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Abstract 

As sessile organisms, coordination of development and reproduction in a dynamic, and 

often stressful, environment presents a particular challenge for plants.  Rapid processing 

of internal and external cues by complex signal transduction pathways leads to stimulus-

appropriate physiological responses on an organismal scale.  In plants, myriad signaling 

pathways are mediated by calcium (Ca2+) signals, and it is thought that different stimuli 

elicit unique patterns of Ca2+ influx into cells (termed Ca2+ ‘signatures’) that encode 

information important for proper physiological responses.  Encoding of information in 

the form of Ca2+ signatures requires that decoding elements be present in cells to direct 

downstream cellular processes.  This role is filled by Ca2+-binding proteins that serve as 

Ca2+ sensors.  Interestingly, plant genomes encode multiple expanded families of Ca2+ 

sensors not found in animal genomes.  Among these, the calmodulin (CaM)-like proteins 

(CMLs) are represented by a 50 member family in Arabidopsis.  On the basis of 

structural homology, CMLs are predicted to function like conserved CaM, however, little 

work has been done to address this question.  Biochemical characterization of CML39 

indicates that it possesses structural properties consistent with function as a Ca2+ sensor.  

Analysis of transgenic CML39 loss-of-function (cml39) mutants revealed that CML39 is 

important for proper seedling establishment in the absence of exogenous metabolisable 

carbon as cml39 seedlings entered a state of developmental arrest shortly after 

germination.  cml39 mutants also exhibited a conditional ‘de-etiolated’ phenotype when 

grown in complete darkness and exaggerated hypocotyl elongation under a short-day 

light regime.  Genetic data suggest that CML39 functions in signaling pathways 

downstream of light perception, and this idea is supported by the observation that CML39 



 

 

iii 

is expressed in light-sensing tissues, and that subunit 5 of the COP9 signalosome, a 

protein critical for photomorphogenesis, was identified as a putative target of CML39.  

Collectively, results show that CML39 is Ca2+ sensor that serves a critical regulatory role 

during seedling establishment when sucrose is limited, and importantly, further 

underscore the pervasiveness of Ca2+ signaling in plant growth and development. 
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Chapter 1 

General Introduction and Literature Review 

1.1 Overview of signal transduction 

Like all eukaryotes, plants need to detect changes in their environment and 

respond accordingly. In broad terms, cells possess signal transduction pathways 

mediating responses to internal and external cues that consist of three distinct nodes: 

stimulus perception, signal transduction, and physiological response.  Receptor proteins 

on the surface (e.g. plasma membrane) of cells, or within intracellular compartments, are 

often responsible for detecting stimuli and activating downstream components of specific 

signal transduction pathways.  Subsequent transduction, and amplification, of a given 

stimulus can occur by various mechanisms including phosphorylation/dephosphorylation 

cascades, or production of ‘second messengers’ such as IP3 (inositol 1,4,5-triphosphate), 

cAMP (cyclic 3′-5′- adenosine monophosphate), or release of calcium ions (Ca2+) from 

intra- or extracellular stores.  Rapid and transient changes in the cellular concentrations of 

second messengers affect the activities of downstream effector proteins (protein kinases, 

metabolic enzymes, transcription factors, etc.) that ultimately coordinate cellular 

responses.  Changes in metabolic activity, gene expression and protein turnover 

collectively lead to adaptive physiological changes that are appropriate for the initial 

stimulus. This model – perception, transduction, response – is simplistic yet widely 

applicable. The challenge to researchers has been in elucidating the identities and 
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functions of the cellular components for each specific signaling pathway controlling the 

myriad physiological responses that plants are able to perform.  

 Among the common themes that have emerged in signal transduction research is 

the importance of Ca2+ as a second messenger in plant development and in response to a 

variety of environmental stresses (DeFalco et al. 2010, Dodd et al. 2010, McAinsh and 

Pittman 2009).  Indeed, given the diversity of stimuli known to initiate Ca2+ signaling 

events, plants make an excellent model system for studying the cellular mechanisms of 

Ca2+ signal transduction. 

 

1.2 Ca2+ in plant signal transduction 

Because Ca2+ forms highly insoluble precipitates with phosphate ions (PO4
3-), and 

Ca2+ can precipitate negatively charged biological molecules (Spalding and Harper 

2011), cells must maintain tight control over cytosolic Ca2+ concentration ([Ca2+]cyt) in 

order to avoid its toxic effects.  Consequently, cells actively pump Ca2+ against its 

electrochemical gradient into the extracellular space and into intracellular stores, 

including the vacuole and the endoplasmic reticulum, leading to the establishment of a 

steep electrochemical gradient of Ca2+ between these stores and the cytosol (McAinsh 

and Pittman 2009, Spalding and Harper 2011).  At resting levels, Ca2+ is present in the 

cytosol at concentrations ranging from 100 to 200 nM, whereas concentrations in Ca2+ 

stores are orders of magnitude higher – in some cases reaching millimolar levels (Gilroy 

et al. 1993).  Thus, cells are poised for rapid influxes of Ca2+ down its electrochemical 
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gradient into the cytosol.  While extrusion of Ca2+ is a constant process, when influx 

temporarily exceeds efflux, Ca2+ signaling events can occur (Spalding and Harper 2011). 

 In the paradigm of Ca2+ signaling, detection of a given stimulus evokes rapid and 

transient influxes of Ca2+ into the cytosol.  In plants, this has been observed for a number 

of developmental cues (e.g. gravitropic responses; Toyota et al. 2008), as well as abiotic 

stresses (e.g. salt and drought stress; Kiegle et al. 2000), and in response to biotic signals 

(e.g. pathogen attack and symbiotic bacteria or fungi; Ali et al. 2007, Kosuta et al. 2008).  

For these influxes to occur, stimulus perception is linked to Ca2+ channel activity, leading 

to temporary opening of these channels and an increase in [Ca2+]cyt.  This Ca2+ channel 

activity has been attributed to a number of different protein families in plants including 

cyclic-nucleotide gated channels (CNGCs), ionotropic glutamate receptor-like channels 

(iGLRs), and the vacuolar two-pore channel (TPC1; Spalding and Harper 2011).  Ca2+ 

fluxes across plant endomembranes have also been demonstrated in response to IP3 and 

cyclic-ADP-ribose (Dodd et al. 2007, Peiter 2011), however, the identity of the proteins 

responsible for these fluxes remains elusive. 

 Plant CNGCs were initially identified as calmodulin (CaM)-binding proteins and 

their sequence similarity to orthologs in animals led to their designation as putative 

CNGCs (Hua et al. 2003, Leng et al. 1999).  CNGCs are thought to be the primary 

targets for cyclic nucleotide signaling in plants and are characterized by the presence of a 

C-terminal cNMP-binding domain that serves to gate the channel upon cNMP-binding 

(Talke et al. 2003).  Subsequent to their initial identification in plants, 20 CNGC 
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members have been identified in Arabidopsis (Kaplan et al. 2007) and a number of these 

have been implicated in the generation of Ca2+ signals.  For example, CNGC2, CNGC11, 

and CNGC12 in Arabidopsis participate in pathogen responses, which are known to be 

coordinated by Ca2+ transients (Ali et al. 2007, Moeder et al. 2011).  Arabidopsis 

CNGC18 was demonstrated to mediate Ca2+ influx via heterologous expression in 

Escherichia coli, and genetic analysis in plants revealed that Ca2+ flux through CNGC18 

was important for normal pollen tube growth (Frietsch et al. 2007). 

 Similar to CNGCs, iGLR channels are represented by a 20 member family in 

Arabidopsis (Gilliham et al. 2006).  In contrast to CNGCs, the iGLRs ligand-binding 

domain is extracellular.  It has been suggested, on the basis of homology with animal 

iGLRs and the observation that amino acids can elicit inward Ca2+ fluxes across the 

plasma membrane (Dennison and Spalding 2000), that plant iGLRs function as Ca2+ 

channels.  Analysis of Arabidopsis mutants with aberrant iGLR function further support 

the hypothesis that the iGLRs are Ca2+ channels.  Mutants with altered function of either 

AtGLR3.3 or AtGLR1.2 displayed altered amino acid induced [Ca2+]cyt oscillations 

(Michard et al. 2011, Qi et al. 2006). 

 The central vacuole in plants is a major Ca2+ store and is thus a potential source 

for Ca2+ influxes into the cytosol (Peiter 2011).  Although it remains unclear, the best 

candidate for Ca2+ transients originating from the vacuole is TPC1 (Hedrich and Marten 

2011).  When expressed in yeast, Arabidopsis TPC1 can mediate Ca2+ uptake and its 

animal homolog is known to conduct Ca2+, suggesting that AtTPC1 is also a Ca2+ channel 
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(Furuichi et al. 2001).  Interestingly, TPC1 contains two EF-hand Ca2+-binding motifs 

(see below) and fluxes through the channel are linked to Ca2+-binding, suggesting that 

Ca2+ could regulate its own release from the vacuole (Dadacz-Narloch et al. 2011, 

Schulze et al. 2011). 

 In addition to the regulation of Ca2+ influx by a variety of membrane channels, 

Ca2+ signals can also be modulated by Ca2+ efflux through Ca2+ pumps (Ca2+-ATPases) 

and transporters (McAinsh and Pittman 2009, Spalding and Harper 2011).  In plants, Ca2+ 

pumps are represented by two main classes that differ in the presence of an auto-

inhibitory domain; the auto-inhibited Ca2+-ATPases (ACAs) and the ER-type Ca2+-

ATPases (ECAs), the latter group lacking an auto-inhibitory domain (Kabala and Klobus 

2005).  The Ca2+-conducting transporters are represented by a single family of Ca2+/H+ 

antiporters known as Ca2+ exchangers (McAinsh and Pittman 2009, Spalding and Harper 

2011).  Recent evidence supports the hypothesis that Ca2+ efflux via Ca2+ pumps 

contributes to Ca2+ signal formation.  In the moss, Physcomitrella patens, knockout of a 

vacuolar Ca2+ pump, PCA1, leads to altered NaCl-induced Ca2+ transients and results in 

an overall reduction in NaCl tolerance (Qudeimat et al. 2008).  In Arabidopsis, Ca2+ 

pumps ACA4 and ACA11 have been implicated in regulation of Ca2+ signals upstream of 

salicylic acid accumulation (Boursiac et al. 2010). 

Given the multitude of stimuli evoking cytosolic Ca2+ transients in plants, it is 

important to consider how specific cellular responses can be derived from a common 
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second messenger.  Indeed, substantial effort has been invested in trying to understand 

how specificity can be derived via Ca2+ signals. 

 

 

1.3 Specificity in Ca2+ signals 

Two main hypotheses have been put forth to describe how specificity may be 

achieved via Ca2+ signals: the Ca2+ signature hypothesis and the Ca2+ switch hypothesis.  

Both hypotheses can claim supporting evidence (reviewed by McAinsh and Pittman 

2009, Scrase-Field and Knight 2003), and it bears pointing out that they are not mutually 

exclusive and both mechanisms may operate in plant cells under different conditions.  In 

the Ca2+ signature hypothesis, stimuli perceived by the cell evoke Ca2+ transients in the 

cytosol of particular amplitude, frequency, and often spatial localization which are 

thought to elicit a stimulus-specific downstream response.  Calcium oscillations (i.e. Ca2+ 

‘signatures’) having specific spatial and temporal properties have been documented in 

response to a number of different stimuli in plants.  Calcium spiking has been observed in 

the nuclear region of root hairs in response to Nod factors and also in response to signals 

derived from arbuscular mycorrhizal (AM) fungi, but these spiking events differ from 

those observed for Nod factors (Kosuta et al. 2008, Miwa et al. 2006, Oldroyd and 

Downie 2006).  Given that each of these symbioses are mediated by the same core 

signaling pathway, it seems that specificity in root responses to AM fungi and Rhizobia 

could be mediated, at least to some extent, through differential activation of CCaMK 
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(Ca2+ and Ca2+/CaM dependent protein kinase) by unique Ca2+ signatures (Shimoda et al. 

2012).  Ca2+ oscillations have also been observed in Arabidopsis guard cells in response 

to ABA, oxidative stress, and external Ca2+.  Steady-state guard cell closure is affected 

differentially by Ca2+ oscillations of varying transient number, frequency, amplitude, and 

duration (Allen et al. 2000, Allen et al. 2001).  Furthermore, ABA- and Ca2+-induced 

steady-state stomatal closure is abolished in the Arabidopsis mutant gca2 (growth 

controlled by ABA 2) as a result of altered intracellular Ca2+ spiking in mutant guard cells 

(Allen et al. 2001).  More recently, it has been found that distinct, artificially imposed 

Ca2+ signatures lead to specific transcriptome responses in Arabidopsis seedlings 

(Whalley et al. 2011, Whalley and Knight 2013).  Interestingly, different Ca2+ signatures 

appear to target distinct promoter elements for activation/repression, and large 

proportions of the genes affected showed signature-specific activation or repression 

(Whalley and Knight 2013).  Taken together, evidence supporting the Ca2+ signature 

hypothesis implies that information related to the nature of the stimulus is somehow 

encoded in the spatio-temporal pattern of Ca2+ transients. To use an analogy, Ca2+ signals 

are working like a Morse code to relay stimulus-specific information to cellular 

components capable of interpreting those codes.  It is an appealing model – a specific 

signal for every stimulus that gets encoded in a complex pattern of Ca2+ influx that the 

cell then somehow decodes. Yet, it is likely an oversimplification of how Ca2+ is used 

during the transmission of information in cells. Indeed, despite a body of experimental 



 

 

 

8 

support, the Ca2+ signature hypothesis does not explain all observed Ca2+ responses and 

thus alternative hypotheses must be considered. 

 It has been proposed that Ca2+ acts simply as a binary switch and that specificity 

in Ca2+ signaling is derived from other components in the signaling pathway (i.e. Ca2+ 

sensors, see below; Scrase-Field and Knight 2003).  The ‘Ca2+ switch’ hypothesis is 

supported by the observation that different stimuli (e.g. salt and drought stress) induce 

highly similar cytosolic Ca2+ influxes but elicit different downstream responses (Knight 

et al. 1997).  For example, responses to high salinity are primarily carried out by a Ca2+-

activated pathway, SOS1-SOS2-SOS3 (for salt overly sensitive), that leads to extrusion 

of Na+ from the cytosol (Ishitani et al. 2000, Liu and Zhu 1998).  Intriguingly, activation 

of the SOS1 Na+/H+ exchanger only occurs in response to salt stress and not in response 

to drought despite highly similar patterns of Ca2+ influx (Liu and Zhu 1997).  In guard 

cells, where considerable evidence supporting the Ca2+ signature hypothesis has been 

derived, it has been observed that release of caged-Ca2+ can induce guard cell closure 

without precisely mimicking the Ca2+ signatures observed in guard cells (Gilroy et al. 

1990).  This demonstrates that at least some components of the pathway leading to guard 

cell closure are mediated by a Ca2+ switch as opposed to a highly specific signature. 

 Whether Ca2+ signals operate as signatures or switches, a requirement of either 

hypothesis is that components exist to transduce the Ca2+ signal to downstream effector 

proteins.  This role is filled by diverse families of proteins that can bind Ca2+ and are 

collectively known as Ca2+ sensors. 
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1.4 Ca2+-binding proteins and Ca2+ sensors 

A condition for any model of Ca2+ signaling is that elements must exist within the 

cell to transduce a Ca2+ transient to downstream effector proteins which elicit the cellular 

response.  This is especially true in the case of the Ca2+ signatures since it is hypothesized 

that information is ‘encoded’ within the Ca2+ transient.  This transducing function is 

carried out by a suite of Ca2+-binding proteins that serve as Ca2+ sensors (DeFalco et al. 

2010). Ca2+ sensors are characterized by the presence of one or more EF-hand Ca2+-

binding motifs (Figure 1.1).  Some Ca2+ buffer proteins also contain EF-hand motifs 

although their structures often diverge from the canonical EF-hand (e.g. parvalbumin and 

calbindin Dk9).  The EF-hand is highly conserved among Ca2+-binding proteins and EF-

hand containing proteins have been identified in all eukaryotic genomes (Gifford et al. 

2007).  Among sequenced genomes, Arabidopsis is predicted to encode 250 EF-hand-

containing proteins, more than any other organism examined to date (Day et al. 2002).   

The canonical EF-hand is composed of a 29 amino acid helix-loop-helix structure, 

with the central 12 residues forming a turn-loop structure that is responsible for 

coordination of the Ca2+ ion (Figure 1.1a, Gifford et al. 2007, Pidcock and Moore 2001).  

Within the coordination loop, ligating residues at positions 1, 3, 5, 7, 9, and 12 (denoted 

X*Y*Z*-Y*-X**-Z) are critical for Ca2+-binding (Yamniuk et al. 2008).  The loop is 

enriched in negatively charged residues, especially at the X, Y, Z and –Z positions.  

Positions X and –Z are almost invariably Asp and Glu, respectively, and mutations at  
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Figure 1.1  Structure of the EF-hand Ca2+-binding motif.  (a) The EF-hand consists of a 29 
residue helix-loop-helix structure, in which a 12 residue loop is responsible for coorination of 
Ca2+ (yellow ball). (b)  EF-hands typically exists as pairs to form the functional Ca2+-binding 
unit.  Individual EF-hands within the pair are connected by short β-sheets (purple arrows) at the 
end of the binding loop.  Adapted from Gifford et al. 2007. 
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these positions can completely abolish Ca2+-binding (Yamniuk et al. 2008).  Oxygen 

atoms supplied by the ligating residues coordinate the Ca2+ ion in a pentagonal bipyramid 

that mimics the geometry of hydrated Ca2+ ions (Strynadka and James 1989).  

Furthermore, position six between the Z and –Y ligands is nearly always Gly, which 

provides flexibility within the loop, allowing it to wrap around the Ca2+ ion, a feature 

critical for high affinity binding (Gifford et al. 2007).  Interestingly, EF-hand motifs have 

been demonstrated to bind Mg2+ in resting cells, however, bending of the loop around the 

position six Gly residue does not occur, resulting in an overall lower affinity for Mg2+ 

compared to Ca2+ (Gilli et al. 1998, Ohashi et al. 2011).  EF-hand motifs typically occur 

in pairs as is the case for the conserved eukaryotic CaM (Figure 1.1b).  This also true for 

mammalian S100 proteins, although EF-hand pairs in these proteins are generated by 

dimerization of S100 monomers, although this may not be required for Ca2+ sensor 

function.  Pairing of EF-hand motifs leads to cooperative binding of Ca2+ ions.  Structural 

properties of the EF-hand allow for rapid on/off Ca2+-binding, permitting quick responses 

to changes in [Ca2+]cyt, a property likely to be critical for Ca2+ sensors interpreting Ca2+ 

signals.  

In plants, the three largest families of EF-hand Ca2+-sensors that have been 

characterized are the CaM and CaM-like (CML) proteins, calcineurin-B-like (CBL) 

proteins, and the Ca2+-dependent protein kinases (CDPKs; reviewed by DeFalco et al. 

2010).  Among these groups, the CaMs/CMLs and CBLs are considered to be sensor 

relays that function via regulation of downstream targets.  Conversely, the CDPKs, as 
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catalytic proteins, are sensor responders in which Ca2+-binding is directly coupled to their 

kinase activity.  Notably, three of these families, the CMLs, CBLs, and CDPKs, are 

unique to plants and some protists, underscoring the importance of Ca2+ signaling to plant 

growth and development. 

CaM is a small (148 amino acids) acidic protein that is highly conserved among 

eukaryotes.  CaM contains four EF-hand Ca2+ binding motifs that exist as pairs in 

globular domains at the N- and C- termini of the protein (Yun et al. 2004).  These 

globular domains are connected by a flexible, central helical linker, giving the protein a 

dumbbell-shaped appearance.  Animal genomes typically contain a few CaM genes 

encoding nearly identical isoforms whereas plant genomes examined to date possess 

expanded conserved CaM families (McCormack and Braam 2003, McCormack et al. 

2005).  For example, the Arabidopsis genome contains seven conserved CaM genes: two 

groups encode identical isoforms (CaM2, 3, 5 and CaM1, 4) and the remaining two 

(CaM6 and 7) encode unique isoforms.  Minimum amino acid sequence identity among 

conserved plant CaMs is 97 % (McCormack and Braam 2003, McCormack et al. 2005).  

This evolutionary conservation of genes encoding highly similar or identical CaM 

isoforms underscores CaM’s role as a central regulator of Ca2+ signal transduction 

networks.  In addition to conserved CaMs, plant genomes contain expanded families of 

CaM-Like (CML) genes.  A 50-member CML family has been annotated in Arabidopsis 

(Figure 1.2) and rice has been found to possess 32 CMLs, (Boonburapong and 

Buaboocha 2007, McCormack and Braam 2003, McCormack et al. 2005); it seems likely  
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Figure 1.2.  Neighbour-joining phylogenetic tree of Arabidopsis CaMs and CMLs.  
The tree is generated from amino acid sequences of CaMs and CMLs.  Gene 
identification numbers and CaM and CML names are shown.  The distance indicated 
(‘0.1’) refers to percent sequence divergence.  Adapted from McCormack and Braam 
2003. 
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that such large CML families are found across plant taxa.  In Arabidopsis, CMLs vary in 

length from 83 to 330 amino acids and share 16 to 75 % amino acid identity with CaM2 

at the primary sequence level.  Like CaM, they are characterized as possessing 

exclusively EF-hand Ca2+-binding motifs and no other known functional motifs 

(McCormack and Braam 2003, McCormack et al. 2005).  Thus, CMLs are predicted to 

serve as Ca2+-sensors in planta.  Unlike conserved CaM, which has four EF-hands, CMLs 

contain variable numbers of EF-hands, ranging from 1 (AtCML1) to 6 (AtCML12).  The 

consequences of this variation in terms of Ca2+-binding and cellular function have yet to 

be explored.  One interesting possibility is that CMLs may dimerize to facilitate pairing 

of EF-hands and thus co-operative binding of the Ca2+ ion.  Indeed, dimerization of a 

Ca2+-bound N-terminal fragment of CML34 has been observed in vitro (Song 2004).  

Some CMLs have N-terminal extensions of varying length, the functional significance of 

which remains unclear but may be involved in subcellular targeting of the protein.  In 

Arabidopsis, CML30 is localized to the mitochondria and a non-cleavable transit peptide 

was identified at its N-terminus (Chigri et al. 2012).  Other differences among certain 

CMLs when compared to CaM include longer linker regions between the two globular 

domains: this may alter CML flexibility and perhaps interaction with downstream targets.  

Ultimately, how the physical characteristics of CMLs compared to CaM impact their 

cellular roles remains speculative as relatively little empirical work has been done to 

determine their Ca2+-binding or other structural properties. 
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1.5 Structural properties of CaM and CMLs 

Detailed biophysical analyses of CaM have revealed both high affinity binding of 

Ca2+ as well as Ca2+-induced conformational changes within the protein.  Studies indicate 

that CaM binds Ca2+ with affinities in the high nanomolar to low micromolar range (Gilli 

et al. 1998).  These values suggest that the EF-hands of CaM are not occupied by Ca2+ in 

a resting cell where [Ca2+]cyt are in the low nanomolar range.  These affinities are, 

however, within the range of [Ca2+]cyt measured during Ca2+ transients (McAinsh and 

Pittman 2009), indicating that CaM could respond dynamically to changes in [Ca2+]cyt.  

Moreover, Ca2+-binding by the N- and C-terminal globular domains of CaM occurs 

independently, as tryptic fragments of the N- and C- termini showed no measurable 

difference in Ca2+ affinities compared to the whole CaM molecule (Linse et al. 1991).  

Binding of Ca2+ by CaM leads to changes in the secondary and tertiary structure of the 

protein (Ikura et al. 1990).  In the absence of Ca2+, EF-hands adopt an ‘open’ 

conformation and Ca2+-binding by the motif results in ‘closing’ of the hand as indicated 

by a decrease in the interhelical angle of the EF-hand.  These changes in the shape of the 

EF-hand upon Ca2+-binding lead to an overall Ca2+-responsive change in the structure of 

CaM (and presumably other EF-hand Ca2+-sensors).  CaM is a strongly α-helical protein 

(~40 % for apo-CaM) and Ca2+ binding results in an overall increase in α-helical content 

(~50 % for Ca2+/CaM) (Martin and Bayley 1986).  These structural changes are 

accompanied by a dramatic increase in the surface hydrophobicity of CaM that is 

important for target interactions (Yamniuk and Vogel 2005). 
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 Where CMLs have been characterized biochemically, they display properties 

similar, though not identical, to that of conserved CaM. The Ca2+-binding properties of 

Arabidopsis CML42 (Dobney et al. 2009) have been characterized in detail.  Analysis of 

Ca2+ affinities by isothermal titration calorimetry demonstrated the existence of three 

Ca2+-binding sites in CML42, one at the N-terminus and two at the C-terminus.  The 

second EF-hand in CML42 is degenerate, having substitutions for several of the Ca2+-

ligating residues within the coordination loop (Dobney et al. 2009).  Of the three 

identified Ca2+-binding sites in CML42, two show dissociation constants similar to that 

of CaM while one (EF-hand three) has an affinity of ~ 30 nM in the presence of Mg2+, 

suggesting that this EF-hand is permanently occupied by Ca2+ in resting cells.  This EF-

hand may thus play a structural role while the remaining two Ca2+-binding sites may 

serve sensory functions (Dobney et al. 2009).  Interestingly, Ca2+-responsive 

conformational changes in CML42 were distinct from those of CaM, as CML42 showed 

no Ca2+-dependent changes in secondary structure, but did exhibit changes in tertiary 

structure (i.e. reorientation of helicies) as demonstrated by NMR (nuclear magnetic 

resonance) spectroscopy.  Finally, CML42, like CaM, undergoes a considerable Ca2+-

responsive increase in surface hydrophobicity (Dobney et al. 2009). 

The structure of the Ca2+-loaded N-terminal EF-hand pair of CML34 from 

Arabidopsis has been resolved by NMR spectroscopy (Song 2004).  The first EF-hand in 

CML34’s N-terminus showed similar structure to CaM in the presence of Ca2+, having an 

interhelical angle of ~102° (in comparison to ~104° for CaM), indicating that this EF-
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hand is in the ‘open’ conformation in the presence of Ca2+.  Interestingly, the second EF-

hand of CML34 was shown to be in an ‘closed’ conformation (interhelical angle of 

~147°) in the presence of Ca2+ (Song 2004).  Analysis of CML42 by NMR revealed 

similar conformation of two EF-hands in both the Ca2+-bound and the Ca2+-free state 

(Dobney et al. 2009).  Overall, structural analysis of CMLs in comparison to CaM 

suggests that sequence divergence among CMLs leads to differential responses to Ca2+-

binding and it is tempting to speculate that these differences may be important for CML-

specific functions, such as target interaction. 

 

1.6 Interaction of CaMs and CMLs with their targets 

CaM has been described as a universal Ca2+ sensor because of the myriad 

downstream targets that it has been shown to interact with.  In plants, CaM physically 

associates with numerous targets including protein kinases (e.g. brassinosteroid-

insensitive 1, BRI1; Oh et al. 2012) and phosphatases (e.g. Arabidopsis protein 

phosphatase 7; Liu et al. 2007), metabolic enzymes (e.g. glutamate decarboxylase; Baum 

et al. 1996), transcription factors (e.g. CaM-binding transcriptional activators; Du et al. 

2009), heat shock proteins (Virdi et al. 2009), transporters (e.g. Ca2+-ATPases; Luoni et 

al. 2006) and channels (e.g. CNGCs; Hua et al. 2003), as well as a variety of proteins of 

unknown function (Bouche et al. 2005).  Detailed characterization of CaM-target 

interaction has revealed that rather than being conserved at the level of primary structure, 

CaM-binding domains (CaMBDs) display conserved secondary structure and typically 
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consist of short (12-30 amino acids) contiguous stretches of amino acids that have a 

propensity to form amphipathic α-helices (Yamniuk and Vogel 2005).  These structures 

are able to interact with hydrophobic clefts in CaM which become exposed upon Ca2+-

binding.  Several features of the CaM molecule likely contribute to its ability to interact 

with diverse targets (Gifford et al. 2007, Rainaldi et al. 2007).  First, the linker region 

that connects the terminal globular domains in CaM is flexible, allowing CaM to wrap 

around helical binding domains.  Second, the hydrophobic clefts through which CaM 

interacts with its targets are enriched in methionine residues, imparting the ability for 

multiple conformations within the hydrophobic cleft.  Finally, CaM can not only interact 

with targets in the Ca2+-bound state, but also interacts with some proteins in the Ca2+-free 

state (Rainaldi et al. 2007).  Variation in the structural features of the binding pocket 

likely defines target specificity of different CaM (and presumably CML) isoforms.  This 

has been demonstrated for two soybean CaM isoforms, sCaM1 and sCaM4 which share 

90 % and 78 % amino acid identity with conserved CaM, respectively (Ishida et al. 

2008).  It was shown that binding of Ca2+ by the C-terminal globular domain of sCaM1 

led to exposure of a larger hydrophobic cleft compared to sCaM4 and this correlated with 

differences in both target binding and activation by these two CaM isoforms.   

 Recently, a protein microarray approach was adopted in order to broadly identify 

CaM and CML interacting proteins (Popescu et al. 2007).  In this study, 1133 

Arabidopsis proteins (recombinantly expressed in tobacco and purified) were screened 

for interaction with CaM1, CaM6, CaM7, CML8, CML9, CML10, and CML12.  In total, 
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TABLE 1.  List of known CML interacting proteins and evidence put forth for the interaction. 

a, HCPro is a viral protein, no endogenous targets have been identified for rgsCaM 

CML Species Target GO Molecular function Evidence Reference 

CML8 Arabidopsis BRI1 Protein Ser/Thr kinase activity Effect on auto-/trans-
phosphorylation Oh et al. 2012 

CML9 Arabidopsis PRR2 DNA binding Yeast-two-hybrid, FRET Perochon et al. 
2010 

CML12 Arabidopsis PINOID Protein Ser/Thr kinase activity Yeast-two-hybrid, co-
purification 

Benjamins et al. 
2003 

CML18 Arabidopsis AtNHX1 Na+:H+ antiporter activity Yeast-two-hybrid, co-
immuno-precipitation 

Yamaguchi et al. 
2005 

CML19 Arabidopsis AtRAD4 Damaged DNA binding Co-purification Liang et al. 2006 

CML20 Arabidopsis TONNEAU1 Protein binding Yeast-two-hybrid, co-
purification, BiFC 

Azimzadeh et al. 
2008 

CML24 Arabidopsis ATG4b Peptidase activity 
Yeast-two-hybrid, co-

purification, co-immuno-
precipitation 

Tsai et al. 2012 

CML42 Arabidopsis KIC Ca2+ ion binding Yeast-two-hybrid, co-
purification 

Dobney et al. 
2009 

rgsCaM Tobacco HCProa RNA binding Yeast-two-hybrid,surface 
plasmon resonance 

Anandalakshmi 
et al. 2000; 

Nakahara et al. 
2012 
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173 proteins were reported to bind at least one CaM or CML (Popescu et al. 2007).  

