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Abstract 

Ca2+ functions as a second messenger in all eukaryotes.  Such Ca2+ signaling is 

used to coordinate plant responses to numerous stimuli, both developmental and 

environmental.  Ca2+ signals are often transduced via the action of the ubiquitous Ca2+ 

sensor calmodulin (CaM).  CaM-dependent protein phosphorylation forms an important 

component of such signal transduction pathways, including that regulating the initiation 

and development of symbiotic rhizobial nodules in legumes such as soybean (Glycine 

max).  To further understand the role of Ca2+/CaM during nodule organogenesis, a nodule 

cDNA expression library was screened using radiolabeled CaM as a probe to identify 

novel CaM-binding proteins (CaMBPs).  This screen resulted in the identification of a 

previously uncharacterized receptor-like kinase, termed GmCaMK1.  The CaM-binding 

domain (CaMBD) of GmCaMK1 is located in a 24 residue region of GmCaMK1, which 

overlaps with the subdomain XI of a conserved Ser/Thr kinase domain.  This CaMBD 

bound CaM in a Ca2+-dependent manner, and with high affinity (Kd = 1.4 nM).  

Furthermore, two hydrophobic residues (V372 and L375) were identified as critical for 

GmCaMK1-CaM interaction.  Recombinant GmCaMK1 exhibited protein kinase activity 

in vitro, with autophosphorylation activity unaffected by the presence or absence of 

Ca2+/CaM.  GmCaMK1 expression is enriched in developing nodules and main roots, and 

highest expression level was observed in lateral roots.  While the function of CaM-

binding to GmCaMK1 remains unclear, the affinity and Ca2+-dependence of the 

GmCaMK1-CaM interaction strongly suggests that GmCaMK1 is a physiologically 

relevant CaM target.  The Arabidopsis ortholog of GmCaMK1, AtCaMK1 also bound 
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CaM when expressed as a recombinant protein.  GmCaMK1 is part of a multi-member 

family in soybean, as are putative homologs across taxa, suggesting that this is a novel, 

conserved family of CaMBPs. 
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Chapter 1 

General Introduction 

1.1 GENERAL INTRODUCTION 

Understanding the complex signaling pathways that coordinate plant responses to 

the environment is at the forefront of the great challenges in biology.  While modern 

agriculture has allowed us to vastly increase the productivity of our crops, such growth 

has been achieved on the reliance of massive fertilizer inputs and at the expense of the 

wild environment and biodiversity.  Future improvements to crops via genetic 

engineering require an in-depth understanding of plant growth, development, and stress 

response, and the signaling pathways involved in these agriculturally important 

processes.  By studying the constituent proteins that function in such pathways, our view 

of plant signaling is constantly maturing. 

As a corollary to any discussion of signal transduction and agriculture, the 

importance of plant-microbe interactions has become increasingly clear from both a crop 

productivity and environmental perspective.  The vast majority of plants form symbiotic 

associations with fungi or bacteria; such associations are responsible for a large amount 

of soil nutrient cycling, including the fixation of atmospheric nitrogen by root nodules in 

some species (such as soybean).  The signaling pathways that regulate these symbioses 

are slowly being elucidated, and mounting evidence shows that Ca2+ signaling plays a 

critical role in the formation of all common plant-microbe symbioses (Harper and 

Harmon, 2005). 
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Ultimately, detailed biochemical and molecular understanding of the signaling 

mechanisms regulating plant processes such as the formation of symbioses may aide in 

the design of the crops of the future, as well as improving our knowledge of the most 

fundamental aspects of plant biology. 

1.2 INTRODUCTION 

1.2.1 Plant signal transduction 

 Organisms must constantly respond to changing environments.  The perception 

and response to external stimuli is a recurring theme in biology, and understanding these 

signal transduction pathways is critical to deciphering the mechanisms of life (Bowler 

and Chua, 1994).  For multicellular eukaryotes, detailed signal transduction pathways are 

responsible for coordinating both responses to environmental cues and signals from 

neighbouring cells during development.  In the paradigm of signal transduction, stimulus 

perception by a receptor is followed by a series of hierarchical events: signal propagation 

and amplification by second messengers, detection of second messengers by sensors, 

regulation of target protein(s) by sensors, and physiological response (Bowler and Chua, 

1994).  Responses vary greatly between pathways, and can include changes in 

metabolism, gene expression, and/or altered cellular conditions or morphology (Poovaiah 

and Reddy, 1993). 

 While the possible stimuli that must be detected by eukaryotic cells are numerous, 

the corresponding second messengers used to transduce these signals are inversely few. 

Most eukaryotic signal transduction pathways make use of one or more of a relatively 

small group of common second messengers, including Ca2+ ions, cyclic mononucleotides 
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(i.e. cAMP), nitric oxide (NO), and phospholipids (such as diaglycerol, DAG, or inositol 

triphosphate, IP3) (Poovaiah and Reddy, 1993; Stevenson, et al., 2000; Assmann, 1995).  

In order to be effective second messengers, these molecules must all be poised for rapid 

and transient changes in cellular concentration, and must act as effectors on target 

proteins in order to elicit a downstream effect. 

1.2.2 Ca2+ as a second messenger in plants 

Ca2+ forms insoluble salts with several common anions (such as PO4
3-), and as a 

result Ca2+ is cytotoxic at high concentrations.  Cytosolic Ca2+ concentrations 

([Ca2+]cytosol) are thus kept at low (nM) concentrations under resting conditions (Bush, 

1993).  This is accomplished by actively transporting Ca2+ out of the cytosol via Ca2+-

ATPase pumps, as well as H+/Ca2+ antiporters.  This active sequestration of Ca2+ either 

extracellularly or within intracellular stores (mainly the ER in animals and the vacuole in 

plants) generates a substantial (up to 105 fold) concentration gradient between [Ca2+]stores 

and [Ca2+]cytosol (Clapham, 2007).  This gradient has been exploited by eukaryotes for use 

in signal transduction.  Upon the detection of many stimuli, both development- and 

stress-related, eukaryotic cells experience an influx of Ca2+, leading to a rapid increase in 

[Ca2+]cytosol (Clapham, 2007). Ca2+ levels can be quickly restored to resting levels 

following influx, as active transport of Ca2+ out of the cell by the means described above 

is continuous (Bush, 1993).  Ca2+ fluxes are thus transient in nature, and can therefore 

function as a common second messenger as outlined above to transduce the signals of 

many cellular stimuli.  Ca2+ signaling has been associated with a multitude of diverse and 

important functions in both animals and plants.  Despite this universality, Ca2+ signal 
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transduction leads to physiological response(s) that are specific and appropriate for given 

stimuli.  Current research suggests that stimulus-response specificity using a common 

second messenger may be achieved by the encoding of information in Ca2+ “signatures”: 

spatial-temporal patterns of Ca2+ flux (McAinsh and Hetherington, 1998; McAinsh and 

Pittman, 2009). Such signatures are highly localized oscillations of [Ca2+], the frequency 

and amplitude of which are thought to encode the specificity of a given signal. Detailed 

in vivo analysis of Ca2+ patterns in guard cells and root cells during nodule organogenesis 

support this Ca2+ signature hypothesis (Allen, et al., 2000; Capoen, et al., 2009), though a 

great deal regarding the ubiquity of such signatures remains to be investigated 

(Israelsson, et al., 2006; Scrase-Field and Knight, 2003).  Regardless, to facilitate the 

transduction from second messenger (Ca2+) to cellular responses, eukaryotes have 

evolved numerous Ca2+-binding proteins (CBPs), which are capable of binding Ca2+ ions 

at physiologically relevant concentrations (Reddy and Reddy, 2004; Gifford, et al., 2007). 

Many such CBPs are capable of specifically regulating downstream target proteins in a 

Ca2+-dependent manner, and as such function as Ca2+ sensors.  These Ca2+ sensors thus 

form a central component of any Ca2+ signaling pathway, and their study is critical to 

understanding the coordination of plant cellular responses to stimuli (DeFalco, et al., 

2010). 

Unlike animals, plants are sessile organisms and as such must confront a 

multitude of external stimuli at the cellular level.  It is believed that the need to 

coordinate such pathways has led plants to evolve several expanded families of plant-

specific Ca2+-sensor proteins (McCormack, et al., 2005).  The majority of plant Ca2+-
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sensors are represented by three classes of CBPs: (i) calmodulins (CaMs) and 

calmodulin-like proteins (CMLs), (ii) calcineurin B-like proteins (CBLs), and (iii) 

calcium-dependent protein kinases (CDPKs).  Each class is composed of numerous 

members in all plant species examined to date (e.g. in Arabidopsis; 50 CaMs and CMLs, 

34 CDPKs, and 10 CBLs) (DeFalco, et al., 2010).   

 

 

 

Ca2+

Figure 1.1 Generalized model of Ca2+ signaling in plants.  

