE3)pLysS E. coli cells carry a pLysS plasmid, that 

constitutively expresses T7 lysozyme, reducing basal expression of the 

recombinant protein. The addition of 0.5 % glucose to the bacterial culture 

media can also minimise leaky expression of the recombinant protein prior to 

induction (Grossman et al, 1998). pwtTOC1 and pmTOC1 were transformed 

into BL21(DE3)pLysS E. coli cells. Bacterial cultures were grown in the 

presence or absence of glucose, to an OD600 of 0.3, 0.6 or 1.0. Induction was 

initiated by addition of IPTG to a final concentration of 0.1, 0.5 or 1.0 mM. After 

induction the bacterial cultures were transferred to 37 ˚C, 28 ˚C or 18 ˚C and 

aliquots were collected after 30, 60, 90, 120, 150 and 180 min (Table 5.1). 

Following analysis of extracted protein by SDS-PAGE and western blotting no 

recombinant protein was detected.  

pwtTOC1 and pmTOC1 transformed into BL21(DE3), were also grown in an 

auto-induction media (Studier, 2005) for 48 h at 20 ˚C, to auto-induce the 

expression of recombinant proteins (Table 5.1). No recombinant protein was 

detected following SDS-PAGE and western blot analysis.  

wtTOC1 and mTOC1 sequences were subcloned into the pColdII vector 

(pCwtTOC1 and pCmTOC1) and transformed into BL21(DE3) E. coli cells. The 

pColdII vector allows recombinant protein expression at cold temperatures, 

thereby increasing the chance of expressing soluble proteins and increasing the 

purity of recombinant protein due to the repressed expression of  
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Vector Cell Type Medium OD600 Temp. 
(˚C) 

IPTG 
(mM) 

Harvest 
(h) 

Expression 

0.5 1; 2; 3; 4; 5; 6; 12; 24 - 37 
1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.5 1; 2; 3; 4; 5; 6; 12; 24 - 

0.6 

18 
1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.5 1; 2; 3; 4; 5; 6; 12; 24 - 37 
1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.5 1; 2; 3; 4; 5; 6; 12; 24 - 

0.8 

18 
1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.5 1; 2; 3; 4; 5; 6; 12; 24 - 37 
1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.5 1; 2; 3; 4; 5; 6; 12; 24 - 

pJexpress BL21(DE3) LB 

1.0 

18 
1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.1 24 - 
0.5 24 - 

pCOLD II BL21(DE3) LB 0.5 15 

1.0 24 - 
0.5 1; 2; 3; 4; 5; 6; 12; 24 - 37 
1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.5 1; 2; 3; 4; 5; 6; 12; 24 - 

0.6 

18 
1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.5 1; 2; 3; 4; 5; 6; 12; 24 - 37 

 1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.5 1; 2; 3; 4; 5; 6; 12; 24 - 

0.8 

18 
 1.0 1; 2; 3; 4; 5; 6; 12; 24 - 

0.5 1; 2; 3; 4; 5; 6; 12; 24 - 37 
1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.5 1; 2; 3; 4; 5; 6; 12; 24 - 

pJexpress BL21(DE3) 
Star 

LB 

1.0 

18 
1.0 1; 2; 3; 4; 5; 6; 12; 24 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

37 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

0.3 

18 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

37 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

0.6 

18 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

37 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

pJexpress BL21(DE3) 
pLysS 

LB 

1.0 

18 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
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Vector Cell Type Medium OD600 Temp. 
(˚C) 

IPTG 
(mM) 

Harvest 
(h) 

Expression 

0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

37 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

0.3 

18 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

37 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

0.6 

18 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

37 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.1 0.5; 1; 1.5; 2; 2.5; 3 - 
0.5 0.5; 1; 1.5; 2; 2.5; 3 - 

pJexpress BL21(DE3) 
pLysS 

LB + 1% glucose 

1.0 

18 

1.0 0.5; 1; 1.5; 2; 2.5; 3 - 
0.6 12 1.0 24 - 
0.8 12 1.0 24 - 

pJexpress Arctic 
express 

LB 

1.0 12 1.0 24 - 
pJexpress BL21(DE3) Autoinduction 

media 
 20  48 - 

pGWB529  Nicotiana 
tabacum 

   72 - 

 

 

 

 

 

 

Table 5.1. Recombinant expression of wtTOC1 and mTOC1. 

The experimental conditions of the recombinant expression of wtTOC1 and mTOC1. 
The table details the different combination of vectors, cell lines, organisms, medium, 
final growth density, temperatures after induction, IPTG concentration and harvesting 
times after induction, used for the recombinant expression. Specific experimental 
details are provided in the main text. 
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Figure 5.5. Coomassie stained SDS-PAGE gel of pwtTOC1 and pmTOC1 
recombinant protein expression 

Recombinant wtTOC1 and mTOC1 protein expression from pJexpress vectors 
containing TOC1 and mTOC1 coding sequences expressed in E. coli. Coomassie 
stained SDS-PAGE. L indicates Spectra multicolour broad range protein ladder 
(Fermentas, UK). Lanes 1-5 indicate pJexpress404 vector containing TOC1 and lanes 
6-9 indicate pJexpress401 vector containing mTOC1. Recombinant TOC1 and mTOC1 
protein is expected to be 69 kDa, there is no obvious overexpression of TOC1 or 
mTOC1 protein. 
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Figure 5.6. Silver stained SDS-PAGE gel of pwtTOC1 and pmTOC1 recombinant 
protein expression 

Recombinant wtTOC1 and mTOC1 protein expression from pJexpress vectors 
containing TOC1 and mTOC1 coding sequences expressed in E. coli. Silver stained 
SDS-PAGE. L indicates Spectra multicolour broad range protein ladder (Fermentas, UK). 
Lanes 1-3 indicate pJexpress404 vector containing TOC1 and lanes 4-5 indicate 
pJexpress401 vector containing mTOC1. Recombinant TOC1 and mTOC1 protein is 
expected to be 69 kDa, there is no obvious overexpression of TOC1 or mTOC1 protein.  
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Figure 5.7. Western blot from SDS-PAGE pwtTOC1 and pmTOC1 recombinant protein 
expression 

Recombinant wtTOC1 and mTOC1 protein expression from pJexpress vectors containing 
TOC1 and mTOC1 coding sequences and N-terminal His-tags expressed in E. coli. SDS-
PAGE gel was electrophorised and was blotted onto a PVDF membrane. Membrane was 
probed with primary anti-polyHis antibody and secondary antibody conjugated to alkaline 
phosphatase. . L indicates Spectra multicolour broad range protein ladder (Fermentas, UK). 
Lanes 1-4 indicate pJexpress404 vector containing TOC1 and lanes 5-8 indicate 
pJexpress401 vector containing mTOC1. Recombinant TOC1 and mTOC1 protein is 
expected to be 69 kDa, there is no obvious binding recombinant protein probed. 



A PUTATIVE CA2+-BP IN THE CLOCK 
 

! ! 113 

 

host proteins. Bacterial cultures were grown to an OD600 of 0.5, induced with 

IPTG at a final concentration of 0.1, 0.5 or 1.0 and grown at 15 ˚C for a further 

24 h (Figure 5.8). 

 

5.2.7 wtTOC1 and mTOC1 recombinant protein expression in planta 

Despite numerous systematic attempts, recombinant expression of pwtTOC1, 

pmTOC1, pCwtTOC1 and pCmTOC1 in bacteria yielded no protein. Attempts 

were therefore made to express wtTOC1 and mTOC1 in plants using transient 

expression in Nicotiana benthamiana. wtTOC1 and mTOC1 sequences were 

subcloned into the gateway plant expression vector pGWB529 (529wtTOC1 

and 529mTOC1 Nakagawa et al, 2007), to yield a recombinant sequence 

containing a C-terminal TAP-tag, under the control of the Cauliflower mosaic 

virus 35S promoter that can be utilised in protein purification. 529wtTOC1 and 

529mTOC1 were infiltrated into N. benthamiana leaves and incubated for 3 

days to transiently express the recombinant protein. The infiltrated leaves were 

snap frozen and the protein was extracted. The TAP-tagged proteins were 

bound to IgG-sepharose beads and the rest of the protein extraction was 

washed off the beads. The TAP-tagged proteins were removed from the IgG-

sepharose beads by TEV protease cleavage. The tagged proteins were then 

bound to CaM-sepharose beads and the purified protein would be eluted off the 

beads. There was no purified protein detected in any of the different fractions 

when resolved using SDS-PAGE (Figure 5.9). 