Interestingly, ~25 % of the targets identified interacted with all CaMs and CMLs tested, 

indicating that there may be broad overlap among CaM and CML targets.  Similarly, an 

additional ~25 % of identified targets interacted with only one CaM or CML isoform 

(Popescu et al. 2007).  Overall, this study suggests that upwards of 15 % of the proteome 

may be regulated by CaMs or CMLs.  However, this study should be interpreted 

cautiously as the majority of CaM/CML targets identified in this study remain to be 

validated by further experimentation.  Nevertheless, protein-array-based screening may 

provide a useful platform for future isolation of CaM/CML interacting proteins. 

Although a few downstream targets for CMLs have been confirmed by genetic or 

in vivo studies (TABLE 1), detailed delineation of CML-binding domains is sparse.  One 

study, which identified a pseudo response regulator (PRR2) as a downstream target of 

CML9, attempted mapping of a binding domain and found that an almost complete form 

of the target was required for interaction to occur in yeast (Perochon et al. 2010).  

Furthermore, interaction of CML9 with PRR2 was not strongly Ca2+-dependent.  Ca2+-

dependent interaction of CML18 with the C-terminus of AtNHX1 (a Na+/H+ exchanger) 

was mapped using a yeast-two-hybrid method.  Helical wheel projection of this region 

revealed an amphipathic α-helix structure (Yamaguchi et al. 2005), like those typically 

involved in CaM-target interactions.  Interestingly, interaction was specific for CML18 as 

CaM81 from Petunia (100% identity with Arabidopsis CaM7, a conserved isoform) did 

not interact with AtNHX1 (Yamaguchi et al. 2005).  Thus, subtleties in the structure of 
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CMLs and perhaps also in target binding domains are likely to confer specificity of 

interactions with downstream effectors.  By comparison, a CaMBD was recently 

identified in the brassinosteroid receptor, BRI1 (a leucine-rich repeat receptor-like 

kinase), and interaction of CaM suppressed protein kinase activity of BRI1 (Oh et al. 

2012).  Intriguingly, CML8 was also able to suppress kinase activity, but did not interact 

with a peptide designed against the BRI1 CaMBD (Oh et al. 2012).  This result suggests 

that CMLs may regulate their targets in a manner reminiscent to CaM, but via distinct 

interaction domains. 

 In another study, interaction of a tobacco CML, rgsCaM, with a viral protein, 

HCPro (helper component protease) was characterized in detail, and a 24 amino acid 

peptide corresponding to an RNA-binding domain (RNABD) was demonstrated to 

interact with rgsCaM (Nakahara et al. 2012).  Unlike classical CaM-target binding, which 

relies largely on hydrophobic interactions, the rgsCaM-RNABD interaction was mediated 

via positive and negative charges on the RNABD and on rgsCaM, respectively.  Taken 

together, the limited data available on CML-target interactions suggests that at least some 

CMLs may interact with their downstream targets in a manner unlike that of conserved 

CaM, however, further analysis will be required to clarify the structural characteristics of 

CML-target protein complexes before any generalizations can be made. 
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1.7 Physiological roles for CMLs 

Broad approaches aimed at understanding CML function, including global 

expression profiling, genetic analysis, protein biochemistry, and identification of 

downstream targets, are beginning to reveal diverse functions among members of this 

large protein family.  Furthermore, studies have demonstrated functions for CMLs in 

plant development as well as in response to biotic and abiotic stress. 

 CMLs have been implicated in regulation of cell shape and cell division.  In 

Arabidopsis, CML42 is expressed in trichome support cells and loss of function of 

CML42 leads to an increase in the number of trichome branches compared to wildtype 

(Dobney et al. 2009).  Furthermore, CML42 was shown to interact with KIC (for kinesin-

like calmodulin binding protein-interacting Ca2+-binding protein), a Ca2+-binding protein 

that modulates the activity of a kinesin-like motor protein (KCBP) to regulate trichome 

morphology (Reddy et al. 2004).  KIC negatively regulates KCBP, and KIC 

overexpressing transgenics have reduced trichome branching.  Given the opposing 

phenotype in CML42 knockouts, CML42 may negatively regulate KIC function (Dobney 

et al. 2009), but further work is required to clarify the physiological significance of this 

interaction.  CML20 (also known as CENTRIN1) interacts with TONNEAU1, a protein 

with homology to human centrosomal proteins that function in organization of cortical 

microtubule arrays (Azimzadeh et al. 2008).  Mammalian centrins are important for 

microtubule organization; however, the functional significance of the CML20-

TONNEAU1 interaction is unknown. 
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 Two closely related CMLs in Arabidopsis, CML23 and CML24 play a role in the 

transition to flowering.  Both CML23 and CML24 are broadly expressed, and show strong 

overlap, suggesting that they may serve at least partially shared functions.  Analysis of 

Arabidopsis plants carrying missense mutations in CML23, CML24, or both genes, 

displayed altered flowering responses to photoperiod (Tsai et al. 2007).  Interestingly, 

some alleles of CML24 caused early flowering responses while others caused a late 

flowering phenotype.  Double mutants were always late flowering.  Furthermore, mutants 

showed altered levels of transcripts for CONSTANS, FLOWERING LOCUS C, and 

SUPRESSOR OF CONSTANS1 that correlated with either early or late flowering 

phenotypes (Tsai et al. 2007).  Given opposing flowering phenotypes in CML24 and 

CML23/CML24 mutants, it will be interesting to see if these Ca2+ sensors interact with 

the same downstream targets and whether interactions with either CML23 or CML24 

lead to differential regulation of the same signaling pathway. 

 Another role for CML24 appears to be in the regulation of autophagy via 

interaction with ATG4b, a protein known to participate in the formation of 

autophagosomes (Tsai et al. 2013).  Analysis of ATG4b cysteine protease activity in 

extracts from plants harboring missense mutations in CML24 indicated that CML24 

could control ATG4b activity.  CML24 mutants also showed altered phenotypes related 

to mis-regulation of autophagy including larger autophagic bodies and sensitivity to 

prolonged darkness (Tsai et al. 2013).  While the precise mechanism for CML24 
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regulation of ATG4b is unclear, on the basis of loss-of-function mutants it was proposed 

that CML24 positively regulates ATG4b and thus autophagosome formation. 

 A wide variety of abiotic stress responses are known to be mediated by Ca2+ 

signaling and thus it is no surprise that CMLs are predicted to be involved in abiotic 

stress signal transduction.  Changes in expression of many CMLs have been observed in 

response to abiotic stress stimuli.  Promoter activity of CML37 and CML38 is responsive 

to a number of different stress stimuli including NaCl, drought, oxidative stress, and 

mechanical wounding (Vanderbeld and Snedden 2007).  A CML from rice, OsMSR2, 

was shown by microarray analysis to be induced by multiple abiotic stress stimuli.  It is 

interesting to note that overexpression of OsMSR2 in Arabidopsis caused enhanced 

tolerance to drought and salinity stress, and increased sensitivity to exogenous ABA (Xu 

et al. 2011).  OsMSR2 is an ortholog of Arabidopsis CML37, 38, and 39, lending support 

to the hypothesis that these CMLs function in stress responses in Arabidopsis.  Similarly, 

promoter and transcript analysis of CML24 revealed increased expression in response to 

temperature stress (heat and cold) as well as oxidative stress and ABA (Delk et al. 2005).  

Additionally, CML9 transcript levels change in response to NaCl, cold, and dehydration. 

Salt-responsive expression of CML9 was shown to be dependent on both ABA synthesis 

and signaling (Magnan et al. 2008), suggesting that this CML participates in ABA-

dependent stress response signal transduction. Collectively, transcript expression analyses 

clearly indicate that many CML genes are stress-responsive. In the future, it will be 

important to identify the transcription factors mediating these responses and to assess the 
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extent to which transcriptional activity relates to changes in CML protein levels. 

Regardless, expression profiling has proven useful in guiding questions aimed at 

understanding the roles of stress-induced CMLs.  

 Genetic approaches have also proven useful in helping to elucidate CML function 

during stress response. Repression of CML24 expression by RNAi resulted in decreased 

sensitivity to ABA as well as enhanced resistance to various ion stresses including 

elevated cobalt, molybdenum, zinc, and magnesium (Delk et al. 2005).  Transgenic 

knockouts of CML9 displayed reduced germination rates in response to both NaCl and 

KCl, but not mannitol and exhibited enhanced inhibition of germination by ABA 

(Magnan et al. 2008).  Furthermore, reduced germination rates in response to salinity 

could be rescued by inhibition of ABA synthesis.  Intriguingly, adult plants lacking 

CML9 function were more tolerant of both salt and drought stress relative to the wildtype 

(Magnan et al. 2008).  It seems clear that CML9 plays a role in regulating ABA-mediated 

stress responses, however further work is required to shed light on the mechanisms 

leading to these apparently contradictory phenotypes in seeds and adult plants. 

 CML18 has also been implicated in salt stress signaling on the basis of its 

interaction with a vacuolar Na+/H+ antiporter, AtNHX1 (Yamaguchi et al. 2005).  It’s 

noteworthy that CML18 localizes to the vacuolar lumen where it interacts with the C-

terminus of AtNHX1.  AtNHX1 can transport both Na+ and K+ and association with 

CML18 reduces the Na+:K+ translocation ratio.  The interaction between CML18 and 

AtNHX1 is also pH-dependent, with the pair dissociating at high pH (Yamaguchi et al. 
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2005).  This is interesting given that vacuolar pH is known to increase under salt stress.  

Thus, dissociation of CML18 from AtNHX1 is predicted to occur in response to salt 

stress, thereby promoting Na+/H+ relative to K+/H+ antiport activity, leading to 

sequestration of Na+ in the vacuole. 

 Two different CMLs are involved in protection of Arabidopsis plants from UV 

(ultraviolet) damage.  CML42 knockout transgenics have reduced flavonol levels and 

display increased sensitivity to UV stress compared to wildtype (Vadassery et al. 2012a).  

CML19 (also known as CENTRIN2) interacts with AtRAD4, a protein that functions in 

homologous DNA repair (Liang et al. 2006).  CML19 protein levels are upregulated by 

UV stress and localization of CML19 to the nucleus is UV-dependent.  Suppression of 

CML19 expression by RNAi resulted in a UV-sensitive phenotype and overexpressing 

transgenics displayed enhanced DNA repair (Molinier et al. 2004).  It is currently unclear 

how CML19 regulates AtRAD4 activity, however it seems certain that nuclear 

localization of CML19 and interaction with AtRAD4 is an important mechanism for 

limiting UV damage. 

 Several members of the CML family play roles in Ca2+-mediated biotic stress 

responses.  In Arabidopsis, expression of CML9 is induced by challenge with avirulent 

pathogen and in response to application of flagellin or salicylic acid (SA), and expression 

in response to avirulent pathogen is dependent upon FLS2 (the flagellin receptor) and 

production of SA (Leba et al. 2012).  These data suggest that CML9 functions in 

response to bacterial infection.  Analysis of CML9 knockout and overexpression 
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transgenics revealed increased and decreased susceptibility, respectively, to multiple 

bacterial pathogens and altered dynamics of PR1 expression following pathogen 

challenge (Leba et al. 2012).  In addition to its developmental roles, CML24 has also 

been demonstrated to play a role in innate immunity signaling in Arabidopsis.  Infection 

by avirulent pathogen induces Ca2+-transients upstream of nitric oxide generation and the 

hypersensitive response (Ma et al. 2008).  Both of these responses could be suppressed 

by treatment of plants with CaM antagonists.  Furthermore, these responses were 

abolished in plants lacking CML24 function (Ma et al. 2008).  In addition to defining a 

role for CML24 in pathogen defense, these data are also indicative of a link between Ca2+ 

signaling and reactive oxygen signaling in planta.  Development of the hypersensitive 

response is altered in transgenic plants overexpressing CML43.  CML43 transcript 

accumulates within six hours following infection with avirulent pathogen and CML43 

overexpression lines caused an accelerated hypersensitive response compared to wildtype 

plants (Chaisson et al. 2005).  Chaisson et al. (2005) also showed that suppression of the 

tomato ortholog of CML43, APR134, by virus-induced gene silencing increased 

susceptibility of tomato plants to Pseudomonas syringae pv. tomato infection.  Together, 

these data suggest that CML43 and its tomato ortholog positively regulate pathogen 

defense, and, importantly, demonstrate that CML function is conserved across taxa. 

In addition to bacterial pathogen responses, CMLs also function in host defense 

against viruses.  Expression of a CML from tobacco, rgsCaM (for regulator of gene 

silencing CaM), is induced in response to inoculation of leaves with Tobacco Etch Virus.  
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Expression was also elevated in transgenic tobacco expressing a viral protein, HCPro 

(Anandalakshmi et al. 2000).  rgsCaM interacts with HCPro in yeast, and it was 

suggested that rgsCaM serves as an endogenous suppressor of gene silencing.  HCPro is 

an RNA silencing suppressor (RSS) which functions to repress post-transcriptional gene 

silencing as a viral mechanism to thwart plant defense against infection.  This 

suppression activity of HCPro (and other RSS proteins) is achieved via an RNA-binding 

domain which sequesters antiviral double stranded RNAs (dsRNA) generated by the 

plant.  Recently, the interaction between HCPro and rgsCaM was characterized in detail, 

and on the basis of homology with an RSS from the Human Immunodeficiency Virus, it 

was revealed that rgsCaM associated directly with the RNA-binding domain of certain 

viral RSS proteins (including HCPro; Nakahara et al. 2012).  Interaction of rgsCaM with 

HCPro attenuated the dsRNA-binding function of HCPro.  Furthermore, binding of 

rgsCaM with HCPro resulted in targeting to autolysosomes and subsequent degradation 

of the rgsCaM-HCPro complex (Nakahara et al. 2012).  This is an important result as it 

indicates that rgsCaM directly suppresses HCPro activity as opposed to functioning as an 

endogenous suppressor of gene silencing as was previously reported (Anandalakshmi et 

al. 2000; Nakahara et al. 2012).  In Arabidopsis, the expression of CML38, a putative 

ortholog of rgsCaM, is strongly upregulated in transgenic plants ectopically expressing 

HCPro from the Turnip Mosaic Virus (Endres et al. 2010).  Although CML38 shares 44 

% amino acid identity with tobacco rgsCaM, interaction with HCPro, or any viral RSS 

protein, has not yet been reported.  rgsCaM also shares strong sequence identity with 
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Arabidopsis CML37 and CML39 and thus it will be interesting to see if either of these 

proteins are involved in defense against viral pathogens. 

CMLs have also been implicated in defense against herbivores on the basis of 

transcript profiling and genetic analysis. Oral secretions from Spodoptera littoralis larvae 

induce the expression of a number of different CMLs (CML9, 11, 12, 16, 17, and 23; 

Vadassery et al. 2012b).  CML42 is also induced by S. littoralis oral secretions and in 

response to S. littoralis feeding, with transcript levels reaching a peak 30 min and one 

hour following treatment, respectively (Vadassery et al. 2012a).  On the basis of this 

rapid induction, larval feeding studies were carried out on plants lacking CML42 and it 

was found that S. littoralis larval development was impaired on loss-of-function 

transgenics.  Furthermore, glucosinolate levels were higher in these transgenic plants 

(Vadassery et al. 2012a).  Interestingly, CML42 has also been implicated in trichome 

development as CML42 knockout plants show increased trichome branching (Dobney et 

al. 2009), but it is currently unclear whether this altered branching contributes to 

herbivore resistance.  Additionally, CML37 and CML38 transcript levels are responsive 

to mechanical wounding (Vanderbeld and Snedden 2007), suggesting that they may also 

be involved in herbivory responses. 

Expression analysis has identified many CMLs that are induced by a variety of 

hormones including auxins, ABA, and the defense hormones jasmonic acid (JA) and SA, 

suggesting that hormone signaling may be broadly regulated by Ca2+.  CML39 expression 

is strongly responsive to methyl jasmonate in Arabidopsis seedlings (Vanderbeld and 
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Snedden 2007).  Microarray data revealed that CML39 is also expressed in pollen and 

following challenge with necrotrophic fungal pathogens, indicating that this putative 

Ca2+-sensor may play a role in both JA-mediated regulation of development and in 

pathogen defense.  In roots, the expression of CML43 is responsive to SA and protein 

levels accumulate following application of the hormone indicating that both transcription 

and translation of CML43 are induced by SA treatment (Snedden, unpublished).  

Collectively, there is convincing experimental support for a role of CMLs in plant 

defense against pathogens although many of the details remain to be elucidated.  

CMLs also participate in the regulation of developmental hormone signaling.  

CML12 (also known as TCH3), interacts with PINOID, a serine/threonine protein kinase 

involved in regulation of PIN (an auxin efflux carrier) localization (Benjamins et al. 

2003).  Phosphorylation of PIN proteins by PINOID drives them to the apical plasma 

membrane resulting in auxin efflux from the apical side of the cell (Friml et al. 2004).  

Ca2+-dependent binding of CML12 to PINOID negatively regulates kinase activity and 

thus could reduce apical efflux of auxin (Benjamins et al. 2003).  Potential regulation of 

polarity of auxin efflux by CML12 is interesting given that its transcript level is 

upregulated by mechanical stimuli (Lee et al. 2005, Wright et al. 2002). 

Recently, CML8 (as well as conserved CaM) was observed to interact with the 

brassinosteroid receptor, BRI1.  Co-expression of CML8, CaM6, or CaM7 with the 

cytosolic domain of BRI1 in E. coli inhibited autophosphorylation of the kinase (Oh et al. 

2012).  Furthermore, transphosphorylation of E. coli proteins by BRI1 was repressed 
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when coexpressed with CML8, CaM6, or CaM7.  While the physiological consequences 

of these interactions remain to be determined, CML8 or the CaMs may function to 

attenuate BRI1-mediated signal transduction in vivo (Oh et al. 2012). 

The picture that is emerging for CMLs is that, like CaM, they regulate diverse 

aspects of plant development and stress response.  The participation of some CMLs in 

various aspects of both development and stress response (e.g. CML9, CML24, and 

CML42) is well supported by experimental evidence yet it remains unknown whether this 

occurs through regulation of distinct targets by these CMLs under different conditions 

and/or during distinct stages of development.  These gaps in our understanding of CML 

function highlight the need to identify CML targets: as putative regulatory proteins, it is 

imperative to determine which downstream effectors are under CML control. 

 

1.8 Photomorphogenesis and seedling establishment 

Given the diversity of physiological responses controlled by Ca2+ in plants, it is 

no surprise that Ca2+ signaling participates in regulation of photomorphogenesis (Bowler 

et al. 1994, Kushwaha et al. 2008, Neuhaus et al. 1993, Neuhaus et al. 1997).  

Microinjection of Ca2+/CaM into hypocotyls of phytochrome A (PhyA)-deficient mutants 

of tomato could activate a reporter gene under control of the light-responsive Chlorophyll 

a,b-binding protein promoter (Neuhaus et al. 1993).  Additionally, injection of Ca2+/CaM 

and cGMP induced chloroplast development in these mutants (Bowler et al. 1994), 

demonstrating a role for Ca2+ and CaM in light signal transduction.  Furthermore, CaM7 
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in Arabidopsis functions as a transcription factor downstream of light signaling 

(Kushwaha et al. 2008).  Thus, Ca2+ may serve multiple regulatory roles during seedling 

photomorphogenesis. 

Beyond functioning as the energy source for photosynthetic CO2 fixation, light is 

also an essential developmental signal for plants.  This fact is underscored by the 

dramatically different developmental programs which plants adopt when grown in the 

dark versus light.  Development in the dark, or skotomorphogenesis (‘skotos’ meaning 

darkness in Greek), is characterized by elongation of the hypocotyl and small, pale 

cotyledons.  Conversely, development in the light, photomorphogenesis, is characterized 

by opening, expansion, and greening of the cotyledons, and cessation of hypocotyl 

elongation as well as establishment of the root and shoots meristems (Chen and Chory 

2011). 

 Photomorphogenesis is a highly complex process and is tightly controlled by (at 

least) two groups of transcription factors with opposing functions.  First, the PIFs (for 

phytochrome interacting factors) serve to repress photomorphogenesis in the dark (Shin 

et al. 2009).  The PIFs are a 15-member subfamily of basic helix-loop-helix transcription 

factors and all characterized members have been shown to bind the promoters of light-

regulated genes (Leivar and Quail 2011).  In the light, PIFs are degraded leading to de-

repression of photomorphogenesis.  Analysis of a quadruple PIF knockout 

(pif1pif3pif4pif5 known as pifq) demonstrated that degradation of PIFs is sufficient to 

initiate photomorphogenesis since pifq mutants display a constitutive photomorphogenic 
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phenotype when grown in the dark (Leivar et al. 2009).  The mechanisms controlling PIF 

degradation in the light are unclear, however it may involve phytochrome-dependent 

localization of PIFs to ‘photobodies’ in the nucleus, which are known sites of degradation 

for photolabile proteins (Shen et al. 2007).  Second, a group of transcription factors 

including HY5 (elongated hypocotyl 5, a bZIP protein), LAF1 (long after far-red 1, a 

MYB transcription factor), and HYH (homolog of HY5), function in the light to promote 

photomorphogenesis (Chattopadhyay et al. 1998).  Levels of these transcription factors 

are repressed in the dark by the activity of two Cullin4 (CUL4)-based RING E3 ubiquitin 

ligases, CUL4-DDB1-COP1-SPA (CUL4-DAMAGED DNA-BINDING PROTEIN1-

CONSTITUTIVE PHOTOMORPHOGENIC1-SUPRESSOR OF PHYA) and CUL4-

DDB1-DET1-COP10 (CUL4-DDB1-DE-ETIOLATED1-CONSTITUTIVE 

PHOTOMORPHOGENIC10; Ang et al. 1998, Chen et al. 2006, Chen et al. 2010, 

Jonassen et al. 2008, Osterlund et al. 2000), thus preventing the activation of light-

induced genes in the dark.  Additionally, it has been suggested that these E3 ubiquitin 

ligase complexes may serve to stabilize PIFs. 

 The photomorphogenic program is initiated when light is detected by the 

phytochromes, PhyA and PhyB (Strasser et al. 2010).  Perception of light by PhyA and 

PhyB leads to translocation of these proteins to the nucleus (Toledo-Ortiz et al. 2010), 

where their signaling functions are thought to be carried out.  Activation of phytochromes 

promotes partitioning of CUL4-COP1 E3 ubiquitin ligases to the cytosol (von Arnim and 

Deng 1994, Yi and Deng 2005) preventing degradation of HY5, LAF1, and HYH in the 
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nucleus, leading to activation of light-responsive genes.  Additionally, active 

phytochromes contribute to targeting of PIF proteins for degradation to promote 

photomorphogenesis (Galvao et al. 2012).  This light-dependent degradation of PIFs and 

stabilization of HY5, LAF1, and HYH halts hypocotyl elongation and initiates de-

etiolation of seedlings.  Interestingly, red-light dependent degradation of PhyA is also 

required for proper light responses (Debrieux et al. 2013, Seo et al. 2004).  This property 

is unique to PhyA as other phytochrome isoforms are stable in the light (Debrieux and 

Fankhauser 2010).  Degradation of PhyA is triggered by polyubiquitination by at least 

two distinct E3 ubiquitin ligase complexes, one of which contains CUL1 and one which 

contains COP1 (Debrieux et al. 2013).  Photomorphogenesis culminates in seedling 

establishment, a developmental transition from heterotrophic to autotrophic growth that 

takes place approximately two days after germination in Arabidopsis.  Pre-establishment 

growth of seedlings is fueled by storage molecules in the cotyledons or endosperm of the 

seed. 

In Arabidopsis, energy is stored primarily in the form of triacylglycerol in the 

cotyledons, and mobilization of these lipid reserves is critical for successful seedling 

establishment (Eastmond and Graham 2001, Graham 2008).  Cleavage of fatty acids from 

the surface of oil bodies in Arabidopsis is the initial step in mobilization of storage 

reserves and a patatin domain triacylglycerol lipase is critical for this function (Eastmond 

2006).  Plants carrying mutations in this lipase fail to degrade oil bodies and seedlings 

arrest shortly after germination in the absence of an exogenous carbon source. 
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Once freed from oil bodies, fatty acids are transported into the glyoxosome via an 

ATP-binding cassette (ABC) transporter, known as PXA1/COMATOSE (CTS).  

Complementation of a yeast mutant lacking a glyoxosomal fatty acid transporter 

confirmed that PXA1/CTS is responsible for glyxosomal fatty acid import in plants 

(Nyathi et al. 2010).  Seedlings with impaired PXA1/CTS function are sucrose-dependent 

for seedling establishment as glyoxosomal import of fatty acids is required for this 

developmental transition (Footitt et al. 2002, Zolman et al. 2001).  Once inside the 

glyoxosome, fatty acids are activated by the addition of coenzyme A (CoA) and 

subsequently undergo oxidation by acyl-CoA oxidases (ACXs).  The long-chain acyl-

CoA synthetases (LACS) are critical for seedling establishment as LACS6/LACS7 double 

mutants fail to establish in the absence of sucrose (Fulda et al. 2004).  Similary, loss of 

ACX1 and ACX2 in double mutants impairs hypocotyl elongation and seedling 

establishment in the dark and light (Pinfield-Wells et al. 2005), respectively, in the 

absence of sucrose, demonstrating that ACXs are also required for normal seedling 

establishment. 

Successive activity of LACS and ACXs liberates acetyl-CoA from fatty acids 

which are combined with oxaloacetate to form citrate and via aconitase, isocitrate.  The 

conversion of isocitrate to succinate via isocitrate lyase (ICL) is a critical metabolic step 

in seedling establishment.  ICL mutants fail to etiolate in the dark and fail to establish in 

the light and these phenotypes can be rescued by the addition of exogenous sucrose 

(Eastmond et al. 2000).  Downstream of succinate production, malate is converted to 
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phosphoenolpyruvate, the substrate for gluconeogenesis.  Generation of 

phosphoenolpyruvate is carried out via phoshpenolpyruvate carboxykinase (PEPCK).  

Like ICL mutants, PEPCK mutants also fail to etiolate in the dark and establish in the 

light (Rylott et al. 2003), indicating that generation of a substrate for gluconeogenesis is 

required for seedling growth.  Taken together, mutant analysis suggests that lipid 

mobilization, import into the glyxosome, β-oxidation, the gloxylate cycle, and 

gluconeogenesis are all required for successful seedling establishment.  Furthermore, 

mutants with impaired function in these pathways can be rescued by supplying seedlings 

with an exogenous carbon source.  Indeed, this phenotypic characteristic has been used as 

a screening strategy for isolation of mutants in these metabolic pathways. 

 

1.9 Research objectives 

Given the critical role for Ca2+ signaling in plant development and stress 

response, a detailed analysis of the molecular components mediating these signal 

transduction pathways is required.  The CMLs represent a plant-specific family of Ca2+ 

sensors that, to date, remain largely uncharacterized in terms of their physiological 

functions.  Furthermore, information is lacking on how these putative Ca2+ sensors 

respond to intracellular Ca2+ transients. Previous work from the Snedden lab on CML39 

suggested a possible role in development and stress response (Vanderbeld and Snedden 

2007). However, these studies were primarily limited to gene expression and promoter 

activity analysis and thus the broad objective of my thesis research was to expand our 
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understanding of the biochemical properties of CML39 and to explore in depth its 

physiological function. Below, I present, chapter by chapter, the specific questions that 

my research addressed. 

Chapter 2; In this chapter, I explored two main questions; 

i) Are the biochemical properties of CML39 consistent with those expected 

of a Ca2+ sensor? 

ii) What is the physiological effect of a loss-of-function mutation of CML39 

in Arabidopsis?  

To address the first question, I expressed and purified recombinant CML39 and 

characterized Ca2+-dependent structural changes using circular dichroism spectroscopy 

and ANS fluorescence spectroscopy. For comparison, I also examined biochemical 

properties of CML39 paralogs, CML37, CML38 (see Appendix 2).   To address the 

second research question in this chapter, physiological analysis of was carried out using 

T-DNA knockout lines (cml39) and CML39-overexpressing transgenics (Chapter 2 and 

Appendix 3).  

Chapter 3: My research in chapter 2 revealed a photomorphogenic phenotype in cml39 

mutants. Thus, in chapter 3, I explored the question; are cml39 mutants capable of 

carrying out the light-reactions of photosynthesis? To address this question, 

photosynthetic electron transport in cml39 mutants was conducted using in planta 

chlorophyll fluorescence analysis and compared to wildtype seedlings.   
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Chapter 4: As effectors for CML39 are unknown, in this chapter I addressed the question: 

what proteins does CML39 interact with? 

Yeast-two-hybrid cDNA library screening was performed, a putative target was 

identified, and target-CML interaction was corroborated using a glutathione-agarose co-

purification assay.  Genetic analysis was also carried out to look for phenotypic 

similarities in plants lacking CML39 function or that of its putative target. 
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Chapter 2 

The Arabidopsis calmodulin-like protein, CML39, functions during 

early seedling establishment 

2.1 Abstract 

During Ca2+ signal transduction, Ca2+-binding proteins known as Ca2+ sensors function to 

decode stimulus-specific Ca2+ signals into downstream responses.  Plants possess 

extended families of unique Ca2+ sensors termed calmodulin-like proteins (CMLs) whose 

cellular roles are not well understood. CML39 encodes a predicted Ca2+ sensor whose 

expression is strongly increased in response to diverse external stimuli.  In the present 

study, we explored the biochemical properties of recombinant CML39 and used a reverse 

genetics approach to investigate its physiological role.  Our data indicate that Ca2+binding 

by CML39 induces a conformational change in the protein that results in an increase in 

exposed surface hydrophobicity, a property consistent with its predicted function as a 

Ca2+ sensor.  Loss-of-function cml39 mutants resemble wildtype plants under normal 

growth conditions but exhibit persistent arrest at the seedling stage if grown in the 

absence of sucrose or other metabolisable carbon sources. Under short day conditions, 

cml39 mutants display increased sucrose-induced hypocotyl elongation.  When grown in 

the dark, cml39 mutants show impaired hypocotyl elongation in the absence of sucrose.  

Promoter-reporter data indicates that CML39 expression is prominent in the apical hook 

in dark-grown seedlings.  Collectively, our data suggest that CML39 functions in 
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Arabidopsis as a Ca2+ sensor that plays an important role in the transduction of light 

signals that promote seedling establishment. 

 

2.2 Introduction 

In order to survive and reproduce, organisms must respond to environmental 

stimuli in a timely and appropriate manner.  Information perceived at the cellular level is 

translated to stimulus-specific physiological responses via signal transduction pathways, 

often involving second messengers such as calcium ions (Ca2+).  Indeed, Ca2+ has been 

implicated in responses to myriad external stimuli including drought, light, salinity, 

pathogens, as well as internal developmental and hormonal cues (Neuhaus et al. 1993, 

Neuhaus et al. 1997, Oh et al. 2012, Whalley et al. 2011, Wu et al. 1996).   Among 

eukaryotes, many stimuli have been shown to evoke changes in cytosolic [Ca2+] which 

are detected and transmitted to downstream effectors by Ca2+-binding proteins known as 

Ca2+ sensors (DeFalco et al. 2010, Dodd et al. 2010, McAinsh and Pittman 2009, 

Spalding and Harper 2011). 