As outlined above, the perception (by a receptor) of numerous stimuli triggers a cytosolic 
influx of Ca2+.  This spike in [Ca2+] is detected by Ca2+ sensors, which act upon target 
proteins to generate an appropriate cellular response.  CaM functions as one important 
such sensor, and is known to regulate numerous target proteins.   
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1.2.3 Calmodulin is a versatile Ca2+ sensor in plants 

 As the most conserved and widely expressed Ca2+ sensor in eukaryotes, CaM has 

been extensively studied and well characterized biochemically.  CaM is an acidic, 

~17kDa protein of approximately 150 amino acids in length, and binds Ca2+ with high 

affinity (Kd ranges from nM to low µM) via four EF-hands (Zielinski, 1998). These EF-

hands are arranged in pairs within two (N- and C-terminal) globular domains with a 

flexible linker domain between.  The two EF-hands within each globular domain bind 

Ca2+ with positive cooperatively (Zielinski, 1998).  The EF-hand is the most common 

Ca2+-binding motif found in eukaryotic proteins, and forms a helix-loop-helix structure, 

with 12 residues functioning to arrange a Ca2+ ion (Gifford, et al., 2007; Day, et al., 

2002).  The arrangement of Ca2+ binding globular domains gives CaM a dumbbell shape, 

and upon binding Ca2+ CaM undergoes a conformational change, exposing hydrophobic 

residues in clefts of the globular domains.  These hydrophobic clefts are capable of 

specifically binding target proteins via CaM-binding domains (CaMBDs).  CaMBDs are 

generally characterized by the ability to form an amphipathic helix, with the hydrophobic 

face binding CaM (Yap, et al., 2000).   

 Interestingly, CaM has been implicated in many cellular processes, and is known 

to bind and regulate many proteins in both animals and plants.  From such observations, a 

key question arises: how can specificity can be properly encoded in Ca2+ signals and 

decoded by CaM, given the many (and sometimes conflicting) roles of CaM identified to 

date?  Apart from specificity in the Ca2+ signal (‘signatures’ outlined in section 1.1.2), the 

specificity of CaM function can be derived from its differential interactions with target 
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proteins.  CaM can interact with differing targets in different signaling pathways due to 

both the differential expression of CaMBPs across tissues and in response to stimuli 

(Snedden and Fromm, 2001), and the multiple modes of CaM-target regulation (Ishida 

and Vogel, 2006).  While most CaMBPs bind only Ca2+-saturated CaM (Ca2+/CaM), 

some are capable of binding Ca2+-free CaM (apoCaM), such as myosin (Reddy and Day, 

2001).  Furthermore, different CaM targets are localized to different subcellular locales, 

and CaMBPs have been identified to date from plant cytosol, plasma membrane, ER, 

nucleus, chloroplast, and peroxisomes (DeFalco, et al., 2010), as well as some evidence 

showing a role of extracellular (cell wall-anchored) CaM (Chen, et al., 2004).  Finally, 

CaMBPs possess CaMBDs that bind CaM with differing affinities, ranging from 1 to 400 

nM (Snedden and Fromm, 2001), meaning CaM may differentially bind target proteins 

depending on CaM and/or target abundance.  While such affinity is high relative to CaM 

concentrations present in the cell, most of these targets have several orders of magnitude 

lower affinity for apoCaM than Ca2+/CaM, meaning CaM will release targets upon the 

dissipation of the Ca2+ signal. 

1.2.4 The diversity of plant CaM-binding proteins 

 Of the major classes of plant Ca2+ sensors, CaMs and CMLs are the largest 

family. CaMs/CMLs do not possess intrinsic enzymatic activity, and as such they 

function via the modulation of downstream targets.  To understand how such Ca2+ 

sensors function in planta, it is of utmost importance to first isolate the various proteins 

with which they interact.  While less characterized than the CaMBPs of animals, a 

diverse array of CaM targets have been identified in plants, and are summarized in Table 
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1.1.  These targets have implicated CaM in the regulation of many cellular events 

(Snedden and Fromm, 2001).  In some cases CaM appears to function in opposing roles, 

such as during pathogen response. During pathogen response signaling CaM both inhibits 

and promotes the accumulation of salicylic acid (SA), via the regulation of CAMTA3 and 

CBP60g, respectively (Koo, et al., 2009; Wang, et al., 2009).  Such apparent antagonism 

in CaM function serves to underscore the complex nature of Ca2+ signaling in plants, in 

which multiple sensors are likely playing multiple roles during any given stimulus 

response.   
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Table 1.1 CaMBPs previously identified in plants.   

List is not exhaustive and omits several unconfirmed or hypothetical CaMBPs.   
Protein  Organism Function  Reference(s) 

GADs*  Petunia  GABA signaling  (Arazi, et al., 1995; Baum, et   
      al., 1993; Baum, et al., 1996) 

DGK  Tomato  Lipid signaling  (Snedden and Blumwald, 2001)  

Catalase  Arabidopsis H2O2 decomposition (Yang and Poovaiah, 2002) 

NPG1  Arabidopsis Pollen germination (Golovkin and Reddy, 2003)   

KCBP  Arabidopsis  Cell cycle regulation (Reddy, et al., 1996b; Reddy, et al., 1996a) 
    Trichome morphology   

ACAs*  Arabidopsis Ca2+ transport  (Harper, et al., 1998) 

NOS  Arabidopsis Production of NO  (Guo, et al., 2003) 

Glyoxylase Brassica  Aldehyde detoxification (Bagga, et al., 1987; Deswal and  Sopory,  
       1999) 

HSP-70s* Zea mays Heat shock response (Sun, et al., 2000) 

PCaMPP Physcomitrella Protein dephosphorylation (Takezawa, 2003) 

TGA3  Arabidopsis Transcriptional regulation (Szymanski, et al., 1996)  

ZmSAUR1 Zea mays Auxin signaling  (Yang and Poovaiah, 2000) 

DWF1  Arabidopsis Brassinosteroid   (Du and Poovaiah, 2005) 
    biosynthesis 

CAMTAs* Arabidopsis Transcriptional regulation (Bouche, et al., 2002) 

AtPP7  Arabidopsis Protein dephosphorylation (Liu, et al., 2007) 
    Thermotolerance 

MKP1  Tobacco  MAPK dephosphorylation (Yamakawa, et al., 2004; Lee, et al., 2008) 

BAG6  Arabidopsis  Pathogen response (Doukhanina, et al., 2006) 

NADKs* Arabidopsis Pathogen response (Turner, et al., 2004) 

CNGCs* Arabidopsis Pathogen response (Baxter, et al., 2008;   
    Ion (Ca2+?) homeostasis  Köhler and Neuhaus, 2000) 

MLO   Barley  Pathogen (mildew)  (Kim, et al., 2002) 
    response 

CBP60s* Phaseolus Pathogen-responsive SA  (Ali, et al., 2003; Wang, et al., 2009) 
    accumulation    

MDR-like Potato  ABC transporter  (Wang, et al., 1996) 
 
CCaMK  Zea mays Unknown other roles (?) (Takezawa, et al., 1996;    
       Ramachandiran, et al., 1997) 
  Medicago Bacterial and AM  (Levy, et al., 2004; Chen, et al., 2007) 
    symbioses 
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Table 1.1 continued… 

 
CBKs*  Tobacco  Regulation of flowering (Hua, et al., 2004b) 

Arabidopsis Heat shock response (Liu, et al., 2008) 

S-locus RLKs* Brassica  Self-incompatibility (Vanoosthuyse, et al., 2003) 
    Signaling 
  Arabidopsis  Pathogen response (Kim, et al., 2009b; Kim, et al., 2009a) 

CLV1  Arabdiopsis Meristem development (Vanoosthuyse, et al., 2003) 

AtCaMRLK Arabidopsis Unknown  (Charpenteau, et al., 2004) 

CRCKs* Arabidopsis Unknown  (Yang, et al., 2004) 
 

*denotes multi-member CaMBP families (Reddy and Reddy, 2004) 
Specific abbreviations used in table: 

GAD – glutamate decarboxylase; GABA – γ-aminobutaric acid; DGK – diaglycerol kinase;  NPG – no 
pollen germination; KCBP – kinesin-like calmodulin-binding protein; ACA – autoinhibited Ca2+-ATPase; 
NOS – nitric oxide synthase; HSP – heat shock protein; PCaMPP – Physcomitrella patens calmodulin-
binding protein phosphatase; TGA3 – TGA1a-related gene 3; SAUR – small auxin up RNA; DWF – dwarf; 
PP7 – protein phosphatase 7; MKP – MAPK phosphatase; MAPK – mitogen-activated protein kinase; 
BAG – BCL-2 associated-athanogene; NADK – NAD kinase; CNGC – cyclic nucleotide-gated ion 
channel; MDR – multidrug resistance; ABC – ATP-binding cassette; CLV – clavata 

1.2.5 CaM-binding protein kinases in animals and plants 

Among the proteins listed in Table 1.1 are several examples of CaM-binding 

protein kinases, which have only recently been identified in plants (Zhang and Lu, 2003).  