 

5.2.8 Recombinant wtTOC1 and mTOC1 expression in a Baculovirus system  

The expression of wtTOC1 and mTOC1 in E. coli and in N. benthamiana did not 

yield any detectable recombinant protein. Previously TOC1 had been 

successfully expressed and purified using a Baculovirus expression system by  
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Figure 5.8. Subcloning of TOC1 and mTOC1 coding sequences into pColdII. 
 (A) Multiple cloning site sequence of pColdII DNA. (B) Plasmid map of pColdII expression vector. 
(C) PCR amplification of TOC1 and mTOC1 DNA fragments from synthesised pJexpress vectors 
(DNA 2.0) with 5’ flanking XhoI and 3’ flanking EcoRI restriction sites. PCR fragments were resolved 
by agarose gel electrophoresis. L indicates Norgen 1 kb DNA ladder. Lanes 1-3 indicate TOC1 
fragments and lanes 4-6 indicate mTOC1 fragments. W indicates PCR no template control. (D) 
TOC1 and mTOC1 fragments after double-digestion with XhoI and EcoRI. Lanes 7-9 indicate 
digested TOC1 fragments and lanes 10-12 indicate digested mTOC1 fragments. (E) Colony PCR of 
TOC1 and mTOC1 in pColdII expression vector. Digested TOC1 and mTOC1 DNA fragments were 
ligated into digested pColdII plasmid. Ligated vectors were transformed into TOP10 E. coli cells. 
Positive transformants were verified by colony PCR. Lanes 13-15 indicate transformed pColdII 
vectors containing TOC1 coding sequence and lanes 16-18 indicate transformed pColdII vectors 
containing mTOC1 coding sequence. Arrows on the gel pictures indicate the expected fragment 
size. 
!
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!L    1    2    3    4    5     6    7    8    9     L 

Figure 5.9. Coomassie stained SDS-PAGE gel of wtTOC1 expression from plant 
Recombinant wtTOC1 and mTOC1 protein expression from vectors containing 
529wtTOC1 coding sequences and Tandem affinity purification (TAP) tags expressed 
in N. benthamiana. L indicates Spectra multicolour broad range protein ladder 
(Fermentas, UK). Lane 1 contains the crude protein extract from N. Benthamiana, 
Lane 2 contains the initial flow through from the sepharose column, Lane 3 contains 
TEV treated IgG sepharose elution, Lane 4 contains the CaM agarose void fraction, 
Lane 5 contains the flow through from CaM wash 1, Lane 6 contains the flow through 
from CaM wash 2, Lane 7 contains the eluted protein, Lane 8 contains the flow 
through from the Whatman spin concentration column, Lane 9 contains the 
concentrated sample. The  samples were resolved using SDS-PAGE and visualised 
using coomassie staining. 
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AlleleBiotech (Gendron et al. 2012). I therefore sent the wtTOC1 and mTOC1 

sequences to AlleleBiotech (USA), who subcloned the genes into proprietary 

vectors for expression in the Baculovirus system. After 12 months, and multiple 

emails, AlleleBiotech sent two protein samples, each of which they claimed 

contained 50 % recombinantly expressed wtTOC1 and mTOC1. The 

concentration of the protein solutions delivered by AlleleBiotech were both 300 

µg ml-1, determined by a BCA assay. AlleleBiotech stated that the proportion of 

recombinant protein solution was 50 %, indicating that wtTOC1 and mTOC1 

were at a concentration of approximately 150 µg ml-1. The proteins present in 

both solutions were resolved using SDS-PAGE (Figure 5.10A]), but no 

recombinant protein bands were apparent. A western blot was also performed 

on the recombinant protein solutions (Figure 5.10[B]), but the anti-TOC1 

antibody recognised no blotted protein. An N-terminal Histidine-tag (His-tag) 

had been added to the expressed recombinant proteins by AlleleBiotech to aid 

purification, a western blot using anti-polyHis antibody also showed no cross 

reacting bands (Figure 5.10[C]). However, it is possible that the His-tag had 

been cleaved during protein purification by AlleleBiotech. This information was 

requested but no answer was received.  

 

5.2.9 45Ca2+ overlay 

The evidence suggests therefore, that no recombinant protein was produced by 

AlleleBiotech. However, in the absence of a positive TOC1 control and without 

knowing whether or not the His-tag had been cleaved, western blot analysis 

alone is insufficient to confirm the absence of recombinant protein. A 45Ca2+ 

overlay was therefore attempted to determine whether the recombinant proteins 

possess Ca2+-binding activity, in case wtTOC1 and mTOC1 were present in the 

appropriate protein solutions. 6,000, 3,000, 1,500, 750 and 375 ng of the 

recombinant protein solutions putatively containing wtTOC1 and mTOC1 were 

blotted onto a nitrocellulose membrane in concentrated dots. 6,000, 3,000,  
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Figure 5.10. 45Ca2+ overlay of recombinant wtTOC1 and  
mTOC1 from Allele Biotech. 

wtTOC1 and mTOC1 were expressed in Baculovirus (Allele Biotech, USA). (A) Coomassie 
stained SDS-PAGE. L indicates Spectra multicolour broad range protein ladder (Fermentas, 
UK). Lane 1 indicates neat TOC1 protein expressed in Baculovirus, Lane 2 indicates 1/10 
dilution of neat TOC1 protein, Lane 3 indicates 1/100 dilution of neat TOC1 protein. Lane 4 
indicates neat mTOC1 protein expressed in Baculovirus, Lane 5 indicates 1/10 dilution of 
neat mTOC1 protein, Lane 6 indicates 1/100 dilution of neat mTOC1 protein. (B) western blot 
of wtTOC1 and mTOC1. Lane 7 indicates neat TOC1, Lane 8 indicates 1/10 dilution of neat 
TOC1 protein, Lane 9 indicates 1/100 dilution of neat TOC1 protein, Lane 10 indicates neat 
mTOC1, Lane 11 indicates 1/10 dilution of neat mTOC1 protein and Lane 12 indicates 1/100 
dilution of neat mTOC1 protein. The membrane was probed with anti-TOC1 antibody. (C) 
western blot of wtTOC1 and mTOC1. Lane 13 indicates neat TOC1, Lane 14 indicates 1/5 
dilution of neat TOC1 protein, Lane 15 indicates neat mTOC1 and Lane 16 indicates 1/5 
dilution of neat mTOC1 protein. (D) 45Ca2+ overlay of nitrocellulose dot blot. 6000, 3000, 
1500, 750 and 375 ng wtTOC1 and mTOC1 (assuming 50 % purity) were dotted onto a 
nitrocellulose membrane along with Calmodulin and BSA controls. The nitrocellulose dot blot 
was incubated in 1mCi 45Ca2+ and developed by autoradiography. 

!
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1,500, 750 and 375 ng of CaM and BSA were also dotted onto the nitrocellulose 

membrane as positive and negative controls. The nitrocellulose membrane was 

incubated in 20 ml overlay buffer (60 mM KCl, 5 mM MgCl2, 10 mM imidazole-

HCl [pH 6.8]) containing 1 mCi-1 45Ca for 10 min (Maruyama et al. 1984). The 

nitrocellulose was subsequently rinsed briefly in deionised H2O. 

45Ca2+ labelled blots were exposed to X-ray film for 16 h at - 80 ˚C. The films 

were subsequently developed and scanned on an autoradiograph (Figure 

5.10[D]). The dots on the autoradiograph corresponding to CaM, the positive 

control for Ca2+-binding are dark, indicating the presence of 45Ca2+. The 

intensity of the fogging of the X-ray film decreases, as expected, with 

decreasing Ca2+ concentration. None of the other protein samples, wtTOC1, 

mTOC1 nor BSA display any dots on the autoradiograph, suggesting a 

complete absence of 45Ca2+ binding.  

 

5.2.10 QTOF of wtTOC1 and mTOC recombinant protein 

I hypothesised that wtTOC1 may bind Ca2+, therefore the absence of 45Ca2+-

binding in the proteins that are putatively recombinant wtTOC1 does not confirm 

that there is no wtTOC1 present there. Moreover, the absence of antibody 

cross-reactivity as explained before, is also not conclusive proof of the absence 

of wtTOC1 in the recombinant solution. Consequently, the wtTOC1 and mTOC1 

proteins expressed by AlleleBiotech (USA) was digested by the protease 

Trypsin and sequenced using Quadropole Time-of-Flight mass spectrometry 

(QTOF; Figure 5.11 and Figure 5.12) by the University of Exeter Mass 

Spectrometry Service. 