In plants, Ca2+ sensors are represented by three main families (calmodulins, CaM; 

calcineurin B-like proteins; and Ca2+-dependent protein kinases) that are characterized by 

the presence of EF-hand-like motifs which serve as the functional Ca2+-binding domains 

(DeFalco et al. 2010, Gifford et al. 2007).  A typical EF-hand is composed of two short 

alpha helices connected by a 12 amino acid loop enriched in acidic residues that are 

responsible for coordination of the Ca2+ ion (Gifford et al. 2007).  These motifs often 
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exist in pairs that bind Ca2+ with positive cooperativity.  Ca2+ binding by Ca2+ sensors 

induces a conformational change, leading to the exposure of hydrophobic regions that 

allow the sensor to interact with downstream targets.  The most ubiquitous and well 

characterized EF-hand protein in eukaryotes is the evolutionarily-conserved protein, 

CaM.  Animal genomes typically contain a small number of CaM genes encoding a 

single or few closely related isoforms whereas plant genomes encode expanded CaM 

families (McCormack and Braam 2003, McCormack et al. 2005).  For example, the 

Arabidopsis genome contains seven genes encoding four different CaM isoforms.  This 

conservation of genes that encode identical protein isoforms underscores the importance 

of Ca2+ signalling in plant stress response and development.   

Interestingly, plant genomes possess large families of CaM-Like (CML) genes.  In 

Arabidopsis and rice, a remarkable 50 and 32 CMLs are predicted in their genomes 

respectively (Boonburapong and Buaboocha 2007, McCormack and Braam 2003).  In 

Arabidopsis, these CMLs vary from 16-75% sequence identity to conserved CaM 

(CaM2) and possess from one to six EF-hands (McCormack and Braam 2003, 

McCormack et al. 2005).  Sequence divergence among EF-hands is thought to contribute 

to differential responses to Ca2+ signals but much remains unknown about how Ca2+ 

sensors decode complex Ca2+ signals (DeFalco et al. 2010).   

While evidence has demonstrated that conserved CaM is involved in many 

physiological processes (reviewed by Bouche et al. 2005, DeFalco et al. 2010 and 

others), comparatively few studies have examined the roles of CMLs in plants. In 
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Arabidopsis, CML23 and CML24 function in response to biotic and abiotic stress, as well 

as in regulation of the transition to flowering (Delk et al. 2005, Ma et al. 2008).  

Additionally, CML24 has been implicated in nitric oxide signalling (Tsai et al. 2007), 

providing a link between reactive oxygen species and Ca2+-mediated pathways.  

Interestingly, Arabidopsis CML9 functions in both biotic and abiotic stress responses 

(Leba et al. 2012, Magnan et al. 2008), although it is currently unclear whether this 

occurs via distinct downstream targets.  A tomato CML (APR134) and its Arabidopsis 

ortholog, CML43, function during plant-pathogen interactions (Chaisson et al. 2005).  

Genetic and biochemical analysis of a CML43 paralog, CML42, demonstrated a role for 

CML42 in regulation of trichome branching (Dobney et al. 2009) and in herbivore 

defense (Vadassery et al. 2012).  A tobacco CML (rgsCaM) functions in response to viral 

attack by suppressing virus-induced gene silencing (Anandalakshmi et al. 2000, 

Nakahara et al. 2012).  Finally, a CML from rice (OsMSR2) which encodes a protein 

sharing sequence similarity with Arabidopsis CMLs 37, 38, and 39, is upregulated by 

multiple abiotic stressors, and physiological analysis implicates OsMSR2 in ABA-

mediated salt and drought responses (Xu et al. 2011).  Interestingly, overexpression of 

OsMSR2 in Arabidopsis led to enhanced drought and salt tolerance (Xu et al. 2011), 

indicating conservation of CML function across diverse taxonomic groups. 

We are interested in elucidating the physiological functions of Arabidopsis 

CML39, a gene whose expression is responsive to various stress stimuli and encodes a 

protein sharing 26% amino acid identity with conserved CaM (McCormack and Braam 
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2003, Vanderbeld and Snedden 2007).  Here, we report the results of biochemical 

analyses of recombinant CML39, demonstrating that it possesses properties consistent 

with a role as a Ca2+ sensor. Furthermore, we show that CML39 is an important 

regulatory component in the signal transduction pathways leading to seedling 

establishment in Arabidopsis in the absence of exogenous sucrose.  Although the 

mechanisms underlying sucrose signalling are not well understood, sucrose has been 

demonstrated to exert a regulatory effect on many developmental and stress response 

pathways (Dijkwel et al. 1997, Short 1999, Loreti et al. 2008, Lei et al. 2011).  Thus, the 

identification of CML39 knockouts as sucrose-dependent during seedling establishment 

suggests parallel developmental pathways, one of which is likely Ca2+ dependent and 

mediated by CML39. 

 

2.3 Results 

The Arabidopsis proteins CML37, CML38, and CML39 share significant amino 

acid sequence identity (26-34%) with conserved CaM (AtCaM2; Figure 2.1).  This 

Arabidopsis subfamily is represented by predicted orthologs in other species.  Notably, 

related proteins from tobacco and tomato share higher sequence identity with CML37 and 

CML38, whereas the Medicago truncatula and rice orthologs are more similar to 

CML39.  Like CaM, the only functional domains identified in these CMLs are Ca2+-

binding EF-hands.  However, EF-hand III cannot be unambiguously defined due to high 

sequence divergence from the canonical binding loop.  Similar to CaM, these CMLs 
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contain a relatively short central linker region between the second and third EF-hands, 

but unlike CaM, also possess N-terminal extensions of varying lengths.  As little is 

known about the biochemistry of CMLs, we analysed the properties of recombinant 

CML39 to determine whether it possesses characteristics typical of Ca2+ sensors such as 

CaM.   

 To better understand the effect of Ca2+ binding on CML39 secondary structure, 

we analysed the far-UV CD (circular dichroism) spectrum of CML39 in the presence or  

absence of Ca2+.  In the apo-state (Ca2+ free), CML39 shows a large positive band with a 

λmax of 190 nm and strong negative bands with local minima at 208 and 225 nm (Figure 

2.2a).  This spectrum is characteristic of proteins with high α-helical content, and 

deconvolution of the spectrum revealed 61 % α-helix content for apo-CML39.  Titration 

of apo-CML39 with saturating CaCl2 led to a discernible shift in the CD spectrum.  An 

increase in molar ellipticity was observed at 190 nm and a decrease was observed at 225 

nm, indicating an increase in the overall α-helical content of Ca2+-CML39 relative to apo-

CML39.  Indeed, deconvolution of the Ca2+-CML39 CD spectrum demonstrated nearly 

71 % α-helix in the secondary structure, constituting a 10 % increase in α-helix compared 

to apo-CML39.  Thus, CML39 demonstrates Ca2+-dependent changes in secondary 

structure similar to that observed for conserved CaM, which has also been shown to 

undergo a 10 % increase in α-helical content upon Ca2+-binding (Martin and Bayley 

1986).  Further work is necessary to determine how this property affects structural 

changes at the tertiary level of CML39. 
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Figure 2.1. Clustal-W multiple alignment of CML39-related putative Ca2+-sensors 
from Arabidopsis and other species.  Arabidopsis CaM2 (conserved plant CaM) is 
shown for comparison.  Black shading indicates identical amino acids and grey shading 
indicates conserved amino acids.  Black bars and roman numerals under the residues 
indicate predicted EF-hand Ca2+-binding loops.  Asterisk denotes non-conserved EF-
hand compared to conserved Arabidopsis CaM2.  Genbank accession numbers are: 
CaM2, AEC09932.1; CML37, Q9FIH9.1; CML38, Q9SRE6.1; CML39, Q9SRE7.1; 
tobacco, AAK11255.1; tomato, NP_001234570.1; Medicago truncatula, 
XP_003618823.1; and rice, NP_001045436.1. 
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As previously demonstrated (Vanderbeld and Snedden 2007), CML39 undergoes 

a Ca2+-dependent electrophoretic mobility shift in the presence of Ca2+, a feature typical 

of Ca2+-sensors.  A hallmark trait of Ca2+-sensors is that they undergo conformational 

changes upon Ca2+-binding that expose hydrophobic regions thought to be involved in 

target recognition (Ikura and Ames 2006).  We assessed hydrophobicity changes in 

CML39 using the fluorescent molecule ANS (8-Anilino-1-naphthalene sulfonate) which 

undergoes a blue-shift and a large increase in fluorescence emission when in complex  

with a protein via hydrophobic interactions.  ANS alone demonstrates little fluorescence 

with an emission peak of 530 nm.  In the presence of apo-CML39, we observed a shift in 

the ANS fluorescence emission peak from 530 to 480 nm as well as an increase in 

fluorescence (Figure 2.2b).  Addition of Ca2+ caused a further increase in fluorescence 

with the same emission peak as for apo-CML39.  These results indicate that, like CaM 

and other Ca2+-sensors such as CML42 (Dobney et al. 2009), CML39 undergoes a Ca2+-

dependent shift in hydrophobicity.  Furthermore, we did not observe any effect of Mg2+ 

on fluorescence intensity relative to apo-CML39, indicating that the hydrophobicity shift 

observed in CML39 is specific to Ca2+.  

Sucrose-dependent establishment in cml39 mutant seedlings 

 We are interested in characterizing the physiological functions of CMLs in 

Arabidopsis.  To help elucidate the roles of CML39, we obtained a homozygous 

insertional knockout line (hereafter referred to as cml39; Supplementary Figure 2.10a to 

c), and studied these seedlings under various growth conditions. Among treatments, we  
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Figure 2.2. CML39 possesses properties characteristic of a Ca2+ sensor.  (a) Ca2+ 
induces changes in secondary structure in CML39.  Secondary structure characteristics 
of CML39 were monitored by far-UV CD spectroscopy in the presence (dashed line) or 
absence (1 mM EGTA; solid line) of 1 mM CaCl2.  Each spectrum is representative of 
an average of 10 scans.  The spectra are represented in units of molar ellipticity.  (b) 
ANS fluorescence was used to monitor Ca2+-dependent changes in surface 
hydrophobicity of CML39.  Spectra were recorded for ANS alone (solid line) and for 
CML39 with ANS following the addition of 1 mM each EDTA and EGTA (dotted line), 
1 mM MgCl2 (dashed line), and 1 mM CaCl2 (dash-dot-dash line).  The y-axis 
represents fluorescence emission in arbitrary units. 
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noticed a striking phenotype in cml39 mutants when grown in the absence of exogenous 

sucrose. Under standard growth conditions (Experimental Procedures), we did not 

observe phenotypic differences between Col-0 (wildtype) or cml39 seedlings when grown 

in the presence of sucrose.  However, when seedlings were grown in the absence of 

sucrose, light-grown cml39 seedlings entered a state of developmental arrest shortly after 

radicle emergence (Figure 2.3a, b, and c).  Arrested cml39 seedlings could be 

distinguished by the absence of primary root elongation beyond a few millimeters, lack of 

expansion of the cotyledons, and failure to produce true leaves.  Interestingly, the mutant 

phenotype did not display complete penetrance, as approximately 20 % of cml39 

seedlings did not show the fully arrested phenotype (Figure 2.3b).  In ~ 10 % of cml39 

plants, only one cotyledon expanded, and these seedlings displayed primary root 

elongation and formation of true leaves similar to wildtype and so were not considered to 

be arrested.  One of the most remarkable observations was the temporal persistence of the 

arrested phenotype of cml39 seedlings in the absence of sucrose.  Figure 2.3d shows that 

over a 10 day period cml39 seedlings did not display substantial primary root elongation 

and arrested seedlings failed to develop true leaves (Figure 2.3d).  However, transfer of 

10 day old arrested seedlings to media containing sucrose resulted in expansion of the 

cotyledons, elongation of the primary root, and formation of true leaves, demonstrating 

viability of cml39 mutants even after this extended period in the arrested state (Appendix 

E).  To confirm that loss of CML39 was responsible for developmental arrest in cml39 

seedlings, we tested the ability of wild-type CML39 to  
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Figure 2.3.  cml39 seedlings are sucrose-dependent for seedling establishment.  (a) 
Root lengths of Col-0 and three related CML T-DNA insertional knockout lines as 
indicated.  Roots of cml39 seedlings are significantly shorter compared to Col-0 (*) 
when seedlings are grown in the absence of sucrose (n=5, p<0.001).  n represents the 
number of true technical replicates, each of which is comprised of a minimum of 5 
individual seedlings.  (b) Proportion of arrested seedlings of Col-0 and cml39 when 
grown in the absence of sucrose (n=5, p<0.0001, Student’s t-test).  Percent arrest was 
measured on a minimum of 50 seedlings per replicate.  (c) Representative seedlings 
from the experiment presented in A.  (d) Developmental arrest of cml39 seedlings is 
persistent over a 10 day period (circles, Col-0; squares, cml39; open symbols, no 
sucrose; closed symbols, 1% (w/v) sucrose).  (e) Representative phenotypes of aerial 
portions of plants after 10 days of growth on media with (+) or without (-) sucrose.  (f) 
Percent arrest of Col-0, cml39, and five independent cml39/CML39pro::CML39 
complementation lines grown in the absence of sucrose.  Like letter designations 
indicate bars that are not statistically different (ANOVA, p<0.0001).  Bars represent 
means with SEM from five replicates.  (g) Root lengths of Col-0, cml39, and five 
independent cml39/CML39pro::CML39 complementation lines grown in the absence of 
sucrose.  Like letter designations indicate bars that are not statistically different 
(ANOVA, p<0.0001).  Bars represent means with SEM from a minimum of 20 
seedlings.  Data shown is representative of three experimental replicates.  Root lengths 
in panels a, d, f, and g include non-arrested cml39 seedlings.  Scale bars in (c) and (e) 
equal 5 mm. 
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rescue the phenotype of cml39 mutants. We cloned a genomic region comprising the full 

CML39 gene and 941 bp upstream of the start codon and re-introduced this native 

sequence into cml39 plants (hereafter referred to as cml39/CML39pro::CML39).  The 

presence of both the T-DNA insert and CML39 transcripts was confirmed in five 

independent cml39/CML39pro::CML39 lines (Supplementary Figure 2.10d).  The 

percentage of arrested cml39/CML39pro::CML39 seedlings in the absence of sucrose was 

lower in multiple independent transgenic lines when compared to cml39 seedlings 

(Figure 2.3f).  Additionally, primary root lengths of cml39/CML39pro::CML39 seedlings 

were longer than those of cml39 seedlings (Figure 2.3g).  We did not observe complete 

reversion of the developmental arrest phenotype to wild-type levels, however, statistical 

analysis confirmed that cml39/CML39pro::CML39 seedling phenotypes were 

significantly different from cml39 seedlings for both percent arrest and root length, thus 

indicating complementation of the mutant phenotype. 

 In addition to sucrose-dependent developmental arrest, we observed differences in 

hypocotyl elongation between dark-grown wildtype and cml39 seedlings.  In the absence 

of sucrose, hypocotyls of dark-grown cml39 seedlings were significantly shorter than 

those of wildtype (Figure 2.4).  We did not observe any differences in cotyledon opening 

between dark-grown wildtype and cml39 seedlings. 

 As sucrose-dependent developmental arrest at the seedling stage is a common 

feature of mutants impaired in lipid mobilization and β-oxidation (Eastmond 2006, 

Goepfert and Poirier 2007), we compared growth of cml39 mutant seedlings in the  



 

 

 

61 

  

Figure 2.4. cml39 mutants have short hypocotyls in the dark.  cml39 and Col-0 seeds 
were sown to media with or without sucrose and, following imbibition, were treated 
with 1 h of white light before being transferred to complete darkness.  Seedlings were 
allowed to grow for 5 days and hypocotyl lengths were measured.  In the absence of 
sucrose, cml39 mutant seedlings have shorter hypocotyls than Col-0 seedlings (upper 
panel; white bars, Col-0; grey bars, cml39; asterisk denotes significantly shorter 
hypocotyls compared to Col-0, n=5, p<0.01).  n represents the number of true technical 
replicates, each of which is comprised of a minimum of 5 individual seedlings.  
Representative Col-0 and cml39 seedlings are shown (lower panel).  Scale bars = 10 
mm. 
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presence of the auxins, indole-3-acetic acid (IAA) or indole-3-butyric acid (IBA).  Like 

IAA, IBA functions to inhibit primary root elongation after its conversion to IAA via one 

cycle of β-oxidation in the peroxisome.  Many mutants impaired in lipid mobilization 

show resistance to IBA-mediated root growth inhibition (Goepfert and Poirier 2007, 

Zolman et al. 2001).  When grown on media containing sucrose and IBA, cml39 

seedlings did not show differential root growth when compared to wildtype seedlings 

(Supplementary Figure 2.12).  This result suggests that import and processing of IBA by 

peroxisomes is intact in cml39 mutants.  Furthermore, many mutants involved in lipid 

mobilization downstream of peroxisomal β-oxidation (e.g. mutants in gluconeogenic 

enzymes) also show insensitivity to IBA, suggesting that these pathways are also intact in 

cml39 mutants.  Additionally, when grown in the dark, plants with mutations that impact 

lipid mobilization, β-oxidation, or gluconeogenesis typically exhibit impaired hypocotyl 

elongation of a much greater severity than we observed for cml39 mutants (Cornah et al. 

2004, Eastmond et al. 2000).  Collectively, these data suggest that the arrested phenotype 

of cml39 mutants is not a consequence of impaired lipid mobilization or metabolism. 

 Many plant hormones, particularly the gibberellins (GAs), have been 

demonstrated to play a role in light- and sucrose-regulated development (Liu et al. 2011, 

Zhang et al. 2010).  Thus we explored the possibility of rescue of the cml39 arrest 

phenotype by exogenous application of IAA, ABA, 1-amino-cyclopropane carboxylate, 

GA, JA (jasmonic acid), or cytokinin in the absence of sucrose.  We did not observe 

rescue of developmental arrest in cml39 seedlings with any of these hormone treatments 
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(data not shown), suggesting that CML39 might function in a pathway independent from, 

or downstream of, hormone signals. 

CML39::GUS analysis during early seedling development 

 Previous work demonstrated that CML39 is expressed at low levels during 

development, and that expression is primarily restricted to root tips and mature pollen 

grains (Vanderbeld and Snedden 2007).  To gain insight into the physiological functions 

of CML39 in seedlings, we examined the effects of light and exogenous sucrose on 

CML39 promoter activity in seedlings using the GUS (β-glucuronidase) reporter gene.  

Seedlings grown in either the light or dark were assayed 3 days after radicle emergence 

(DARE) for GUS activity.  Histochemical GUS analysis revealed distinct spatial patterns 

of CML39 promoter activity during early seedling development, particularly in light 

versus dark-grown seedlings (Figure 2.5).  When seedlings were grown in the light, GUS 

activity was restricted to roots, with the strongest activity detected just distal to the root 

tip and at the hypocotyl-root junction.  In contrast, strong GUS activity was observed in 

the hypocotyls of dark-grown seedlings, most notably in the apical hook region (Figure 

2.5).  The presence of sucrose in the media had no discernible effect on CML39 promoter 

activity. 

Growth of cml39 mutants on alternate carbon sources 

 To better understand the effects of exogenous carbon on the establishment of 

cml39 mutant seedlings, we analysed the growth of mutant and wildtype seedlings in the 

presence of increasing concentrations of sucrose as well as alternate metabolisable and  
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Figure 2.5.  Histochemical GUS reporter analysis of CML39 promoter activity in 
Arabidopsis seedlings.  Three-day-old seedlings were grown in either the light (16 h/8 
h) or complete dark in the presence or absence of sucrose as indicated for 3 DARE and 
then stained for GUS activity as described in 'Experimental Procedures'.  Scale bars = 1 
mm. 
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non-metabolisable carbon sources.  When grown at different sucrose concentrations 

(0.25-3 % (w/v)), we observed partial rescue of the root elongation phenotype at 

concentrations of sucrose as low as 0.25 % (w/v) (Figure 2.6a).  At this concentration, 

root growth of cml39 seedlings was approximately 50 % of wildtype.  Additionally, we 

observed expansion of the cotyledons and development of true leaves in all seedlings at 

this sucrose concentration.  Root growth of cml39 seedlings increased linearly with 

sucrose concentration, with restoration of root growth to wild-type levels occurring at 1  

% (w/v) sucrose.  We did not observe any additional effect of 3 % (w/v) sucrose on 

cml39 seedlings relative to wildtype.   

When cml39 seedlings were grown in the presence of either 30 mM glucose or 

fructose, we observed a partial recovery of root growth (approximately 50-75 % of wild-

type levels) as well as formation of true leaves (Figure 2.6b).  Addition of both 30 mM 

glucose and fructose to the growth media resulted in complete rescue of root growth of 

cml39 seedlings to wild-type levels.  It is noteworthy that we never observed rescue of 

cml39 developmental arrest by mannitol; indicating that the rescue by sucrose and other 

sugars is not the result of an osmotic effect. 

 Palatinose is a non-metabolisable sucrose analog that has been demonstrated to 

exert a variety of signaling effects in plants (Bolouri Moghaddam and Van den Ende 

2012, Fernie et al. 2001, Loreti et al. 2000).  Thus, we used palatinose in an attempt to 

distinguish potential signalling versus metabolic effects of sucrose on development of 

cml39 seedlings.  In wildtype seedlings grown on 1 % (w/v) palatinose, we observed an  
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Figure 2.6  Developmental arrest in cml39 mutants is rescued by metabolisable 
carbon.  (a) Effect of sucrose concentration on primary root elongation in Col-0 and 
cml39 seedlings.  3% sucrurose is equal to a concentration of 88 mM.  (b) Alternate 
sugars (30 mM each sugar supplied) partially rescue the developmental arrest phenotype 
of cml39 mutants.  Asterisk indicates significantly shorter roots compared to Col-0 (n=5, 
p<0.001).  n represents the number of true technical replicates, each of which is 
comprised of a minimum of 5 individual seedlings.  White bars, Col-0; grey bars, cml39 
in both (a) and (b). 
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overall reduction of growth relative to wildtype seedlings in the presence of 1% (w/v) 

sucrose (Figure 2.7a); however, these seedlings progressed normally through 

photomorphogenesis (Figure 2.7b).  When grown on media with 1 % (w/v) palatinose, we 

observed developmental arrest of cml39 seedlings similar to that observed in the absence 

of exogenous carbon (Figure 2.7a and b).  Thus, sucrose signalling pathways, at least 

those activated by palatinose, are not responsible for rescue of arrested cml39 seedlings.  

Collectively, the experiments presented in Fig. 2.6 and 2.7 suggest that rescue by sucrose 

and other sugars is due to a metabolic rather than a signalling effect. 

Other light-dependent phenotypes in cml39 mutants  

 We sought to explore the effect of different light regimes on growth of cml39 

mutant seedlings.  Regardless of light treatment, cml39 seedlings underwent 

developmental arrest when sucrose was excluded from the growth media (data not 

shown).  Under our standard 16 h/8 h light/dark cycle, we did not observe any differences 

between wildtype and cml39 seedlings grown in the presence of sucrose.  However, when 

the day-length was reduced to 8 h, cml39 seedlings exhibited increased hypocotyl 

elongation relative to wildtype seedlings (Figure 2.8).  This effect was only observed in 

the presence of sucrose.  These data suggest that CML39 is involved in light-sensing 

pathways. 

Electron microscopy of chloroplast ultrastructure and starch staining 

 To better understand the role of CML39 during seedling establishment, we 

examined the ultrastructure of chloroplasts from cotyledons of 3-day-old wildtype  
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Figure 2.7.  Developmental arrest is not rescued by a non-metabolizable sucrose 
analog (palatinose).  (a) Roots of cml39 mutants do not elongate in the presence of 1% 
(w/v) palatinose (white bars, Col-0; grey bars, cml39).  Asterisk represents significantly 
shorter roots compared to Col-0 (n=5, p<0.001).  n represents the number of true 
technical replicates, each of which is comprised of a minimum of 5 individual seedlings.  
(b) Seedling establishment is not affected in Col-0 plants grown on palatinose as is 
evidenced by formation of true leaves (white arrow). Scale bars = 10 mm. 
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Figure 2.8.  cml39 mutants show increased sucrose-induced hypocotyl elongation 
when grown under short day (SD) vs long day (LD) conditions.  Hypocotyl lengths 
in Col-0 (white bars) and cml39 mutants (grey bars) were compared under LD (16 h/8 h 
light/dark) or SD (8 h/16 h light/dark) growth conditions in the presence (+) or absence 
(-) of sucrose.  Asterisk indicates significantly longer hypocotyls compared to Col-0 
(n=5, p<0.001).  n represents the number of true technical replicates, each of which is 
comprised of a minimum of 5 individual seedlings.  Representative seedlings from the 
short day, 1 % (w/v) sucrose treatment are shown (right panel).  Scale bar = 5 mm.   
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and cml39 seedlings (Figure 2.9).  We did not observe any obvious differences in 

chloroplast size or in organization of thylakoid membranes.  What was apparent from the 

electron micrographs, was the lack of starch granules (Figure 2.9a, black arrows) in 

chloroplasts of cml39 seedlings grown in the absence of exogenous sucrose.  Regardless 

of growth condition, chloroplasts from wildtype seedlings always contained starch 

granules.  To confirm the results of electron microscopy, we conducted iodine staining on 

whole wildtype and cml39 seedlings grown with or without exogenous sucrose (Figure 

2.9b).  Cotyledons of wildtype seedlings grown either with or without sucrose stained 

positively (dark brown colouration) for starch.  In contrast, only cml39 seedlings grown 

in the presence of sucrose showed positive staining.  The absence of visible starch 

granules and lack of staining for starch in cml39 seedlings grown without exogenous 

sucrose indicates altered carbohydrate metabolism in these seedlings. 

 

2.4 Discussion 

Ca2+-sensors in plant signal transduction 

 In the Ca2+ signalling paradigm, Ca2+ sensors serve to transduce Ca2+ signals to 

downstream target proteins which subsequently carry out stimulus-specific cellular 

responses. The Arabidopsis genome is predicted to encode greater than 200 EF-hand 

Ca2+-binding proteins although sensor functions for most have not been demonstrated 

(Day et al. 2002, Reddy and Reddy 2004).  It is often hypothesized that the diversity of  
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Figure 2.9.  cml39 mutants lack starch in the absence of exogenous sucrose.  (a) 
Transmission electron micrographs demonstrate the presence of starch grains (black 
arrows) in 3-day old Col-0 cotyledons under all conditions and in cml39 cotyledons in 
the presence of sucrose.  Starch grains were not observed in cotyledons from cml39 
seedlings grown in the absence of sucrose.  Chloroplasts were imaged at 4000X 
magnification and images shown are representative of four biological replicates. Scale 
bars = 2 µm (b) Cotyledons from Col-0 seedlings in the presence and absence of sucrose 
as well as those from cml39 seedlings in the presence of sucrose stain positively with 
iodine, indicating that starch is present.  Cotyledons from cml39 seedlings grown in the 
absence of sucrose do not stain positively with iodine, indicating that starch is not 
present.  Images are representative of at least six biological replicates.  Scale bars = 1 
mm. 
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EF-hand proteins allows for differential responses to Ca2+ signals.  In addition to distinct 

expression patterns, it is likely that Ca2+-binding properties and target specificity vary 

among Ca2+ sensors, thereby providing a complex Ca2+ signalling network (Gifford et al. 

2007, McCormack and Braam 2003, McCormack et al. 2005).  Relatively little is known 

about the biochemical characteristics of Arabidopsis CMLs.  In our analysis of CML39, 

binding to phenyl-sepharose (Experimental Procedures, Supplementary Figure 2.11), 

ANS fluorescence, and shifts in CD spectra, collectively illustrate Ca2+-dependent 

structural changes typical of a Ca2+-sensor relay protein.  Although modest compared to 

conserved CaM (Huang et al. 2010; Martin and Bayley 1986), CML39 undergoes 

changes in secondary structure and surface hydrophobicity upon Ca2+-binding (Figure 

2.2).  By comparison, another Arabidopsis CML, CML42, shows strong Ca2+-dependent 

hydrophobicity shifts but almost no Ca2+-responsive change in secondary structure 

(Dobney et al. 2009).  It is interesting that CML39 displays considerable intrinsic 

hydrophobicity even in the apo-state (Figure 2.2b) when compared to CML42 (Dobney et 

al. 2009) or CaM (Huang et al. 2010) though how this property might influence CML39 

function remains to be determined.  These data, along with previously reported structural 

analyses of CaM and CML42, support the hypothesis that divergence within EF-hands 

leads to differential Ca2+-induced structural changes among Ca2+-sensors.  How the range 

of properties among Ca2+ sensors translates into target identification, interaction, or 

specificity of response is an area of great interest (Ikura and Ames 2006) and determining 

whether different CMLs respond to a given Ca2+ signature remains a formidable 



 

 

 

73 

challenge.  In addition, given that the Ca2+ -binding properties of CaM are influenced by 

the presence of a target protein (Peersen et al. 1997), it will be important to revisit the 

Ca2+-responsiveness of CMLs as targets are identified.    

Ca2+ signalling in light-regulated development 

Ca2+ functions as a second messenger in diverse stimulus response pathways 

(Dodd et al. 2010, McAinsh and Pittman 2009).  Thus, it is unsurprising that Ca2+ has 

been implicated in light signal transduction (Bowler et al. 1994, Kushwaha et al. 2008, 

Neuhaus et al. 1993, Neuhaus et al. 1997, Wu et al. 1996).  Microinjection experiments 

in aurea mutants of tomato lacking PhyA (phytochrome A) demonstrated that Ca2+/CaM 

was sufficient to activate a GUS reporter under control of the light-responsive 

Chlorophyll a,b- binding protein promoter (Neuhaus et al. 1993).  It was further 

demonstrated that Ca2+/CaM and cGMP (guanosine 3',5'-cyclic monophosphate), in 

combination, could induce complete chloroplast development in aurea hypocotyls 

(Bowler et al. 1994).  In the same study, Bowler et al. (1994) showed that PhyA-induced 

anthocyanin accumulation was not regulated by Ca2+/CaM, suggesting the existence of 

parallel Ca2+-dependent and Ca2+-independent light signal transduction pathways (Bowler 

et al. 1994, Neuhaus et al. 1993).  In the absence of exogenous sucrose, cml39 mutants 

display a more severe phenotype in the light than in the dark (Figures 2.3 and 2.4).  We 

examined developmental arrest in other light signalling mutants including phyA-211, 

phyB-9, and pifq but did not observe sucrose-dependent developmental arrest in any of 

these genotypes (data not shown).  Interestingly, developmental arrest is a common 
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feature of many cop (constitutively photomorphogenic) mutants including some cop1 

alleles as well as mutants defective in COP9 signalosome function (Dohmann et al. 2005, 

Gusmaroli et al. 2007, Wei and Deng 1996).  However, in contrast to cml39 mutants, in 

null mutants of these loci, arrest is permanent.  Additionally, some cop mutants show 

decreased hypocotyl elongation when grown in the dark (Dohmann et al. 2005), as is the 

case, albeit to a lesser extent, for cml39 seedlings.  Given the cop-like phenotypes 

observed in cml39 mutants (Figures 2.3 and 2.4) and increased sucrose-induced 

hypocotyl elongation under short days (Figure 2.8) in mutant seedlings, we suggest that 

CML39 functions in Ca2+-dependent light signal transduction; however, it is unclear 

whether this is the pathway identified by Neuhaus et al. (1993) or a novel signalling 

pathway.  Furthermore, expression of CML39 in the apical hook of dark grown seedlings 

(Figure 2.5) correlates well with that of other light signalling components such as PhyA 

and PhyB (Somers and Quail 1995), providing further support for a role for CML39 in 

light signal transduction.  By comparison, expression of CML39 paralogs, CML37 and 

CML38, has been observed in seedlings, predominantly in roots and leaves (Vanderbeld 

and Snedden 2007), and not in the hypocotyl.  While this does not exclude the possibility 

of functional overlap among these CMLs, it seems likely that CML39 functions 

specifically during light signalling.  Indeed, one explanation for incomplete penetrance of 

the cml39 mutant phenotype is that either CML37 or CML38 may partially fulfill the role 

of CML39.  Generation of multigenic CML knockouts is underway and should help 

address this possibility.  Furthermore, we did not observe developmental arrest in 
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transgenic CML37 or CML38 knockouts, suggesting a specific role for CML39 in 

seedling development. 