In animals, CaM-kinases (CaMKs) are well studied, and are represented by two distinct 

groups – specific and multifunctional kinases (Swulius and Waxham, 2008).  Specific 

CaMKs, such as the myosin light chain kinase (MLCK), have specific substrates as their 

names suggest, while the multifunctional CaMKs (CaMKIIs) are a multi-member group 

of protein kinases with multiple substrates, and play roles in many important processes 

such as glycogen metabolism, synaptic function, muscle contraction, and apoptosis 

(Swulius and Waxham, 2008).   
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 Plant CaMKs have been largely unstudied, though early work did demonstrate 

CaM-dependent kinase activity in apple (Watillon, et al., 1993).  Subsequent work has 

isolated several additional CaMKs in plants, though many show low sequence homology 

to the CaMKIIs of animals (Zhang and Lu, 2003).  Interestingly, the extensive CDPK 

families of plants (34 members in Arabidopsis, 27 members in rice, 29 members in Zea 

mays) share relatively high homology to animal CaMKII (Sheen, 1996).  It is believed 

that CDPKs originated through a recombination event that fused CaM to CaMKII, 

leading to the CDPK structure, featuring a CaMKII-like kinase and autoinhibitory/CaM-

binding domain and a CaM-like domain (Harper, et al., 1991; Zhang and Choi, 2001).  As 

much of the CaM-regulated phosphorylation function of CaMKII may have been 

supplanted by CDPK function, plant CaMKs have not been extensively studied, and 

likely play distinct cellular roles from CDPKs.  

 Plant CaMKs identified to date can be roughly divided into three groups.  The 

first resemble CRKs (CDPK-related kinases, which possess non-functional, degenerate 

EF-hand(s) that do not bind Ca2+).  These are the CRK-like CBKs, such as AtCK (Jeong, 

et al., 2007) and the CBKs identified in rice (Zhang, et al., 2002), tobacco (Hua, et al., 

2003), and Arabidopsis (Liu, et al., 2008).  Some members of this group have been 

examined genetically, such as AtCBK3, which has been shown to form an important part 

of the signaling pathway during heat stress response in Arabidopsis (Liu, et al., 2008).  

The second group of plant CaMKs is composed of the Ca2+- and Ca2+/CaM-dependent 

kinases (CCaMKs).  CCaMKs are chimeric kinases with Ca2+-binding visinin-like 

domains at their C-terminus.  Biochemical analysis has shown that both Ca2+ and 
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Ca2+/CaM regulate the function of CCaMK, with Ca2+-binding stimulating 

autophosphorylation and Ca2+/CaM-binding upregulating substrate phosphorylation 

(Takezawa, et al., 1996; Ramachandiran, et al., 1997).  CCaMKs have been identified 

across species, though Arabidopsis interestingly does not appear to possess a CCaMK 

gene (Harper, et al., 2004).  First shown to be expressed in a stage-specific manner during 

anther development in lily and tobacco (Poovaiah, et al., 1999), CCaMK has 

subsequently been found to be critical for the formation of both rhizobial nodules in 

legumes and mycorrhizal associations in numerous species, as outlined in section 1.1.6.  

Lastly, the third group of plant CaMKs include several, unrelated, CaM-binding receptor-

like kinases (RLKs).  These CaM-RLKs have been isolated previously from Arabidopsis 

and Brassica oleracea (see Table 1.1), though little is known about their physiological 

functions. 

1.2.6 Plant-microbial symbioses and Ca2+/CaM 

 Plants are capable of forming important symbioses with microbes, which 

generally fall under either associations with arbuscular mychorizzal (AM) fungi or 

Rhizobial bacteria.  AM fungi associations are widespread in plant taxa, and may occur 

with some 80% of plant species (Bonfante and Anca, 2009).  Rhizobial associations 

occur with fewer plant species, and are largely restricted to legumous plants (Fabaceae) 

(Van Rhijn and Vanderleyden, 1995).  Rhizobia are Gram-negative soil bacteria, which 

produce nodulation factors (NFs) upon detection of potential host plant flavanoids.  Upon 

perception of Rhizobial NFs, the root hairs of host plants undergo cell division and the 

Rhizobia grow into a root hair in a structure known as an infection thread.  Upon 
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reaching the root cortex, this infection thread matures into a nodule, a specialized 

symbiotic organ which allows the Rhizobia to fix atmospheric N2 (Van Rhijn and 

Vanderleyden, 1995).  Rhizobial associations thus play a critical role in soil quality and 

primary productivity, as nitrogen is often a severely limiting nutrient in agriculture. 

 As indicated earlier, recent work has clearly demonstrated that Ca2+ and CaM are 

critical during the initiation and development of microbial associations across taxa 

(Harper and Harmon, 2005), mediated at least in part by the function of CCaMK.  The 

initial evidence for a role of CCaMK in nodulation came from a mutant of Medigcao 

trunculata, dmi3, which was incapable of forming rhizobial nodules (Catoira, et al., 

2000).  It was found that DMI3 encodes a CCaMK, and that this protein kinase was 

essential for both the initiation and the development of nodules (Mitra, et al., 2004; Levy, 

et al., 2004).  Further analysis has shown that while loss of CCaMK function prevents 

nodule formation, deregulation of CCaMK expression in Lotus japonocus leads to 

spontaneous nodule development (Tirichine, et al., 2006).  Work with a rice homolog of 

DMI3 has further demonstrated that CCaMK is essential for AM fungi-plant symbiosis, 

as loss-of-function mutants in rice are unable for form such fungal associations (Chen, et 

al., 2007).  Recently, CCaMKs have been shown to interact with CYCLOPS (in Lotus) 

and IPD3 (in Medicago), which are orthologous proteins conserved across species (Yano, 

et al., 2008; Messinese, et al., 2007).  While the function of this CCaMK target is 

unknown, IPD3/CYCLOPS is required for microbial symbiosis in rice in a manner 

similar to CCaMK itself (Chen, et al., 2008).  Of particular interest is the lack of a 
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CCaMK-encoding gene in the Arabidopsis genome, as Arabidopsis does not form any 

known microbial associations (Zhu, et al., 2006). 

1.2.7 Plant receptor-like kinases 

 Plant RLKs form large families in all plants, with over 600 members in the 

Arabidopsis monophyletic gene family, representing approximately 2.5% of the protein-

coding genome (Shiu and Bleecker, 2001).  Despite the large number of RLKs in plants, 

few have been thoroughly studied biochemically, and even fewer have been assigned 

functional significance.  RLKs previously studied show a broad range of function in 

planta, including regulation of growth, development, hormonal signaling, and 

interactions with microbes (Shiu and Bleecker, 2001), while a great number of 

uncharacterized RLKs show strong tissue-specific or stimulus-inducible expression 

patterns (Shiu and Bleecker, 2001; Shiu, et al., 2004).  Interestingly, another Medicago 

and Lotus nodulation mutant (dmi2), with a phenotype reminiscent of the CCaMK mutant 

dmi3, is a RLK (SymRK).  Loss of SymMRK function disrupts the early stages of nodule 

initiation by interfering with calcium spiking, which subsequently prevents nodule 

formation (Stracke, et al., 2002; Gherbi, et al., 2008).   As with CCaMK, subsequent 

studies have shown that SymRK is required for AM-colonization of roots in addition to 

nodulation by Rhizobia (Gherbi, et al., 2008). 

 As protein phosphorylation plays a critical role in essentially all signaling 

pathways studied to date, it is likely that many of these RLKs are fulfilling important and 

interesting in vivo roles.  Members of several RLK classes have been previously shown to 

bind CaM (see section 1.1.5 and Table 1.1), and additional uncharacterized RLKs may 
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also be CaM targets. The identification of further CaM-RLKs will aid in the elucidation 

of the functions of these largely unstudied proteins. 

1.2.8 Identifying novel CaMBPs 

Due to the clear role CaM is playing in microbial colonization and nodule 

formation, it is possible that novel CaMBPs may be playing important roles in nodules.  

To further understand the function of CaM in mediating Ca2+ signals during nodule 

formation and development, the CaMBPs of nodules should be identified and 

characterized.  Several strategies have been used to isolate novel CaMBPs, including 

pull-down assays and yeast two-hybrid (Y2H) screens.  Recent advancements have been 

made with high-throughput protein array screening of proteome chips (Popescu, et al., 

2007).  Interestingly, such screening suggests that plants possess many uncharacterized 

CaMBPs, though the roles of CaM-interaction with such proteins remain speculative 

without direct empirical analysis.  The abundance of potential CaMBPs, coupled with the 

low sequence similarity among CaMBDs, reinforces the critical need to empirically 

identify and study CaMBPs.  The most fruitful method for CaMBP identification to date 

has been screening cDNA expression libraries with radiolabeled (125I or 32P or 35S) 

recombinant CaM (Fromm and Chua, 1992).  Numerous plant CaMBPs have been 

identified with this method.  In this study, we have used this method to identify many 

known CaMBPs from nodules, as well as a previously uncharacterized CaM-RLK, 

GmCaMK1 (Glycine max CaM-binding RLK 1). 
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1.3 RESEARCH OBJECTIVES 

 As stated previously, the identity and function of many plant-specific CaMBPs 

likely remain unknown.  As the importance of Ca2+/CaM is well established during 

nodule development, a cDNA library from soybean nodules was generated for use in 

CaMBP identification. Upon screening this cDNA library with 35S-methionine-labeled 

CaM, a novel CaM-binding RLK was identified, termed GmCaMK1.  The goal of this 

project was to address primarily the question of whether this RLK is a relevant CaM-

binding kinase in plants, and subsequently whether GmCaMK1 could play a possible role 

in nodules.  This involved the characterization of the molecular and biochemical 

properties of GmCaMK1, particularly the interaction of its CaMBD with CaM and in 

vitro kinase activity.  Furthermore, this research aimed to determine the transcriptional 

expression profile of the GmCaMK1 gene across tissues and throughout development, 

with emphasis on roots and nodules.   