 The wtTOC1 and mTOC1 sequences were used for comparison to the peptide 

fragments recovered by analysis using the Progenesis LC-MS identification 

software (Figure 5.11). The peptide fragments identified for wtTOC1 only 

covered the N-terminal end of the protein (Figure 5.12[A]), that does not contain  
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Average Normalised 
Abundance Sequence Score Hits Mass Charge 

mTOC1 wtTOC1 

FQVVASEGINNTK  12.93 5 1405.6976 2 3.80e+006 7.35e+006 

GNLSHQENEWSVATAPVHAR  19.51 4 2202.0695 3 2.24e+006 8.12e+006 

IGESSAFFTYVK  12.00 1 1347.6758 2 1.28e+006 3.33e+006 

 ILLCDNDSTSLGEVFTLLSECSYQVTAVK 20.17 6 3261.5915 3 1.44e+006 5.33e+006 

IPVIMMSR  11.59 2 945.5182 2 9.91e+005 2.01e+006 

LGAADYLVKPLR  21.85 3 1314.7500 3 1.90e+006 6.19e+006 

MLGLAEK  7.70 1 760.4177 2 1.46e006 2.90e+006 

NSNPAQFSSAPK  6.75 1 1246.6060 2 1.12e+006 1.88e+006 

 QDEVPVVVK  16.34 4 1011.5584 2 9.53e+006 1.44e+007 

 QVIDALNAEGPDIDIILAEIDLPMAK  19.64 14 2776.4589 2 7.00e+005 1.62e+006 

 TNELLNLWTHMWR  18.21 4 1712.8554 2 1.34e+006 5.21e+006 

 

 

 

 

 

 

 

 

Figure 5.11. TOC1 peptides from identified from Q-TOF MS. 
TOC1 peptide fragments identified from Q-TOF MS analysis of recombinant 
protein received from AlleleBiotech. The table contains the analysed 
progenesis data. 
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Native Toc-1  

MDLNGECKGGDGFIDRSRVRILLCDNDSTSLGEVFTLLSECSYQVTAVKSARQVIDALN
AEGPDIDIILAEIDLPMAKGMKMLRYITRDKDLRRIPVIMMSRQDEVPVVVKCLKLGAA
DYLVKPLRTNELLNLWTHMWRRRRMLGLAEKNMLSYDFDLVGSDQSDPNTNSTNLFSDD
TDDRSLRSTNPQRGNLSHQENEWSVATAPVHARDGGLGADGTATSSLAVTAIEPPLDHL
AGSHHEPMKRNSNPAQFSSAPKKSRLKIGESSAFFTYVKSTVLRTNGQDPPLVDGNGSL
HLHRGLAEKFQVVASEGINNTKQARRATPKSTVLRTNGQDPPLVNGNGSHHLHRGAAEK
FQVVASEGINNTKQAHRSRGTEQYHSQGETLQNGASYPHSLERSRTLPTSMESHGRNYQ
EGNMNIPQVAMNRSKDSSQVDGSGFSAPNAYPYYMHGVMNQVMMQSAAMMPQYGHQIPH
CQPNHPNGMTGYPYYHHPMNTSLQHSQMSLQNGQMSMVHHSWSPAGNPPSNEVRVNKLD
RREEALLKFRRKRNQRCFDKKIRYVNRKRLAERRPRVKGQFVRKMNGVNVDLNGQPDSA
DYDDEEEEEEEEEEENRDSSPQDDALGT* 

 

 

 

Mutant Toc-1  

MDLNGECKGGDGFIDRSRVRILLCDNDSTSLGEVFTLLSECSYQVTAVKSARQVIDALN
AEGPDIDIILAEIDLPMAKGMKMLRYITRDKDLRRIPVIMMSRQDEVPVVVKCLKLGAA
DYLVKPLRTNELLNLWTHMWRRRRMLGLAEKNMLSYDFDLVGSDQSDPNTNSTNLFSDD
TDDRSLRSTNPQRGNLSHQENEWSVATAPVHARDGGLGADGTATSSLAVTAIEPPLDHL
AGSHHEPMKRNSNPAQFSSAPKKSRLKIGESSAFFTYVKSTVLRTNGQDPPLVDGNGSL
HLHRGLAEKFQVVASEGINNTKQARRATPKSTVLRTNGQDPPLVNGNGSHHLHRGAAEK
FQVVASEGINNTKQAHRSRGTEQYHSQGETLQNGASYPHSLERSRTLPTSMESHGRNYQ
EGNMNIPQVAMNRSKASAQVAASGFACPNAYPYYMHGVMNQVMMQSAAMMPQYGHQIPH
CQPNHPNGMTGYPYYHHPMNTSLQHSQMSLQNGQMSMVHHSWSPAGNPPSNEVRVNKLD
RREEALLKFRRKRNQRCFDKKIRYVNRKRLAERRPRVKGQFVRKMNGVNVDLNGQPDSA
DYDDEEEEEEEEEEENRDSSPQDDALGT* 

 

 

Figure 5.12. TOC1 and mTOC1 peptides identified in QTOF analysis. 
TOC1 and mTOC1 expressed in Baculovirus (Allele Biotech) were digested 
by Trypsin and analysed by quadropole time of flight (QTOF) mass 
spectrometry. Peptides that were positively identified are highlighted in 
yellow on the corresponding TOC1 and mTOC1 sequences. 
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the putative Ca2+-binding domain. Each distinct wtTOC1 peptide was identified 

numerous times, indicating a truncated wtTOC1 may have been expressed.  

There were fewer mTOC1 peptide fragments identified (Figure 5.12[B]) than for 

wtTOC1 and these were all at N-terminal end of the protein. Consequently, it 

also appears that a truncated mTOC1 may also have been expressed. These 

truncated proteins lack the putative Ca2+-binding domain and may also lack the 

epitopes necessary for binding the anti-TOC1 antibody. In any case, these 

truncated proteins were not usable.  

 

5.2.11 mTOC1 in vivo 

I therefore decided to complement the Arabidopsis toc1-1 circadian mutation 

with wtTOC1 and mTOC1 genes downstream of the native TOC1 promoter 

sequence. The appropriate plasmids were constructed and transformed into 

wild type Arabidopsis thaliana, A. thaliana toc1-1 mutant. Both these lines 

expressed the CAB::LUC transgene that is diagnostic of a functional circadian 

clock. The aim of this experiment was to determine whether the mTOC1 would 

result in a deregulated circadian rhythm of CAB::LUC expression. Despite 

numerous attempts no transformants were retrieved.  

 

 

5.3 Discussion 

The hypothesis that Ca2+ may feed into the clock to regulate circadian timing 

was investigated. The promoter sequences and amino acid sequences of 12 

core circadian clock components were analysed in silico to determine whether 

they may be regulated by Ca2+. None of the 12 circadian clock promoter 

sequences contained the Ca2+-regulated ABRE motif, and it was concluded that 

Ca2+ was not likely to regulate the expression of the circadian clock. 
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Subsequent to this four Ca2+-regulated promoter motifs have been identified 

(Whalley et al. 2011). A BLAST search of the 12 candidate core circadian clock 

promoters for these newly identified Ca2+-regulated promoter motifs did not 

return any positives. 

The amino acid sequences of the 12 candidate core clock proteins were 

searched for functional domains using the Prosite ExPasy scanner. The Prosite 

database contains entries of consensus sequences describing protein domains, 

families and functional sites. Query amino acid sequences are aligned to these 

entries to identify putative domains. The entries of protein domains and 

functional sites for conserved sequences that are present across phylogeny and 

that represent all the species to which that domain exists. This can result in a 

consensus sequence that is not specific to an individual organism. Proteins 

containing EF-hands for Ca2+-binding are present among all kingdoms and thus 

the prosite EF_hand_1 entry is D-{W}-[DNS]-{ILVFYW}-[DENSTG]-

[DNQGHRK]-{GP}-[LIVMC]-[DENQSTAGC]-x(2)-[DE]-[LIVMFYW]. Here, I 

constructed my own consensus sequence from an HMM profile using 254 EF-

hand containing proteins solely from Arabidopsis thaliana. Using this consensus 

sequence, the amino acid sequences of the clock proteins CCA1, LHY, PRR5, 

PRR7, PRR9, TOC1, LUX, ZTL, CHE, ELF3, ELF4 and GI were scanned for a 

putative Ca2+-binding domain. The TOC1 protein displayed a good match with 2 

gaps in the aligned consensus sequence (Figure 5.2), this gives a Ca2+-

coordinating loop with 14 residues. The S-100 family of vertebrate proteins 

contain pseudo-EF-hands, consisting of a 14 residue Ca2+-coordinating loop 

and are still capable of binding Ca2+ (Donato, 1986). 

The 6 residues of the Ca2+-coordinating loop of EF hand proteins that 

coordinate Ca2+ are often annotated X, Y, Z, -Y, -X and –Z. In the TOC1 protein, 

these putative Ca2+-coordinating residues are at loci 429, 431, 434, 436, 439 

and 442 (Figure 5.3[A]). Each of the coordinating residues are generally acidic, 

polar and contain an oxygen atom in the side chain, with the exception of 

residue –Y which is highly variable. The oxygen atom coordinates the Ca2+ ion 
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and by altering the Ca2+-coordinating residues in the TOC1 protein to the small, 

non-polar alanine, that does not contain oxygen on the side chain any putative 

Ca2+-binding should be abolished. 

Mathematical modelling of the circadian clock incorporated hypothetical protein 

‘X’ into the central loop of the circadian clock core oscillator, linking the morning 

and evening loops (Zeilinger et al. 2006). It has been suggested that a modified 

version of TOC1 could function as the hypothetical protein ‘X’ (Polhilko et al. 

2010). The position of the putative Ca2+-binding domain described is consistent 

with the previous published hypothesis based on 3D structural protein 

modelling, that suggests TOC1 has tertiary structure that is similar to other 

metal ion binding domains (Kolmos et al, 2008).  These previous publications in 

addition to the in silico analysis here indicate that TOC1 is a strong candidate 

for Ca2+-binding and therefore that Ca2+-TOC, might function as the hypothetical 

X. 