Sucrose modulates seedling development in Arabidopsis 

 In addition to being central to plant metabolism, sucrose also functions as a potent 

signalling molecule (Hanson and Smeekens 2009, Smeekens 2000).  In particular, 

sucrose affects seedling development and anthocyanin content.  In Arabidopsis seedlings, 

sucrose leads to increased hypocotyl elongation in the light, and this effect requires 

bHLH transcription factors known as PIFs (phytochrome-interacting factors; Liu et al. 

2011, Stewart et al. 2011).  Experiments in transgenic Arabidopsis carrying a luciferase 

reporter gene under control of the plastocyanin promoter demonstrated that sucrose could 

repress light-mediated activation of plastocyanin expression (Dijkwel et al. 1997).  

Furthermore, sucrose is able to suppress PhyA-mediated repression of hypocotyl 

elongation under far-red light, in a PhyB-dependent manner (Short 1999).  More recently, 

development of a quintuple phytochrome knockout (phyA phyB phyC phyD phyE) has 

revealed that sucrose can, to some extent, overcome an inability to respond to red light 

signals and promote seedling photomorphogenesis (Strasser et al. 2010).  Strasser and 

colleagues observed that phyA phyB phyC phyD phyE mutants underwent developmental 

arrest shortly after germination in the absence of sucrose when grown in red light and that 

sucrose was able to promote root growth and development of some aerial tissues in these 

plants (Strasser et al. 2010).  This raises the possibility that aberrations within light signal 

transduction pathways downstream of the phytochromes could also be overcome by 
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addition of sucrose.  Thus, it is intriguing that the cml39 developmental arrest phenotype 

can be rescued by sucrose or other metabolisable carbon sources (Figures 2.3 and 2.6).  

Our analyses suggest that phenotypic rescue by sucrose is the result of altered metabolic 

conditions, rather than a purely signalling effect of sucrose, as addition of equimolar 

amounts of glucose and fructose led to full rescue of the developmental arrest and 

palatinose failed to rescue arrested cml39 seedlings (Figure 2.7).  However, we cannot 

exclude the possibility that exogenous glucose and fructose could be converted to sucrose 

in vivo and function in a signalling context.  In addition, it remains possible that 

palatinose was not able to substitute as a signalling molecule for sucrose in cml39 

mutants given that not all sucrose-dependent responses can be activated by palatinose 

(Solfanelli et al. 2006).  The lack of starch granules in cml39 seedlings grown in the 

absence of sucrose (Figure. 2.9) indicates aberrant carbohydrate metabolism in mutant 

seedlings under these conditions.  It is important to note however, that cml39 seedlings 

grown in the presence of sucrose are capable of producing starch (Figure 2.9), revealing 

that the relevant biosynthetic pathways are not impaired, but rather have failed to become 

activated in cml39 mutants.  Nevertheless, further work is necessary to determine whether 

defective starch metabolism is the cause of developmental arrest in cml39 seedlings 

grown in the absence of exogenous sucrose or is simply a downstream consequence of 

the arrested phenotype.  

 Hormone and light signalling pathways are tightly integrated in Arabidopsis, 

particularly early in development.  Interestingly, CML39 expression is strongly induced 
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by application of methyl jasmonate (MeJA; Vanderbeld and Snedden 2007).  While a role 

for CML39 in JA signalling remains to be determined, is it intriguing to note the 

connections between JA, light signalling, and sucrose.  A number of JA signalling 

mutants display light and/or sucrose-dependent phenotypes.  The jar1 (jasmonate 

insensitive 1) mutant was identified as a suppressor of temperature-sensitive constitutive 

photomorphogenic development in cop1-6 mutants (Hsieh et al. 2000).  Additionally, far-

red-specific hypocotyl elongation is sucrose-dependent in jar1 mutants.  Interplay 

between JA and light signalling pathways has also been demonstrated during shade 

avoidance (Robson et al. 2010).  Furthermore, JA interacts synergistically with sucrose to 

induce accumulation of anthocyanins and COI1 is required for sucrose-induced 

expression of a dihydroflavonol reductase involved in anthocyanin biosynthesis (Loreti et 

al. 2008).  This raises the possibility of a requirement for COI1 in sucrose signalling.  

Although we did not detect any effect of exogenous JA on the phenotype of cml39 

mutants (data not shown), it is an interesting possibility that the developmental arrest in 

cml39 seedlings is caused by mis-regulation of COI1 and this is an area that merits future 

investigation. 

A model for CML39 function during seedling establishment 

Conditional cop-like phenotypes in cml39 seedlings are suggestive of multiple 

parallel signaling pathways regulating photomorphogenesis, one of which requires 

CML39. COP1 is an E3 ubiquitin ligase and has been proposed to mediate 

photomorphogenesis by targeting PhyA for degradation (Seo et al. 2004).  However, 
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recent evidence indicates that at least two distinct E3 ubiquitin ligases can target PhyA 

for proteosomal degradation, and that these ligases function under differing regimes of 

carbon availability (Debrieux et al. 2013). Analysis using cul1 mutants has demonstrated 

that a CUL1- based E3 ubiquitin ligase can also function in regulation of PhyA levels 

(Debrieux et al. 2013).  Interestingly, it appears that COP1 and CUL1 function under 

different conditions to target PhyA for proteolysis.  In the presence of exogenous carbon, 

COP1 targets PhyA to the proteasome.  However, when exogenous carbon is not supplied 

to seedlings, a pathway involving a CUL1-based E3 ubiquitin ligase is responsible for 

targeting PhyA for proteolysis (Debrieux et al. 2013).  These alternate pathways provide 

a reasonable explanation for conditional developmental arrest in cml39 seedlings.  We 

speculate that CML39 may influence the activity of a CUL1-based E3 ubiquitin ligase, 

and that this regulatory function of CML39 is required when carbon is limited. 

Furthermore, based upon the findings of Debrieux et al. (2013), we propose that rescue of 

cml39 mutants by sucrose is the result of red light-dependent PhyA degradation via a 

COP1-mediated pathway, thus circumventing the requirement for CUL1 and CML39. 

This model provides a framework for testing hypotheses on relationships between red 

light perception, E3 ubiquitin ligases, and CML39 function. 

 Collectively, our data indicate that CML39 possesses biochemical properties of a 

Ca2+ sensor and that it plays an important role in Ca2+-regulated light signalling during 

seedling establishment, a critical transition during plant development. In the future, it will 

be important to identify the signalling components downstream of CML39 and, in 
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particular, to determine whether they are also involved in sucrose and/or light-mediated 

responses. 

 

2.5 Experimental Procedures 

Plant material and growth conditions 

All experiments using Arabidopsis thaliana were performed using the Columbia 

ecotype (Col-0; wildtype).  After sowing, seeds were placed in the dark at 4°C for 3 days 

prior to transfer to growth chambers.  Growth chambers supplied 200 µE∙m-2∙s-1 on a 

16h/8h light/dark cycle at 22°C and 70 % relative humidity unless otherwise specified.  

The cml39 insertional knockout line (GK-272A04; locus identifier, At1g76640) was 

obtained from the GABI-Kat consortium (Kleinboelting et al. 2012).  Homozygous 

knockouts were identified by segregation for sulfadiazine-resistance and confirmed by 

PCR-based screening using the border primer, GABI-LB o8409 (5'-

atattgaccatcatactcattgc-3') and CML39 gene specific primers (forward, 5'-

atgaagaacactcaacgtcag-3'; reverse, 5'-gcttagcgcatcataagagc-3').  Loss of CML39 transcript 

was confirmed by RT-PCR, with Col-0 or cml39 cDNA as template and the presence of a 

single insert in line GK-272A04 was confirmed by southern blotting (Supplementary 

Figure 2.10).  T-DNA insertion lines for CML37 (At5g42380) and CML38 (At1g76650) 

were SALK_011488 and SALK_001571, respectively. 

RNA extraction, cDNA synthesis, and RT-PCR 



 

 

 

80 

 For analysis of CML39 transcripts in insertional knockout and complementation 

lines, whole 5 day old seedlings grown on MS media containing 1 % sucrose were 

harvested and total RNA was extracted from 100 mg of tissue using the Qiagen RNeasy 

Plant mini RNA extraction kit as per manufacturer’s instructions.  RNA samples were 

treated with DNaseI (Thermo Scientific) and 1 ug was used for cDNA synthesis using 

SuperScriptIII reverse transcriptase (Invitrogen).  Reverse transcriptase reactions were 

carried out following manufacturer’s instructions.  RT-PCR was carried out using CML39 

forward and reverse primers (see above) to determine presence or absence of the native 

transcript.  Additionally, ACTIN2 (forward primer, 5’-tcggtggttccattcttgct-3’; reverse 

primer, 5’-gctttttaagcctttgatcttgaggag-3’) was amplified as a control for equal cDNA 

loading in PCR reactions. 

CML39 cloning and construct generation 

 For recombinant CML39 protein expression, the CML39 open reading frame was 

PCR-amplified from genomic DNA using forward (5'-catatgaagaacactcaacgtc-3') and 

reverse (5'- gaattcttagcgcatcatgagggcg-3') primers containing NdeI and EcoRI restriction 

sites, respectively.  The PCR product was gel-purified and ligated into the expression 

vector, pET5a (Novagen). The construct was confirmed by DNA sequencing. 

 CML39::GUS constructs were generated in the Gateway-compatible binary 

vector, pGWBK203.  A genomic region constituting the 941 bp upstream of the CML39 

start codon was PCR amplified (forward primer, 5’-aagcttgtcaatctactaaatatatagtcc-3’; 

reverse primer, 5’-ggatcctttgagaaagaaaagattgtatttg-3’) and subcloned into the pCR8-
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TOPO entry vector (Invitrogen) as per manufacturer’s instructions.  Constructs were 

DNA sequenced to confirm correct orientation of the insert.  Once confirmed, pCR8 

entry clones containing the CML39 promoter region were combined with pGWB203 in 

the LR clonase reaction (Invitrogen) following the manufacturer’s instructions.  Clones 

were confirmed by DNA sequencing prior to transformation into Agrobacterium and 

generation of transgenic plants using the floral dip method (Clough and Bent 1998). 

 The CML39pro::CML39 construct for genetic complementation of knockouts was 

generated in the pCambia1305.1 binary vector.  A genomic region consisting of the 

941bp upstream region and the CML39 coding sequence was PCR amplified (forward 

primer, 5’- ggatcccaatctactaaatatatagtcc-3’; reverse primer, 5’- 

gtcgacgataatataaaacatgtttttgg-3’) and TA-cloned into pCR2.1-TOPO (Invitrogen).  The 

BamHI-SalI fragment corresponding to the CML39 genomic region was excised and 

ligated into BamHI-SalI digested pCambia1305.1.  Clones were confirmed by DNA 

sequencing before transformation into Agrobacterium and generation of transgenic plants 

using the floral dip method (Clough and Bent 1998).  Transgenic lines harbouring the T-

DNA were isolated by screening on hygromycin.  Screening for reversion to the wild-

type phenotype in the absence of sucrose was performed on T3 plants.  Presence of the T-

DNA in complementation lines was confirmed by PCR on genomic DNA, and restoration 

of the wild-type transcript was confirmed by RT-PCR. 

Expression and purification of recombinant CML39 
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Recombinant full-length CML39 was expressed in Escherichia coli (E. coli) 

strain BL21(DE3) CP-RIL GroES (Novagen) and purified by Ca2+-dependent phenyl-

sepharose (Sigma Aldrich) chromatography as described (Vanderbeld and Snedden 

2007).  As recombinant CML39 was observed predominantly in the insoluble fraction of 

E. coli extracts, 2 M urea was used to solubilize protein from inclusion bodies.  Prior to 

phenyl-sepharose chromatography, resolubilized CML39 was dialyzed against 25 mM 

Tris-HCl, pH 7.5, 1 mM DTT (CML binding buffer) and just before purification, 10 % 

(w/v) (NH4)2SO4 and 5 mM CaCl2 were added to the resolubilized protein extract.  

Binding to phenyl-sepharose (1 mL settled resin) was performed by bulk incubation for 1 

h at room temperature with gentle shaking.  Bound resin was batch washed with 10 bed-

volumes of CML binding buffer, followed by 10 bed-volumes of CML binding buffer 

containing 5 % (w/v) (NH4)2SO4, followed by with 10 bed-volumes of CML binding 

buffer with 1 % (w/v) (NH4)2SO4, and finally, 10 bed-volumes of CML binding buffer 

lacking (NH4)2SO4.  Following the final wash, the resin was resuspended in 10 bed-

volumes of 25 mM Tris-HCl, 5 mM CaCl2, pH 7.5 and transferred to an empty PD-10 

column (GE Lifesciences).  The resin was washed on the column with an additional 20 

bed-volumes of 25 mM Tris-HCl, 5 mM CaCl2, pH 7.5 before elution with 25 mM Tris-

HCl, 20 mM EGTA, pH 7.5 in eight 1 mL fractions.  Purity was assessed by SDS-PAGE 

and purified recombinant CML39 was concentrated and dialyzed into alternate buffers 

for biophysical analysis as necessary. 

Circular dichroism spectroscopy 
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 Circular dichroism (CD) analysis was performed at the Queen's University 

Protein Function Discovery facility using a Chirascan CD spectrometer (Applied 

Photophysics).  Spectra were collected at room temperature in a 0.1 mm path length 

quartz cuvette.  Far-UV CD spectra were collected from 260 to 180 nm on samples 

containing 8-10 µM CML39 in 2 mM Tris-HCl, pH 7.5 supplemented with either 1 mM 

CaCl2 or 1 mM EGTA.  For CD experiments, protein concentrations were determined by 

amino acid analysis (The Hospital for Sick Children, Toronto, Canada).  Final spectra 

were averaged from 10 replicate scans.  Ten control spectra of buffer alone (2 mM Tris-

HCl, pH 7.5) were collected, averaged and subtracted from the final CML39 spectra.  

Raw spectra were collected in millidegrees and were converted to units of molar 

ellipticity.  Spectral deconvolutions were performed using OLIS Spectralworks software 

(On-line Instruments, Bogart, Georgia). 

Fluorescence spectroscopy 

 8-Anilino-1-naphthalenesulfonate (ANS) fluorescence spectroscopy studies were 

carried out on 20 µM CML39 with 200 µM ANS in 10 mM Tris-HCl, 100 mM KCl, 1 

mM EDTA, pH 7.5.  Fluorescence spectra were collected on triplicate samples in a plate-

based assay using a SpectraMax Gemini XS (Molecular Devices) microplate reader and 

black 96-well microtitre plates.  Emission and excitation wavelengths for ANS 

fluorescence assays were 380 nm and 400-600 nm, respectively.  Fluorescence spectra for 

ANS alone and CML39 plus ANS were measured separately in the presence of either 1 
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mM CaCl2, 1 mM MgCl2, or 2 mM EGTA.  Fluorescence emission in arbitrary units was 

recorded for each sample after mixing. 

Histochemical analysis of CML39 promoter activity 

 Histochemical staining to detect β-glucuronidase (GUS) activity in CML39::GUS 

transgenic plants was performed using 5-bromo-4-chloro-3-indolyl-β-D-glucuronide (X-

gluc; BioShop) as substrate as described (Vanderbeld and Snedden 2007). 

 Transgenic lines along with the corresponding wildtype (Col-0) seedlings were 

grown under conditions as described in 'Results' section.  All petri plate-based growth 

assays were performed under conditions described in 'Plant material and growth 

conditions'.  For hypocotyl elongation experiments under dark conditions, seeds were 

treated with 1 h of light in the growth chamber to induce germination before transfer to 

complete darkness. 

Transmission electron microscopy 

Cotyledons were removed from 3 day old seedlings and fixed in 2.5 % 

glutaraldehyde in 25 mM potassium phosphate buffer, pH 6.8 for 2 h at room temperature 

with shaking.  Glutaraldehyde solution was replaced with buffer three times over a period 

of 30 min.  Tissue samples were then post-fixed in 1 % osmium tetroxide for 1 h at room 

temperature with shaking followed by three exchanges of buffer over 30 min.  Samples 

were then placed in 10 % acetone and were dehydrated by incrementally increasing the 

concentration of acetone to 100 % over a period of 5 h.  Acetone was replaced with a 

solution of 1:1 acetone: propylene oxide, followed by three exchanges with 100 % 
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propylene oxide over 30 min.  Propylene oxide was then removed and replaced with a 1:1 

mixture of propylene oxide: Epon-Araldite resin (Canemco Inc., Montreal, Canada) and 

samples were left over night to allow the propylene oxide to evaporate.  Tissue pieces 

were then transferred to Beem capsules (Canemco Inc., Montreal, Canada) and fresh 

Epon-Araldite resin was added.  Resin infiltration was allowed to proceed for 24 h at 

room temperature before baking samples at 60 °C for 24 h.  Embedded tissues were 

sectioned at a thickness of 60 nm using DDK diamond knives.  Sections were stained for 

seven min in saturated uranyl acetate followed by 0.02 % lead citrate for three min.  

Images were captured on Kodak electron microscopy film using a Hitachi H-7000 

transmission electron microscope. 

Iodine staining for starch 

 Starch staining was performed based on the method by Caspar et al. (1985).  

Seedlings were cleared in 100% ethanol for 30 min to one h at room temperature.  

Seedlings were then rinsed with distilled water and placed in staining solution for 30 min 

at room temperature.  The staining solution consisted of consisting of 5.7 mM iodine and 

43.4 mM potassium iodide in 0.2 M HCl.  Stained seedlings were whole-mounted in 50 

% glycerol and were imaged using a Zeiss Stereo Discovery V12 microscope equipped 

with a Canon Powershot A620 digital camera. 

Root length measurements and statistical analysis 

All root lengths were measured using the NeuronJ plugin (Meijering et al. 2004) 

for ImageJ analysis software.  NeuronJ pixel measurements were calibrated using the 13 
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mm grid from the square petri dishes on which plants were grown.  Data from NeuronJ 

was exported to Micosoft Excel and GraphPad Prism 5 for analysis. 

Statistical analyses were performed using the GraphPad Prism 5 software 

package.  Most statistical tests were two-way analysis of variance (ANOVA) unless 

otherwise indicated. 
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2.7 Supplementary Figures 

 

  

Figure 2.10.  Confirmation of T-DNA insertion and absence of transcript in cml39 
knockout plants.  (a) Schematic showing location of T-DNA insert (white box) in 
CML39 exon (black box).  Location of primers used for genotyping and RT-PCR are 
shown (black arrows).  (b) PCR confirmation of a T-DNA insert in the CML39 open 
reading frame.  PCR primers flanking the CML39 open reading frame (CML39 F + R) 
amplified a product in Col-0 but not in cml39 genomic DNA samples.  Amplification 
with the GABI-LB and CML39 F primers produced a PCR product from cml39 genomic 
DNA samples indicating the presence of the T-DNA.  (c) RT-PCR analysis of CML39 
transcript from Col-0 and cml39 cDNA demonstrates absence of CML39 transcript in 
cml39 plants.  Actin2 was amplified as an RT-PCR loading control.  (d) Southern blot 
hybridization indicated the presence of a single insert in cml39 plants.  Genomic DNA 
samples from cml39 plants were digested with either SalI, HindIII or BamHI as 
indicated, electrophoresed and transferred to nylon membrane.  The blot was probed 
with a DIG-labelled 370bp fragment targeting the T-DNA insert.  Hybridization was 
carried out at 65 °C with washing at 68 °C followed by detection with anti-DIG-AP 
(right panel).  Ethidium bromide stained gel prior to transfer is shown (left panel).  (e) 
Molecular characterization of cml39/CML39pro::CML39 complementation lines.  
Upper panel, PCR amplification of genomic DNA with GABI-LB and CML39 F 
primers confirm knockout background.  Lower panel, RT-PCR analysis confirms 
restoration of the wild-type CML39 transcript by the CML39pro::CML39 transgene. (+) 
represents genomic DNA PCR positive control.  (-) represents PCR negative with no 
template.  (RT -) represents cDNA synthesis negative control, lacking reverse 
transcriptase. 
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Figure 2.11.  Ca2+-dependent phenyl-sepharose purification of recombinant CML39.  
CML39 was bound to phenyl sepharose in the presence of 5 mM CaCl2, and was eluted 
by removal of Ca2+ with 20 mM EGTA.  Fractions were analyzed by SDS-PAGE 
followed by staining with Coomassie Brilliant Blue R250.  Pre, urea solubilised 
bacterial extract; FT, flow through; W, wash; E, elution. 
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Figure 2.12.  cml39 mutant seedlings are sensitive to the auxins, indole-3-acetic acid 
(IAA) and indole-3-butyric acid (IBA).  Col-0 and cml39 mutant seedlings were 
grown in the presence of 1 % (w/v) sucrose supplemented with either 5 µM IAA or 50 
µM IBA and root lengths were measured 5 days after radicle emergence.  IBA caused 
equivalent inhibition of root elongation in Col-0 and cml39 seedlings (white bars, Col-0; 
grey bars, cml39) indicating that β-oxidation is not perturbed in cml39 mutants. 



 

 

 

90 

2.8 References 

Anandalakshmi, R., Marathe, R., Ge, X., Herr Jr, L.M., Mau, C., Mallory, A., 
Pruss, G., Bowman, L. and Vance, V.B. (2000) A calmodulin-related protein 
that supresses posttranscriptional gene silencing in plants. Science, 290, 142-144. 

Bolouri Moghaddam, M.R. and Van den Ende, W. (2012) Sugars and plant innate 
immunity. Journal of Experimental Botany, 63, 3989-3998. 

Boonburapong, B. and Buaboocha, T. (2007) Genome-wide identification and analyses 
of the rice calmodulin and related potential calcium sensor proteins. BMC Plant 
Biol, 7, 4. 

Bouche, N., Yellin, A., Snedden, W.A. and Fromm, H. (2005) Plant-specific 
calmodulin-binding proteins. Ann Rev Plant Biol, 56, 435-466. 

Bowler, C., Neuhaus, G., Yamagata, H. and Chua, N.-H. (1994) Cyclic GMP and 
calcium mediate phytochrome phototransduction. Cell, 77, 73-81. 

Caspar, T., Huber, S.C., and Somerville, C. (1985) Alterations in growth, 
photosynthesis and respiration in a starchless mutant of Arabidopsis thaliana (L.) 
deficient in chloroplast phosphoglucomutase activity. Plant Physiol, 79, 11-17. 

Clough, S.J. and Bent, A.F. (1998) Floral dip: A simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant J, 16, 735-743. 

Cornah, J.E., Germain, V., Ward, J.L., Beale, M.H. and Smith, S.M. (2004) Lipid 
utilization, gluconeogenesis, and seedling growth in Arabidopsis mutants lacking 
the glyoxylate cycle enzyme malate synthase. J Biol Chem, 279, 42916-42923. 

Day, I., Reddy, V., Ali, G.S. and Reddy, A.S.N. (2002) Analysis of EF-hand-containing 
proteins in Arabidopsis. Genome Biol, 3. 

Debrieux, D., Trevisan, M. and Fankhauser, C. (2013) Conditional involvement of 
CONSTITUTIVE PHOTOMORPHOGENIC1 in the degradation of Phytochrome 
A. Plant Physiol, 161, 2136-2145. 

DeFalco, T.A., Bender, K.W. and Snedden, W.A. (2010) Breaking the code: Ca2+ 
sensors in plant signalling. Biochem J, 425, 27-40. 

Delk, N.A., Johnson, K.A., Chowdhury, N.I. and Braam, J. (2005) CML24, regulated 
in expression by diverse stimuli, encodes a potential Ca2+ sensor that functions in 
response to abscisic acid, daylength, and ion stress. Plant Physiol, 139, 240-253. 

Dijkwel, P.P., Huijser, C., Weisbeek, P.J., Chua, N.H. and Smeekens, S.C.M. (1997) 
Sucrose control of phytochrome A signaling in Arabidopsis. Plant Cell, 9, 583-
595. 

Dobney, S., Chiasson, D., Lam, P., Smith, S.P. and Snedden, W.A. (2009) The 
calmodulin-related calcium sensor CML42 plays a role in trichome branching. J 
Biol Chem. 

Dodd, A.N., Kudla, J. and Sanders, D. (2010) The language of calcium signaling. Ann 
Rev Plant Biol, 61, 593-620. 

Dohmann, E.M.N., Kuhnle, C. and Schwechheimer, C. (2005) Loss of the 
CONSTITUTIVE PHOTOMORPHOGENIC9 signalosome subunit 5 is sufficient 



 

 

 

91 

to cause the cop/det/fus mutant phenotype in Arabidopsis. Plant Cell, 17, 1967-
1978. 

Eastmond, P.J. (2006) SUGAR-DEPENDENT1 encodes a patatin domain 
triacylglycerol lipase that initiates storage oil breakdown in germinating 
Arabidopsis seeds. Plant Cell, 18, 665-675. 

Eastmond, P.J., Germain, V., Lange, P.R., Bryce, J.H., Smith, S.M. and Graham, 
I.A. (2000) Postgerminative growth and lipid catabolism in oilseeds lacking the 
glyoxylate cycle. P Natl Acad Sci USA, 97, 5669-5674. 

Fernie, A.R., Roessner, U. and Geigenberger, P. (2001) The sucrose analog palatinose 
leads to a stimulation of sucrose degradation and starch synthesis when supplied 
to discs of growing potato tubers. Plant Physiology, 125, 1967-1977. 

Gifford, J.L., Walsh, M.P. and Vogel, H.J. (2007) Structure and metal-ion-binding 
properties of the Ca2+-binding helix-loop-helix EF-hand motifs. Biochem J, 405, 
199-221. 

Goepfert, S. and Poirier, Y. (2007) β-oxidation in fatty acid degradation and beyond. 
Curr Opin Plant Biol, 10, 245-251. 

Gusmaroli, G., Figueroa, P., Serino, G. and Deng, X.W. (2007) Role of the MPN 
subunits in COP9 signalosome assembly and activity, and their regulatory 
interaction with Arabidopsis cullin3-based E3 ligases. Plant Cell, 19, 564-581. 

Hanson, J. and Smeekens, S. (2009) Sugar perception and signaling - an update. Curr 
Opin Plant Biol, 12, 562-567. 

Hsieh, H.-L., Okamoto, H., Wang, M., Ang, L.-H., Matsui, M., Goodman, H. and 
Deng, X.W. (2000) FIN219, an auxin-regulated gene, defines a link between 
phytochrome A and the downstream regulator COP1 in light control of 
Arabidopsis development. Gene Dev, 14, 1958-1970. 

Huang, H., Ishida, H. and Vogel, H.J. (2010) The solution structure of the Mg2+ form 
of soybean calmodulin isoform 4 reveals unique features of plant calmodulins in 
resting cells. Protein Sci, 19, 475-485. 

Ikura, M. and Ames, J.B. (2006) Genetic polymorphism and protein conformational 
plasticity in the calmodulin superfamily: Two ways to promote multifunctionality. 
P Natl Acad Sci USA, 103, 1159-1164. 

Kleinboelting, N., Huep, G., Kloetgen, A., Viehoever, P. and Weisshaar, B. (2012) 
GABI-kat SimpleSearch: New features of the Arabidopsis thaliana T-DNA 
mutant database. Nucleic Acids Res, 40, D1211-D1215. 

Kushwaha, R., Singh, A. and Chattopadhyay, S. (2008) Calmodulin7 plays an 
important role as a transcriptional regulator in Arabidopsis seedling development. 
Plant Cell, 20, 1747-1759. 

Leba, L.-J., Cheval, C., Ortiz-Martín, I., Ranty, B., Beuzón, C.R., Galaud, J.-P. and 
Aldon, D. (2012) CML9, an Arabidopsis calmodulin-like protein, contributes to 
plant innate immunity through a flagellin-dependent signalling pathway. Plant J, 
71, 976-989. 



 

 

 

92 

Lei, M., Liu, Y., Zhang, B., Zhao, Y., Wang, X., Zhou, Y., Raghothama, K.G. and 
Liu, D. (2011) Genetic and genomic evidence that sucrose is a global regulator of 
plant responses to phosphate starvation in Arabidopsis. Plant Physiol, 156, 1116-
1130. 

Liu, Z., Zhang, Y., Liu, R., Hao, H., Wang, Z. and Bi, Y. (2011) Phytochrome 
interacting factors (PIFs) are essential regulators for sucrose-induced hypocotyl 
elongation in Arabidopsis. J Plant Physiol, 168, 1771-1779. 

Loreti, E., Alpi, A. and Perata, P. (2000) Glucose and disaccharide-sensing 
mechanisms modulate the expression of α-amylase in barley embryos. Plant 
Physiology, 123, 939-948. 

Loreti, E., Povero, G., Novi, G., Solfanelli, C., Alpi, A. and Perata, P. (2008) 
Gibberellins, jasmonate and abscisic acid modulate the sucrose-induced 
expression of anthocyanin biosynthetic genes in Arabidopsis. New Phytol, 179, 
1004-1016. 

Ma, W., Smigel, A., Tsai, Y.-C., Braam, J. and Berkowitz, G. (2008) Innate immunity 
signaling: Cytosolic Ca2+ elevation is linked to downstream nitric oxide 
generation through the action of a calmodulin or calmodulin-like protein. Plant 
Physiol, 148, 818-828. 

Magnan, F., Ranty, B., Charpenteau, M., Sotta, B., Galaud, J.-P. and Aldon, D. 
(2008) Mutations in AtCML9, a calmodulin-like protein from Arabidopsis 
thaliana, alter plant responses to abiotic stress and abscisic acid. Plant J, 56, 575-
589. 

Martin, S.R. and Bayley, P.M. (1986) The effects of Ca2+ and Cd2+ on the secondary 
and tertiary structure of bovine testis calmodulin. A circular-dichroism study. 
Biochem J, 238, 485-490. 

McAinsh, M.R. and Pittman, J.K. (2009) Shaping the calcium signature. New Phytol, 
181, 275-294. 

McCormack, E. and Braam, J. (2003) Calmodulins and related potential calcium 
sensors of Arabidopsis. New Phytol, 159, 585-598. 

McCormack, E., Tsai, Y.-C. and Braam, J. (2005) Handling calcium signaling: 
Arabidopsis CaMs and CMLs. Trends Plant Sci, 10, 383-389. 

Meijering, E., Jacob, M., Sarria, J.C.F., Steiner, P., Hirling, H. and Unser, M. (2004) 
Design and validation of a tool for neurite tracing and analysis in fluorescence 
microscopy images. Cytom Part A, 58A, 167-176. 