A comprehensive understanding of the CaM-binding properties of CaMBPs is 

essential in uncovering their physiological roles, as well as the regulatory mechanisms of 

CaM during signal transduction.  The results presented and discussed in this project will 

provide a basis for the study of the in vivo function of GmCaMK1 and related proteins in 

plants.  
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Chapter 2 

Characterization of GmCaMK1, a novel calmodulin-binding receptor-

like kinase from soybean (Glycine max) 
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2.1 SUMMARY 

The role of calmodulin (CaM) in transducing Ca2+ signals in eukaryotic cells is well 

established.  CaM-regulated protein phosphorylation forms an important component of 

Ca2+ signaling in animals but is less well understood in plants.  We have identified a 

novel CaM-binding receptor-like kinase  from soybean nodules, GmCaMK1. We 

delineated the CaM-binding domain to a region of 24 residues near the C-terminus, which 

overlaps with the kinase subdomain XI.  We also identified residues critical for CaM 

binding, and demonstrated that GmCaMK1 binds CaM with high affinity (Kd 1.38 nM) in 

a Ca2+-dependent manner.  GmCaMK1 is expressed broadly among tissues and enriched 

in roots and developing nodules and conserved orthologs are present across plant taxa.   

 

 

 

 

 

 

 

 

 

 

 

 



 

  19

2.2 INTRODUCTION 

 Ca2+ is a critical second messenger and fluxes in intracellular [Ca2+] have been 

observed in response to numerous stimuli (McAinsh and Pittman, 2009).  Ca2+ signals are 

perceived and interpreted by Ca2+-binding proteins (Ca2+ sensors), many of which bind 

Ca2+ through the conserved EF-hand motif (Gifford, et al., 2007).  In plants, the main 

classes of Ca2+ sensors include: calmodulin (CaM) and calmodulin-like proteins (CMLs), 

calcium-dependent protein kinases (CDPKs), and calcineurin B-like proteins (CBLs) 

(Reddy and Reddy, 2004; DeFalco, et al., 2010).  CDPKs and CBLs (via their 

corresponding CBL-interacting protein kinase family [CIPKs]) possess catalytic activity, 

while CaM acts via regulation of many diverse downstream target proteins (Yang and 

Poovaiah, 2003; Bouche, et al., 2005).  CaM is an archetypal and ubiquitous eukaryotic 

Ca2+-sensor, and in plants participates in coordinating developmental processes, abiotic 

and biotic stress response, and the formation of microbial symbioses (DeFalco, et al., 

2010; Harper and Harmon, 2005). Although considerable progress has been made to 

identify the downstream targets of CaM in plants, the role of CaM-binding kinases 

(CaMKs) are poorly understood.  In contrast, there has been extensive analysis of CaMKs 

in animals (Swulius and Waxham, 2008). To date, plant CaMKs identified include 

kinases that share some sequence homology to CRKs (CDPK-related kinases), the 

chimeric Ca2+ and Ca2+/CaM-dependent kinase (CCaMK), and CaM-binding RLKs 

(CaMRLKs) (Zhang and Lu, 2003; Vanoosthuyse, et al., 2003).  

Amongst plant CaMKs, CCaMK is the most thoroughly studied (Takezawa, et al., 

1996; Ramachandiran, et al., 1997; Levy, et al., 2004; Mitra, et al., 2004; Tirichine, et al., 
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2006; Godfroy, et al., 2006; Chen, et al., 2008) and a large body of evidence has 

demonstrated that CCaMK is critical during two distinct symbiotic processes: nodule 

organogenesis and mycorrhizal fungal associations (Levy, et al., 2004; Mitra, et al., 2004; 

Tirichine, et al., 2006; Godfroy, et al., 2006; Chen, et al., 2008; Chen, et al., 2007). In 

legumes, nodules are the site of nitrogen fixation by symbiotic bacteria. Given the 

importance of Ca2+ signals and CaM-regulation of CCaMK in nodule formation, we 

screened for novel CaMBPs in soybean nodules using 35S-CaM as a probe. We isolated a 

novel RLK, termed GmCaMK1, which is unrelated to previously identified plant CaMKs.  

Given the large number of RLKs in plants (610 members in Arabidopsis (Shiu and 

Bleecker, 2001)), it important to determine which may play roles in CaM-mediated 

pathways. Here we present the biochemical characterization of GmCaMK1 and 

demonstrate that it represents a new family of CaM-binding plant RLKs.  

2.3 MATERIALS AND METHODS 

2.3.1 Plant growth conditions 

Glycine max L. cv. Djakal or cv. Boyer seeds were sown in Waikerie river sand, 

inoculated with Bradyrhizobium japonicum USDA 110 one day after planting, and 

fertilized twice weekly with nutrient solution lacking nitrogen (Herridge and Peoples, 

1990). Plants were grown in a glasshouse (24-28°C) under long day conditions (16/8 hr 

day/night).  A. thaliana (ecotype Col-0) seeds were grown in soil in a growth chamber 

under long day (16/8 hr) conditions at 22°C and supplemented weekly with 1g/l 20-20-20 

fertilizer. 
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2.3.2 Preparation and screening of soybean nodule cDNA library 

We prepared a cDNA expression library from soybean nodules (G. max L. cv. 

Boyer) at various developmental stages using the UniZapII kit (Stratagene) according to 

manufacturer’s instructions.  This nodule cDNA library was then screened for CaMBPs 

using 35S-methionine labeled CaM (used throughout recombinantly expressed petunia 

CaM81 – a conserved plant CaM, 100% a.a. identity with Arabidopsis CaM2) in the 

presence of Ca2+ as previously described (Fromm and Chua, 1992).   

2.3.3 Cloning and expression of GmCaMK1 and AtCaMK1 

Initial serial truncations of GmCaMK1 were subcloned from the GmCaMK1clone 

isolated from the cDNA library screen and expressed as GST-fusion proteins in the 

pGEX4T3 vector (Amersham) using E. coli BL21 pLysS cells grown in LB media at 

37°C.  Table B.1 lists the relevant PCR primers used for all subcloning procedures.  

Recombinant proteins were purified by glutathione-agarose affinity chromatography 

and/or Ca2+-dependent CaM-agarose affinity chromatography. 

A full length GmCaMK1cDNA was obtained from the SoyBase database (clone 

Gm_c1065-5498), from which a fragment encoding residues 29-431 was amplified by 

PCR, subcloned into a pET21 vector, expressed in E. coli pLysS cells, and purified by 

Ca2+-dependent CaM-agarose affinity chromatography (Arazi, et al., 1995). 

 Arabidopsis leaf mRNA was extracted using the RNeasy Plant Mini Kit (Qiagen) 

and cDNA synthesis was carried out with 0.3 µg of total RNA using an oligo(dT)20 

primer with Superscript III reverse transcriptase (Invitrogen).  A full length AtCaMK1 

ORF was cloned from leaf cDNA by PCR (Supplemental Table A.1) and subsequently 
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subcloned into pDEST14 vector (Invitrogen) for recombinant protein expression (as 

described above). 

2.3.4 CaM-binding assays 

CaM-binding overlay assays were performed as described previously (Arazi, et 

al., 1995). Proteins were either separated by SDS-PAGE and transferred to nitrocellulose 

or purified proteins were blotted directly onto nitrocellulose (spot blot assays) according 

to figure legends.  Membranes were blocked in 25 mM Tris-Cl pH 7.5 with 5% (w/v) 

milk at 4°C overnight, probed with either 35S-methionine CaM81 (150 nM) or HRP-

conjugated CaM81 (HRP::CaM, 25-100 nM as indicated in figure legends) in 25 mM 

Tris-Cl pH 7.5, 1% milk and either 1 mM CaCl2 or 5 mM EGTA for 60 min.  Membranes 

were washed in buffer without milk and imaged using chemiluminescence reagents 

(Pierce) with either x-ray film (Kodak MR-1) or a Typhoon phosphorimager (GE). 

2.3.5 RNA extraction and qPCR 

Plant material was collected from ten individual soybean plants at either 15 days 

(young nodules) or 36 days (start of flowering) and pooled for RNA extractions.  Nodules 

were collected from the root crown area. Main roots consisted of tissue collected from the 

root crown stripped of nodules. Lateral roots consisted of tissue collected within 5 cm 

from lateral root tips. RNA was extracted using the RNeasy Plant Mini Kit (Qiagen) and 

treated with DNase (Ambion). cDNA synthesis was carried out with 1.25 µg of total 

RNA using an oligo(dT)20 primer with Superscript III reverse transcriptase (Invitrogen).  

cDNA was diluted ten-fold and 2 µl used for quantitative real-time PCR (qPCR) with a 

1X SYBR Green Master Mix (Bio-Rad) on a Bio-Rad iCycler.  GmCaMK1 was 
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amplified using a forward (5′-CCTAGTTCTGTTGTCTCGCAGAA-3′) and reverse (5′-

CGGGCAAGAAAGGTAACTTTCTA-3′) primer designed to amplify a portion of the 3′ 

untranslated region.  Relative transcript levels were determined by the comparative Ct 

method (Livak and Schmittgen, 2001) using cons6 as the reference gene (Libault, et al., 

2008).  qPCR reactions were done in triplicate and results presented are representative of 

two independent RNA isolations. 