Repeated attempts to express recombinant wtTOC1 and mTOC1 were 

unsuccessful in E. coli, in N. benthamiana and in Baculovirus. There could be 

many reasons why the expression of TOC1 was unsuccessful. Toxicity of the 

protein in bacteria could be an issue, during overexpression steps were taken to 

attempt to overcome this, e.g. expressing in a cell line that minimises leaky 

expression. There could have been a problem with antibody integrity, there was 

no positive control on any of the western blots. Attempts were made to procure 

the synthetic peptide to which the anti-TOC1 antibody was raised in order to 

use this as a positive control, however this was not possible. The anti-TOC1 

antibody has been used previously in other studies (Makino et al. 2002), so has 

been shown to work previously. The QTOF data suggests that the TOC1 protein 

may be truncated. Allele biotech used a proprietary protease to cleave off the 

purification tag, attempts were made to ascertain the sequence for the cleavage 

target, but this information could not be yielded. The TOC1 protein could have a 

cleavage target site within the protein and this could have resulted in a 

truncated protein being produced. It would be assumed that this would be 
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picked up during their screening, however, no gel pictures or information could 

be gained from them regarding the properties of the expressed protein.  

An alternative approach could be to obtain a synthetic peptide of the EF-hand 

like domain of the wtTOC1 and mTOC1, along with a known EF-hand e.g. from 

CaM that is known to bind Ca2+. These synthetic peptides could be bound to a 

membrane and 45Ca2+ overlay could be carried out to ascertain whether the 

wtTOC1 EF-hand is capable of binding Ca2+. The positive control of CaM EF-

hand would ensure that Ca2+-binding to an EF-hand is possible in this manner 

in vitro. This additional experiment would allow further dissection of the 

mechanism of Ca2+-binding. 

I therefore attempted to complement toc1-1 in plant lines containing CAB::LUC 

with pTOC1::wtTOC1 or pTOC1::mTOC1, to ascertain whether the mTOC1 

would result in a deregulated circadian clock. Therefore providing circumstantial 

physiological evidence of the possibility that X is indeed Ca2+-TOC1. Attempts 

however to generate these plants were unsuccessful.  

TOC1 translocates to the nucleus for degradation (Nakamichi et al. 2005; 

Martin-Tryon et al. 2007), this translocation is a highly regulated circadian 

process and is essential for correct circadian timing (Martin-Tryon et al. 2007; 

Xu et al. 2007). It is possible that Ca2+-TOC1 may control this translocation 

process.  Therefore it may be interesting to investigate the subcellular 

localisation of TOC1 in parallel with oscillations of [Ca2+]cyt in single cells.  

Despite the largely negative data of the presented in this chapter, the fact that 

TOC1 may bind Ca2+ remains an intriguing hypothesis. Further investigation of 

this hypothesis using empirical means has a potential to clearly show whether 

circadian Ca2+ rhythms have a time keeping function. Alternatively, correlative in 

silico modelling may also help validate that hypothesis, such modelling is the 

focus of the next chapter. 
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CHAPTER 6. DATA COLLECTION FOR BOOLEAN LOGIC MODELLING 

 

6.1 Introduction 

Circadian systems are complex signalling networks. In higher eukaryotes, the 

core circadian molecular oscillators comprise several interlocking negative 

feedback loops. For the last 30 years, research into circadian biology has 

largely been focused on the molecular interactions and the different circadian 

clock models reflect this bias. Due to the complexity of the circadian 

architecture networks, mathematical modelling has been widely utilised to 

rationalise the vast data, visualise possible reciprocal interactions between 

clock components, validate hypotheses and generate new avenues of empirical 

enquiry. Mathematical modelling has therefore contributed significantly to our 

understanding of circadian clock architecture and function in many species 

across the Kingdoms. The process of mathematical modelling starts with an 

extreme simplification of the problem, to which complexity is incrementally 

added. In Arabidopsis thaliana, the first mathematical model of the circadian 

clock described a simple one-loop model of interactions between the 

CCA1/LHY and TOC1 (Locke et al. 2005a). This model was then extended to 

include biological data and incorporated 2 hypothetical proteins ‘X’ and ‘Y’ 

(Locke et al. 2005b). Further empirical data generated the requirement for a 

three-loop model incorporating PRR7 and PRR9 were incorporated into the 

core oscillator (Zeilinger et al. 2006). GI was identified as a possible component 

of the hypothetical protein ‘Y’, but the function of GI did not entirely account for 

that of ‘Y’ (Locke et al. 2006); the loops of the mathematical model circadian 

clock were therefore segregated into morning and evening modules, with the 

hypothetical ‘X’ acting as a linker between them (Locke et al. 2006). A modified 

version of TOC1 was hypothesised to be ‘X’ (Pokhilko et al. 2010) and it is my 

hypothesis that ‘X’ may be Ca2+ bound TOC1.  
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It has not been possible for me to demonstrate empirically that TOC1 indeed 

binds Ca2+. Mathematical modelling of the circadian clock and [Ca2+]cyt 

oscillations together may provide circumstantial evidence that the two 

phenomena are closely linked. 

The majority of mathematical models of the Arabidopsis thaliana circadian clock 

have been constructed using ordinary differential equations (ODE) models. 

ODE’s are resolved using the principle of mass action kinetics, which basically 

states that the rate of a reaction is proportional to the concentration of the 

reactants (Waage, 1864). A series of equations can be formulated to describe 

the rates of all the reactions within a system and transformed into a set of 

ODE’s that describe the whole system over time. For a simple, linear, system 

this transformation is relatively straight-forward. However, in circadian models 

where each component has multiple interactions at different times of the day or 

night, ODE based models rapidly become difficult to formulate and 

computationally expensive. Additionally, for an ODE model to be a perfect fit to 

empirical data, each reaction has to be known, specified and formulated, and in 

complex circadian networks some of these reactions and interactions are simply 

not known.  

Boolean Logic (BL) modelling has been used as an alternative to ODE 

modelling to construct models of complex circadian systems (Akman et al. 

2012). BL modelling is digital and uses Boolean logic theory in model 

construction; the activity of each gene or biochemical reaction is either 

designated as on (1) or off (0), and the products of each reaction are present or 

absent accordingly (Akman et al. 2012). This simplification of the reactions and 

interactions between them reduces the parameterisation required for the model 

and allowing the inclusion of more components. Moreover, as each interaction 

is modelled individually, the level of specification is reduced in comparison with 

ODE modelling. Despite this gross simplification, models constructed using BL 

fit the data as well as the more complicated ODE models (Akman et al. 2012). 
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BL modelling is a specialised branch of mathematics. Therefore I collaborated 

with an expert in BL modelling in the department of Mathematics. Although 

previously published data on circadian clock gene expression is available, the 

BL models require a very consistent data set, as well as set perturbations, i.e. 

light or darkness, in multiple photoperiods to accurately fit the model. I therefore 

performed a series of experiments in three different photoperiods to monitor the 

activity of Arabidopsis clock gene expression and [Ca2+]cyt oscillations. These 

data would form the basis of the BL modelling. 

 

6.2 Results 

6.2.1 Primer design and optimisation for RTqPCR of circadian clock gene 

transcripts 

CCA1, LHY, PRR5, PRR7 and PRR9 (morning loop), and GI, TOC1, ELF3 and 

ELF4 (evening loop) of the Arabidopsis thaliana circadian clock were selected 

for RTqPCR analysis (Figure 6.1), to provide data for subsequent BL modelling. 

RTqPCR primers were designed according to the guidelines provided in the 

‘Minimum Information for Publication of Real Time Quantitative PCR 

Experiments’ (Bustin et al. 2009). Primers were designed to be approximately 

20 – 25 bp in length, have a GC content of 40 – 60 %, have a Tm between 55 ˚ 

C and 60 ˚C, and include exon-exon boundaries in order that genomic DNA 

would not be amplified (Table 6.1). Oligocalc (http://www.basic 

.northwestern.edu/biotools/OligoCalc.html) was used to ensure no mismatches, 

hairpins, or complementarity in primer pairs.  

RTqPCR primers were initially trialled by conventional PCR to ensure only one 

gene specific amplicon of approximately 80 – 100 bp in length was synthesised. 

For each primer set a standard curve was produced to enable an quantitative 

comparison between gene products (Figure 6.2[A]). End-point melt analysis 

was conducted at the end of each RTqPCR to generate melt curves and ensure  
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Figure 6.1. RTqPCR primer choice. 
The diagram above displays a model of the Arabidopsis thaliana circadian clock. 
Highlighted in red boxes are the genes that were selected for RTqPCR analysis.  
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Gene 
CCA1 

AT 
2G48830 

LHY 
AT 

1G01060 

TOC 
AT 

5G61380 

PRR5 
AT 

5G24470 

PRR7 
AT 

5G02810 

PRR9 
AT 

2G46790 

ELF3 
AT 

2G25930 

ELF4 
AT 

2G40080 

GI 
AT 

1G22770 

UBQ10 
AT 

4G05320 

AT 
1G13320 

(HK) 

Primer Length 25/23 22/22 22/22 22/25 22/22 20/22 24/22 21/20 23/23 21/20 
22/19 

 
GC content (%) 52/57 55/55 41/45 45/36 45/50 55/45 54/44 48/50 57/57 62/70 45/58 

Tm (˜C) 
59.3/ 
58.8 

56.7/ 
56.7 

58.4/60.1 60.1/60.9 59.5/60.1 60.5/60.1 
59.1/ 
56.7 

59.5/58.4 
58.8/ 
58.8 

58.3/ 
60 

60.1/59.5 

Mismatches No No No No No No No No No No No 
3’ end T’s No No No No No No No No No No No 

Possible hairpin No No No No No No No No No No No 
Complementary 

primer 
No No No No No No No No No No No 

Intron spanning Yes Yes Yes Yes Yes Yes Yes No Introns Yes Yes Yes 
Amplicon Length 159 127 177 114 105 113 136 111 96 99 153 

Amplicon GC 
content (%) 

43 46 44 43 40 41 46 42 50 56 46 

Secondary 
structure 

None None None None None None None None None None None 

Splice variants 
targeted 

2 variants 
– both 

targeted 

4 variants 
– all 

targeted 

No 
variants 

No 
variants 

No 
variants 

2 variants 
– both 

targeted 

No 
variants 

No 
variants 

No 
variants 

6 variants – 
At4g05320.1 

targeted 

3 variants 
– all 

targeted 

!
Table 6.1. Real Time quantitative Polyerase Chain Reaction (RTqPCR) primer design. 