Nakahara, K.S., Masuta, C., Yamada, S., Shimura, H., Kashihara, Y., Wada, T.S., 
Meguro, A., Goto, K., Tadamura, K., Sueda, K., Sekiguchi, T., Shao, J., 
Itchoda, N., Matsumura, T., Igarashi, M., Ito, K., Carthew, R.W. and Uyeda, 
I. (2012) Tobacco calmodulin-like protein provides secondary defense by binding 
to and directing degradation of virus RNA silencing suppressors. P Natl Acad Sci, 
109, 10113-10118. 



 

 

 

93 

Neuhaus, G., Bowler, C., Hiratsuka, K., Yamagata, H. and Chua, N.-H. (1997) 
Phytochrome-regulated repression of gene expression requires calcium and 
cGMP. EMBO J, 16, 2554-2564. 

Neuhaus, G., Bowler, C., Kern, R. and Chua, N.-H. (1993) Calcium/calmodulin-
dependent and -independent phytochrome signal transduction pathways. Cell, 73, 
937-952. 

Oh, M.-H., Kim, H.S., Wu, X., Clouse, S.D., Zielinski, R.E. and Huber, S.C. (2012) 
Calcium/calmodulin inhibition of the Arabidopsis BRASSINOSTEROID-
INSENSITIVE1 receptor kinase provides a possible link between calcium and 
brassinosteroid signalling. Biochem J, 443, 515-523. 

Peersen, O.B., Madsen, T.S. and Falke, J.J. (1997) Intermolecular tuning of 
calmodulin by target peptides and proteins: Differential effects on Ca2+ binding 
and implications for kinase activation. Protein Sci, 6, 794-807. 

Reddy, V.S. and Reddy, A.S.N. (2004) Proteomics of calcium-signaling components in 
plants. Phytochem, 65, 1745-1776. 

Robson, F., Okamoto, H., Patrick, E., Harris, S.-R., Wasternack, C., Brearley, C. 
and Turner, J.G. (2010) Jasmonate and phytochrome A signaling in Arabidopsis 
wound and shade responses are integrated through JAZ1 stability. Plant Cell, 22, 
1143-1160. 

Seo, H.S., Watanabe, E., Tokutomi, S., Nagatani, A. and Chua, N.-H. (2004) 
Photoreceptor ubiquitination by COP1 E3 ligase desensitizes phytochrome A 
signaling. Genes Dev, 18, 617-622. 

Short, T.W. (1999) Overexpression of Arabidopsis phytochrome B inhibits phytochrome 
A function in the presence of sucrose. Plant Physiol, 119, 1497-1506. 

Smeekens, S. (2000) Sugar-induced signal transduction in plants. Ann Rev Plant Physiol 
Plant Mol Biol, 51, 49-81. 

Solfanelli, C., Poggi, A., Loreti, E., Alpi, A. and Perata, P. (2006) Sucrose-specific 
induction of the anthocyanin biosynthetic pathway in Arabidopsis. Plant Physiol, 
140, 637-646. 

Somers, D.E. and Quail, P.H. (1995) Temporal and spatial expression patterns of PhyA 
and PhyB genes in Arabidopsis. Plant J, 7, 413-427. 

Spalding, E.P. and Harper, J.F. (2011) The ins and outs of cellular Ca2+ transport. 14, 
715-720. 

Staswick, P.E., Su, W. and Howell, S.H. (1992) Methyl jasmonate inhibition of root 
growth and induction of a leaf protein are decreased in an Arabidopsis thaliana 
mutant. 89, 6837-6840. 

Stewart, J.L., Maloof, J.N. and Nemhauser, J.L. (2011) PIF genes mediate the effect 
of sucrose on seedling growth dynamics. PLoS ONE, 6, e19894. 

Strasser, B., Sánchez-Lamas, M., Yanovsky, M.J., Casal, J.J. and Cerdán, P.D. 
(2010) Arabidopsis thaliana life without phytochromes. P Natl Acad Sci USA, 
107, 4776-4781. 



 

 

 

94 

Tsai, Y.-C., Delk, N.A., Chowdhury, N.I. and Braam, J. (2007) Arabidopsis potential 
calcium sensors regulate nitric oxide levels and the transition to flowering. Plant 
Signal Behav, 2, 446-454. 

Vadassery, J., Reichelt, M., Hause, B., Gershenzon, J., Boland, W. and Mithöfer, A. 
(2012) CML42-mediated calcium signaling coordinates responses to Spodoptera 
herbivory and abiotic stresses in Arabidopsis. Plant Physiol, 159, 1159-1175. 

Vanderbeld, B. and Snedden, W. (2007) Developmental and stimulus-induced 
expression patterns of Arabidopsis calmodulin-like genes CML37, CML38, and 
CML39. Plant Mol Biol, 64, 683-697. 

Wei, N. and Deng, X.W. (1996) The role of the cop/det/fus genes in light control of 
Arabidopsis seedling development. Plant Physiol, 112, 871-878. 

Whalley, H.J., Sargeant, A.W., Steele, J.F.C., Lacoere, T., Lamb, R., Saunders, N.J., 
Knight, H. and Knight, M.R. (2011) Transcriptomic analysis reveals calcium 
regulation of specific promoter motifs in Arabidopsis. Plant Cell, 23, 4079-4095. 

Wu, Y., Hiratsuka, K., Neuhaus, G. and Chua, N.-H. (1996) Calcium and cGMP 
target distinct phytochrome-responsive elements. Plant J, 10, 1149-1154. 

Xu, G.-Y., Rocha, P., Wang, M.-L., Xu, M.-L., Cui, Y.-C., Li, L.-Y., Zhu, Y.-X. and 
Xia, X. (2011) A novel rice calmodulin-like gene, OsMSR2, enhances drought 
and salt tolerance and increases ABA sensitivity in Arabidopsis. Planta, 234, 47-
59. 

Zhang, Y., Liu, Z., Wang, L., Zheng, S., Xie, J. and Bi, Y. (2010) Sucrose-induced 
hypocotyl elongation of Arabidopsis seedlings in darkness depends on the 
presence of gibberellins. J Plant Physiol, 167, 1130-1136. 

Zolman, B.K., Silva, I.D. and Bartel, B. (2001) The Arabidopsis pxa1 mutant is 
defective in an ATP-binding cassette transporter-like protein required for 
peroxisomal fatty acid β-oxidation. Plant Physiol, 127, 1266-1278. 

 

  



 

 

 

95 

 

Chapter 3 

Analysis of photosynthetic electron transport in an Arabidopsis Ca2+ 

sensor loss-of-function mutant 

3.1 Abstract 

Calcium (Ca2+) signals mediate cellular responses to many internal and external cues. 

Ca2+-binding proteins function as Ca2+ sensors to transduce signals to downstream target 

proteins whose role is to carry out cellular responses.  Plants contain expanded families 

of putative Ca2+ sensor proteins.  In addition to the evolutionarily conserved Ca2+ sensor 

calmodulin (CaM), Arabidopsis possesses a 50-member family of CaM-like (CML) 

proteins; however, the physiological roles for these proteins are not well understood.  A 

role for Arabidopsis CML39 in seedling establishment has recently been described.  

Mutants lacking CML39 (cml39) require exogenous sucrose for proper seedling 

development, but are normal when sucrose is supplied.  To better understand the cause of 

developmental arrest in cml39 seedlings, we explored whether these seedlings are capable 

of photosynthesis.  Analysis of chlorophyll fluorescence revealed that cml39 seedlings 

have reduced photosynthetic capacity compared to wildtype, but only for a short period 

of time during early seedling development.  We speculate that CML39 functions as a 

Ca2+ sensor during a brief but critical developmental window and regulates proper 

seedling establishment in the absence of exogenous carbon. 
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3.2 Introduction 

As sessile organisms, it is imperative for survival that plants respond to their 

environment in a timely and appropriate manner.  To this end, plants have evolved 

complex signal transduction pathways which allow them to coordinate development and 

reproduction in a dynamic environment.  These signaling pathways often involve second 

messengers such as calcium (Ca2+) ions (McAinsh and Pittman 2009).  In plants, 

numerous cellular events are mediated by intracellular Ca2+ signals that are detected by 

Ca2+-binding proteins known as Ca2+ sensors whose role is to transduce the Ca2+ signal to 

downstream effector proteins.  Among Ca2+ sensors, the most thoroughly characterized is 

the conserved eukaryotic protein calmodulin (CaM).  Interestingly, plant genomes 

possess extended families of conserved CaM genes.  In Arabidopsis, seven distinct CaM 

genes encode only four unique protein isoforms (McCormack and Braam 2003, 

McCormack et al. 2005), underscoring the importance of Ca2+ and CaM in cell signaling.  

Indeed, CaM functions widely in plant signal transduction via regulation of many 

different downstream targets including metabolic enzymes, transcription factors, 

transporters and channels, as well as kinases and phosphatases (Bouche et al. 2005, 

DeFalco et al. 2010).   

An interesting and unique aspect of plant genomes is that they encode large 

families of CaM-like (CML) proteins which are suspected to function as Ca2+ sensors 

(McCormack and Braam 2003, McCormack et al. 2005).  Arabidopsis possess 50 CMLs 
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that share high sequence similarity with conserved CaM.  A few CMLs have been studied 

and found to function in diverse aspects of plant developmental and stress response 

(reviewed by DeFalco et al. 2010), however, the physiological roles for the majority of 

CMLs remain uncharacterized. 

We are interested in understanding the functions of CML39 in Arabidopsis, a 

putative Ca2+ sensor whose expression level is responsive to various stimuli  (Vanderbeld 

and Snedden 2007) and which we speculate functions in signal transduction downstream 

of light perception (Chapter 2).  Mutants lacking CML39 germinate normally and turn 

green like wildtype plants, but display an arrested development phenotype in the absence 

of exogenous sucrose (Chapter 2). Thus, we sought to determine whether cml39 seedlings 

grown in the absence of sucrose were photosynthetically competent.  Our data 

demonstrate that photosynthetic electron transport is impaired early on in seedling 

development regardless of exogenous carbon supply in cml39 seedlings.   

 

3.3 Results 

In the absence of exogenous sucrose, cml39 seedlings undergo non-permanent 

developmental arrest (Chapter 2).  Intriguingly, these seedlings are green, indicating the 

presence of chlorophyll; however, it is unclear whether or not arrested seedlings are 

photosynthetially competent. Thus, we measured in planta chlorophyll fluorescence to 

estimate the photosynthetic capacity of 3- and 4-day old wildtype and cml39 seedlings 

grown in the presence or absence of 1 % sucrose.  In 3-day old cml39 seedlings (Figure 
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3.1a), we observed that photochemical quenching in light adapted seedlings (Qp) was 

lower compared to wildtype.  Similarly, we observed reduced non-photochemical 

quenching (NPQ) in cml39 seedlings compared to wildtype (Figure 3.2a).  Interestingly, 

the presence of sucrose in the media did not affect these phenotypes in 3-day old 

seedlings for either Qp or NPQ.  In 4-day old seedlings, differences in non-

photochemical quenching between wildtype and cml39 seedlings were no longer 

observed (Figure 3.2b).  In the presence of sucrose, 4-day old cml39 seedlings had similar 

photochemical quenching compared to wildtype.  However, the difference in 

photochemical quenching between 3-day old wildtype and cml39 seedlings persisted 

when 4-day old seedlings were examined (Figure 3.1b).  This deficiency in 

photochemical quenching correlates with developmental arrest in cml39 seedlings. 

To understand the efficiency of the photosynthesis in cml39 seedlings, we 

measured quantum yield (QY) in dark- and light-adapted 3- and 4-day old seedlings.  We 

did not observe any differences between wildtype and cml39 seedlings in dark-adapted 

QY regardless of carbon supply or seedling age (Figure 3.3a and b).  In 3-day old 

seedlings (Figure 3.4a), light-adapted QY was lower for cml39 seedlings compared to 

wildtype under both carbon conditions.  When light-adapted QY was examined in 4-day 

old seedlings, we did not observe and differences between wildtype and cml39 seedlings 

when grown in the presence of sucrose.  In the absence of sucrose, light-adapted QY was  
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Figure 3.1.  Photochemical quenching (Qp) is reduced in cml39 seedlings.  Col-0 
(white bars) and cml39 (grey bars) seedlings were grown with or without sucrose for (a) 
three, and (b) four days after radicle emergence and  Qp was measured (Experimental 
procedures). Bars represent means with SEM.  Asterisk indicates significant difference 
from Col-0 (Two-way ANOVA, n=4, p<0.001).  n represents the number of true 
technical replicates, each of which consisted of a minimum of 20 individual seedlings.  
Data are representative of two independent experiments. 
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Figure 3.2.  Non-photochemical quenching (NPQ) is reduced in cml39 seedlings.  Col-
0 (white bars) and cml39 (grey bars) seedlings were grown with or without sucrose for (a) 
three, and (b) four days after radicle emergence and NPQ was measured (Experimental 
procedures). Bars represent means with SEM.  Asterisk indicates significant difference 
from Col-0 (Two-way ANOVA, n=4, p<0.001).  n represents the number of true 
technical replicates, each of which consisted of a minimum of 20 individual seedlings.  
Data are representative of two independent experiments. 
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Figure 3.3.  Dark-adapted quantum yield (QY(max)) did not differ between Col-0 and 
cml39 seedlings.  Col-0 (white bars) and cml39 (grey bars) seedlings were grown with or 
without sucrose for (a) three, and (b) four days after radicle emergence and QY(max) was 
measured (Experimental procedures).  Bars represent means with SEM (n=4)  n 
represents the number of true technical replicates, each of which consisted of a minimum 
of 20 individual seedlings.  Data are representative of two independent experiments. 
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Figure 3.4.  Light-adapted quantum yield (QYLss) is reduced in 3-day old cml39 
seedlings.  Col-0 (white bars) and cml39 (grey bars) seedlings were grown with or 
without sucrose for (a) three, and (b) four days after radicle emergence and QYLss was 
measured (Experimental procedures).  Bars represent means with SEM.  Asterisk 
indicates significant difference from Col-0 (Two-way ANOVA, n=4, p<0.001).  n 
represents the number of true technical replicates, each of which consisted of a minimum 
of 20 individual seedlings.  Data are representative of two independent experiments. 
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lower in cml39 seedlings compared to wildtype, however the difference was not 

statistically significant. 

 

3.4 Discussion 

Photomorphogenesis culminates in a developmental transition known as seedling 

establishment, a shift which occurs approximately two days after seed germination.  Prior 

to seedling establishment, seedling growth is fueled by storage reserves in the cotyledons 

or the endosperm.  During this period of heterotrophic growth, it is imperative that 

seedlings produce the necessary cellular machinery required for the transition to 

photoautotrophic growth.  This includes chloroplast biogenesis, biosynthesis of 

chlorophyll, and expression of nuclear and chloroplast encoded genes required for 

producing the proteins that carry out photosynthesis.  Unsurprisingly, these processes are 

controlled by light (Monte et al. 2004).  Among physiological responses mediated by 

Ca2+ in plants, chloroplast development and expression of photosynthetic components 

downstream of light perception involves Ca2+ and CaM (Neuhaus et al. 1997, Neuhaus et 

al. 1993).  Interestingly, CaM7 in Arabidopsis can directly interact with promoters of 

light responsive genes to regulate photomorphogenesis (Kushwaha et al. 2008).  

Recently, CML39 has been shown to participate in signal transduction downstream of 

light perception (Chapter 2).  In the absence of exogenous carbon, seedlings lacking 

CML39 germinate normally and turn green in the presence of light but do not properly 

transition to photoautotrophic growth.  Intriguingly, cml39 seedlings develop normally in 

the presence of exogenous carbon.  These results suggest that, at least to some extent, 
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chloroplast biogenesis and chlorophyll synthesis occur normally, however, it is unclear 

whether cml39 seedlings are photosynthetically competent.  Thus, we examined 

photosynthetic electron transport in cml39 seedlings using chlorophyll fluorescence as 

arrested cml39 seedlings were deemed too small to measure photosynthetic rates directly 

using gas exchange methods.  

Chlorophyll fluorescence can be used to measure overall photosynthetic 

efficiency (quantum yield, QY) and so we measured QY in dark- and light-adapted 

wildtype and cml39 seedlings grown with or without sucrose.  Quantum yield in the dark-

adapted state reflects the maximum photosynthetic efficiency if all PSII reaction centers 

were open (i.e. were able to accept an electron from the water-splitting complex).  

Quantum yield in the light-adapted state reflects the actual efficiency of photochemistry 

(Maxwell and Johnson 2000, Roháček 2002).  Interestingly, dark-adapted QY did not 

differ between wildtype and cml39 under either growth condition (Figure 3.3).  In three 

day old seedlings, light-adapted QY was reduced in cml39 relative to wildtype seedlings, 

but differences were no longer observed when 4-day old seedlings were examined 

(Figure 3.4). 

Deficiencies in photochemical and non-photochemical quenching were observed 

in cml39 seedlings.  Photochemical quenching reflects the ability of PSII to pass electrons 

on for use in photochemistry, and non-photochemical quenching reflects the ability of 

PSII to dissipate excess excitation energy, typically as heat (Maxwell and Johnson 2000).  

Decreased Qp and NPQ were observed in 3-day old cml39 seedlings regardless of the 
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presence of exogenous sucrose (Figures 3.1 and 3.2), suggesting that cml39 seedlings are 

generally impaired in their ability to move excited electrons away from PSII.  Moreover, 

differences in Qp between wildtype and cml39 seedlings persisted in 4-day old seedlings 

when grown in the absence but not in the presence of sucrose (Figure 3.1).   

Overall, our results indicate that cml39 mutants are able to carry out the light 

reactions of photosynthesis but suggest a general impairment in photosynthetic electron 

transport regardless of the growth media.  Surprisingly, these trends were less 

pronounced or absent in 4-day old seedlings, suggesting a narrow developmental window 

during which the properties of photosynthetic electron transport differ between wildtype 

and cml39 seedlings; this developmental window may be important for successful 

seedling establishment when seedlings are not supplied with exogenous carbon.  It is 

noteworthy that nearly one third of the genome undergoes changes in transcription during 

seedling establishment (Chen et al. 2010), highlighting the importance of this 

developmental transition.  Despite the similarities in photosynthetic electron transport 

between 4-day old wildtype and cml39 seedlings, it is unclear whether cml39 seedlings 

are capable of using the products of the light reactions for carbon fixation.  The 

observation that cml39 seedlings lack starch (Chapter 2), suggests that anabolic carbon 

metabolism is impaired in these seedlings.  However, whether these metabolic 

deficiencies in cml39 seedlings are the cause of developmental arrest in the absence of 

exogenous carbon, or are simply a downstream consequence of impaired transduction of 

light signals in the absence of CML39 remains to be determined.  CML39 may be direct 
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regulator of photosynthesis, but this seems unlikely given that CML39 is not expressed in 

the cotyledons of young seedlings (Chapter 2, Vanderbeld and Snedden 2007).  We 

speculate that CML39 regulates signal transduction pathways leading to establishment of 

the photosynthetic apparatus, and perhaps other key cellular components in early 

development, and future work should be directed at exploring transcript or protein levels 

for the various elements of the light and dark reactions of photosynthesis. 

 

3.5 Experimental Procedures 

Plant material and growth conditions 

Seeds of Col-0 (wildtype), cml39 mutants (see Chapter 2, Experimental 

procedures) were sown on 0.5x Murashige and Skoog media with our without 1 % 

sucrose as indicated.  Seeds were placed in the dark at 4°C for three days prior to transfer 

to the growth chamber.  Plants were grown vertically under long day conditions (16 h/8 h 

light/dark cycle) at 22°C and 70 % relative humidity.  Chlorophyll fluorescence analysis 

was conducted on seedlings 3 and 4 days after radicle emergence. 

Chlorophyll fluorescence analysis 

 Chlorophyll fluorescence analysis was performed using a Z100 FluorCam (Qubit 

Systems, Kingston, Canada).  Petri plates containing a minimum of twenty seedlings 

were placed in the system and chlorophyll fluorescence kinetics were measured in dark 

adapted seedlings following a saturating pulse of actinic light (set to 75 % maximum 

intensity).  Chlorophyll fluorescence kinetics were also measured in light-adapted 
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seedlings.  Chlorophyll fluorescence was captured using a CCD sensor using 20 µs 

exposures.  Four parameters were calculated from chlorophyll fluorescence kinetics: 

maximum quantum yield in dark and light-adapted seedlings, photochemical and non-

photochemical quenching.  These parameters were compared between Col-0 and cml39 

seedlings grown in the presence of absence of sucrose. 

Graphing and statistical analysis 

 Graphs were generated and statistical analysis was performed using the GraphPad 

Prism 5 software package. 
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Chapter 4 

Identification of subunit 5 of the COP9 signalosome as a putative 

CML39 interacting protein 

4.1 Abstract 

CML39 is an Arabidopsis calmodulin (CaM)-like protein that is involved in 

photomorphogenesis. In the absence of sucrose, cml39 knockout mutants germinate and 

turn green, but developmentally arrest soon after germination and fail to establish as 

photoautotrophic seedlings. Using a yeast-two-hybrid system, we identified a subunit of 

the COP9 signalosome (CSN), CSN5a, as a putative downstream target of CML39.  The 

CSN is an evolutionarily conserved complex that is responsible for post-translational 

modification of Cullin proteins as part of a regulatory cycle of E3 ubiquitin ligase 

activity. Directed proteolysis via the ubiquitin-proteosome system is a critical component 

of many regulatory pathways in plants including those downstream of hormone (e.g. 

auxins, gibberellins, jasmonates) and light perception. We corroborated the interaction 

between CML39 and CSN5a in vitro using a glutathione-agarose co-purification assay 

and demonstrated that the interaction between CML39 and CSN5a occurs in the absence 

of calcium.  In addition, we expanded phenotypic analysis of cml39 mutants and showed 

that, like classical constitutive photomorphogenic (cop) mutants, cml39 seedlings have 

elevated anthocyanin levels.  Collectively, out data support the hypothesis that CML39 is 

involved in regulatory pathways downstream of light perception, possibly via interaction 

with the CSN. 
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4.2 Introduction 

Signal transduction pathways mediate cellular responses to internal and external 

cues.  In many of these pathways, stimulus perception is coupled to release of second 

messengers such as the calcium ion (Ca2+) that aid in transduction of the stimulus.  Of 

critical importance in Ca2+ signaling are Ca2+-binding proteins that function as Ca2+ 

sensors to detect Ca2+ signals and subsequently alter the activity of downstream effector 

proteins (McAinsh and Pittman 2009, DeFalco et al. 2010).  Plant genomes contain three 

main families of Ca2+ sensors: calcineurin-B-like proteins, Ca2+-dependent protein 

kinases, and the calmodulin (CaM) and CaM-like (CML) proteins.  In Arabidopsis, the 

CMLs are represented by a 50 member family (McCormack and Braam 2003, 

McCormack et al. 2005).  These proteins contain only EF-hand Ca2+-binding motifs, and 

so are predicted to function as non-catalytic sensor relay proteins.  Relatively little is 

known about the physiological functions of CMLs.  Recently, we identified CML39 as a 

putative Ca2+ sensor with a role in the transduction of light signals during 

photomorphogenesis and seedling establishment (Chapter 2).  Loss-of-function cml39 

mutants have conditional constitutive photomorphogenic (cop)-like phenotypes, the most 

striking of which is developmental arrest at the seedling stage in the absence of 

exogenous carbon (Chapter 2). 

 Genetic screens in Arabidopsis for mutants displaying constitutive 

photomorphogenic/fusca/de-etiolated phenotypes isolated a large number of loci that 

regulate photomorphogenesis (Wei and Deng 1996).  Subsequent cloning and 

identification of the mutant loci revealed that regulation of proteolysis plays a central role 
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in controlling photomorphogenesis in plants.  In Arabidopsis, photomorphogenesis is 

negatively regulated by two Cullin4 (CUL4)-based E3 ubiquitin ligases that contain 

COP1 (CONSTITUTIVE PHOTOMORPHOGENIC 1) as the substrate adaptor subunit 

(Chen et al. 2006, Chen et al. 2010).  These ligase complexes target 

photomorphogenesis-promoting transcription factors (HY5, HYH, LAF1) for degradation 

by the proteasome. The targeted proteolysis of these transcription factors represses 

photomorphogenic development in the dark (Holm et al. 2002, Osterlund et al. 2000, Seo 

et al. 2003).  Light-dependent deactivation of CUL4-COP1 E3 ligases allows HY5, HYH, 

and LAF1 transcription factors to accumulate and thus activate photomorphogenesis. 

 The Cullin-based E3 ubiquitin protein ligases are multi-subunit ubiquitin ligases 

containing a Cullin scaffold (Hua and Vierstra 2011).  In Arabidopsis, the Cullin family 

is represented by three distinct classes - CUL1/CUL2a/b, CUL3a/b, and CUL4 - and each 

group is capable of forming distinct ubiquitin ligase complexes.  Each Cullin ligase 

complex contains a RING domain protein known as RBX1 which serves to permit 

docking of an ubiquitin-charged E2 ligase.  Thus, CUL-RBX1 comprises the catalytic 

core of Cullin-based ligases (Hua and Vierstra 2011).  Cullin ligase complexes also 

contain substrate adaptor subunits that define the range of targets among ligase 

complexes.  The remarkable diversity of adaptor subunits confers specificity of 

proteosomal targeting within the ubiquitin-proteosome system in plants.  During 

polyubiquitination, the substrate adaptor binds the E3 target such that the ubiquitin 

moiety can be transferred from the E2 protein to the ubiquitination target. 
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 Assembly of Cullin-based E3 ligases is regulated, at least in part, by cycles of 

post-translational modification, rubylation/derubylation (Stratmann and Gusmaroli 2012).  

Attachment of RUB1 (RELATED TO UBIQUITIN1; rubylation), a small ubiquitin-like 

protein, to the Cullin subunit results in stabilization of the E3 ligase complex, allowing 

the ligase to bind an ubiquitin-charged E2 protein and subsequently polyubiquitinate its 

target.  Removal of the RUB1 moiety (derubylation) leads to dis-assembly of the E3 

ligase, allowing for reassembly with new substrate adaptor proteins.  Active Cullin-based 

E3 ligases are known to auto-ubiquitinate, thus targeting themselves for proteosomal 

degradation, and so it has been postulated that cycling through rubylated and derubylated 

states is necessary to maintain a stable pool of Cullin scaffolds (Stuttmann et al. 2009, 

Wee et al. 2005).  Derubylation of Cullins is carried out by a large multi-subunit protein 

complex known as the COP9 signalosome (CSN; Dohmann et al. 2005, Serino et al. 

2003).  The CSN is highly conserved among eukaryotes and is required for a wide range 

of processes in animals including cancer initiation and progression (Stratmann and 

Gusmaroli 2012).  The complex is composed of eight subunits, where subunit 5 possesses 

the RUB1 isopeptidase catalytic activity that cleaves RUB1 from Cullin proteins.  The 

CSN was originally identified in screens for constitutively photomorphogenic growth in 

the dark (Wei and Deng 1996).  Loss-of-function mutants for genes encoding any of 

subunits 1, 2, 3, 4, 7, and 8 are seedling lethal.  Subunits 5 and 6 are each represented by 

a pair of genes (CSN5a/CSN5b and CSN6a/CSN6b) encoding highly homologous 

isoforms and double mutants for both subunits are seedling lethal.  Because of their 
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catalytic activity, CSN5a and CSN5b have been studied extensively, and genetic analysis 

indicates that they play partially overlapping roles during plant development (Dohmann 

et al. 2005, Gusmaroli et al. 2004, Gusmaroli et al. 2007, Serino et al. 2003).  Analysis of 

csn5a and csn5b single mutants at the seedling stage indicates that both subunits 

participate in regulation of Cullin-based E3 ligases during photomorphogenesis 

(Gusmaroli et al. 2004). 

 We identified CSN5a as a putative interacting partner of CML39 in a yeast-two-

hybrid screen.  Given the phenotypic similarities between cml39 and csn5a mutants as 

well as other constitutive photomorphogenic (cop) mutants, we sought to corroborate the 

interaction between CML39 and CSN5a in vitro.  Furthermore, we explored the 

possibility that csn5 mutants might also be sucrose-dependent for seedling establishment, 

and extended our phenotypic analysis of cml39 mutants to determine whether loss of 

CML39 leads to excessive production of anthocyanins, a common feature of 

constitutively photomorphogenic mutants. 

 

4.3 Results 

Yeast-two-hybrid analysis 

 In order to gain insight into CML39 function during seedling development, we 

sought to identify putative downstream targets of CML39 using a yeast-two-hybrid 

cDNA library screening approach.  Our screen identified a number of putative positives 

that activated all three - HIS2, ADE3, and lacZ – reporter genes to allow growth on 
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selective media, and hydrolysis of the X-Gal substrate to produce a blue precipitate.  

Among putative CML39-interactors isolated in the screen, CSN5a was represented 

independently by several clones (Figure 4.1).  Furthermore, CSN5a clones retransformed 

with CML39 bait survived auxotrophic and lacZ-based selection whereas other putative 

positives did not.  It is noteworthy that all CSN5a clones identified represented N-

terminal truncations of CSN5a lacking the first 41 amino acid residues (CSN5a42-357; 

Figure 4.2), a region of the protein that is known to confer self-activation of reporter 

genes in the GAL4 yeast-two-hybrid system (Lozano-Durán et al. 2011, Nordgård et al. 

2001).  We did not observe self-activation of reporter genes when yeast were transformed 

with empty bait and pBI771:CSN5a42-357 (Figure 4.1), and so were confident that 

activation of the reporter genes was conferred by interaction of CML39 and CSN5a in 

yeast.  Additionally, we co-transformed yeast cells with pBI771:CSN5a42-357 and the bait 

plasmid containing CML42, a CML with 27 % identity to CML39, and did not observe 

activation of any of the reporter genes (Figure 4.1), demonstrating that CSN5a 

specifically interacts with CML39.  Given the similarities in the phenotypes of cml39 and 

other cop mutants, we further explored CSN5a as a putative interactor of CML39. 

In vitro interaction of CML39 with CSN5a 

 To test the possibility that CSN5a is a target of CML39, we used an in vitro GSH-

agarose co-purification assay.  Recombinant CML39 and GST-tagged CSN5a (GST-

CSN5a) were expressed in E. coli and total soluble bacterial extracts containing these 

proteins were combined and subjected to GSH-agarose purification (‘experimental’  
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Figure 4.1.  CML39 interacts with CSN5a42-357 (K9) in yeast. Yeast containing the 
indicated combinations of either empty bait (AD) and/or prey vectors (BD), or vectors 
encoding CML39, K9, CML42 or positive controls (AD+ and BD+) were streaked on 
selective media (SD-LWAH). X-Gal assays to test for LacZ activity were performed on 
the positive control and the CML39-AD + K9-BD combinations. Growth on SD–
LWAH and a blue colorimetric reaction in the presence of X-Gal are indications of an 
interaction between bait and prey proteins. 
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Figure 4.2.  Clustal-W multiple alignment of CSN5 amino acid sequences from 
Arabidopsis and other eukaryotic species. K9 represents the translated sequence from 
the cDNA clone isolated by yeast-two-hybrid analysis which lacks the first 41 amino 
acids of CSN5a. The catalytic Jab/MPN metalloisopeptidase (JAMM) motif is 
underlined. Sequences are derived from the following loci/accession numbers: AtCSN5a, 
At1g22920; AtCSN5b, At1g71230; Human, NP_006828.2; Schizosaccromyces pombe, 
NP_593131.1; zebrafish, NP_957019.1. 
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purification).  Extracts containing CML39 only, and CML39 with GST were used as 

negative controls to assess background binding of CML39 to GSH-agarose and to the 

fusion tag.  Eluates from control and experimental purifications were probed for the 

presence of CML39 using anti-CML39 antibodies. 