2.3.6 Isothermal titration calorimetry (ITC) 

ITC was performed using an AVP-ITC calorimeter (Microcal) at 30°C in CaM-

binding buffer (25 mM Tris-HCl pH 7.5, 1 mM CaCl2).  A 26mer peptide (364- 

KRPSMRDIVQVLTRILKSRHQRNHHH-389) containing the CaMBD of GmCaMK1 

was synthesized (GenScript) and used at 17.5 µM in the ITC cell. CaM (365 µM) was 

titrated into the cell in 29 injections of 10 µl each.  ITC data was modeled to a two-site 

curve using Origin 7.0 software (OriginLab Corp.). Amino acid analysis (Advanced 

Protein Technology Centre, Toronto) was used to quantify peptide and CaM 

concentrations for ITC samples. 

2.3.7 Non-denaturing PAGE  

CaM-binding peptide shift gels were carried out as described previously (Arazi, et 

al., 1995).  Briefly, CaM was incubated with peptides at varying molar ratios in 25 mM 

Tris-Cl pH 7.5, 0.1 mM CaCl2 (or 2 mM EGTA) for 30 min at 25°C, separated by non-

denaturing 12.5% acrylamide PAGE (ND-PAGE) in the presence of 0.1 mM CaCl2 (or 2 

mM EGTA) at 25 mA and 25°C, then stained with Commassie brilliant blue R-250. 
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2.3.8 Mutant analysis of the CaMBD 

 Peptides (corresponding to GmCaMK K364-H389) featuring single amino acid 

substitutions (at V372, L375, R377, and K380) were synthesized (GenScript) and used in 

spot blot CaM-binding overlays as described above (see 2.4). 

2.3.9 In vitro kinase phosphorylation assays 

Autophosphorylation assays were carried out in kinase buffer (25 mM Tris-Cl pH 

7.5, 3 mM Mg-acetate, 3 mM MnCl2) supplemented with either 1 mM CaCl2/1 µg CaM 

or 2 mM EGTA.  One µg of recombinant kinase (G3) was used for all reactions.  

Reactions were initiated with the addition of 100 µM ATP/ 2 µCi [γ-32P]ATP and carried 

out at 30°C for 10 min.  Kinase activity of GmCaMK1 fusions was dependent on the 

presence of divalent cations (Mn2+/Mg2+), shown in Supplemental Fig D.1. The linearity 

of the assay was validated in a 0-20 min time-course experiment (Supplemental Fig D.2). 

Reactions were stopped by addition of 3x Laemli loading buffer and heating to 95°C for 

5 min. Proteins were separated by SDS-PAGE, and gels were vacuum-sealed and imaged 

with a Typhoon phosphorimager.  Semi-quantification of phosphorylated proteins was 

performed with ImageQuant software (GE). 

2.4 RESULTS 

2.4.1 Identification and cloning of GmCaMK1 

Our screening of a soybean nodule cDNA library for novel CaM-binding proteins 

(CaMBPs) yielded many previously identified CaMBPs (Supplemental Table A.1) and no 

false positives, thus validating the method. In addition, we isolated a cDNA encoding a 
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putative novel CaM-binding kinase, termed GmCaMK1, comprised of 431 residues with 

a predicted MW of 49 kDa and a single transmembrane (TM) domain near the N-

terminus.  Database analysis suggests that orthologs of GmCaMK1 are represented 

broadly across plant taxa, often as part of a multi-member family (Supplemental Fig C.1 

and C.2).  Putative orthologs of GmCaMK1 are highly conserved and are all predicted to 

possess an N-terminal TM domain, all 12 subdomains of the ser/thr kinase domain, and a 

CaMBD. GmCaMK1 is part of a putative 5-member family in soybean as shown in 

Supplemental Figure C.2.  Recombinant GmCaMK1 bound CaM in a Ca2+-dependent 

manner (Fig 2.1C), and we delineated the CaMBD to a region near the C-terminus (Fig 

2.1B).   

2.4.2 Mapping of a single, high affinity, Ca2+-dependent CaMBD 

 Removal of a 20 residue region (a.a. 368-387) of GmCaMK1 was shown to 

disrupt CaMBD completely as G3 bound CaM and G2 did not (Fig 2.1 A and B).  ITC 

analysis (Fig 2.2) of CaM binding to a 26mer peptide (Fig 2.3A) demonstrated that this 

domain binds CaM with high affinity (Kd 1.38 nM).  The binding curve of peptide to 

CaM was modeled best to two sites, each with a 1:1 molar ratio, with a higher affinity 

site driven enthalpically and a lower affinity site (Kd = 90.1 nM) driven entropically.  

Values obtained from ITC analysis are summarized in Table 2.1. 

 ND-PAGE showed that CaM formed a 1:1 molar ratio complex with the CaMBD 

peptide only in the presence of Ca2+ (Fig 2.3B). Within the CaMBD, substitution of V372 

or L375 to E prevented CaM-binding, whereas a neutral substitution of V372 to I did not  
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Figure 2.1 Mapping and Ca2+-dependence of GmCaMK1 CaMBD.  

[A] Schematic representation of recombinant fusion proteins used in CaM-binding 

assays.  [B] Anti-GST Western blot (left panel) and HRP::CaM overlay (right panel) of 

purified GmCaMK1 truncation proteins.  CaM-binding overlay was probed with 75 nM 

HRP::CaM in the presence of 1 mM CaCl2. [C] Spot blot of purified G4 protein probed 

with HRP::CaM in the presence of 1 mM CaCl2 (left) or 2 mM EGTA (right). Pure HRP 

was spotted as a positive control for chemiluminescence. For all Western blots and 

overlays, 1 µg of protein was loaded into each well.  
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Figure 2.2 Isothermal titration calorimetry (ITC). 

[A] Calorimetric titration of 365 µM CaM into 17.5 µM CaMBD peptide (GmCaMK1 

a.a. 364-389) in 5 µl aliquot injections. [B] Two site model of least squares fitted titration 

data.  Molar ratios show the ratio of CaM to CaMBD peptide. 



 

  28

Table 2.1 ITC parameters.  

Values obtained from ITC analysis shown in Fig 2.2. Shown are N (number of sites), K 

(binding constant in M-1), Kd (dissociation constant obtained from reciprocal of K, in nM) 

ΔH (heat change in cal/mole), ΔS (entropy change in cal/mole/deg), and T (temperature 

in degrees C). 

Value   Site 1      Site 2 

 

N   1.04 ±0     0.965 ±0.00434 

K   1.11E7 ±2.91E6    7.23E8 ±2.11E8 

Kd   90.1      1.38  

ΔH   1.013E4 ±230     -2.048E4 ±252 

ΔS   65.7      -27.0 

T   30      30 
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Figure 2.3 Characterization of the CaMBD of GmCaMK1. 

[A] A wild-type 26mer peptide was used in CaM-binding assays, with the modeled 

CaMBD boxed.  Residues identified as critical for CaM-binding are indicated with *. [B] 

Non-denaturing PAGE showing 1:1 binding of CaM to CaMBD peptide in the presence 

of 0.1 mM CaCl2 (top panel) and lack of binding in the presence of 2 mM EGTA (lower 

panel).  [C] Spot blot of 26mer mutant peptides, probed with 75 nM HRP::CaM in the 

presence of 1 mM CaCl2 (CaM-binding) or stained with Coommassie brilliant blue R-250 

(protein stain). [D] Helical wheel model of 20 residue CaMBD region (outlined in [A]), 

with hydrophobic residues shaded.  A dashed line shows the predicted hydrophobic and 

hydrophilic faces of the amphipathic CaMBD. 
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interfere with binding (Fig 2.3C).  Both V372 and L375 fit to the hydrophobic face of the 

amphipathic helical wheel modeled using a 20 residue region of the CaMBD (Fig 

2.3D).Substitution of either R377 or K380 to A was found to reduce CaM-binding 

without disrupting the interaction completely, while substitution of R377 to E was shown 

to result in a greater reduction of CaM-binding.  

2.4.3 Expression profiling of GmCaMK1 

 Analysis of GmCaMK1 expression by qPCR revealed expression broadly across 

tissues, with strongest levels observed in main and lateral roots, and developing (15 day)  

nodules (Fig 2.4). Nodules and leaves showed the greatest relative decrease in expression 

during maturation (15 day to 36 day plants).   

2.4.4 Phosphorylation activity of GmCaMK1 

 All recombinant GmCaMK1 fragments containing the kinase domain displayed in 

vitro autophosphorylation activity.  Activity was observed for GST-fusions G4 and G3, 

as well as the untagged protein corresponding to residues 29-431.  We were unable to test 

G2 (lacking the CaMBD) for activity, as this protein was not expressed in the soluble 

fraction of E. coli extracts.  Autophosphorylation activity was dependent upon the 

presence of divalent cations Mg2+ or Mn2+ (Supplemental Fig D.1). However, 

autophosphorlation activity was found to be independent of the presence of Ca2+/CaM 

(Fig 2.5 A and B, t-test, p>0.05).   Substrate phosphorylation assays showed that G3 was 

capable of weakly and non-specifically phosphorylating MBP or histone III, as such, 

these common generic substrates proved to be poor substrates for GmCaMK1 

(Supplemental Fig D.3).   
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Figure 2.4 Quantitative RT-PCR (qPCR) profile of GmCaMK1.  