Primers for RTqPCR were designed based on the MIQE guidelines (Bustin et al. 2009). cDNA sequences for primer 
design were obtained from TAIR (www.arabidopsis.org). Primers were intron-spanning, 20 – 25 bp in length, GC 
content of 40 – 60 % and Tm of 55 – 60 ˚C. Oligocalc   (http://www.basic.northwestern.edu/biotools/OligoCalc.html) 
was used to ensure no mismatches, hairpins, or complementarity in primer pairs. Amplicons were 80 – 150 bp, 40 – 
60 % GC content and possess no secondary structures. Splice variants were identified on TAIR and primers were 
designed to target all variants where possible.  
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Figure 6.2 RTqPCR primer optimisation. 

(A) 5-times serial dilution calibration curve of CCA1 used to make the standard curve. 
50, 10, 2, 4, 0.08, 0.016 ng of cDNA were amplified in 25 µl reactions. (B) Resulting 
efficiency data for standard curve. (C) Melt curve of CCA1 amplicons ensuring that 
only one product was amplified. 
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that only one amplicon had indeed been amplified per primer set (Figure 

6.2[B]). 

 

6.2.2 RTqPCR and Ca2+ imaging data 

280 seedlings were grown for 14 d in 8 h light: 16 h dark (8L:16D) photoperiod, 

280 seedlings were grown for 14 d in 12 h light: 12 h dark (12L:12D) 

photoperiod, and 280 seedlings were grown in 16 h light : 8 h dark (16L:8D) 

photoperiod for 14 d. The expression CCA1, LHY, PRR5, PRR7, PRR9, TOC1, 

GI, ELF3, and ELF4 RNA was quantified from 50 seedlings each time point, at 

four hourly intervals for 28 h in each of the three photoperiods, which confer a 

different set perturbation, i.e. dusk (Figure 6.3).  

The expression of CCA1 peaked at 20 h in 8L:16D photoperiods, at 24 h in 

12L:12D photoperiods and at 28 h in 16L:8D photoperiods. The peak 

expression of LHY occurred at 20 h in 8L:16D grown seedlings, at 24 h in 

12L:12D grown seedlings and at 24 h in 16L:8D. PRR5 expression peaked at 8 

h in seedlings grown in 8L:16D, 12L:12D, and 16L:8D photoperiods. All of the 

genes in the PRR family mirrored this pattern of peak expression in all three 

photoperiods of entrainment. PRR7 also had peak expression at 8 h, PRR9 at 4 

h and TOC1 at 12 h in each of the photoperiods measured. GI peaks at 8 h in 

the 8L:16D photoperiod, 12 h in the 12L:12D photoperiod and the 16L:8D 

photoperiods. However, the relative expression of GI was higher in the short 

day (8L:16D), non inductive photoperiod.  The expression of ELF3 peaked at 8 

h in 8L:16D photoperiod, at 12 h in the 12L:12D and at 12 h in the 16L:8D 

photoperiods. ELF4 expression peaks at 8 h in the 8L:16D photoperiod, at 12 h 

in the 12L:12D photoperiod and at 16 h in the 16L:8D photoperiod. The peak 

expression of the core circadian clock genes can be characterised by the type 

of clock component. The expression of the early morning CCA1/LHY all peak 

on or around dawn for the three different photoperiods. The genes contained in 

the PRR family (PRR5, PRR7, PRR9, and TOC1), all have respective peak  
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Figure 6.3 RTqPCR and Ca2+ imaging data. 

(A-I) RTqPCR of clock genes grown in 8 h light: 16 h dark (8L:16D), 12 h light; 12 h dark 
(12L:12D) and 16 h light : 8 h dark (16L:8D) photoperiods. 400 Arabidopsis seedlings were 
grown for 14 d in 8L:16D photoperiod and transferred to constant light (LL). After 24 h in LL, 50 
seedlings were collected every 4 h from subjective dawn for 28 h. This was repeated for 12L:12D 
and 16L:8D photoperiods. RNA was extracted from the seedlings and RTqPCR was performed. 
CCA1, LHY, PRR5, PRR7, PRR9, TOC1, ELF3 and ELF4 expression is displayed relative to 
UBQ10 and At1g13320 housekeeping genes. (B) Aequorin luminescence in circadian-free run 
(LL) of seedlings grown in 8L:16D, 12L:12D or 16L:8D. 20 Arabidopsis seedlings expressing 
apo-aequorin were entrained in 8L:16D, 12L:12D or 16L:8D photoperiod for 14 d prior to 
imaging. Each seedling was selected as an ROI for analysis. The graphs shown represent an 
average of three experimental replicates. 
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expression at the same time, regardless of the photoperiod of entrainment. The 

expression of the evening ELF3 and ELF4 all peak on or around dusk. 

Diel oscillations of [Ca2+]cyt are elevated to a peak during the day and reduced 

at dusk, falling to a minimum during the night. The phase of the [Ca2+]cyt 

oscillations are therefore, directly dependent on the photoperiod of entrainment.  

 

6.3 Discussion 

The expression of the circadian clock genes here is broadly consistent with 

what has previously been described in the literature: the expression of CCA1 

and LHY peaks at dawn (Mizoguchi et al. 2002); the expression of PRR5, 

PRR7, PRR9 peak during the middle of the day (Farre et al 2005; Nakamichi et 

al. 2005); and GI, TOC1, ELF3 and ELF4 show peak expression during the 

night (Fowler et al. 1999; Strayer et al. 2000; Hicks et al. 1996; Doyle et al. 

2002). The phase of the [Ca2+]cyt oscillations described here are also consistent 

with what has been described in the literature, i.e. [Ca2+]cyt is elevated to a peak 

during in the day and falls to a minimum which falls to a minimum during the 

night in a photoperiodic dependent manner (Johnson et al. 1995; Love et al. 

2004).  

There are several genes that have been implicated in circadian clock, that are 

not included in the TTFL ODE Arabidopsis clock model. There have been a 

number of large-scale mutant screens conducted using largely luciferase fused 

gene promoters that are regulated by the circadian clock (i.e. CAB::LUC), to 

identify circadian clock genes (Millar et al. 1995; Somers et al. 2000; Strayer et 

al. 2000; Panda et al. 2002; Hall et al. 2003; Hazen et al. 2005; Onai and Isiura 

2005; Kim et al. 2008; Hong et al. 2010; Sanchez et al. 2010). The genes TEJ 

(Panda et al. 2002), TIME FOR COFFEE (TIC; Hall et al. 2003), FIONA1 (FIO1; 

Kim et al. 2008), and PROTEIN ARGENINE METHYL TRANSFERASE 5 

(PRMT5; Sanchez et al. 2010) have all been identified during mutant screens, 

but are not routinely incorporated into the core molecular oscillator models. The 
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genes CASEIN KINASE 2 SUBUNIT BETA-3 (CKB3; Sugano et al. 1998), 

CASEIN KINASE 2 SUBUNIT BETA-4 (CKB4; Perales et al. 2006), LIGHT 

REGULATED WD1 (LWD1; Wu et al. 2008), LIGHT REGULATED WD2 (LWD2; 

Wu et al. 2008), MYB DOMAIN PROTEIN 3R2 (MYB3R2; Hanano et al. 2008), 

basic HELIX LOOP HELIX 69 (bHLH69; Hanano et al. 2008), JUMONJI 

DOMAIN CONTAINING 5 (JMJD5; Jones et al. 2010), DE-ETIOLATED 

HOMOLOG 1 (DET1; Park et al. 2010), SEVEN IN ABSENTIA OF 

ARABIDOPSIS 5 (SINAT5; Park et al. 2010) and REVEILLE 8 (RVE8; Farinas 

& Mas, 2011) have also been identified through a variety of experimental 

methods and again are not routinely incorporated into the circadian clock 

model.  