 In the presence of Ca2+, we observed binding of a small amount of CML39 to 

GSH-agarose as indicated by the presence of an immuno-reactive polypeptide 

corresponding to CML39 in the elution fraction (Figure 4.3).  When Ca2+/CML39 was 

incubated with GSH-agarose in the presence of either GST or GST-CSN5a, no equivalent 

immuno-reactive band was detected, indicating that, in the presence of Ca2+, CML39 did 

not interact with the GST-CSN5a fusion protein (Figure 4.3).  When the same 

experiments were performed in the absence of Ca2+ (10 mM EGTA in the buffer), a 

reduction in background binding of CML39 to GSH-agarose was observed.  Incubation 

of CML39 with GST alone did not result in enrichment of CML39 by the column.  

However, when CML39 was incubated with GST-CSN5a, a strong immuno-reactive 

band corresponding to CML39 was observed in the elution fraction, indicating that, under 

these conditions, CML39 did interact with the GST-CSN5a fusion protein (Figure 4.3). 

 

Effect of sucrose on csn5a and csn5b mutants 

 Because CSN5a is a putative interactor for CML39, we explored the effect of 

exogenous sucrose on seedling development in loss-of-function csn5 mutants.  In 

Arabidopsis, CSN5 is encoded by two highly homologous genes, CSN5a and CSN5b  
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Figure 4.3  In vitro GST-pulldown assays of the interaction between CML39 and 
CSN5a. Total bacterial soluble extracts containing either CML39, CML39 and GST, or 
CML39 and GST-CSN5a were incubated with GSH-agarose in the presence of either 2 
mM CaCl2 (Ca2+) or 10 mM EGTA. Proteins eluted from the column were subjected to 
SDS-PAGE (lanes were loaded for equal volumes) and electroblotted to nitrocellulose 
membrane for immunoblotting with anti-GST or anti-CML39 antisera as indicated. 
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which serve partially overlapping functions.  Loss-of-function of both subunits (i.e. csn5a 

csn5b double mutants) is seedling lethal, and thus we were only able to test the effects of 

sucrose on growth of single mutants.  To assess sucrose dependent phenotypes in csn5a 

and csn5b mutants, we measured root growth in the presence or absence of sucrose.  We 

did not observe an effect of loss-of-function for either CSN5 isoform in the presence or 

absence of sucrose (Figure 4.4).  Additionally, we observed moderate reduction in root 

growth in the presence of sucrose for csn5a-1 seedlings, but this difference was not 

statistically significant.  While these data suggest that the CSN may not play a role in 

sucrose responses of seedlings, this possibility cannot be ruled out because of the 

overlapping roles of the CSN5a and CSN5b isoforms. 

Anthocyanin content in cml39 seedlings 

 One common feature of many classical cop mutants is strong accumulation of 

anthocyanins in the cotyledons and this phenotypic characteristic is indicative of 

constitutively active light signaling pathways in these mutants.  During analysis of 

developmental arrest in cml39 mutants, we noticed that cml39 seedlings appeared darker 

in colour compared to wildtype.  Thus, quantitative analysis of anthocyanin levels in 

cml39 and wildtype seedlings 5 days after radicle emergence was performed.  

Additionally, we examined the effect of exogenous sucrose on anthocyanin accumulation 

in cml39 and wildtype seedlings since sucrose is known to induce biosynthesis of 

anthocyanin pigments (Solfanelli et al. 2006).  We observed a difference in anthocyanin 

content between cml39 and wildtype seedlings in the presence and absence of sucrose  
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Figure 4.4.  csn5 mutants are not sucrose dependent for seedling establishment. (a) 
Homozygous csn5b knockouts were isolated by PCR-based screening as described in 
Experimental Procedures.  csn5a-1 and csn5a-2 homozygous mutants were isolated 
phenotypically as described in Experimental Procedures.  (b) Root lengths were 
measured for the genotypes indicated from seedlings grown in the presence or absence 
of 1 % sucrose. Bars represent mean with SEM. Root lengths reported are an average of 
4 technical replicates each consisting of at least 10 seedlings.  Data are representative of 
two experimental replicates.  Asterisk indicates significant difference from Col-0 (two 
way ANOVA, n=4, p<0.001). 
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(Figure 4.5); anthocyanin levels in cml39 seedlings were approximately 40 % higher 

under both conditions.  However, only in the presence of sucrose were anthocyanin levels 

in cml39 seedlings significantly higher compared to wildtype (two-way ANOVA, p<0.01, 

n=4), indicating that cml39 mutants may be hyper-responsive to sucrose with respect to 

activation of anthocyanin biosynthetic pathways. 

Analysis of AtCUL3 protein levels in cml39 seedlings 

 The CSN regulates the activity of Cullin-based E3 ubiquitin ligases, so we 

explored the effect of loss of CML39 function on Cullin stability in Arabidopsis 

seedlings.  For this purpose we obtained a commercially available polyclonal antibody 

specific for Arabidopsis Cullin3 (AtCUL3).  Antibodies for other Cullin isoforms were 

unavailable, and so only levels of AtCUL3 could be tested. 

 Total protein extracts from wildtype and cml39 seedlings grown in the presence or 

absence of sucrose were separated via SDS-PAGE and blotted to nitrocellulose.  Blots 

were probed with anti-AtCUL3 to determine the relative levels of AtCUL3 in each 

extract.  We observed an approximately 85 kDa immuno-reactive band that corresponds 

to the predicted size of AtCUL3 in all extracts (Figure 4.6), as well as a slightly smaller 

immuno-reactive band (~75 kDa) that may represent a breakdown product of AtCUL3.  

The abundance of AtCUL3 did not differ substantially between wildtype and cml39 

seedlings in either the presence or absence of exogenous sucrose. 
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Figure 4.5.  Anthocyanin content is elevated in 5-day old cml39 seedlings.  In the 
presence of sucrose, anthocyanin content was significantly higher in cml39 (grey bars) 
compared to Col-0 (white bars) seedlings (two-way ANOVA, p<0.01, n=4). Bars 
represent means with SEM. Data is representative of two experimental replicates. 
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Figure 4.6.  Levels of AtCUL3 are unaffected in cml39 seedlings. Total clarified 
extracts (25 µg protein) from 3-day-old Col-0 and cml39 seedlings grown in the light in 
either the presence or absence of 1 % sucrose as indicated were subjected, to western 
blotting with anti-AtCUL3 antibodies. Coomassie Brilliant Blue (CBBR250) stained gel 
is shown for loading control.  Asterisk indicates 85 kDa, AtCUL3 immunoreactive band 
(in all lanes). 
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4.4 Discussion 

Understanding the physiological functions of Ca2+ sensors, such as CMLs, that 

are non-catalytic regulatory proteins requires identification of their downstream targets.  

A large number of downstream targets have been identified for conserved CaM (Bouche 

et al. 2005, DeFalco et al. 2010 and references therein) and confirm roles for Ca2+/CaM 

signaling in diverse aspects of plant development and stress response.  However, 

comparatively few downstream targets have been identified for CMLs in Arabidopsis or 

other species.  Thus we sought to identify the downstream targets for CML39 to gain 

insight into its role during seedling establishment. 

 We identified CSN5a as a putative target for CML39 in a yeast-two-hybrid screen 

(Figure 4.1).  While a number of different putative positives were identified in this 

screen, CSN5a was among a small number which were isolated multiple times and which 

activated all three reporter genes used in our screen.  It should be pointed out that others 

have described CSN5a as a false positive in GAL4-based yeast-two-hybrid systems like 

the one used in this study (Nordgård et al. 2001, Stratmann and Gusmaroli 2012).  In the 

GAL4 system, CSN5a is capable of acting as a transcriptional co-activator with the 

GAL4 trans-activation domain to drive reporter gene expression (Nordgård et al. 2001).  

Interestingly, all CSN5a clones isolated in our study represented N-terminal truncations 

of the protein, lacking the first 41 amino acid residues.  Similar clones have been 

identified in other studies using GAL4-based yeast-two-hybrid screening (Lozano-Durán 
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et al. 2011), suggesting that the extreme N-terminus of CSN5a is responsible for self-

activation of reporter genes in the GAL4 system.  The interaction of CSN5a was specific 

for CML39 as CML42 did not interact. However, we did not test CNS5a-CML 

interaction broadly among CMLs and thus the specificity for CML39 should be viewed 

with caution.  Nevertheless, our yeast-two-hybrid results suggest that CSN5a is a putative 

interactor of CML39, and are supported by the observation that CML39 can interact with 

GST-tagged recombinant CSN5a in GSH-agarose co-purification assays (Figure 4.3).  It 

is noteworthy that the interaction between CML39 and CSN5a occurred in the absence of 

Ca2+.  While this result was unexpected, interaction of a Ca2+ sensor with its target in the 

absence of Ca2+ has been reported previously.  For example, interaction of CaM with an 

unconventional myosin from chicken occurs at low Ca2+ levels and CaM is released at 

high Ca2+ concentrations (Houdusse et al. 1996)  Further work will be necessary to 

determine what role, if any, Ca2+-binding by CML39 plays in mediating the interaction 

with CSN5a.   

 As cml39 mutants share phenotypic similarities with classical cop mutants, we 

extended our analysis of cml39 mutants by analyzing anthocyanin content, and explored 

the possibility that csn5 mutants might be sucrose-dependent for seedling establishment.  

Our experiments revealed that anthocyanin content was higher in cml39 seedlings 

compared to wildtype (Figure 4.5).  Intriguingly, this phenotype was sucrose-dependent, 

like other phenotypes that we have observed in cml39 mutants (Chapter 2).  These results 

further implicate CML39 in mediation of light- and sucrose-regulated signal transduction 
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pathways.  Our analysis of csn5a and csn5b mutants did not reveal any sucrose-

dependent effects of loss of CSN function (Figure 4.4).  The lack of sucrose-dependent 

growth responses in csn5 single mutants may be due to partial functional overlap between 

the two distinct CSN5 isoforms as has been reported (Gusmaroli et al. 2004).  

Alternatively, the apparent sucrose-dependent and sucrose-independent pathways 

mediating photomorphogenesis (Debrieux et al. 2013) could both involve the CSN as a 

regulatory component and thus we would not expect sucrose-dependent phenotypes in 

these mutants.  This idea is supported by the observation that double mutants lacking 

both CSN5 isoforms are constitutively photomorphogenic in the dark and permanently 

arrest shortly after seed germination (Dohmann et al. 2005). 

The COP9 signalosome plays a central role in plant development and stress 

response via regulation of Cullin-based E3 ubiquitin ligases.  The CSN functions to 

derubylate Cullin subunits and this catalytic activity is performed by CSN subunit 5.  We 

tested the possibility that levels of Cullin proteins may be altered in cml39 mutants but 

did not observe any differences in levels of AtCUL3 in mutants compared to wildtype 

(Figure 4.6).  However, as we could only assess levels of AtCUL3, it cannot be ruled out 

that levels of other Cullins are affected in cml39 mutants.  Indeed, AtCUL4 and AtCUL1 

have been linked to regulation of various aspects of light signaling (Chen et al. 2006, 

Chen et al. 2010, Debrieux et al. 2013, Moon et al. 2007) and so it will be important to 

assess the levels of these proteins in the future.  Additionally, because of the possibility 
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that CML39 interacts with CSN5a, rubylation status of Cullins may be altered in cml39 

mutants, and this represents an important question for future studies to address. 

Given that CSN5a has been described as a false positive in yeast-two-hybrid 

screens, CSN5a-CML39 interaction data must be interpreted cautiously.  Furthermore, 

the CSN is a major signaling hub in plants and so correlation of signaling pathways in 

which CSN and CML39 have both been implicated (light, JA, pathogen defense) may be 

merely co-incidental as opposed to suggestive of a role for CML39 in CSN function.  

However, recent analysis of the role of E3 ubiquitin ligases in proteolytic regulation 

downstream of light perception shows that a CUL1-based E3 ligase is required for proper 

light responses in the absence of exogenous sucrose (Debrieux et al. 2013).  It therefore 

seems plausible that conditional developmental arrest in cml39 mutants could be the 

result of altered CUL1 activity, possibly due to misregulation of the CSN.  Given the 

importance of regulated proteolysis in control of photomorphogenic development, 

identification of a role for CML39 in control of CUL1-based E3 ubiquitin ligases is an 

intriguing possibility and is certainly an avenue that merits further study.  

 

4.5 Experimental Procedures 

Plant material and growth conditions 

 Seeds of Col-0 (wildtype), cml39 mutants (Chapter 1), and csn5a and csn5b 

mutants were sown on 0.5x Murashige and Skoog media with our without 1 % sucrose as 

indicated.  Seeds were placed in the dark at 4 °C for three days prior to transfer to the 
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growth chamber.  Plants were grown vertically under long day conditions (16 h/8 h 

light/dark cycle) at 22 °C and 70 % relative humidity.  Analysis of root lengths was 

performed as described (Chapter 2). 

 Insertional knockout lines for CSN5a and CSN5b were obtained from the SALK 

collection and homozygous seed populations were generated for experiments.  Isolation 

of csn5a-1 (SALK_063436) and csn5a-2 (SALK_027705) homozygous mutants was 

carried out by screening for known csn5a null phenotypes in soil-grown plants (Dohmann 

et al. 2005, Gusmaroli et al. 2004).  Homozygous knockouts for csn5b (SALK_007134C) 

were isolated by PCR base screening using gene specific (LP, 5'-ccctcccaagttttaaaatcg-3'; 

RP, 5'-atgccaaatctatgtgttgcc-3') primers and the SALK LBb1.3 T-DNA specific primer 

(5'-attttgccgatttcggaac-3'). 

Determination of anthocyanin content 

 For extraction of anthocyanins, 5-day old wildtype and cml39 seedlings were 

weighed and then placed in microfuge tubes containing 800 µL of 18 % 1-propanol and 1 

% HCl in distilled water.  Tissues were homogenized using a micropestle and then 

samples were boiled for 3 min before centrifugation at 21 000 x g for 5 min.  Absorbance 

(A) of samples was measured in triplicate at 535 and 650 nm using a Spectramax Plus 

(Molecular Devices) spectrophotometer and anthocyanin content (AC) of extracts (in M) 

was determined using the following equation: 

𝐴𝐶 =
𝐴535− 0.24(𝐴650)

38000  
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Molar concentrations of anthocyanins were normalized to fresh weight of the samples.  

Anthocyanin content was compared between Col-0 and cml39 in the presence or absence 

of sucrose using two-way analysis of variance.  Statistical analysis and graphing was 

performed using the GraphPad Prism 5 software package. 

Yeast-two-hybrid screening 

 For yeast-two-hybrid screening, the CML39 open reading frame was PCR 

amplified using forward (5'-ccggtcgacggatgaagaacactcaacgttcag-3') and reverse (5'-

ttgcggccgcttagcgcatcatgcgggcg-3') primers containing SalI and NotI restriction sites, 

respectively.  Digested PCR product was ligated into SalI-NotI digested pBI770 (‘bait’ 

vector) in-frame downstream of the GAL4-DNA binding domain.  The accuracy and 

integrity of all plasmid constructs were confirmed by DNA sequencing and the 

pBI770:CML39 construct was transformed into yeast strain PJ69-4A.  Yeast colonies 

carrying the vector were isolated by plating on SD-L (synthetic defined media minus 

Leu) media.  Yeast with the pBI770:CML39 plasmid was transformed using 50 µg of 

cDNA library in the pBI771 ‘prey’ vector (Kohlami et al. 1997) and were plated on SD-

LWAH (Leu Trp Ade His) to screen for potential CML39 interactors.  Transformed yeast 

were also serially diluted and plated on SD-LW to determine the transformation 

efficiency.  An estimated 9 x 106 colonies were screened.  After 10 days of growth at 30 

°C, putative positive colonies (175 in total) were replated and regrown on SD-LWAH.  A 

total of 63 putative positive colonies remained following four successive rounds of 

replating and regrowth on SD-LWAH.  Because both bait and prey vectors have 
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redundant selection in E. coli, positive colonies were subjected to four successive rounds 

of replating and regrowth on SD-W to eliminate the bait plasmid.   

 To test which bait/prey combinations were able to activate the third reporter gene 

(lacZ in this system), yeast streaks from positive colonies were overlain with 0.5 M 

potassium phosphate buffer, pH 7.0, containing 0.5 % agarose, 1 mg/mL 5-bromo-4-

chloro-indolyl-β-D-galactopyranoside (X-Gal), and 0.5 µL/mL B-mercaproethanol.  

Plates were incubated at 30 °C in the dark and were examined for development of the 

blue colorimetric reaction at 1, 2, 4, 6, 8, 12, and 24 h.  Only colonies showing a blue 

colour after 2 h of incubation (43 in total) were examined further. 

 To isolate plasmids, yeast were disrupted by agitation with glass beads in an 

extraction solution (2 % Triton X-100, 1 % SDS, 100 mM NaCl, 1 M Tris-HCl, and 1 

mM EDTA) in the presence of an equal volume of 1:1 phenol:chloroform.  Following 

centrifugation, the supernatant was treated with 2 volumes of 95 % ethanol and 0.1 

volumes of 3 M NaOAc to precipitate DNA.  Isolated plasmids were transformed into E. 

coli XL1 Blue for amplification and re-isolation.  Plasmids isolated from E. coli were 

PCR amplified using forward (5'-ctattcgatgatgaagatacc-3') and reverse (5'-

ttgattggagacttgacc-3') primers specific to the prey plasmid and were then subjected to 

DNA sequencing.  Sequences derived from positive colonies were analyzed using the 

BLAST algorithm to determine the identity of sequences encoding putative CML39 

interactors. 

Cloning and expression of recombinant CSN5a 
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 For recombinant CSN5a expression, the CSN5a (locus identifier: At1g22920) 

open reading frame was PCR amplified from Col-0 cDNA using forward (5'-

aaagtcgacgaatggaaggttcctcgtcagcc-3') and reverse (5'-tttgcggccgtcacgatgtaatcatgggctc-3') 

primers containing SalI and NotI restriction sites, respectively.  PCR product was blunt-

end ligated into SmaI-digested pBluescript and the construct was transformed into E. coli 

XL1 Blue and plated under antibiotic selection in the presence of X-gal and IPTG 

(isopropyl β-D-1-thiogalactopyranoside) to allow colourimetric screening of 

transformants.  Presence of the CSN5a insert in pBluescript was established by PCR and 

constructs were confirmed by DNA sequencing.  Once confirmed, pBluescript::CSN5a 

was digested with SalI and NotI along with pGEX4T3.  Digestion products were gel 

purified and CSN5a was ligated into pGEX4T3.  The final construct was subjected to 

DNA sequencing to confirm that CSN5a was in-frame with the upstream glutathione-S-

transferase (GST) fusion tag.  Confirmed pGEX4T3 constructs were transformed into 

E.coli BL21 (DE3) Codon Plus-RIL GroeS (Novagen) for recombinant expression.   

 For expression of the GST-CSN5a recombinant protein, E. coli were grown for 3 

h or to an optical density of 0.6 at 600 nm at 37 °C in the presence of ampicillin.  

Expression was induced by addition of IPTG to a final concentration of 0.5 mM.  

Expression was allowed to proceed for 3 h at 30 °C to help improve solubility of the 

recombinant protein.  Cells were harvested by centrifugation for 15 min at 2900 x g and 

were resuspended in 50 mM Tris-HCl, pH 8, 1 mM EDTA, 1 mM DTT, 1 mM 

benzamidine hydrochloride, and 1 mM phenylmethylsulfonyl fluoride.  Lysis was 
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performed using a French Pressure Cell Press (Thermo Scientific) in the presence of 30 

µg/mL DNaseI and 3 mM MgCl2.  GST was expressed under the same conditions as 

GST-CSN5a from pGEX4T3 lacking an insert.  Recombinant CML39 was expressed as 

previously described (Vanderbeld and Snedden 2007). 

Glutathione-agarose co-purification assay 

 Glutathione (GSH)-agarose co-purification assays were performed on bacterial 

extracts containing either CML39 alone, CML39 and GST, or CML39 and GST-CSN5a 

to confirm the interaction between CML39 and CSN5a in vitro.  Bacterial extracts were 

combined to achieve an approximately 1:1 molar ratio of CML39 and either GST or 

GST-CSN5a, and NaCl was added to samples to a final concentration of 100 mM.  

Protein samples were batch bound to 400 µL of GSH-agarose for 1 h at room temperature 

in the presence of either 2 mM CaCl2 or 10 mM EGTA.  Bound resin was washed with 

10 resin volumes of 25 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5 % Triton-X100 and 

either 2 mM CaCl2 or 10 mM EGTA.  Bound proteins were eluted from the resin in 50 

mM Tris-HCl, pH 9.0, containing 10 mM reduced GSH and either 2 mM CaCl2 or 10 

mM EGTA. 

 Eluted proteins were subjected to SDS-PAGE on 15 % acrylamide gels followed 

by transfer to nitrocellulose using a semi-dry trans-blot apparatus (BioRad).  Duplicate 

blots were generated for both the CaCl2 and EGTA binding experiments for western 

blotting with either anti-GST (Sigma-Aldrich) or anti-CML39 antibodies.  Membranes 

were blocked in phosphate-buffered saline containing 0.1 % Tween-20 (PBS-T) and 5 % 
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(w/v) skim milk powder over night at 4 °C, followed by incubation in primary antibody 

(1:500 for anti-CML39 and 1:50 000 for anti-GST) at room temperature for 2 h.  Blots 

were washed 3 times for 5 min each in PBS-T and were then incubated in alkaline 

phosphatase-conjugated goat anti-rabbit secondary antibody (Sigma-Aldrich, 1:20 000 

dilution) for 1 h at room temperature.  Following 3 x 5-min washes in PBS-T, blots were 

developed using NBT/BCIP colourimetric substrate (Promega) as per manufacturer 

instructions. 

Protein extraction and western blotting 

 Tissue samples (500 mg) from wildtype and cml39 seedlings were powdered 

under liquid nitrogen and total proteins were extracted in 500 µL 25 mM Tris-HCl pH 

7.5, 10 % glycerol, 5 mM EDTA with 1:100 plant protease inhibitor cocktail (Sigma-

Aldrich) and protein concentrations were assessed by the Bradford method.  Denatured 

protein extracts were subjected to electrophoresis in 12 % acrylamide SDS-PAGE gels.  

Samples were loaded into replicate gels and one was stained for total protein using 

Coomassie Brilliant Blue R250 while the other was used for electroblotting to 

nitrocellulose membranes using a semi-dry transfer apparatus (BioRad Laboratories).  

Membranes were blocked with PBS-T containing 5 % (w/v) skim milk powder overnight 

at 4 °C with shaking.  Blots were incubated with 1:1000 anti-AtCUL3 (Enzo Life 

Sciences) in PBS-T containing 1 % (w/v) milk powder for 2 h at room temperature with 

shaking, followed by 3 x 5-min washes with PBS-T.  Blots were then incubated in 1:20 

000 goat anti-rabbit alkaline phosphatase-conjugated secondary antibody (Sigma-
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Aldrich) in in PBS-T with 1 % (w/v) milk for 1 h at room temperature with shaking and 

then washed as described above.  Blots were developed using NBT/BCIP colourimetric 

substrate (Promega). 
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Chapter 5 

General Discussion 

5.1 Ca2+ signaling and Ca2+ sensors in plants 

More than two decades of research supports the idea that the Ca2+ ions play a 

critical role in eukaryotic signal transduction. Ca2+ signaling seems particularly important 

in plants given the plethora of internal and external stimuli that evoke Ca2+ signals and 

the diversity of Ca2+- binding proteins that plants possess relative to other eukaryotes.  

We have only recently begun to understand how specificity is derived from this broadly 

utilized second messenger.  Ca2+ signatures can encode information that helps the plant 

respond appropriately to a given stimulus (McAinsh and Pittman 2009) and, in some 

cases, it appears that Ca2+ operates as a simple switch (Scrase-Field and Knight 2003). 

 Ca2+ influxes are detected by a suite of Ca2+-binding proteins that function as Ca2+ 

sensors and serve to transduce the Ca2+ signal to downstream effector proteins that carry 

out the cellular response (DeFalco et al. 2010).  The diversity of potential Ca2+ sensors in 

plants contributes to specificity in Ca2+ signal transduction pathways.  Plant genomes 

contain expanded families of Ca2+ sensors not found in other eukaryotes (Reddy and 

Reddy 2004).  These include the Ca2+-dependent protein kinases, calcineurin B-like 

proteins, and the CMLs.  The CML family is the largest among these, represented by 50 

members in Arabidopsis (McCormack and Braam 2003, McCormack et al. 2005), and, 

while conserved CaM has been studied in great detail, the majority of CMLs remain 

uncharacterized. 
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5.2 CML39 possesses the biochemical properties of a Ca2+ sensor 

Based on sequence homology, CMLs are thought to function in a manner like that 

of conserved CaM where Ca2+-induced conformational changes in the protein allow for 

interaction with downstream targets.  The Ca2+-binding properties of a few CMLs have 

been described, and suggest that although the biochemical properties of CMLs are 

reminiscent of CaM, they are not identical.  Ca2+-binding has been demonstrated for a 

number of CMLs including CML10, CML24, CML34, CML42, and CML43 (Chaisson et 

al. 2005, Dobney et al. 2009, Ling and Zielinski 1993, Song 2004), and Ca2+-induced 

structural changes have been previously characterized for a subset of these proteins 

(CML34 and CML42; Dobney et al. 2009, Song 2004).  Our work expands on this 

knowledge, providing detailed characterization of Ca2+-dependent structural changes and 

surface hydrophobicity shifts for CML37 (Appendix 2), CML38 (Appendix 2), CML39 

(Chapter 2), and CML43 (Appendix 1) demonstrating that these proteins possess 

biochemical properties consistent with function as Ca2+-sensors.  Overall, structural 

responses to Ca2+ seem to differ between CaM and CMLs based on the degree of 

conformational change and surface hydrophobicity, and it will be interesting to see how 

these distinct structural properties affect responses to Ca2+ signals.  It is noteworthy that 

three CMLs examined in this thesis, CML37, CML38, and CML39, have exposed 

hydrophobic surfaces even in the absence of Ca2+.  It will be interesting in the future to 

determine whether this property allows these CMLs to bind their targets in advance of 

Ca2+ signaling events, perhaps in ‘anticipation’ of stimulus perception.  Information is 

lacking on the Ca2+-binding affinities for all but two CMLs.  Data for CML42 (Dobney et 
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al. 2009) and CML43 (Appendix 1) suggest that EF-hands within these proteins do 

indeed function as sensory domains, having high nanomolar to low micromolar Ca2+ 

affinities, well within the range of stimulus-induced Ca2+ influxes in plant cells.  While 

broad analysis of the Ca2+-binding parameters for CMLs is in its infancy, the emerging 

picture suggests that sequence divergence among CMLs may lead to differential 

responses to Ca2+ influx.  It seems likely that these differences will contribute to the 

range of Ca2+ signals to which CMLs can respond, and to the range of targets which 

CMLs can regulate downstream of Ca2+ signaling events (Gifford et al.  2007). 

 

5.3 Sucrose modulates multiple signaling pathways in plants 

 In addition to being a crucial metabolite, sucrose can function as a potent 

signaling molecule in plants.  This fact is underscored by the observation that the 

expression of greater than 5000 genes in Arabidopsis are responsive to sucrose (Gonzali 

et al. 2006).  However, the signal transduction pathways that integrate sucrose signals 

with other response pathways remain largely unclear.  Furthermore, sucrose has been 

shown to affect multiple signaling pathways, including those for anthocyanin 

accumulation, phosphate deprivation, hormones, and light response (Hammond and 

White 2008, Loreti et al. 2008, Solfanelli et al. 2006, Stewart et al. 2011).  The effects of 

sucrose on seedling photomorphogenesis are intriguing given the ability of sucrose to 

rescue developmental arrest in cml39 mutants.  Growth of an Arabidopsis mutant lacking 

function of all five phytochromes under red light resulted in developmental arrest that 
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could be partially rescued by the addition of sucrose to the media (Strasser et al. 2010).  

This result suggests that sucrose can at least partly activate photomorphogenic pathways, 

and this may explain lack of developmental arrest in cml39 seedlings grown in the 

presence of sucrose. 

 Photomorphogenesis is repressed in the dark by a family of basic helix-loop-helix 

transcription factors known as PIFs (Leivar and Quail 2011) and loss of function of 

multiple PIFs (pif1pif3pif4pif5, known as pifq) leads to a constitutively 

photomorphogenic phenotype (Leivar et al. 2008, Leivar et al. 2009, Stewart et al. 2011).  

cop phenotypes in pifq mutants suggest that light-dependent degradation of these 

transcription factors is sufficient to allow photomorphogenesis to occur.  The PIF 

transcription factors also control hypocotyl elongation in the dark and during the shade 

avoidance response, and interestingly, are required for hypocotyl growth responses to 

sucrose (Stewart et al. 2011).  The pifq mutant shows no response to exogenous sucrose 

in terms of hypocotyl elongation under short day growth conditions.  Under similar 

conditions, we observed that cml39 mutants were hyper-responsive to exogenous sucrose 

in terms of hypocotyl elongation as mutant seedlings had longer hypocotyls compared to 

wildtype (Chapter 2).  One interesting possibility is that hyper-responsiveness to sucrose 

in cml39 mutants is caused by altered proteolytic activity toward PIFs as decreased PIF 

turnover would be expected to lead to increased hypocotyl elongation. 

 Anthocyanin accumulation in Arabidopsis occurs downstream of numerous stress 

stimuli, including phosphate deprivation and high light intensity (Solfanelli et al. 2006).  
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Moreover, elevated anthocyanin accumulation is a common feature of many cop mutants.  

Indeed, COP1, an E3 ubiquitin ligase important for photomorphogenic development, 

represses accumulation of anthocyanins in the dark by targeting two MYB transcription 

factors for degradation (Maier et al. 2013).  Accumulation of anthocyanins is sucrose-

responsive and this has been demonstrated to be synergistic with JA (Loreti et al. 2008).  

Interestingly, COI1 (CORONATINE INSENSITIVE 1), the JA receptor, is required for 

sucrose-induced anthocyanin biosynthesis.  Furthermore, shade avoidance responses are 

negatively regulated by COI1 and this can be suppressed by JA (Robson et al. 2010).  

Since CML39 is strongly upregulated by JA (Vanderbeld and Snedden 2007), but not 

other hormones examined to date, it will be interesting to see if shade avoidance 

responses are altered in cml39 mutants.  Additionally, it will be important to determine 

whether COI1-based far-red light responses (Robson et al. 2010) are affected cml39 

mutants.  The observation that anthocyanin levels in cml39 seedlings were hyper-

responsive to sucrose compared to wildtype (Chapter 4) is intriguing and may suggest 

that CML39 functions to integrate light, sucrose, and JA signaling.   