Tissue-based gene expression profile of GmCaMK1 as measured relative to the reference 

gene cons6 transcript levels [23].  Values are shown +/-SD and represent means from 

triplicate runs of two independent RNA isolations.  Transcript levels were significantly 

different between all tissues at 15 days except leaf and stem.  Likewise, transcript levels 

were significantly different between all tissues at 36 days except flower and main root.  

Finally, all individual tissues varied significantly in expression between 15 and 36 days 

except for lateral roots.  All pairwise comparisons analyzed by two-tailed t-test, as shown 

in Appendix G (Supplemental Table G.1). 
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Figure 2.5 Kinase activity of GmCaMK1.  

[A] Autophosphorylation of G3 recombinant protein (see Fig. 2.1) in the presence of 2 

mM EGTA or 1 mM CaCl2   and 1 µg CaM.  [B] Quantification (mean +/- SD, n = 8) of 

autophosphorylation activity presented in [A], by area of 32P-protein band as measured 

with ImageQuant (GE).  Values shown in [B] are not significantly different (Two-tailed t-

test, p-value >0.05)  
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2.5 DISCUSSION 

The CaMKs of plants represent a growing and diverse group of CaMBPs.  Several 

distinct CaM-binding RLKs have been recently identified in plants, such as CRCK1 

(Yang, et al., 2004), CBRLK1 (Kim, et al., 2009a), and AtCaMRLK (Charpenteau, et al., 

2004) from Arabidopsis and SRK from Brassica oleracea (Vanoosthuyse, et al., 2003).  

Physiological data regarding these CaM-binding RLKs is limited, though recent evidence 

has indicated a role for CBRLK1 in the negative regulation of plant defense responses 

(Kim, et al., 2009b). 

GmCaMK1, isolated in the present study (Supplemental Fig A.1), appears to be 

unrelated to these known CaMKs, but shares high sequence similarity with putative 

orthologs across plant taxa (Supplemental Fig C.1).  GmCaMKs form a 5-member family 

in soybean, of which only GmCaMK5 shows low sequence conservation at the CaMBD 

region (Supplemental Fig C.2).  The Arabidopsis homolog of GmCaMK1, AtCaMK1, is 

part of a two-member family along with AtCaMK2, and has been confirmed to possess a 

CaMBD (Supplemental Fig F.1). 

The Ca2+-dependence and high affinity of CaM/GmCaMK1 interaction is 

reminiscent of that described for the Arabidopsis CaM-binding transcription factors 

(CAMTAs, Kd 1.2 nM) (Bouche, et al., 2002) and well within the range of other plant 

CaMBPs and the physiological levels of CaM (Zielinski, 1998).  While our titration data 

modeled to a two-site interaction (Fig 2.2), the second site recorded during ITC may be 

due to sequential binding of the N- and C-terminal lobes of CaM to the CaMBD. This 

explanation is consistent with our ND-PAGE results, which demonstrate an unambiguous 
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1:1 molar ratio for CaM-peptide interaction (Fig 2.3B).  The CaMBD of GmCaMK1 is 

predicted as a potential IQ-like motif, which is a class of CaM-binding motifs that are 

sometimes capable of binding Ca2+-free CaM (apoCaM) (Houdusse and Cohen, 1995; 

Munshi, et al., 1996).  Interestingly, while V372 was found to be critical for CaM-

binding (as predicted for an IQ-like motif), L375 was also found to be required, despite 

modeling that suggested a L375 to E substitution would not disrupt CaM-binding (Yap, et 

al., 2000).  The importance of these residues, coupled with a lack of apoCaM-GmCaMK1 

interaction suggests this CaMBD is a non-canonical IQ-like motif, and is part of a 

growing number of uncategorized CaM-binding motifs (Hoeflich and Ikura, 2002).  

Interestingly, R377 is predicted to be a conserved residue important for CaM-binding 

within the consensus IQ-like motif: [I,L,V]QxxxR[G,x]xxx[R,K] (Black and Persechini, 

2010).  Substitution of either this residue or another basic residue (K380) to A 

(uncharged) interferes with CaM-binding but does not eliminate it.  Substitution of R377 

to an acidic residue (E) has a greater impact on the interaction, but again does not 

completely prevent it (Fig 2.3 C).  It is possible these basic residues are involved in 

electrostatic interactions with CaM, while the hydrophobic residues examined (V372, 

L375) are interacting directly with the hydrophobic clefts on CaM.  Of additional interest 

in the CaMBD is the presence of a hydrophobic residue (I378) at the semi-conserved G 

of the IQ-like motif, as the charge and size of this residue has been recently shown to 

affect the affinity and Ca2+-dependence of CaM-binding by IQ-like motifs (Black and 

Persechini, 2010). 
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Phosphorylation assays revealed that recombinant GmCaMK1 protein is an active 

protein kinase, which could autophosphorylate independent of CaM-binding (Fig 2.5).  

The lack of effect of CaM on kinase activity is interesting, as the CaMBD appears to 

overlap with kinase subdomain XI (Supplemental Fig C.1).  This CaM-independent 

kinase activity is consistent with several other studies on plant CaMRLKs (Kim, et al., 

2009a; Charpenteau, et al., 2004). It remains possible that Ca2+/CaM may regulate 

GmCaMK1 activity in vivo, as the recombinant proteins in our study lacked the N-

terminal TM domain and this may have interfered with proper regulation of activity.  

Alternatively, CaM may control other, non-catalytic properties of GmCaMK1, such as 

dimerization (Yuan and Vogel, 1998) or interaction with substrates, though it is unknown 

whether GmCaMK1 can form a dimer or what its targets may be.  While the role of CaM-

binding to many plant RLKs is presently unclear, recent work has demonstrated that 

CaM-binding regulates the intracellular trafficking of the EGF receptor, a CaM-binding 

receptor-kinase in animals (Tebar, et al., 2002).  What role CaM may have on 

GmCaMK1 remains an interesting avenue for further investigation.   

The enrichment of GmCaMK1 transcripts in root and young nodules (Fig 2.4) 

suggests that GmCaMK1 is important in Ca2+ signaling in these tissues, reminiscent of 

that demonstrated for CCaMK in multiple species (Levy, et al., 2004; Chen, et al., 2007).  

Interestingly, transcript database analysis reveals that AtCaMK1 does not show the 

predominant root expression pattern of GmCaMK1 (Supplemental Fig F.3). The 

difference in expression between GmCaMK1 and AtCaMK1, as well as the relatively 

large family size of GmCaMKs (5 identified) relative to AtCaMKs (2 identified), 
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suggests that GmCaMK1 and its family members may play divergent, species-specific 

roles. 
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Chapter 3 

General Discussion 

3.1 GENERAL DISCUSSION 

Given the importance of CaM (mediated at least partially by CCaMK) in nodule 

formation (section 1.2.6), a search for novel nodule CaMBPs was pursued.  As shown in 

section 2.4, multiple CaMBPs were isolated by screening a soybean nodule cDNA 

expression library with radiolabeled CaM as a probe.  These targets are summarized in 

Supplemental Table A.1, with the majority of clones representing three known classes of 

CaMPBs: the CNGCs (cyclic nucleotide-gated ion channels, 6 clones isolated), CBP60s 

(CaM-binding protein 60s, 9 clones isolated), and KCBP (kinesin-like CaM-binding 

protein, 10 clones isolated).  Interestingly, while CNGCs and CBP60s are both 

represented by large families in plants (20 and 7 members in Arabidopsis, respectively) 

(Talke, et al., 2003; Wang, et al., 2009), clones identified in the screen represented only 

two genes encoding putative CNGCs and two genes encoding putative CBP60s.  This 

implies that these family members may show specific transcriptional upregulation in 

nodule tissues. Also encoded by multiple clones was a fragment of a novel RLK, 

GmCaMK1, which has been biochemically analyzed (Chapter 2), and shown to be 

transcriptionally enriched in nodules and roots (Fig 2.4). 

Given the convergence of RLKs, Ca2+ signaling, and CaM function in the 

regulation of microbial symbioses (Mitra, et al., 2004; Levy, et al., 2004; Gherbi, et al., 

2008), it is possible that additional CaMBPs (such as novel CaM-RLKs) are functioning 
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in nodule organogenesis.  In agreement with this possibility, our evidence shows 

GmCaMK1 to be transcriptionally upregulated in early nodule development and root 

tissues (Fig 2.4).  Furthermore, as outlined in section 2.5 and Supplemental Fig C.2, 

soybean possesses an expanded GmCaMK family relative to the two-member family of 

AtCaMK, due to a tetraploidization event that occurred in the soybean genome 

approximately 10-15 million years ago (Shoemaker, et al., 1996).  It will be of great 

interest to determine whether members of this expanded family could have divergent 

functions, such as a role in nodule signaling.   