The last 20 years of circadian research could be described as a gene finding 

expedition. With so many genes that affect circadian function, it can be difficult 

to dissect the individual roles and interactions of each individual gene and is 

also difficult to construct ODE models that describe the interactions of all the 

different genes. It is both computationally and time intensive to construct ODE 

models with many interactions, as well as being difficult to obtain appropriate 

experimental data to fit the models to. A few specific research groups have 

largely dominated circadian research in Arabidopsis and as such there has 

been a bias to the actual genes that are included or excluded from the A. 

thaliana TTFL circadian model. 

In recent years there has been a paradigm shift away just from basic TTFL. 

Post-transcription and post-translation modifications and processes have been 

shown to be important in maintaining robust circadian regulation. Several 

circadian clock genes are alternatively spliced (Filichkin et al. 2010), the level of 

alternative splicing in the circadian clock has been hypothesised to buffer the 

circadian clock regulation responses to temperature fluctuations (James et al. 

2012). PRMT5, a gene that has been characterised as important in circadian 

timing, with a long period knockout characteristic, functions in histone 

methylation and has been linked to the regulation of alternatively spliced 
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circadian clock genes (Deng et al. 2010; Sanchez et al. 2010). It has been 

suggested that the PRMT5 regulation could be an additional feedback loop as 

PRMT5 expression is circadian clock dependent (Hong et al. 2010). Recently in 

plants there has been several studies conducted involving the rhythmic 

epigenetic modifications on clock function. There is CCA1 and RVE8 dependent 

rhythmic histone acetylation in coordination with actively transcribed genes and 

histone deacetylation in coordination with repressed genes (Perales & Mas, 

2007; Rawat et al. 2011; Farinas & Mas, 2011).  

Casein Kinase post-translational regulation is highly conserved in the 

Drosophila, Neurospora and Arabidopsis circadian clocks (Mizoguchi et al. 

2006; Mehra et al. 2009).CASEIN KINASE 2 (CK2) phosphorylation regulates 

CCA1 binding to target promoters (Portoles & Mas, 2010). Many key clock 

protein are regulated by phosophorylation and subsequent ubiquitination and 

degradation. LHY is ubiquinated by the E3 ligase SINAT5 (Park et al. 2010), the 

ubiqitination action of SINAT5 on LHY is regulated by SINAT5 interaction with 

DET1 (Song et al. 2010; Park et al. 2010). It has been hypothesised that the 

PRR family and GI protein levels are regulated by 26S proteasomal-mediated 

degradation (David et al. 2006; Fugiwara et al. 2008). The Skp/Cullin/F-box 

(SCF) complex consisting of ZEITELUPE (ZTL), FLAVIN BINDING KELCH F-

BOX1 (FKF1) and LOV KELCH PROTEIN 2 (LPK2), interacts with TOC1 and 

PRR5 to directly target them for proteasomal degradation (Mas et al. 2003; 

Baudry et al. 2010). The timing of TOC1 proteasomal degradation is regulated 

by TOC1-PRR3 interaction, as well as the ZTL-PRR3 interaction (Fujiwara et al. 

2008; Wang et al. 2010). ZTL is also mediated by GI in the presence of blue 

light (Kim et al. 2007). Protein-protein interactions can be modelled using 

ODEs, but other processes, such as phosphorylation, ubiquitination and 

alternative splicing, that are all known to contribute to circadian timing, cannot 

so easily be modelled mathematically. 

The interactions of small molecules and ions have started to be incorporated 

into the Arabidopsis thaliana clock model. Cyclic adenosine diphosphate ribose 
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(cADPR) has been suggested to form a distinct feedback loop with the TTFL 

loops to modulate the circadian oscillators’ transcription and drives circadian 

Ca2+ release (Dodd et al. 2007). 

All of the increasing complexity to the Arabidopsis thaliana circadian clock 

gained by identification of a large number of circadian clock genes, the 

characterisation of post-transcriptional and post-translational modification and 

processes, and the incorporation of small molecules and ions has make 

constructing models using ODE modelling very difficult. As discussed above, 

each individual interaction has to be equated in an ODE model for the data to 

have a good fit and experimental data for each interaction is ideally required to 

test the model. Mathematicians are now turning to alternative types of modelling 

to model complex systems such as circadian systems, BL modelling is one such 

type of alternative modelling. Some circadian researchers have also turned to 

less complex organisms e.g. the unicellular green algae  Ostreococcus taurii, 

which has some high homologous clock components, but less gene redundancy 

(Monnier et al. 2010; O’Neill et al. 2011). Studying a less complex organism 

allows easier data analysis and model construction. 

The data that has been fitted to the circadian BL model so far has been 

generated synthetically. I collected a series of experimental data to fit a BL 

model to. Unfortunately, the BL model has not completed construction and data 

fitting by the time of the writing of this thesis. Data was collected in diurnal 

photoperiods to fit the model to give defined perturbations i.e. lights on or off, so 

that the model can predict if the genes are on or off at given time points. The BL 

modelling approach is a valuable asset to researching a complex signalling 

network, such as circadian clocks. The construction of the modelling is much 

less complex than ODE models and it should be realistic to fit experimental data 

to many different modelled hypothetical interactions. For example, BL models 

here are to be constructed to test the interaction of Ca2+ with all the members of 

the PRR family. TOC1 is a member of the PRR family, it is unlikely that any 

other PRR protein would bind TOC1, as the putative EF hand identified within  
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  *  *   *  *   *   *  

EF 
hand 

 D x D/N/S x  D/N/E G x L/V/I  S/D/I/E x x E/D  

TOC1 429- D S S Q V D G S G F S A P N -442 

PRR5          15- F S N P N -19 

PRR7      459- E G S A F S R Y N -467 

PRR9       196- G S G A Q A I N -213 

Figure 6.4 Modelling the PRR protein family for putative EF-hands 

A comparison of the amino acid sequences of the PRR protein family. The EF hand sequence is 
the consensus sequence (see chapter 5). The TOC1 sequence is the identified putative EF-hand 
(see chapter 5). The highlighted residues are the ones that are the same as the TOC1 putative 
EF hand. The numbers indicate the amino acid positions and * indicates a Ca2+ coordinating 
ligand. 
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TOC1 is not fully present within any other PRR protein sequences (Figure 6.4). 

BL models are also to be constructed to test the interaction of Ca2+ with all of 

the core circadian proteins, to ascertain if the data fits the model better with or 

without the interaction of Ca2+ to TOC1, any other clock protein, or without 

interaction at all. The use of the BL modelling, could further strengthen our 

hypothesis that TOC1 binds Ca2+, or it could give an alternative hypothesis to 

the interaction and the role of circadian regulated [Ca2+]cyt oscillations. 
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CHAPTER 7. GENERAL DISCUSSION 

 

In this study, I have investigated the circadian [Ca2+]cyt as an output and an 

input to the endogenous molecular clock in A. thaliana. 

The transcription-translation feedback loop (TTFL) model of the core oscillator 

of Arabidopsis thaliana has been well characterised by a combination of 

experimentation (Millar et al. 1995; Alabadi et al. 2001; Farré et al. 2005) and 

mathematical modelling (Locke et al. 2005; Zeilinger et al. 2009; Pokhilko et al. 

2012). The discovery that circadian oscillations are driven in Synechococcus 

elongatus by post-translational processes (Ishiuera et al. 1998; Xu et al. 2003; 

Ditty et al. 2005) and evidence of transcriptional independent circadian 

processes in eukaryotic species (O’Neill & Reddy, 2011; O’Neill et al. 2011) has 

highlighted the possible limitations on the TTFL model. The function of circadian 

clocks is ubiquitous within the phylogeny; however, the evolutionary origins of 

the oscillators themselves and the molecular configuration of different species 

clocks are phylogenetically disparate. It is however, possible that some 

elements of the clock may be conserved across Kingdoms.  

Until now, cytosolic signalling pathways that display circadian characteristics 

have been viewed as a typical ‘output’ from the core molecular oscillator 

(Johnson et al. 1995; Sai & Johnson, 1999; Love et al. 2004). One such 

cytosolic signalling pathway is Ca2+ signalling (Johnson et al. 1995; Xu et al. 

2007). In Arabidopsis circadian control has reported to elevate cytosolic Ca2+ to 

a peak of approximately 300-500 nM in the day, which falls to a trough of 

approximately 100-150 nM at night (Johnson et al. 1995; Love et al. 2004). The 

Arabidopsis thaliana circadian clock has also been hypothesised to incorporate 

the cytosolic signalling molecule cyclic adenosine diphosphate ribose (cADPR). 

cADPR has been suggested to form a distinct feedback loop with the TTFL 

loops to modulate the circadian oscillators’ transcription and drive circadian 

Ca2+ release (Dodd et al. 2007).  
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In the mammalian clock, the Ca2+ signalling pathway has been shown to feed 

into the core oscillator. In the SCN, extracellular signals elicit changes in 

[Ca2+]cyt and cyclic adenosine monophosphate (cAMP; Lundkvist et al. 2005), 

which induces a pathway that results in phosphorylation of Ca2+/cAMP-

RESPONSE ELEMENT BINDING PROTEIN (CREB; Tischkau et al. 2002; 

Golombek & Rosenstein, 2010), phosphorylated CREB then binds to the light-

responsive element of the PER promoter acting as a transcription factor 

(Travnickova & Bendova et al. 2002; Zhang et al. 2005).  