 

5.4 cml39 mutants display ‘constitutively photomorphogenic’-like phenotypes 

 The most striking phenotypic aberration observed in cml39 mutants occurred 

when seedlings were grown in the light in absence of exogenous sucrose.  Under these 

conditions, cml39 seedlings entered a state of developmental arrest characterized by 

minimal primary root elongation, failure to expand cotyledons, and lack of formation of 
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true leaves (Chapter 2).  Conversely, in the presence of sucrose, cml39 seedlings develop 

normally.  Thus, we have characterized cml39 mutants as sucrose-dependent for seedling 

establishment.  cml39 mutants have other light- and sucrose-dependent phenotypic 

properties as well.  In dark-grown seedlings, exclusion of sucrose from the media resulted 

in reduced hypocotyl elongation, and thus, cml39 mutants are partially de-etiolated in the 

dark (Chapter 2).  In light-grown seedlings, inclusion of sucrose in the media led to 

increased anthocyanin accumulation in cml39 seedlings compared to wildtype.  

Furthermore, when cml39 seedlings were grown with sucrose under a short day light 

cycle, hypocotyl elongation was exaggerated relative to wildtype seedlings.  These 

phenotypes are reminiscent of a number of light signaling mutants including classical cop 

mutants (Lau and Deng 2012, Wei and Deng 1996). 

 cml39 mutants also showed metabolic impairments.  When grown in the absence 

of sucrose, mutant seedlings did not develop starch granules within the chloroplasts, but 

were capable of doing so when sucrose was supplied exogenously (Chapter 2).  

Furthermore, analysis of chlorophyll fluorescence (Chapter 3), demonstrates that cml39 

seedlings only show defects in the light reactions of photosynthesis for a short period of 

time during seedling development.  Thus, it seems plausible that CML39 functions in 

signaling pathways upstream of these metabolic pathways, rather than regulating starch 

synthesis or photosynthesis directly. 

Sucrose-dependent seedling establishment is a phenotypic trait of a class of 

mutants whose gene products are involved in lipid mobilization and the subsequent 
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metabolic pathways required for storage oil utilization in germinating seeds and 

developing seedlings (Goepfert and Poirier 2007).  Storage oils fuel seedling growth for 

approximately two days after germination before seedlings become autotrophic 

(Eastmond and Graham 2001).  In addition to sucrose-dependent seedling establishment, 

mutants involved in lipid mobilization also show dramatically reduced hypocotyl 

elongation in the dark, as well as resistance to IBA (indole-3-butyric acid, Eastmond 

2006, Pinfield-Wells et al. 2005, Rylott et al. 2003, Zolman et al. 2001).  cml39 mutants 

differ in these last two phenotypic traits compared to lipid mobilization mutants.  Dark-

grown cml39 seedlings display only a modest decrease in hypocotyl elongation compared 

to Col-0 and a similar sensitivity to IBA in root elongation assays (Chapter 2).  Thus, the 

metabolic pathways fueling seedling growth are likely intact in cml39 seedlings and I 

conclude that CML39 functions in signaling pathways involved in photomorphogenesis.   

My research also expanded on previous expression studies using transgenic plants 

carrying a CML39promoter::GUS reporter gene construct.  The CML39 promoter showed 

differential activity in light (16 h/8 h light/dark cycle) versus dark grown seedlings.  In 

etiolated seedlings, CML39 promoter activity was strong and specifically localized to the 

apical hook (Chapter 2).  This expression pattern correlates well with those of known 

light perception and signaling components including PhyA and PhyB (Somers and Quail 

1995), supporting the hypothesis that CML39 plays a role in light signal transduction.   

Genetic screens for constitutive photomorphogenic phenotypes have led to the 

discovery of important regulators of photomorphogenesis in plants (Wei and Deng 1996).  
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These screens identified a number of proteolytic regulators as being key suppressors of 

photomorphogenesis. Light-mediated development is repressed in the dark by a pair of 

CUL4-based E3 ubiquitin ligase complexes, and mutants in either the CUL4 or COP1 

subunits show broad impairments in light responses, including constitutive 

photomorphogenesis and developmental arrest in mutants carrying severe alleles (Chen et 

al. 2006, Chen et al. 2010a, Deng and Quail 1992).  Developmental arrest is also 

observed in mutants lacking the RUB1 isopepeptidase activity of the CSN (Dohmann et 

al. 2005, Lau and Deng 2012) which serves to control assembly of Cullin-based E3 

ligases (Stratmann and Gusmaroli 2012).  Unlike cml39 seedlings, developmental arrest 

in CSN, CUL4, or COP1 mutants is permanent.  Conditional cop-like phenotypes in 

cml39 seedlings suggests multiple parallel signaling pathways regulating E3 ligase 

activity downstream of light perception, and that CML39 serves a regulatory role in one 

of these pathways.  Recent evidence supports the hypothesis that multiple E3 ligases 

operate downstream of light perception to target PhyA for proteosomal degradation, and 

that these ligases function under differing regimes of carbon availability (Debrieux et al. 

2013, Seo et al. 2004).  COP1 has been previously implicated in red-light dependent 

PhyA degradation (Seo et al. 2004), and Debrieux et al. (2013) recently found that a 

CUL1-based E3 ubiquitin ligase can also function in this process.  In the presence of 

exogenous carbon, COP1 targets PhyA to the proteasome.  However, when exogenous 

carbon is not supplied to seedlings, a pathway mediated by a CUL1-based ubiquitin E3 

ligase is responsible for targeting PhyA for proteolysis (Debrieux et al. 2013).  Presently 
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it is unclear whether other COP1 targets (e.g. HY5 and HYH, Holm et al. 2002, 

Osterlund et al. 2000) are also polyubiquitinated by this CUL1-based E3 ligase.  If this is 

the case, it would suggest a broader role for CUL1 in regulation of photomorphogenesis.  

On the basis of results presented by Debrieux et al. (2013), and my research findings, I 

propose a model for CML39 function wherein CML39 regulates the activity of a CUL1-

based E3 ubiquitin ligase, and that this regulatory function of CML39 is required when 

carbon is limited.  In this model (Figure 5.1), rescue of cml39 mutants by sucrose would 

be the result of red light-dependent PhyA degradation switching to a COP1-mediated 

pathway, circumventing the requirement for CUL1 and thus CML39.  Cullin-based E3 

ubiquitin ligases are regulated in part by cycles of rubylation and derubylation, a post-

translational modification similar to ubiquitination (Hua and Vierstra 2011).  Enzymatic 

cleavage of RUB1 from Cullins by the CSN leads to disassembly of Cullin-based E3 

ligases (Hua and Vierstra 2011, Stratmann and Gusmaroli 2012).  Because I observed in 

vitro interaction between CML39 and CSN5a (Chapter 4), one plausible explanation for 

CML39 function is that it controls derubylation of Cullins by the CSN complex and that 

this regulatory function is important under conditions of low carbon availability.  It is 

interesting that the interaction between CML39 and CSN5a was only observed in the 

absence of Ca2+.  In the model for CML39 function, light-induced Ca2+ signaling could 

lead to dissociation of CML39 from CSN5a to attenuate derubylation activity, allowing 

active (rubylated) CUL1 E3 ligase complexes to poyubiquitinate and target PhyA for 

degradation  It is noteworthy that the CSN also functions in regulation of JA responses  
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Figure 5.1.  Proposed model for CML39 function during photomorphogenesis. Upon 
conversion of PhyAR (inactive) to PhyAFR (active) by red light, PhyA is targeted for 
proteolysis by one of two parallel pathways.  Degradation of PhyA by the proteosome 
allows photomorphogenesis to proceed.  In the light, active CUL1 (rubylated, orange 
circles) polyubiquitinates (blue circles) PhyAFR in the absence of sucrose (blue column), 
resulting in proteosomal degradation of PhyAFR. In the presence of sucrose (pink 
column), COP1 mediates targeting of PhyAFR to the proteosome, circumventing the 
need for the CUL1-based pathway.  CML39 associates with CSN5 in the dark resulting 
in derubylation of the CUL1 E3 ligase, allowing PhyA to accumulate in anticipation of 
the dawn transition. Light-induced Ca2+ signals cause dissociation of CML39 and 
CSN5a, inhibiting derubylation of CUL1 and activating degradation of PhyA. 
Derubylation of CUL1 by CML39-CSN in the dark is required only in the absence of 
sucrose.  COP1 is also likely a CUL-based ligase regulated by rubylation cycles but the 
precise CUL scaffold is unknown.  This regulation would not require CML39 since 
mutants develop normally in the presence of sucrose. 
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via derubylation of a CUL1-based E3 ubiquitin ligase containing COI1 as the substrate 

adaptor (Feng et al. 2003).  If CSN5a is a bona fide effector for CML39, the induction of 

CML39 expression by JA might indicate that CML39 is important for integration of light, 

JA, and carbon status signals. 

 

5.5 Conclusions 

Collectively, data presented in this thesis indicate that CML39 is likely a Ca2+ 

sensor that functions in signal transduction pathways downstream of light perception.  

Light- and sucrose- dependent phenotypes suggest that cml39 transgenic knockouts may 

constitute a new class of conditional constitutive photomorphogenic mutants.  

Interestingly, phenotypic analysis, as well as the putative interaction with CSN5a 

connects CML39 to pathways regulated by the ubiquitin proteosome system.  While a 

role for Ca2+ in light-regulated development is known (Bowler et al. 1994, Kushwaha et 

al. 2008, Neuhaus et al. 1993, Neuhaus et al. 1997), CML39 represents the first Ca2+ 

sensor proposed to function in regulation of E3 ubiquitin ligase activity in plants. 

 

5.6 Future directions 

 Genetic and expression analysis presented in this thesis provide insight on the 

physiological processes in which CML39 may function and biochemical analysis 

indicates that CML39 possesses the ability to respond to Ca2+ signals.  While, this study 

has laid the foundation for expanding our understanding of the role of Ca2+ in signal 
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transduction downstream of light perception, further work is required to precisely identify 

the mechanism by which CML39 regulates these pathways. 

 One avenue of research that should be pursued in the future is extending 

biochemical analysis of Ca2+-binding by CML39.  A more detailed characterization of 

Ca2+ responsive structural changes should be carried out for CML39.  Techniques such as 

nuclear magnetic resonance spectroscopy could be used to explore structural changes at 

the tertiary level.  It will be important to understand the extent to which Ca2+ affects 

CML39’s tertiary structure given the substantial changes in secondary structure observed 

upon Ca2+-binding.  In addition, determining the Ca2+-binding affinity of CML39 is 

needed to better predict the ability of CML39 to serve as a Ca2+ sensor in vivo and 

respond dynamically to Ca2+ elevations in cells.  A complementary approach to 

measuring Ca2+ affinities in vitro could be to generate a CML39 fusion protein for in vivo 

Ca2+ transient imaging.  One reporter commonly used to measure cellular Ca2+ dynamics 

consists of conserved CaM with cyan fluorescent protein (CFP) and yellow fluorescent 

protein (YFP) fused to the N- and C-termini of CaM, respectively (this in vivo fluorescent 

Ca2+ indicator is known as ‘cameleon’, Allen et al. 1999).  Ca2+ binding by the reporter in 

vivo allows for real-time fluorescent imaging of Ca2+ binding to CaM in live cells via 

fluorescence resonance energy transfer (FRET) from the CFP to the YFP molecule.  It 

would be interesting to compare FRET dynamics with CML39 or other CMLs in place of 

conserved CaM.  Given that the Ca2+-binding properties of Ca2+ sensors such as CaM 

differ in the presence of their downstream targets (Zhang et al. 2012), such in vivo 
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approaches may provide insight into Ca2+-responsiveness of CMLs provided their 

(unknown) targets are present in the cells used for such analyses.  

 One of the primary goals for future studies should be to identify additional 

downstream targets for CML39.  Because Ca2+ sensors are non-catalytic proteins, 

identification and characterization of their targets is required to fully understand their 

function.  One major challenge in identifying CaM and CML targets is the inability to 

predict consensus binding motifs since, rather than conservation at the primary sequence 

level, CaM binding domains (and presumably CML binding domains) are conserved 

secondary structures.  Thus, suitable methods must be developed for broad identification 

of CML targets.  A number of high-throughput methods are available for the 

identification of protein-protein interactions including yeast-two-hybrid screening and 

more recently high-density protein microarrays.  Protein microarrays, which are now 

commercially available containing 10 000 Arabidopsis proteins, have been used 

previously to putatively identify CaM and CML targets and may represent a suitable 

method for identification of CML39 targets.  Certainly, each in vitro strategy comes with 

inherent caveats and requires empirical support from genetic and/or in vivo data. As an 

complement to in vitro protein-protein interaction techniques, in vivo approaches such as 

tandem affinity purification tagging may prove useful for isolating CML targets which 

could then be identified using modern proteomic techniques such as liquid 

chromatography – tandem mass spectrometry.  These technologies have now been 

developed to the point where individual proteins from a complex sample can be 
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identified, potentially allowing for identification of large protein complexes that contain 

CMLs. 

 Finally, efforts should be made to further understand the signaling pathways 

responsible for conditional developmental arrest in cml39 mutants.  Microarray analysis 

or modern RNA-sequencing technologies could be useful in understanding which 

signaling pathways are activated by sucrose in cml39 mutants.  However, one major 

challenge in analyzing transcriptome responses during photomorphogenesis and the 

transition to autotrophic growth is the large number of transcripts whose expression 

levels change during this transition (Chen et al. 2010b).  Indeed, more than a third of the 

Arabidopsis genome may undergo changes in transcription during this developmental 

shift.  Thus, expression analysis should be targeted to assess transcript levels of specific 

marker genes for both JA and light signaling.  As pathways controlling 

photomorphogenesis are primarily regulated by proteolysis, it will be important to 

examine protein levels of the various regulatory components of these pathways (e.g. 

PIFs, HY5, HYH, PhyA) in cml39 mutants.  Physiological analysis of cml39 responses to 

proteasome inhibitors may also be useful in understanding the role of CML39 in the 

ubiquitin proteasome system. 

 Continued genetic analysis may also aid in understanding light- and sucrose-

dependent cml39 phenotypes.  Studies on cml39 mutants should be extended to mature 

plants and tested under a breadth of growth conditions.  It will be particularly interesting 



 

 

 

150 

to see if cml39 mutants are affected by other treatments known to involve phytochrome 

signaling such as shade avoidance, and flowering under different day length cycles. 

 In conclusion, while my research has shed new light on a role for CML39 in 

Arabidopsis, much remains unknown, not only for this interesting CML, but for the many 

CMLs and other Ca2+ sensors in Arabidopsis and in higher plants in general. I expect that 

future work on Ca2+ signaling in plant biology will yield many exciting things and further 

solidify the role of Ca2+ as a universal messenger. 
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Appendix A 

The Arabidopsis calmodulin-like protein, CML43, functions as a 

salicylic acid-responsive calcium-sensor in root tips 

Abstract 

Many signaling pathways in plants are regulated at some level by the second messenger 

calcium (Ca2+). In the standard model, Ca2+ sensor proteins, such as calmodulin (CaM), 

detect Ca2+ signals and subsequently regulate downstream targets to advance the signal 

transduction cascade.  In addition to CaM, plants possess many CaM-like (CML) proteins 

that are predicted to function as Ca2+ sensors but which remain largely uncharacterized. 

In the present study, we examined the biochemical properties, subcellular localization, 

and tissue-specific distribution of Arabidopsis CML43.  Our data indicate that CML43 

displays characteristics typical of Ca2+ sensors including high-affinity Ca2+ binding, 

conformational changes upon Ca2+ binding that expose hydrophobic regions, and 

stabilization of structure in the presence of Mg2+ or Ca2+. In vivo localization analysis 

demonstrates that CML43 resides in cytosolic and nuclear compartments. Transgenic 

plants expressing a CML43-promoter:β-glucoronidase (GUS) reporter gene revealed that 

CML43 expression is found almost exclusively in root tips under normal growth 

conditions. GUS reporter activity in these transgenic plants was strongly increased when 

exposed to the defense compound salicylic acid. Collectively, our findings suggest that 

CML43 functions as a Ca2+ sensor in root tips during both normal growth and plant 

immune response. 
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Introduction 

Calcium ions (Ca2+) play an important role in eukaryotic cells as ubiquitous 

second messengers in many signal transduction pathways. Complex spatial and temporal 

patterns of Ca2+ signals are evoked by various stimuli and are thought to contribute to the 

coordination of appropriate cellular responses [1-3]. In turn, Ca2+ signals are detected by 

Ca2+ sensors; Ca2+-binding proteins that function to propagate signals to downstream 

targets. Broadly speaking, Ca2+ sensors can be divided into two categories, responders 

and relay sensors. The former group comprises proteins that, upon binding Ca2+, are 

catalytically responsive and include signaling proteins such as Ca2+-regulated kinases and 

phospholipases, whereas relay sensors are non-catalytic and function by regulating 

downstream targets, typically via binding-mediated activation. In this latter category, 

calmodulin (CaM) is the archetypal example and has been well studied at the biochemical 

and physiological level [4-6].  

CaM is an evolutionarily conserved eukaryotic Ca2+ sensor that binds a Ca2+ ion 

at each of its four EF-hand motifs. CaM is a small (∼ 150 residues), acidic protein whose 

Ca2+ -bound structure resembles a “dumbbell” in solution where two globular domains, 

each containing a pair of EF-hands, are tethered by a flexible central helical region. CaM 

binds Ca2+ with positive co-operativity, inducing a conformational change leading to the 

exposure of hydrophobic regions that can interact with downstream targets [4]. 

Interestingly, although the primary structure of CaM is highly conserved across 
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eukaryotic taxa, CaM-binding domains are not typically conserved among different target 

proteins at the sequence level but often share a common secondary structure, an 

amphipathic α-helix that binds CaM with high specificity and affinity. The variety of 

CaM target proteins in animals and plants is remarkably broad and includes transcription 

factors, kinases, cytoskeletal-associated proteins, metabolic enzymes, ion pumps and 

channels, as well as many proteins of unknown function [7-9].  

Over the past decade or so, comparative genomics has revealed that whereas 

animals tend to possess a single or a few closely related CaM family members, plants 

have evolved a greatly expanded group of unique CaM-like proteins (CMLs) not found in 

animals. For example, in addition to several isoforms of CaM that are nearly identical to 

human CaM, the Arabidopsis genome is predicted to encode fifty CMLs that range from 

about 20-75% in sequence identity to mammalian CaM [10].  This impressive array of 

Ca2+ sensors in plants extends beyond the CML family. Plants also possess large families 

of unique Ca2+-binding kinases and calcineurin-like proteins [7, 11].  The notable 

diversity of Ca2+ sensors among higher plants when compared to other eukaryotes has 

been used to support the hypothesis that, as sessile organisms, plants evolved complex 

Ca2+ signaling mechanisms to coordinate responses to diverse environmental stimuli in a 

timely and efficient manner.  Given that Ca2+ signaling has been implicated in a vast 

range of cellular phenomena in plants, it is important to characterize the various Ca2+ 

sensors that help integrate Ca2+ fluxes with physiological response.   
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Although the properties and physiological functions of CaM have been reasonably 

well studied in plants, most CMLs remain uncharacterized and their physiological roles 

have been elucidated in only a few cases [12-15].  CML42 was recently shown to be 

involved in leaf hair (trichome) branching in Arabidopsis and to possess biophysical 

characteristics typical of Ca2+ sensors [13]. Another member of the Arabidopsis CML 

family, CML24, is involved in various aspects of development, including photoperiod-

induced flowering [14], as well as response to stress [16], [17]. The importance of Ca2+ in 

stress signaling is well established, so it is not surprising that roles for CMLs as Ca2+ 

sensors during abiotic and biotic stress response are emerging [12, 15, 18, 19]. However, 

the examination of the biochemical properties of CMLs is very limited [13].  Thus, we 

investigated the biochemical properties of recombinant CML43 as well as its subcellular 

localization and tissue-specific distribution during development and discuss our findings 

in the context of a role for CML43 in Ca2+ signaling.  

Experimental Procedures 

Materials 

Arabidopsis thaliana Columbia accession (Col-0, wild type), hereafter termed 

Arabidopsis, were used for all experiments with plant material. Seeds were imbibed for 3 

days at 4 °C in the dark and then transferred to a growth chamber set at 22 °C with a 

photoperiod of 16-h light (150 μE m-2 s-1)/8-h dark. 

Recombinant CML43 Expression and Purification 
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The cloning of cDNA encoding CML43 (locus At5g44460) as an untagged open-reading 

frame into pET5a vector (Novagen) and subsequent expression of recombinant protein in 

Escherichia coli (E. coli) strain BL21(DE3)pLysS (Stratagene) was previously described 

[12].  Purification of recombinant CML43 from bacterial extracts was performed by 

Ca2+-dependent phenyl-sepharose chromatography as described [12] and purity of 

samples was assessed by SDS-PAGE under reducing conditions followed by staining 

with Coomassie Brilliant Blue. The protein concentrations used for all experiments were 

determined by amino acid analysis (Alberta Peptide Institute, Calgary AB) or by 

Bradford Reagent (Bio-Rad) assay using known concentrations of CML43 standards as 

determined by amino acid analysis.  

15N-labelling of recombinant CML43 Expression for NMR Analysis 

Recombinant CML43 was uniformly 15N-labelled for NMR-based structural analysis by 

growing BL21(DE3)pLysS E. coli cells transformed with CML43::pET5a plasmid in M9 

minimal media supplemented with 15NH4Cl (1 g/L) as the sole nitrogen source 

(Cambridge Isotope Laboratories, Andover MA). Following induction with 0.5 mM 

isopropyl-β-D-thiogalactopyranoside when the bacterial cultures reached an optimal 

density of 0.6 at 600 nm, the cultures were supplemented with 15N-Bio-Express-1000 

media (Cambridge Isotope Laboratories) and incubated for 8-10 h at 37°C with shaking. 

Uniformly 15N-labelled CML43 was purified by phenyl-sepharose chromatography as 

described [12]. 

Fluorescence Spectroscopy 
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Fluorescence spectroscopic studies were performed using 500 µM 8-Anilino-1-

naphthalenesulfonate (ANS) and 50 µM CML43 in 25 mM HEPES pH 7.5, 50 mM NaCl.  

Spectra were recorded at room temperature in the presence of 5 mM EGTA, 5 mM 

MgCl2 or 5 mM CaCl2 using a 1.5 mL, 10 mm cuvette on a Perkin-Elmer LS50B 

luminescence spectrometer with a slit width of 7 nm and excitation and emission 

wavelength settings of 380 and 400-600 nm, respectively.  

Circular Dichroism Spectroscopy 

Far-UV CD spectra from 260 to 179.5 nm were acquired at room temperature on a rapid-

scanning monochromator fitted with a CD module (RSM 1000, OLIS, Bogart GA) using 

a cylindrical quartz cuvette with a path length of 0.1 mm.  Samples of 47 µM CML43 (in 

5 mM Tris-HCl pH 6.9, 150 mM NaF, supplemented with either 5 mM EGTA or 5 mM 

CaCl2) were used for data collection. Spectra from twelve scans were averaged, and 

corrected for background.  Molar ellipticity [θ] was calculated according to the formula 

[θ] = θ x 100/(nlc), where n, l, c, represent the number of amino acids in the protein, the 

path length (cm), and the protein concentration (mM), respectively.  Percentage of 

secondary structure was derived from averaged, corrected spectra using CDNN 

deconvolution software [20].  

Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) experiments were conducted using a Microcal 

VP-DSC calorimeter (Microcal, Northampton MA).  Experiments were performed with a 

scan rate of 45°C/h from 10°C to 100°C.  Protein samples were desalted into 25 mM 
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HEPES pH 7.5, 100 mM NaCl, and degassed prior to experimentation.  A sample of 

CML buffer (25 mM Tris-HCl, 2 mM EGTA, pH 7.5) without protein was also buffer 

exchanged as a control for the buffer-buffer scan runs.  All samples were diluted with the 

same buffer stock to achieve the desired sample concentration immediately before use.  

Buffer-buffer control runs were conducted to obtain a baseline for each experiment at 

which point the solutions were replaced and protein-buffer scans were performed. 

CML43 was tested at 20 µM in the presence of 5 mM CaCl2, 5 mM MgCl2, or 5 mM 

EGTA, respectively. After correcting for the control scan and subtracting a progress 

baseline, the data were modeled according to a non-two-state model using Origin 5.1 

software (MicroCal), using equations appropriate for either one or two thermal 

transitions. 

Isothermal Scanning Calorimetry 

Isothermal scanning calorimetry (ITC) experiments were performed at 30°C on a 

MicroCal VP-ITC microcalorimeter.  Recombinant CML43 at a concentration of 20 µM 

(in 25 mM HEPES pH 7.5, 100 mM NaCl, with or without 5 mM MgCl2) and 5 µL 

injections (58 injections at 180-s intervals) of either 400 µM or 800 µM CaCl2 was used 

in each experiment. Buffer blanks were prepared as described for DSC and separate 

buffer-sample and ligand-buffer control experiments were conducted to provide 

background signals that were subtracted from the experimental trials.  Origin 5.1 software 

(MicroCal) was used to obtain values for stoichiometry (N) and dissociation constants 
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(Kd) and binding-type input parameters were adjusted to obtain the best fitting model for 

each experiment. 

NMR Spectroscopy 

Two-dimensional 1H-15N heteronuclear single-quantum coherence (HSQC) NMR spectra 

of uniformly 15N-labelled recombinant CML43 were acquired at 25°C on a Varian 

INOVA 600 MHz spectrometer equipped with a pulse field gradient triple-resonance 

cryoprobe.  Spectra were collected using 40 µM recombinant 15N-CML43 in 10 mM 

Tris-HCl pH 6.8, 25 mM KCl, 90 % H2O/10 % D2O supplemented with either 5 mM 

EGTA or 5 mM CaCl2. The experiments used the enhanced sensitivity pulsed-field 

gradient approach [21].  The proton chemical shifts were referenced to 0.0 ppm by use of 

the trimethylsilyl resonance of the 2,2-dimethyl-2-silapentane-5-sulfonate signal in the 

one-dimensional spectrum.  Spectra were processed and analyzed by use of NMRPipe 

[22] and NMRview [23], respectively.  

Generation of GUS-reporter transgenic plants and GUS-Reporter Analysis 

A 1.3 kb genomic DNA fragment upstream of the ATG translation start site (-1.3 kb to 0) 

containing the CML43 promoter was amplified by PCR using a HindIII-tagged forward 

primer (5´-GTAAGCTTGTGGTGGCAATGGAAG-3´) and a SmaI-tagged reverse 

primer (5´-GACCCGGGATTGTTACTCTTCTTCTTAG-3´) and subsequently ligated 

into the binary plasmid pBI121 (Clontech) for generation of transgenic Arabidopsis by 

Agrobacterium tumefaciens-mediated transformation [24]. CML43 is an intronless gene 

and this vector construct included the full intergenic region between the CML43 start 
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codon and the nearest 5′ upstream gene. In situ histochemical GUS-reporter analysis of 

homozygous transgenic plants was conducted as described previously [15, 25]. At least 5 

independent transgenic lines were used for all analyses.  

Intracellular Localization using GFP Fusion Proteins 

CML43::GFP was transiently expressed in situ as a fusion protein in-frame with the N 

terminus of a dimeric-competent version of the Aequorea victoria green fluorescent 

protein (GFP). The CML43 open reading frame was subcloned into the BamH1 and NcoI 

restriction sites of the pUC18/NcoI-GFP plant expression vector [26] in frame at the 5' 

end with the coding sequence for GFP using the following forward and reverse primers, 

5'-GGATCCATGGAGATCAATAACGAGAAG-3' and 5'-

CCATGGAGAAGGAACAACAACAACAGTTTG-3', respectively. Tobacco (Nicotiana 

tabacum) Bright Yellow-2 (BY-2) suspension-cultured cells were maintained and 

prepared for biolistic bombardment according to established protocol [27].  Transient 

transformations were conducted using 2 µg of plasmid DNA and a PDS1000 biolistic 

particle delivery system (Bio-Rad).  Following bombardment, BY-2 cells were incubated 

in the dark for ~20 h to allow gene expression and intracellular protein sorting, then fixed 

in 4 % (w/v) formaldehyde and stained with 4’,6-diamidino-2-phenylindole (DAPI) 

(Sigma-Aldrich). DAPI staining was performed by incubating the cells for 15 min in the 

dark with DAPI (50  µg/L final concentration) followed by three washes with phosphate-

buffered saline [27]. Fluorescent and differential interference contrast (DIC) images of 

individual BY-2 cells were acquired using an a Zeiss Axioscope 2 MOT epifluorescence 
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microscope (Carl Zeiss Inc.) equipped with a Retiga 1300 charge coupled device camera 

(Qimaging) and Openlab 5.0 software (Improvision). Images shown are representative of 

>50 independent (transient) transformations from at least two experiments. Figure 

compositions were generated using Adobe Illustrator CS2 (Adobe Systems Canada). 

Results and Discussion 

CML43 Displays Characteristics of Typical Calcium Sensors 

Although the Arabidopsis proteome is rich with putative Ca2+ sensors, they remain 

understudied with little known of their biochemical and physiological properties. The 

CML family in Arabidopsis is represented by 50 members divided into 9 separate 

groupings based upon sequence similarity [10]. We examined the properties of CML43 to 

determine whether it possesses characteristics consistent with that expected for a Ca2+ 

sensor. CML43 is a 181-amino acid protein with a predicted molecular mass of 20253 

Da, 3 predicted functional EF-hand motifs, and displays 35% amino acid sequence 

identity to Arabidopsis CaM2 (a highly conserved CaM) (Supplemental Figure 1). The 

region that corresponds to the second EF-hand motif in CaM diverges substantially from 

canonical EF-hand motif architecture in CML43 and includes changes at critical positions 

in the calcium-binding loop that very likely renders it non-functional. The highly 

conserved Asp and Asn residues at positions 1, 3, and 5 of a functional EF-hand motif are 

replaced by Ile, Pro and Lys, respectively, while the invariant Gly at position six is a Thr 

residue in CML43. A Glu to Asp substitution at the predicted position 12 (residue 84 in 

CML43) is also observed and has been previously implicated in disrupting Ca2+ 
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coordination and selectivity [28]. CML43 also contains an extended N-terminus and 

central linker regions relative to canonical CaM. The central region in CaM is thought to 

confer considerable flexibility in solution but it is not yet clear how such insertions affect 

CML structure and function. Ca2+-binding induces conformational changes in conserved 

CaM that result in the exposure of the hydrophobic core critical to target protein 

recognition and interaction [29-31]. These substantial rearrangements of tertiary structure 

are a hallmark property of Ca2+ sensors and tend to distinguish them from Ca2+-binding 

proteins whose primary function is to serve as Ca2+ buffers [32]. We had previously 

demonstrated that recombinant CML43 exhibits Ca2+-dependent hydrophobic binding to 

phenyl-sepharose as well as a Ca2+-dependent electrophoretic mobility shift [12] 

reminiscent of classic Ca2+ sensors. Herein, we sought to expand these analyses with a 

more thorough investigation into the Ca2+-binding properties of CML43.  

ANS-based fluorescence was used to evaluate Mg2+- and Ca2+-induced exposure of 

hydrophobic regions in CML43 structure.  When interacting with non-polar, hydrophobic 

surfaces on proteins, ANS exhibits a distinct blue shift and an increase in fluorescence. 