Other plant CaMKs have been implicated in a variety of functions, and CBKs 

from rice (OsCBK), tobacco (NtCBK1), and Arabidopsis (AtCBK1) all show tissue-

specific regulation of gene expression throughout development (Zhang, et al., 2002; 

Zhang and Lu, 2003).   Other CBKs have shown stress and/or hormone-induced 

expression (Hua, et al., 2004a).  Early expression analysis implied that various CBKs 

function in floral development, and overexpression of NtCBK1 in tobacco was found to 

delay flowering, indicating that NtCBK1 serves as a negative regulator of flowering 

(Hua, et al., 2004b).  Reverse genetic approaches have revealed physiological functions 

of another CBK, AtCBK3 from Arabidopsis, which was shown to function upstream of 

heat-shock responses (Liu, et al., 2008).  T-DNA knockout lines for AtCBK3 had reduced 

thermotolerance, while overexpression of wild-type AtCBK3 leads to an increase in the 

basal level of thermotolerance in transgenic Arabidopsis plants.  Data suggest that 

AtCBK3 functions via regulation of HSP (heat shock protein) expression by targeting 

HSF (heat shock factor) transcription factors, as HSF1a interacts with AtCBK3 in vivo, 



 

  39

and can be phosphorylated by AtCBK3 in vitro (Liu, et al., 2008).  Interestingly, HSFs 

may also be targeted by a CaM-binding protein phosphatase, PP7, which regulates heat-

shock responses in Arabidopsis (Liu, et al., 2007).  A reverse genetic analysis of a CaM-

binding S-locus RLK from Arabidopsis (CBRLK1) T-DNA insertion mutant has shown 

that it is a negative regulator of plant defense.  Knockout cbrlk mutants show enhanced 

resistance to Pseudomonas syringae infection, while CBRLK1 overexpression results in 

transgenic plants with improved pathogen resistance (Kim, et al., 2009b).  As with other 

CaMKs in plants, the putative function of CBRLK1 corresponds to its transcriptional 

induction by pathogens (Kim, et al., 2009b).  These accumulating data strong suggest that 

CaMKs serve numerous functions in plants, and that specific CaMKs may be 

multifunctional in planta. 

The Arabidopsis homolog to GmCaMK1, here termed AtCaMK1, is also a CaM-

binding protein, as shown in Appendix F.  Recently this kinase (named in this case 

CRLK1, CaM-binding receptor-like kinase 1) was determined to be a critical component 

of cold stress-response in Arabidopsis in an article that appeared online during the 

writing of this thesis (Yang, et al., 2009).  Loss of function cbrlk1 mutant Arabidopsis 

show reduced survival of cold treatment, while overexpression of wild-type CRLK1 

confers improved cold tolerance.  While targets of CRLK1 remain unknown, it appears 

that CLRK1 is a postive regulator of cold responses, as crlk1 plants show slower 

induction of CBF-(cold binding factors) regulated COR (cold-regulated) genes (Yang, et 

al., 2009).  Interestingly, CRLK1 and GmCaMK1 appear to have several divergent 

biochemical properties.  CaMBD affinity differs between the two orthologs, with the 



 

  40

CaMBD of GmCaMK1 having an affinity for CaM of approximately 1.4 nM (Fig 2.2) 

and the CaMBD of CRLK1 an affinity of 25 nM (determined by bound/unbound 35S-

CaM assay) (Yang, et al., 2009).  CRLK1 also possesses a second, N-terminal CaMBD 

with a Kd of 160 nM, which is not conserved in GmCaMK1 (Fig 2.1).  Finally, Ca2+/CaM 

appears to upregulate the kinase activity of CRLK1, an effect not observed for 

GmCaMK1 (Fig 2.5), though the effect of Ca2+/CaM on CRLK1 autophosphorylation is 

minimal relative to the effect on substrate (casein) phosphorylation (Yang, et al., 2009).  

Several potential autophosphorylation sites on GmCaMK1 were identified by mass 

spectrometry (MS), shown in Supplemental Table E.1.  While no such sites have been 

identified for CRLK1, it will be interesting to determine whether any sites are conserved 

given the apparent divergence in kinase activity between CRLK1 and GmCaMK1.  

Though CRLK1 appears to have a role in cold stress signaling, it is possible that this 

kinase (or related family members) has other function(s).  The differences in biochemical 

properties between CRLK1 and GmCaMK1, as well as the differences in CRLK1 and 

GmCaMK1 transcript levels across tissues (Supplemental Fig F.3 and Fig 2.4, 

respectively) suggest that the functions of these orthologs may be divergent. 

3.2 CONCLUDING REMARKS AND FUTURE DIRECTIONS 

The present study presents a preliminary examination of GmCaMK1 and its 

biochemical properties.  Future work should address three aspects of GmCaMK1 

structure/function, outlined below. 

  (i) Genetic analysis of CaMK function:  Using a “hairy root” transformation 

method (Gherbi, et al., 2008), the tissue and potentially cell-type specific expression of 
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GmCaMK family members can be assessed in developing soybean roots and nodules 

using a GUS-reporter construct under the control of promoters corresponding to 

GmCaMK family member genes.  The effect of GmCaMK1 silencing soybean roots could 

also be examined via RNAi-mediated silencing in soybean roots.  Given the high 

sequence similarity between members of the GmCaMK family (see Supplemental Fig 

C.2), it should also be possible to knock down multiple family members to address 

functional redundance that may exist between such highly-related kinases.  The analysis 

of such multi-family member mutants has recently provided great insight into the 

functions of other plant kinases involved in Ca2+ signaling (Mori, et al., 2006; Zhu, et al., 

2007).  

(ii) Biochemical analysis:  A comparative analysis of the biochemical properties 

of GmCaMK family members would provide great insight into how these related kinases 

are differentially regulated. Of particular interest would be an examination of the CaM-

binding domains of additional family members to better understand how they may be 

regulated by multiple CaM isoforms and/or CMLs in the cell.  Research into the 

overlapping regulation of downstream targets by multiple CaMs/CMLs has been minimal 

to date, though proteomic analysis suggests that targets may be widely shared (Popescu, 

et al., 2007). 

(iii) Target identification:  The identification of downstream protein target(s) of 

GmCaMK1 is an essential step in assigning a physiological function to this kinase.  Yeast 

2-hybrid (Y2H) screens are commonly used to find kinase-interacting proteins, which 

often can serve as phosphorylation substrates, and this technique has been used 
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effectively with similar kinases (Milla, et al., 2006; Messinese, et al., 2007; Uno, et al., 

2009).  In order to preferentially screen for nodule-expressed targets, it would be 

advantageous to construct a corresponding Y2H prey library using cDNA from nodules 

across developmental stages.  Due to the transient nature of many kinase-target 

interactions, however, a Y2H may not yield putative interactors, in which case other 

approaches could be pursued, such as affinity chromatography or screening a library of 

semi-degenerate target peptides for possible GmCaMK1 phosphorylation motifs.  The 

latter method has recently proved highly effective with other plant kinases (Vlad, et al., 

2008).  Additionally, a recent technique for the identification of kinase substrates using 

an altered ATP-binding site has shown great promise, and may be of use for the study of 

GmCaMK1.  In this approach conserved ATP-binding pocket of the kinase domain is 

modified to accept ATP analogs not normally bound by kinases; these analogs can then 

be used to specifically radiolabel target proteins (Blethrow, et al., 2008). 

Nodule organogenesis is a complex, important, and ancient process performed by 

a select group of plant families, and involves highly conserved genetic components 

(Bonfante and Anca, 2009).  This work aims to further expand our knowledge of nodule 

development. As Ca2+ signaling is a component of plant response to many environmental 

stimuli, increased understanding of plant-specific CaM-binding kinases may well have 

applications in the engineering of improved crop stress-tolerance.   



 

  43

Literature Cited 

Allen GJ, Chu SP, Schumacher K, Shimazaki CT, Vafeados D, Kemper A, Hawke 
SD, Tallman G, Tsien RY, Harper JF (2000) Alteration of stimulus-specific guard cell 
calcium oscillations and stomatal closing in Arabidopsis det3 mutant. Science 289: 2338 
 
Ali GS, Reddy VS, Lindgren PB, Jakobek JL, Reddy ASN (2003) Differential 
expression of genes encoding calmodulin-binding proteins in response to bacterial 
pathogens and inducers of defense responses. Plant Mol Biol 51: 803 
 
Arazi T, Baum G, Snedden WA, Shelp BJ, Fromm H (1995) Molecular and 
biochemical analysis of calmodulin interactions with the calmodulin-binding domain of 
plant glutamate decarboxylase. Plant Physiol 108: 551 
 
Assmann SM (1995) Cyclic AMP as a second messenger in higher plants. Plant Physiol 
108: 885 
 
Bagga S, Das R, Sopory SK (1987) Inhibition of cell proliferation and glyoxalase-I 
activity by calmodulin inhibitors and lithium in Brassica oleracea. J Plant Physiol 129: 
149 
 
Baum G, Chen Y, Arazi T, Takatsuji H, Fromm H (1993) A plant glutamate 
decarboxylase containing a calmodulin binding domain. Cloning, sequence, and 
functional analysis. J Biol Chem 268: 19610 
 
Baum G, Lev-Yadun S, Fridmann Y, Arazi T, Katsnelson H, Zik M, Fromm H 
(1996) Calmodulin binding to glutamate decarboxylase is required for regulation of 
glutamate and GABA metabolism and normal development in plants. EMBO J 15: 2988 
 