In Drosophila, studies have shown that disrupting Ca2+ signalling demonstrated 

profound effects on cellular and behavioural circadian rhythms (Harrisingh et al. 

2007). Changes in expression were attributed to modification of intracellular 

Ca2+ signals that play a direct role in autonomous cellular oscillation. It has 

been concluded that in Drosophila the core oscillator is driven by of Ca2+-

dependent circadian timekeeping (Ounanounou et al. 1996; Ikeda, 2003; 

Lundkvist et al. 2005; Harrisingh et al. 2007).  

This paradigm shift away from TTFL models placing more of an emphasis on 

cytosolic rhythms, particularly in Drosophila and mammals, is returning the view 

of circadian rhythmicity that was framed in the mid 20th century that fell out of 

favour following the advent of molecular biology techniques. Prior to the 

sequencing of the human genome, and the subsequent explosion of genomic 

research, the circadian field had a very different focus than today. Oscillator 

theories were varied, the Membrane Model (Njus et al, 1974) compounded 

previous theories incorporating the gene network idea of the Chronon Model 

(Ehret & Trucco, 1967) along with notions of oscillator theory (Pittendrigh & 

Bruce, 1957). The Membrane Model suggested that ions and membrane bound 

ion transport are the primary basis of oscillations, with gene networks 

complementary (Njus et al, 1974). The Membrane model also provided the 

concept that “rhythms are generated by a cellular biochemical system and that 

though the details may vary from species to species, some fundamental 

mechanism is common to all” (Njus et al, 1974).  
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Recent work performed on the Ostreococcus taurii demonstrates the possible 

conservation of clock elements amongst Kingdoms.  It was discovered that in 

Ostreococcus, circadian phase oscillations were not reset by light (O’Neill et al. 

2011). After transcription was terminated, indicating that the algae were 

entrained by a pre-existing time-keeping mechanism.  Persisting circadian 

rhythms of peroxiredoxin protein oxidation, a novel post-translational biomarker, 

in the absence of transcription, suggest post-translational processes are 

sufficient to keep time in the absence of transcription (O’Neill et al. 2007), as in 

Synechococcus. The same phenomenon was also observed in human red 

blood cells, where the modification of the peroxiredoxin protein was oscillatory 

(O’Neill & Reddy, 2011).  It is possible that post-translational time keeping 

mechanisms are conserved across Kingdoms and that transcriptional processes 

evolved independently across Kingdoms subsequently. These and other studies 

have raised the possibility that negative, transcriptional feedback may be 

neither necessary nor sufficient for circadian oscillation. 

In the light of this exciting new conceptual framework, it is timely to question the 

cellular or physiological role of the diel [Ca2+]cyt oscillations observed in A. 

thaliana. It is imperative therefore that these oscillations should be positioned 

relative to the core molecular oscillator. In so doing, possible functions for the 

[Ca2+]cyt rhythms may be hypothesised.  

The experiments described in Chapter 4 of this thesis, involved applying 

transcriptional and translational inhibitors to Arabidopsis seedlings. Overall 

transcription is reduced 15-fold for 24 h to a minimal level following application 

of the transcriptional inhibitor, cordycepin. After 24 h there is a sharp elevation 

in transcription, 2-fold higher than the initial transcriptional level. Interestingly, 

CAB::LUC luminescence does not mimic the total transcription result. 

Suggesting that despite the general depression of transcription the core 

circadian clock remains dysfunctional. Moreover, the oscillations of [Ca2+]cyt 

were unaffected by the application of cordycepin. Additionally, the oscillations of 

[Ca2+]cyt are robust when the translational inhibitor cycloheximide are added, 
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when the oscillations of the clock gene CAB have reduced amplitude and 

display a phase shift relatively to the entraining photoperiod.  

It therefore appears that Ca2+ may be acting as both non-transcriptional and 

non-translational oscillator, i.e. independently of the core molecular clock. Diel 

[Ca2+]cyt may not be a direct output of the molecular clock, however, the 

question remains: Do the diel oscillations of [Ca2+]cyt feed back into the clock 

and regulate circadian timing? 

A previous PhD student in the laboratory, observed that CaM inhibition 

increased developmental flowering time under inductive photoperiods. Through 

a series of flowering time and gene expression experiments, he concluded that 

CaM regulates photoperiodic flowering by transducing photoperiodic information 

encoded within the circadian [Ca2+]cyt oscillations. He further hypothesised that 

the [Ca2+]cyt oscillations were fed back into the circadian clock by interaction 

with the core clock component GI via the CaM-SPA1 complex. The data from 

Chapter 3, of this thesis, show that the circadian [Ca2+]cyt oscillations are robust 

through the life cycle of Arabidopsis. While circadian Ca2+ signalling may be 

indeed co-opted in the flowering pathway, there is still no direct evidence to 

indicate that the [Ca2+]cyt oscillations are involved in photoperiod flowering in 

Arabidopsis. The results of Chapter 3 also indicate that when active CaM-Ca2+ 

complexes are inhibited by the application of CaM antagonists, there are no 

effects on two defined circadian outputs, the expression of the clock controlled 

gene CAB and the oscillations of [Ca2+]cyt.  

As discussed in Chapter 3 the use of CaM-antagonists is not always reliable, 

because they do not exclusively sequester CaM, are difficult to apply reliably in 

planta, and possible secondary effects are largely unknown or unquantified. 

Indeed, “one needs an understanding of the limitations and realise that 

inhibition of an enzyme or process by CaM-antagonist is not enough evidence 

to implicate the involvement of CaM” (Moreau, 1987). The results presented 

here are consistent with the use of two different classes of CaM-antagonists, 
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the naphthalene sulphonamide inhibitors, W-7 and W-5 and the substituted 

imidazole inhibitor, calmidazolium. These data suggest that the Ca2+ oscillations 

are not fed back into the clock by an interaction mediated by CaM, direct or 

otherwise.  

An investigation was therefore undertaken to ascertain whether Ca2+ feeds into 

the circadian clock by binding directly to one of the core circadian proteins.  

The genes within the Arabidopsis circadian clock core oscillator were identified 

largely by the forward genetic approach of screening knockout mutants for 

defective circadian timing.  toc1-1 was the first such circadian mutant isolated. 

The toc1-1 mutant displays a short circadian period of approximately 21 hours 

(Somers et al. 1998). TOC1 has subsequently been established as a key 

component of the core molecular oscillator (Locke et al 2005, Zeilinger et al 

2009, Pokhilko et al 2012). TOC1 is expressed in the evening and has been 

incorporated into the evening loop of the Arabidopsis circadian clock. The 

morning expressed CCA1 and LHY inhibit TOC1 transcription by binding to the 

evening element (EE) of the TOC1 promoter. TOC1 was proposed to induce the 

expression of CCA1 and LHY, however the exact mechanism was not identified 

because the function of TOC1 was unknown (Locke et al. 2006, Zeilinger et al. 

2009, Pokhilko et al. 2012).  

An ExPASy Prosite scan of the TOC1 amino acid sequence recognises two 

protein domains, a response regulator-like domain and the CONSTANS 

CONSTANS-LIKE TOC1 (CCT) domain. The N-terminal response regulator-like 

domain of TOC1 is homologous to the bacterial response regulator domain, a 

constituent of the two-component regulatory system that mediates 

phosphorelay signalling. In prokaryotes, two-component regulatory systems 

allow organisms to sense and respond to the surrounding environment (West & 

Stock, 2001), much like the circadian clock in eukaryotes. At present the role of 

the response regulator-like domain is unclear. An amino acid substitution from 

Asparagine to Alanine in the TOC1 response regulator-like domain 
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differentiates this response regulator-like domain from a true response regulator 

domain and this amino acid substitution negates from TOC1 acting as a 

histidine kinase substrate (Strayer et al. 2000; Kolmos et al. 2008). The C-

terminal CCT domain of TOC1 is a 43 amino acid structure that is highly 

conserved in CO, CO-LIKE proteins and the PSEUDO RESPONSE 

REGULATOR family of proteins. The CCT domains of CO and TOC1 have 

been shown to bind promoter elements of FLOWERING LOCUS T and 

LHY/CCA1 respectively (Tiwari et al. 2010; Gendron et al. 2012). In addition the 

CCT domain contains a putative nuclear localisation signal element.  

The putative, EF-hand like, Ca2+-binding domain is located towards the C-

terminal end of TOC1, but not within the CCT domain.  

The in silico analyses performed in this investigation indicate that TOC1 has a 

putative EF-hand Ca2+ binding domain and is the most likely candidate of the 

clock proteins for direct Ca2+ interactions. The binding of Ca2+ to TOC1 still has 

to be determined and any binding of Ca2+ to TOC1 in vitro still has be shown to 

have an effect on the circadian clock in vivo. All of these experimental avenues 

were attempted, but due to time available were unable to be completed.  