As shown in Figure 1A, a blue shift (from 498 to 477 nm) in ANS fluorescence was 

observed in the presence of either apo-CML43 or Mg2+-CML43 with 8.0- and 8.9-fold 

increases in intensity, respectively. By comparison, Ca2+-CML43 caused a blue shift from 

498 to 469 nm and a 56.3-fold increase in fluorescence, relative to ANS alone.  Addition 

of EDTA and EGTA reduced ANS fluorescence emissions to near apo-CML43 levels.  

These results suggest that in the apo- or Mg2+-bound form, CML43 exhibits some degree 



 

 

 

165 

of surface hydrophobicity, but that the reversible binding of Ca2+ greatly increases the 

exposure of hydrophobic regions. These ANS fluorescence patterns are similar to those 

observed for CaMs [33], [34] as well as for CML42 [13] and thus support a role for 

CML43 as a Ca2+ sensor.   

The Ca2+-mediated conformational changes in CML43 were further investigated by 

probing secondary structure using far-UV CD and NMR spectroscopy.  Far-UV CD 

results illustrated that recombinant CML43 was folded in solution, and exhibited a large 

positive band below 200 nm, with maxima at 191 nm and negative bands with local 

minima at 209 nm and 220 nm, typical of proteins with significant α-helical structure 

(Figure 1B).  Interestingly, the apo- and Ca2+-bound CML43 spectra were nearly 

identical, indicating that there is very little change in secondary structure composition 

upon binding Ca2+ (Figure 1B). These observations differ from the Ca2+-induced 

increases and decreases in helical content for CaM and CML42, respectively, [13, 33]. 

Our data suggests that the conformational changes associated with Ca2+-binding to 

CML43 may elicit reorientation of helices, as has been observed with CaM [29, 35], 

rather than substantial changes in helical content. 

Two dimensional 1H–15N HSQC NMR spectra of uniformly 15N-labelled recombinant 

CML43 in the absence and presence of Ca2+ were collected to complement the ANS 

fluorescence and far-UV analysis of the Ca2+-induced structural effects on CML43 

(Figure 2).  The 1H-15N HSQC spectrum of apo-CML43 displayed overall good chemical 

shift dispersion of resonances with large number located in the central HN region (7.5-8.5 
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ppm) and several others displaying HN chemical shift values > 8.5 ppm (Figure 2A). 

These spectral features are consistent with the far-UV CD data, and suggest that apo-

CML43 is a well-ordered protein comprising significant α-helical structure, extended or 

β-structure, and unstructured regions; observations that are also congruent with the 

structure of apo-CaM [29, 36, 37].  Addition of saturating amounts of Ca2+ to CML43 

caused changes in the positioning of numerous resonances throughout the 1H-15N HSQC 

spectrum of CML43, including the appearance of three resonances between 10-10.5 ppm 

in the HN dimension and 112-113 ppm in the 15N dimension (Figure 2B,C). Backbone HN 

resonances of the invariant Gly residue at the 6th position of the canonical 12-residue EF-

hand Ca2+-binding loop are typically found in this spectral region and is consistent with 

the predicted three functional EF-hand motifs. The presence of these resonances in the 

Ca2+-CML43 spectrum and the other notable differences between the apo-CML43 and 

Ca2+-CML43 spectra are suggestive of a Ca2+-binding event that induces significant 

changes in conformation of the protein. Similar Ca2+-induced spectral changes have been 

observed for the calcium sensors CaM and S100 proteins [38, 39]. The ANS, far-UV CD, 

and NMR data presented here, in conjunction with previously observed Ca2+-dependent 

hydrophobic binding to phenyl-sepharose and electrophoretic mobility shifts [12], 

indicate that the CML43 displays the structural features of a Ca2+ sensor.  

We also examined the effects of Ca2+ and Mg2+ on structural thermostability of 

recombinant CML43 using differential scanning calorimetry (DSC; Figure 3). Apo-

CML43 undergoes two thermal transitions (Tm = 46°C and 71°C; Figure 3A), the lower 
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of which appears to be stabilized by the addition of Mg2+ or Ca2+ (Tm = 72 °C; Figure 

3B,C).  The DSC thermograms were best fit with a non-two-state model. CML43 

displays Ca2+-induced thermal stability similar to both CaM and troponin-C, where 

multiple thermal transitions in the absence of Ca2+ were reduced to a single transition at 

considerably higher temperatures in the presence of Ca2+ [40], [41].  The two-peak 

unfolding profile of apo-CML43 (Figure 2A) suggests that each peak corresponds to the 

cooperative unfolding of N- and C-terminal domains.  The stabilization to the single 

higher temperature transition in the presence of Ca2+ or Mg2+ can be rationalized by two 

hypotheses:  (i) the more labile structural elements have been stabilized to the higher 

unfolding temperature, where the entire protein unfolds, or (ii) the more labile structural 

elements become stabilized such that they do not unfold under the experimental 

conditions.  

The extent of the Ca2+-induced conformational changes observed in CML43 suggest that 

this protein functions as a Ca2+ sensor whose structural stabilities, like CaM, relies on 

both Mg2+ and Ca2+.  We conducted ITC measurements to determine the binding 

stoichiometry and affinity of CML43 for Ca2+ in the presence of Mg2+ as this represents 

the physiologically relevant condition.  A typical experimental ITC curve and the derived 

binding isotherm for Ca2+ binding to CML43 are shown in Figure 4.  The data best fit a 

model that predicted two sets of sites for Ca2+ binding (Table 1): a single high affinity 

site (Kd, 8.16 nM) and a second set comprised of two lower affinity binding sites (Kd, 

4.85 µM). These data are consistent with the sequence-based prediction of three 
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conserved EF-hand Ca2+-binding motifs in CML43 (Supplemental Figure 1). The 

predicted affinities of CML43 for Ca2+ differ from those observed for CaM (Kd1 = 540 

nM, Kd2 = 819 nM, Kd3 = 2.7 µM, Kd4 = 22.8 µM; [42]) and are within the range of 

concentrations considered physiological [43, 44]. The set of lower affinity sites in 

CML43 likely represent the regulatory domains. These Ca2+-binding sites would not be 

saturated under resting cell conditions and localized transient increases in [Ca2+]cyt could 

reach levels that would allow Ca2+-binding and activation of CML43. The high-affinity 

binding site in CML43 may bind Ca2+ under resting cell conditions and thus play a 

structural rather than regulatory role.  The NMR data provide further support for the 

presence of a structural Ca2+-binding site.  The presence of one HN resonance in the 

region typical for backbone amide groups of the invariant Gly at position 6 of the EF-

hand binding loop in the Ca2+-bound state in the spectrum of apo-CML43 indicates that 

this residue is in a similar preformed structural environment in the apo- and Ca2+-bound 

forms of CML43. Our data suggest that in the apo-state, this EF-hand adopts a 

conformation similar to the Ca2+-bound form. While we cannot entirely exclude the 

possibility that the addition of chelators did not remove all Ca2+ from our samples, the 

ability of chelators to reverse the Ca2+-induced spectral changes in the ANS (Figure 1A) 

spectra suggest that this explanation is not likely. Taken together, our analyses indicate 

that CML43 is stabilized by Mg2+ in the cell, binds Ca2+ with physiologically relevant 

affinity, and undergoes a conformational change upon binding Ca2+ that leads to the 
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exposure of hydrophobic regions: all properties consistent with a role as a Ca2+ sensor in 

vivo. 

 CML43 Is Present in the Both Cytosol and Nucleus and Displays Very Restricted 

Transcript Expression in Roots 

As there is growing evidence for organelle-specific Ca2+ signalling and Ca2+ sensors in 

plants we sought to determine the subcellular localization CML43 using tobacco BY-2 

suspension cells as well-known model plant cell system for studying protein localization 

[45]. Toward that end, BY-2 cells were transformed (via biolistic bombardment) with a 

plasmid encoding CML43 fused at its carboxy terminus to GFP (CML43-GFP) and 

subsequently viewed using epifluorescence microscopy. As shown in Figure 5, the 

fluorescence attributable to CML43-GFP was distributed diffusely throughout both the 

cytosol and nucleus, the latter of which was identified based on DAPI-staining of the 

same cell. Importantly, this data indicates that CML43 is localized to compartments 

where evidence for Ca2+ transients is well established [3, 46]. In addition to CaM, a 

variety of Ca2+ sensors in plants have been localized to the cytosol and/or nucleus and 

thus support models of complex Ca2+ signalling in these cellular compartments [7]. 

Interestingly, Arabidopsis CML30 and CML3 were recently shown to be targeted to 

mitochondria and peroxisomes, respectively [47], thereby expanding the range of 

organelles where CMLs function.    

In order to explore the tissue and developmental expression pattern of CML43 we 

established multiple independent, stable Arabidopsis transgenic lines carrying plasmid 
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constructs encoding the CML43 promoter region and the GUS reporter enzyme 

(CML43:GUS). A previous report noted root-specific CML43 expression but did not 

explore tissue and cell-type specificity [12]. Under standard growth conditions, 

CML43:GUS activity was observed exclusively in the roots of plants throughout 

development (Figure 6 A-E). GUS activity was detected in the root tip very early in 

development (Figure 6 A, B), and was restricted to the lateral root cap and root cap 

columella cells, and in the meristematic region of roots but was not detected in aerial 

tissues. These data indicate a highly restricted, root-tip specific pattern of CML43 

expression in Arabidopsis under standard growth conditions.  Previous interrogation of 

transcriptomic databases indicated that several Arabidopsis CMLs, including CML43, 

exhibit root-specific or -enriched expression [18]. However, our data provide important 

anatomical context by identifying the specific cell types where CML43 is expressed. 

Indeed, under normal growth conditions, CML43 expression is absent from most root 

tissues.  Interestingly, CML42, the closest paralog to CML43, is widely transcribed across 

tissues [13] throughout development but is completely excluded from the root tip where 

CML43 is found. Although CML43 displays similar biochemical properties to CML42, 

their non-overlapping expression pattern suggests tissue-specific functions for these 

proteins. The exclusion of CML43 from tissues expressing CML42 may reflect a 

differential distribution of their downstream targets or may serve to prevent these related 

proteins from competing for common targets. Apical root tissues play a critical role in 

detecting and coordinating physiological responses to gravity and Ca2+ signalling has 
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been shown to be an important second messenger during gravitropism [48-50].  Although 

we did not detect any changes in GUS activity in our transgenics in response to 

gravitropic stimuli (data not shown), it is an area that merits future exploration. In 

addition to gravitropism, the apical regions of roots play a variety of other roles including 

nutrient sensing, hydrotrophy, soil penetration, and the biotic interaction with 

microorganisms in the rhizosphere [51].  Previous work has indicated a role for CML43 

in pathogen response [12], but whether it may also function in other physiological 

processes remains unknown. 

Transgenic plants expressing CML43:GUS reporter genes were also used as a tool to 

screen for stimuli that lead to induction of GUS activity.  We tested the independent 

affect of different hormones (auxin, gibberellin, abscisic acid) on CML43:GUS reporter 

activity but did not observe expression above background levels (not shown).  However, 

a rapid and dramatic increase in GUS activity was detected in transgenics exposed to the 

defense compound salicylic acid (SA). SA is a key signaling molecule involved in many 

immune response pathways in plants [52]. SA-induced GUS activity was evident 6 hrs 

after transplanting and became quite strong within 24 hrs (Figure 7).  Spraying transgenic 

plants with SA provided the same result (not shown). Interestingly, GUS activity was 

only detected in roots. In response to SA treatment, strong GUS activity was observed in 

a region extending from the root cap to the apical meristem and into the elongation zone. 

Although CML43 is known to be induced in leaf tissue by a bacterial pathogen [12], we 

did not observe induction of GUS activity in aerial tissue of CML43:GUS transgenics 
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exposed to exogenous SA. This suggests that either the level of GUS activity in leaves 

was below detection by our assay or that different pathways leading to CML43 induction 

are present in aerial versus root tissue. Our findings are consistent with recent studies 

showing the importance of Ca2+-signaling in SA-mediated responses in plants [53, 54]. 

Interestingly, cells in the root tip have been recently implicated in pathogen defense [55] 

but the underlying mechanisms are not well understood.   

Concluding Remarks 

Given the abundance of predicted EF-hand proteins in plants, unravelling their 

biochemical characteristics and physiological roles is a formidable challenge.  The 50-

member CML family in Arabidopsis range from ~20-75% sequence identity to the 

conserved form of CaM [10]. Although only a handful of studies have looked into the 

properties of CMLs evidence is emerging for roles in development [13, 14, 25], as well as 

stress response [15, 25]. Our biochemical analyses indicate CML43 likely serves as a 

cytosolic and nuclear Ca2+ sensor in Arabidopsis. Although the specific function of 

CML43 in root tips under normal growth conditions remains unclear, the strong induction 

of CML43 expression observed following SA treatment is consistent with a role for this 

protein in plant immune response. Based upon its unique properties and restricted 

expression pattern, we speculate that CML43 regulates distinct targets from those 

controlled by CaM and other CMLs examined to date. Although there are no CML43 

gene knockout transgenics available in public stock collections, the generation of RNA-
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mediated CML43-silenced plants in future studies should help unravel the physiological 

roles of this protein. 
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Table A1.  Summary of dissociation constants (M) for Ca2+-

binding to CML43 in the presence of 5 mM Mg2+.  Values 

were determined by isothermal titration calorimetry (ITC) as 

described in Experimental procedures.  

 

 Kd
a (M) ΔHa (kcal/mol) 

Site 1 8.16 × 10-9  -11.1  

Sites 2, 3 4.85 × 10-6  -1.43  

   

a values represent means from triplicate experiments: standard 

deviation from the mean was less than 5% forΔH values and less 

than 15% for Kd values. 

 
  



 

 

 

178 

  

Figure A1. Calcium-induced changes in CML43 hydrophobicity and secondary 
structure.  (A) ANS fluorescence emission spectra from 400 nm to 600 nm were collected to 
examine the exposed hydrophobicity of 50 µM CML43 at room temperature in 25 mM 
HEPES, 50 mM NaCl, pH 7.5.  Scans were recorded for the apo-CML43 (···), and following 
the addition of 5 mM MgCl2 (—), 2 mM CaCl2 (─), and 5 mM each EGTA and EDTA (---).  
Background ANS fluorescence in the absence of CML43 is also shown (– · –).  The y-axis 
depicts arbitrary units (au) of fluorescence emission. Curves for apo-CML43 alone and ANS 
in the absence of CML43 overlap completely. (B) Far-UV circular dichroism (CD) 
spectroscopy was used to study secondary structure characteristics of CML43 at room 
temperature in 5 mM Tris-HCl, 150 mM NaF, pH 6.9, in the presence of saturating (0.5 mM) 
CaCl2 or EGTA. Far-UV CD spectra of 47µM apo-CML43 (---) and 63 µM Ca2+-CML43 (—) 
are presented.  Each spectrum is representative of at least twelve averaged scans, and is 
reported in molar ellipticity ([θ]). 
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Figure A2. Two-dimensional 1H-15N HSQC NMR spectra of uniformly 15N-labeled 
CML43 in the absence (A) or presence (B) of Ca2+. The overlay of the two spectra is 
presented in (C) to highlight the Ca2+-mediated shift in CML43 structure.  Spectra were 
recorded on 0.4 mM 15N-CML43 at 600-MHz frequency and pH 6.9, in the presence of 5 mM 
EGTA (A) or 5 mM CaCl2 (B). 
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Figure A3.  Thermal denaturation profiles of CML43.  Baseline corrected, concentration 
normalized differential scanning calorimetry (DSC) heating thermograms are shown for 24 
µM CML43 in 25 mM HEPES, 100 mM NaCl, pH 7.5, in the presence of either 5 mM EGTA 
(A), MgCl2 (B) or CaCl2 (C).  Non-two-state transition models were fit to each scan as 
indicated in red.       
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Figure A4.  Isothermal titration calorimetric (ITC) analysis of Ca2+ binding to CML43.  
A representative data curve of the CML43-Ca2+ interaction at 30 °C in 25 mM HEPES, 100 
mM NaCl, pH 7.5, is presented.  The top panel shows the calorimetric titration of 1.4 mL of 20 
µM CML43 with 400 µM CaCl2 using 58 injections of 5 µL each. The lower panel presents 
the corresponding integrated binding isotherm modeled to two sets of binding sites for a total 
of three binding events.   
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Figure A5. CML43 localizes to the cytosol and nucleus in BY-2 tobacco cells.   Cells were 
transiently transformed with plasmid DNA encoding CML43-GFP, chemically fixed at 20 
hours post-bombardment, stained with DAPI, and then viewed using epifluorescence 
microscopy.  Representative GFP fluorescence (A) and the corresponding DAPI staining (B) 
and differential interference contrast (C) images of an CML43-GFP-transformed cell are 
shown.  Bar = 10 µM. 
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Figure A6. CML43 expression is restricted to the root tip under normal growth 
conditions. Images represent histochemical localization of GUS activity in Arabidopsis 
transgenic plants stably transformed with the CML43:GUS reporter gene construct.  (A) Two-
day-old newly emerged seedling.  (B) Seven-day-old seedling.  (C) Mature (35-day-old) roots. 
(D) Root tip of mature (35-day-old) root.  (E) High magnification of mature (35-day-old) root 
tip. (F) Developing inflorescence. (G) Mature rosette leaf.  Images are representative of 
staining in five independent transgenic lines.  Scale bars:  0.5 mm (A-E); 50 µm (F); 2 mm 
(G). 
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Figure A7.  CML43:GUS expression is induced by salicylic acid (SA) in roots. Ten-day-old 
Arabidopsis seedlings were transferred to MS plates containing 100 µM SA. Plants were 
harvested for GUS activity staining at (A) 0 hr, (B) 12 hr, or (C) 24 hr after transplanting. 
Images are representative of three independent experiments. Scale bar: 0.1 mm 
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Figure S1.  ClustalW amino acid sequence alignment of Arabidopsis thaliana CML43 
with conserved CaM (CaM2).  Black shading indicates identical amino acids; grey shading 
indicates conserved amino acids.  Black bars and roman numerals indicate the Ca2+-binding 
EF-hands.  The asterisk denotes the EF-hand most divergent from CaM2. 
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Appendix B 

Biophysical analysis of the Ca2+-binding properties of the Arabidopsis 

calmodulin-like proteins, CML37 and CML38 

 

Background information 

As an initial step in understanding the function of the Arabidopsis putative Ca2+ 

sensors, CML37 and CML38, structural responses to Ca2+ were analyzed using circular 

dichroism spectroscopy and ANS fluorescence spectroscopy.  Analyses reveal that, like 

conserved CaM, these CMLs undergo Ca2+-dependent changes in secondary structure and 

surface hydrophobicity.  These responses are, however, distinct from those of conserved 

CaM, suggesting that divergence among CMLs leads to differential responses to Ca2+.  

Differential structural responses among CMLs may help to define CML-specific 

signaling functions within cells. 

 

Results 

Ca2+-binding proteins that function as Ca2+ sensors are typified by the structural 

changes which they undergo in response to Ca2+-binding by EF-hand motifs.  Thus, Ca2+-

induced changes in secondary structure and surface hydrophobicity of recombinant 

proteins were analyzed to determine whether or not Arabidopsis CML37 and CML38 

possess biochemical properties associated with Ca2+ sensor function.  In order to assess 

the effect of Ca2+-binding on secondary structure, far UV-circular dichriosm (CD) spectra 
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were monitored for CaM81, CML37, and CML38 in the presence and absence of Ca2+ 

(Figure B1).  Both CML37 and CML38 showed Ca2+-dependent shifts in secondary 

structure.  Like conserved CaM, the CD spectra for CML37 and CML38 are indicative of 

high α-helical content.  In the absence of Ca2+, CaM displayed 56 % α-helix, and CML37 

and CML38 displayed 52 % and 55 % α-helix, respectively (Table 1).  As was expected, 

all three proteins underwent an increase in α-helix content in response to Ca2+-binding, as 

was indicated by an increase in CD at 190 nm and decreases in CD at 208 and 225 nm 

wavelengths (Table 1).  In the presence of Ca2+, CaM81, CML37, and CML38 

demonstrated 67 %, 61 %, and 71 % α-helix, respectively.  Intriguingly, and in contrast to 

CaM81, CML37 and CML38 showed a decrease in CD at the 208 nm band which 

normally indicative of a decrease in helical content, but still displayed an overall increase 

in helical content. 

In addition to changes in secondary structure, Ca2+ sensors also undergo Ca2+-

responsive shifts in surface hydrophobicity that allows them to interact with their 

downstream targets.  In order to determine whether CML37 and CML38 expose 

hydrophobic patches in a Ca2+-dependent manner, fluorescence of ANS in complex with 

CaM81, CML37, and CML38 in the presence of EGTA, Mg2+ or Ca2+ was monitored 

(Figure B2).  In the presence of Ca2+, ANS fluorescence exhibited a blue-shift and an 

increase in fluorescence emission for all three proteins.  In the absence of Ca2+ (1 mM 

EGTA) or in the presence of Mg2+, no blue-shift or increase in fluorescence emission was 

observed for CaM81 (Figure B2a).  In contrast, ANS fluorescence was blue-shifted in the 
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absence of Ca2+ or the presence of Mg2+ for CML37 and CML38 (Figure B2b and c).  

Fluorescence emission by ANS under these two conditions was not substantially 

different; however, emission for both treatments was considerably less than that observed 

in the presence of Ca2+ for both CML37 and CML38.  Thus, CML37 and CML38 are 

intrinsically hydrophobic compared to CaM81, but do exhibit a Ca2+-responsive increase 

in surface hydrophobicity typical for Ca2+ sensor proteins. 
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Figure B1.  Ca2+ induces changes in the secondary structure of (a) CaM81, (b) 
CML37, (c) CML38.  Secondary structure characteristics were monitored by far 
UV-circular dichroism spectroscopy in the presence (dashed line) or absence (1 
mM EGTA, solid line) of saturating Ca2+.  Each spectrum is representative of an 
average of 10 scans.  Spectra are presented in units of molar ellipticity. 
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TABLE B1. Summary of helical content determinants from circular dichroism spectra of 
Petunia CaM81, and Arabidopsis CML37 and CML38 in the presence and absence of 
saturating Ca2+. 
  Molar Ellipticity (deg∙cm2∙dmol-1∙10-3)   

 
Ca2+a 190 nm 208 nm 225 nm 

α-helix 

(%)b 
Change 

       

CaM81 - 24.76 -15.28 -11.98 56 
11 

 + 35.61 -18.99 -16.85 67 

       

CML37 - 29.45 -21.41 -14.83 52 
9 

 + 37.80 -16.67 -21.94 61 

       

CML38 - 24.63 -20.20 -14.86 55 
16 

 + 38.84 -11.08 -21.52 71 

       

CML39c - 29.95 -20.49 -15.34 61 
10 

 + 32.35 -14.60 -17.99 71 

a, - and + indicate analysis of circular dichroism in the presence of 1 mM EGTA and saturating 
Ca2+, respectively. 
b, Circiular dichroism spectra were deconvoluted using OLIS SpectralWorks software. 
c, Chapter 2 
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Figure B2.  Ca2+ induces shifts in surface hydrophobicity of (a) CaM81, (b) 
CML37, and (c) CML38.  ANS fluorescence was used to monitor Ca2+-dependent 
changes in surface hydrophobicity.  Spectra were recorded for each protein in the 
presence of EGTA (dash-dot-dash line), 1 mM MgCl2 (dashed line) or 1 mM CaCl2 
(dotted line) and for ANS without protein present (solid line).  The y-axis represents 
fluorescence emission in arbitrary units.  Graphs represent average spectra from 
three replicates. 
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Appendix C 

Analysis of the effects of CML39 overexpression on seedling 

development in Arabidopsis 

 

Background information 

Previous work shows that CML39 is involved in signal transduction pathways 

mediating seedling establishment downstream of light perception (Chapter 2).  To better 

understand the cellular roles of the Arabidopsis putative Ca2+ sensor, CML39, CML39-

overexpressing transgenic plants were generated.  Overexpression of CML39 led to 

reduced primary root growth as well as altered patterns of root hair elongation in 

seedlings.  While data from overexpression experiments need to be interpreted 

cautiously, analysis presented here suggest that CML39 may function broadly in the 

regulation of seedling development in Arabidopsis. 

Results 

Transgenic lines were screened for overexpression of CML39 by Western blotting 

using anti-sera raised against recombinant CML39 to confirm increased protein levels.  

Among the independent lines examined, one (hereafter referred to as CML39OE-17) 

showed a marked increase in CML39 relative to wildtype (Figure C1) and was thus used 

in subsequent physiological analyses. 

 We predicted that CML39OE-17 seedlings would develop normally when sucrose 

was excluded from the media.  Indeed, normal root elongation, cotyledon expansion, and 
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development of true leaves in over-expressing plants grown in the absence of sucrose was 

similar to wildtype (Col-0).  In the presence of sucrose, cml39 seedlings demonstrated a 

modest increase in root elongation relative to wildtype over a ten day period.  In contrast, 

substantial inhibition of root elongation in the CML39OE-17 line was observed in the 

presence of sucrose relative to wildtype (Figure C2).  Regardless of growth condition, 

patterns of root hair elongation were altered in CML39OE-17 roots compared to 

wildtype, with elongation of the hairs occurring closer to the root tip in overexpression 

transgenics (Figure C3).  These data suggest that CML39 may play a broader role in 

regulation of development in a sucrose-dependent manner. 
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Figure C1.  Confirmation of CML39 overexpression in transgenic 
line CML39OE-17.  Total proteins were extracted from 10 day old 
seedlings and samples (20 µg) were separated via SDS-PAGE before 
blotting to nitrocellulose.  Recombinant CML39 (20 ng) was loaded as 
a positive control.  An approximately 22 kDa immuno-reactive band 
(asterisk) in 39OE-17 compared to the Col-0 extract indicates 
overexpression at the protein level.  The band is larger than 
recombinant CML39 because CML39 was cloned in frame with a C-
terminal StrepII purification tag in the overexpression construct. 
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Figure C2.  Constitutive overexpression of CML39 (39OE-17) causes reduced 
primary root elongation.  Root lengths of Col-0, cml39, and 39OE-17 seedlings 
were measured 10 days after growth in the presence or absence of sucrose (upper 
panel; white bars, Col-0; dark grey bars, cml39; light grey bars, 39OE-17).  
Representative seedlings of Col-0, cml39 and 39OE-17 seedlings are shown (lower 
panel).  Scale bar = 10 mm.  In the upper panel, bars with different letter designations 
are significantly different (Two-way ANOVA, n=5, p<0.001).  n represents the 
number of true technical replicates, each of which is comprised of a minimum of 5 
individual seedlings. 
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Figure C3.  Root hairs elongate closer to the root tip in CML39OE-
17 transgenic plants.  Roots from Col-0, cml39, and CML39OE-17 
grown in the presence of sucrose were examined under a dissecting 
microscope for abnormalities in root hair development.  Images are 
representative of a minimum of 5 biological replicates.  Scale bars = 1 
mm. 
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Appendix D 

Oligonucleotide primers used in this thesis 

TABLE D1.  Oligonucleotide primers used in this thesis. 

Primer Name Sequence (5’ to 3’) Restriction site Purpose 
CML37NdeIF tccatatgactctcgctaagaacc NdeI pET5a cloning 
CML37BamHIR ccatatatatcatctcaacgc BamHI pET5a cloning 
CML38NdeIF tccatatgaagaataatactcaacctc NdeI pET5a cloning 
CML38BamHIR gcttagcgcatcataagagc BamHI pET5a cloning 
CML39NdeIF catatgaagaacactcaacgtc NdeI pET5a cloning 
CML39EcoRIR gaattcttagcgcatcatgagggcg EcoRI pET5a cloning 
    
GABI-LB o8409 atattgaccatcatactcattgc n/a GABI-Kat T-DNA confirmation 
Sul2 gtcgaaccttcaaaagctgaagt n/a Southern probe amplification 
Sul4 atttcacacaggaaacagctatga n/a Southern probe amplification 
CML39F atgaagaacactcaacgtcag n/a RT-PCR 
CML39R gcttagcgcatcataagagc n/a RT-PCR, GABI-Kat T-DNA confirmation 
Actin2F tcggtggttccattcttgct n/a RT-PCR 
Actin2R gctttttaagcctttgatcttgaggag n/a RT-PCR 
    
CML39proCML39F ggatcccaatctactaaatatatagtcc BamHI Complementation cloning 
CML39proCML39R gtcgacgataatataaaacatgtttttgg SalI Complementation cloning 
    
CML39proF aagcttgtcaatctactaaatatatagtcc n/a Promoter::GUS reporter cloning 
CML39proR ggatcctttgagaaagaaaagattgtatttg n/a Promoter::GUS reporter cloning 
    
CML39XhoIF ctcgagatgaagaacactcaacgtc XhoI CML39 overexpression cloning 
CML39SmaIR cccggggcgcatcatgagggcgaactc SmaI CML39 overexpression cloning 
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TABLE D1 continued.   
Primer Name Sequence (5’ to 3’) Restriction site Purpose 
CSN5bLP ccctcccaagttttaaaatcg n/a csn5b knockout genotyping 
CSN5bRP atgccaaatctatgtgttgcc n/a csn5b knockout genotyping 
SALK LBb1.3 attttgccgatttcggaac n/a SALK T-DNA confirmation 
    
CML39770F ccggtcgacggatgaagaacactcaacgttcag SalI Yeast-two-hybrid bait cloning 
CML39770R ttgcggccgcttagcgcatcatgcgggcg NotI Yeast-two-hybrid bait cloning 
pBI771F ctattcgatgatgaagatacc n/a Yeast-two-hybrid prey confirmation 
pBI771R ttgattggagacttgacc n/a Yeast-two-hybrid prey confirmation 
CSN5aSalIF aaagtcgacgaatggaaggttcctcgtcagcc SalI pGEX4T3 cloning 
CSN5aNotIR tttgcggccgtcacgatgtaatcatgggctc NotI pGEX4T3 cloning 
    
CML43proHindIIIF gtaagcttgtggtggcaatggaag HindIII Promoter::GUS reporter cloning 
CML43proSmaIR gacccgggattgttactcttcttcttag SmaI Promoter::GUS reporter cloning 
    
CML43BamHIF ggattcatggagatcaataacgagaag BamHI GFP-fusion cloning 
CML43NcoIR ccatggagaaggaacaacaacaacagtttg NcoI GFP-fusion cloning 
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Appendix E 

Rescue of cml39 seedlings by transfer to sucrose 

 

 

 

 

Figure 4. Arabidopsis cml39 insertional knockout seedlings germinated on 0.5 × MS media 
lacking exogenous sucrose and transferred at 5 days after radicle emergence (5DARE) to either 
0% sucrose or 1% sucrose-containing media display differential root growth. Root growth after 
transfer (mean ± S.E.) of Col-0 plants (white bars) is compared with cml39 knockout plants (grey 
bars). Roots were measured 6 days post-transfer (11DARE). Transfer of arrested seedlings from 
0% to 1% sucrose-containing media led to significantly greater root growth than transfer of 
arrested seedlings from 0% to 0% sucrose-containing media (two-way ANOVA, p<0.01, n=4). 
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