A second question investigated in this thesis was the possible role of [Ca2+]cyt, 

oscillation as a regulator of the Arabidopsis circadian clock. The TTFL models 

propose that rhythmic timekeeping is exclusively based on the transcription of 

clock genes at precise times of day, followed by the formation of protein 

complexes, translocation, and tightly controlled proteasomal degradation of the 

clock proteins. If TTFLs were the only mechanism that controls clock timing, the 

application of transcriptional and translational inhibitors should disrupt the clock 

timing and any resetting of the clock should be out of phase from the original 

photoperiod of entrainment. However, the results presented in Chapter 4, do 

not support this hypothesis. The expression of four key clock genes, CCA1 and 

PRR7 (morning loop), and TOC1 and ELF4 (evening loop), was monitored 

following the application of the transcriptional inhibitor, cordycepin. For the first 
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24 h after cordycepin application, the expression of all four clock genes was 

reduced to a minimum, in line with the total transcription. After 24 h, PRR7 

expression stayed minimal; TOC1 and ELF4 expression was increased but was 

out of phase with the initial photoperiod of entrainment for a further 24 h; and 

CCA1 expression was in phase with entrainment photoperiod. Might Ca2+ 

therefore bridge the temporal gap between sequential daily oscillations of 

transcription and/or translation?  

In Arabidopsis, cADPR has already been proposed to be an input to the TTFL 

model (Dodd et al. 2007). Thus, it is becoming increasingly clear that circadian 

transcription and cytosolic signals are dependent on each other. The putative 

re-entry of circadian regulated cytosolic signals to the core TTFL molecular 

oscillator, could means that these defined clock outputs also constitute 

circadian clock inputs, thus become de facto indistinguishable from the core 

mechanism. The core circadian oscillator or time keeping mechanism could 

hence be considered using the concept of a circadian ‘signalome’ that is driven 

by the TTFLs and which both sustains spontaneous cycling by the TTFL and 

mediates its own resetting by extra-cellular cues. This concept however, is in 

danger of becoming a black box resembling the neural networks, that are used 

to model complex phenomena, but without an explicit understanding of the 

mechanism by which the phenomenon arise. 

On a more speculative note, it is interesting to consider the interplay of the 

circadian clock, the cytosolic oscillators and light signalling. In plants, 

phototransduction is mediated by the red and far red light sensing 

phytochromes (PHYA, PHYB, PHYC, PHYD and PHYE), and the blue light 

sensing cryptochromes (CRY1 and CRY2). Phytochromes are proteins with a 

covalently linked tetrapyrrole chromophore. The phytochromes exists in two 

transposable forms, the red-absorbing inactive form (Pr) and the far-red-

absorbing form (Pfr). In Arabidopsis, PHYB, PHYD and PHYE mediate 

circadian clock responses to high fluences of red light, (Somers et al, 1998; 

Devlin & Kay, 2001) and PHYA mediates clock responses to low fluences of red 
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and blue light (Somers et al, 1998; Devlin & Kay, 2001) and is the principle 

photoreceptor in high fluences of far red light (Wenden et al, 2011). 

Cryptochromes possess two non-covalently linked chromophores, a light-

harvesting pterin and a catalytic flavin (Cashmore et al, 1999). In Arabidopsis, 

CRY1 mediates clock responses to high and low fluences of blue light (Somers 

et al, 1998), whereas CRY1 and CRY2 mediate clock responses in a redundant 

manner in response to intermediate fluences of blue light (Devlin & Kay, 2000). 

Cryptochromes are involved in the central oscillator of the circadian clock in 

mammals, however, the cry1cry2 double mutant of Arabidopsis maintained full 

circadian rhythmicity, indicating that the cryptochrome genes are not an integral 

part of the circadian oscillator in Arabidopsis.  

The stability of clock proteins is also mediated by blue light through the ZTL, 

FKF1 and LPK2, which all contain LOV-domain mediating SCF-ubiquitinated 

proteasomal degradation. Both red and blue light have been shown to regulate 

the circadian oscillations of [Ca2+]cyt (Xu et al. 2007), the former via PHYB and 

the latter by the partially redundant CRY1 and CRY2 (Xu et al. 2007).  

It has been established for some time that Ca2+ mediates the phytochrome 

phototransduction pathway along with cyclic guanosine monophosphate 

(cGMP; Fowler et al 1993; Neuhaus et al. 1993; Bowler et al. 1994). The 

circadian clock has also been shown to mediate the expression of PHY 

(Kozma-Bogna et al. 1999; Hall et al. 2001; Toth et al. 2001). By extension, we 

can hypothesise that there is direct regulation between [Ca2+]cyt oscillations and 

PHY signalling. The timely expression of CCA1 in phase after transcriptional 

inhibition, whilst in a constant light photoperiod supports this hypothesis, as 

CCA1 is directly regulated by the phototransduction. I therefore hypothesise 

that the Ca2+ maintains circadian timing and may initiate PHY expression. 
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7.1 Future work 

The obvious further experimental work from this thesis is to explore the avenue 

of Ca2+ binding to TOC1. Ca2+ binding of TOC1 must be confirmed in vitro. 

Should Ca2+ and TOC1 interact, the Kd of Ca2+ binding to TOC1 must be 

ascertained, to determine if binding kinetics are consistent with in vivo 

intracellular levels. The effect of Ca2+-TOC binding on the circadian clock also 

need to be investigated further. Complementation of pTOC1::TOC1 and 

pTOC1::mTOC1 into toc1-1 and toc1-2 loss of function mutants containing the 

CAB::LUC. Imaging the subsequent luciferase luminescence from the 

CAB::LUC would ascertain the effect of losing the putative Ca2+ binding domain 

of TOC1, and thus the effect of Ca2+ binding on a defined circadian clock 

output, the rhythmic expression of CAB promoter. The loss of function mutants 

toc1-1 and toc1-2 display disparity in the diel [Ca2+]cyt oscillations, hence would 

be valid to ascertain the effects of complementation on both. Ca2+ oscillations 

are insensitive to the toc1-1 mutation, but Ca2+ oscillates with a short period in 

toc1-2 mutants (Xu et al. 2007). The investigation of differential translocation of 

TOC1 and mTOC1 at different times of day, could be noteworthy, the 

translocation of TOC1 could be visualised by transformation of TOC1::GFP, 

followed by sub-cellular imaging. TOC1 is translocated from the cytosol to the 

nucleus for degradation (Mas et al. 2003), and it would be interesting to 

ascertain whether Ca2+ has any effect on TOC1 translocation or translocational 

timing.  

The BL mathematical modelling as described in chapter 5 requires completion. 

With BL modelling it is possible to test multiple different interactions. Using the 

empirical data acquired here, BL models will be constructed to test Ca2+-binding 

with all of the different Arabidopsis core clock proteins. If the data fitted to the 

model is better with Ca2+-TOC1 interaction than without, and better than Ca2+ 

interacting with any other clock protein, this would further validate my proposal 

that TOC1 binds Ca2+ and that Ca2+-TOC1 may function as the elusive “X”, 

predicted by the other circadian models. 
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The less obvious, but potentially more interesting and fundamental, future work 

to be considered is investigating the mechanism that generates the circadian 

[Ca2+]cyt oscillations. Opinion so far has indicated that diel oscillations of [Ca2+]cyt 

are generated by the influx of Ca2+ through Ca2+-channels and subsequent 

efflux through Ca2+-pumps (Defalco et al. 2010). The daily coordinated release 

of Ca2+ into the cytosol appears to be under circadian regulation; however, 

there are certain indications that this may not be the case. For example, when 

plants are grown on media containing sucrose, the Ca2+ oscillations are 

abolished but rhythmic circadian outputs are unaffected (Dalchau et al. 2011). 

There could be many different reasons for the Ca2+ oscillation disparity, i.e. the 

secondary effects that exogenous sugar has on plants. Another point to note is 

that the circadian oscillations of [Ca2+]cyt do not persist in constant darkness (Xu 

et al. 2007).  For an output to be considered circadian, it should persist in free-

running conditions, Ca2+ satisfies this supposition in constant light, but not in 

constant darkness, which raises the question are the oscillations of Ca2+ truly 

circadian, dependent on another process i.e. phototransduction, or merely an 

artefact?  

One approach to investigate the generation of the diel Ca2+ oscillation could be 

the forward genetic approach of screening mutants of 35S::aeq seedlings for 

those seedlings that did not displaying oscillating [Ca2+]cyt. 

Alternatively a reverse genetics approach could be taken and any target genes 

could be silenced using for example RNAi.  The obvious problem with using a 

reverse genetics approach is that target genes must have previously been 

identified.  

Studies could be conducted using chemical Ca2+ channel blockers. However, as 

with CaM-antagonists (discussed in Chapter 4) the use of chemical Ca2+-

antagonists is experimentally challenging.  Chemical antagonists, or inhibitors, 

are hard to apply evenly and it is difficult to determine that an observed effect 
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(or indeed lack of an effect) is truly as a result of the process to which you are 

attempting to inhibit.   

It could also be interesting to investigate the extent to which the diel Ca2+ 

rhythms are co-opted for signalling. The assumption is that because the Ca2+ 

oscillation fall within the signalling concentration range, that they are actually 

utilised in signalling. The [Ca2+]cyt oscillations may be an artefact of other 

signalling processes and may not at all be co-opted for signalling themselves. 

Single cell imaging using CaMeleon intracellular Ca2+ indicators could be 

utilised to further dissect the circadian Ca2+ signalling mechanisms.  
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