Baxter J, Moeder W, Urquhart W, Shahinas D, Chin K, Christendat D, Kang HG, 
Angelova M, Kato N, Yoshioka K (2008) Identification of a functionally essential 
amino acid for Arabidopsis cyclic nucleotide gated ion channels using the chimeric 
AtCNGC11/12 gene. The Plant J 56: 457 
 
Black DJ, Persechini A (2010) Variations at the semiconserved glycine in the IQ 
domain consensus sequence have a major impact on Ca2+-dependent switching in 
calmodulin-IQ domain complexes. Biochem 49: 78 
 
Blethrow JD, Glavy JS, Morgan DO, Shokat KM (2008) Covalent capture of kinase-
specific phosphopeptides reveals Cdk1-cyclin B substrates. Proc Natl Acad Sci U S A 
105: 1442 
 



 

  44

Bonfante P, Anca IA (2009) Plants, mycorrhizal fungi, and bacteria: a network of 
interactions. Annu Rev Microbiol 63: 363 
 
Bush DS (1993) Regulation of cytosolic calcium in plants. Plant Physiol 103: 7 
 
Bouche N, Scharlat A, Snedden W, Bouchez D, Fromm H (2002) A novel family of 
almodulin-binding transcription activators in multicellular organisms. J Biol Chem 277: 
21851 
 
Bouche N, Yellin A, Snedden WA, Fromm H (2005) Plant-specific calmodulin-binding 
proteins. Ann Rev Plant Biol 56: 435 
 
Bowler C, Chua NH (1994) Emerging themes of plant signal transduction. Plant Cell 6: 
1529 
 
Capoen W, Den Herder J, Sun J, Verplancke C, De Keyser A, De Rycke R, 
Goormachtig S, Oldroyd G, Holsters M (2009) Calcium spiking patterns and the role 
of the calcium/calmodulin-dependent kinase CCaMK in lateral root base nodulation of 
Sesbania rostrata. Plant Cell 21: 1526 
 
Catoira R, Galera C, de Billy F, Penmetsa RV, Journet EP, Maillet F, Rosenberg C, 
Cook D, Gough C, Denarie J (2000) Four genes of Medicago truncatula controlling 
components of a Nod factor transduction pathway. The Plant Cell Online 12: 1647 
 
Charpenteau M, Jaworski K, Ramirez BC, Tretyn A, Ranjeva R, Ranty B (2004) A 
receptor-like kinase from Arabidopsis thaliana is a calmodulin-binding protein. Biochem 
J 379: 841 
 
Chen YL, Huang R, Xiao YM, Lu P, Chen J, Wang XC (2004) Extracellular 
calmodulin-induced stomatal closure is mediated by heterotrimeric G protein and H2O2. 
Plant Physiol 136: 4096 
 
Chen C, Ane J, Zhu H (2008) OsIPD3, an ortholog of the Medicago truncatula DMI3 
interacting protein IPD3, is required for mycorrhizal symbiosis in rice. New Phytol 180: 
311 
 
Chen C, Gao M, Liu J, Zhu H (2007) Fungal symbiosis in rice requires an ortholog of a 
legume common symbiosis gene encoding a Ca2+. Plant Physiol 145: 1619 
 
Clapham DE (2007) Calcium signaling. Cell 131: 1047 
 
Day IS, Reddy VS, Ali GS, Reddy ASN (2002) Analysis of EF-hand-containing 
proteins in Arabidopsis. Genome Biol 3: 1 
 



 

  45

DeFalco TA, Bender KW, Snedden WA (2010) Breaking the code: Ca2+ sensors in 
plant signalling. Biochem J 425: 27 
 
Deswal R, Sopory SK (1999) Glyoxalase I from Brassica juncea is a calmodulin 
stimulated protein. BBA-Mol Cell Res 1450: 460 
 
Doukhanina EV, Chen S, van der Zalm E, Godzik A, Reed J, Dickman MB (2006) 
Identification and functional characterization of the BAG protein family in Arabidopsis 
thaliana. J Biol Chem 281: 18793 
 
Du LQ, Poovaiah BW (2005) Ca2+/calmodulin is critical for brassinosteroid biosynthesis 
and plant growth. Nature 437: 741 
 
Fromm H, Chua NH (1992) Cloning of plant cDNAs encoding calmodulin-binding 
proteins using 35 S-labeled recombinant calmodulin as a probe. Plant Mol Biol Rep 10: 
199 
 
Gherbi H, Markmann K, Svistoonoff S, Estevan J, Autran D, Giczey G, Auguy F, 
Péret B, Laplaze L, Franche C, Parniske M, Bogusz D (2008) SymRK defines a 
common genetic basis for plant root endosymbioses with arbuscular mycorrhiza fungi, 
rhizobia, and Frankiabacteria. Proc Natl Acad Sci U S A 105: 4928 
 
Gifford JL, Walsh MP, Vogel HJ (2007) Structures and metal-ion-binding properties of 
the Ca2+-binding helix-loop-helix EF-hand motifs. Biochem J 405: 199-222 
 
Godfroy O, Debelle F, Timmers T, Rosenberg C (2006) A rice calcium- and 
calmodulin-dependent protein kinase restores nodulation to a legume mutant. Mol Plant-
Microbe Interact 19: 495-501 
 
Golovkin M, Reddy ASN (2003) A calmodulin-binding protein from Arabidopsis has an 
essential role in pollen germination. Proc Natl Acad Sci U S A 100: 10558-10563 
 
Guo FQ, Okamoto M, Crawford NM (2003) Identification of a plant nitric oxide 
synthase gene involved in hormonal signaling. Science 302: 100 
 
Harper JF, Sussman MR, Schaller GE, Putnamevans C, Charbonneau H, Harmon 
AC (1991) A calcium-dependent protein-kinase with a regulatory domain similar to 
calmodulin. Science 252: 951 
 
Harper JF, Hong B, Hwang I, Guo HQ, Stoddard R, Huang JF, Palmgren MG, Sze 
H (1998) A novel calmodulin-regulated Ca2+-ATPase (ACA2) from Arabidopsis with an 
N-terminal autoinhibitory domain. J Biol Chem 273: 1099 
 



 

  46

Harper JF, Breton G, Harmon A (2004) Decoding Ca2+ signals through plant protein 
kinases. Ann Rev Plant Biol 55: 263 
 
Harper JF, Harmon A (2005) Plants, symbiosis and parasites: a calcium signalling 
connection. Nat Rev Mol Cell Biol 6: 555 
 
Herridge DF, Peoples MB (1990) Ureide assay for measuring nitrogen fixation by 
nodulated soybean calibrated by 15N methods. Plant Physiol 93: 495 
 
Hoeflich KP, Ikura M (2002) Calmodulin in action diversity in target recognition and 
activation mechanisms. Cell 108: 739 
 
Houdusse A, Cohen C (1995) Target sequence recognition by the calmodulin 
superfamily: implications from light chain binding to the regulatory domain of scallop 
myosin. Proc Natl Acad Sci U S A 92: 10644 
 
Hua W, Liang S, Lu YT (2003) A tobacco (Nicotiana tabaccum) calmodulin-binding 
protein kinase, NtCBK2, is regulated differentially by calmodulin isoforms. Biochem J 
376: 291 
 
Hua W, Li RJ, Wang L, Lu YT (2004a) A tobacco calmodulin-binding protein kinase 
(NtCBK2) induced by high-salt/GA treatment and its expression during floral 
development and embryogenesis. Plant Science 166: 1253 
 
Hua W, Zhang L, Liang S, Jones RL, Lu YT (2004b) A tobacco calcium/calmodulin-
binding protein kinase functions as a negative regulator of flowering. J Biol Chem 279: 
31483 
 
Ishida H, Vogel HJ (2006) Protein-peptide interaction studies demonstrate the versatility 
of calmodulin target protein binding. Protein Peptide Lett 13: 455 
 
Israelsson M, Siegel RS, Young J, Hashimoto M, Iba K, Schroeder JI (2006) Guard 
cell ABA and CO2 signaling network updates and Ca2+ sensor priming hypothesis. Curr 
Opin Plant Biol 9: 654 
 
Jeong JC, Shin D, Lee J, Kang CH, Baek D, Cho MJ, Kim MC, Yun D (2007)  
Isolation and  characterization of a novel calcium/calmodulin-dependent protein kinase, 
AtCK, from Arabidopsis. Mol Cells 24: 276 
 
Kim HS, Jung MS, Lee K, Kim KE, Yoo JH, Kim MC, Kim DH, Cho MJ, Chung 
WS (2009a) An S-locus receptor-like kinase in plasma membrane interacts with 
calmodulin in Arabidopsis. FEBS Lett 583: 36 
 



 

  47

Kim HS, Jung MS, Lee SM, Kim KE, Byun H, Choi MS, Park HC, Cho MJ, Chung 
WS (2009b) An S-locus receptor-like kinase plays a role as a negative regulator in plant 
defense responses. Biochem Biophys Res Commun 381: 424 
 
Kim MC, Panstruga R, Elliott C, Müller J, Devoto A, Yoon HW, Park HC, Cho MJ, 
Schulze-Lefert P (2002) Calmodulin interacts with MLO protein to regulate defence 
against mildew in barley. Nature 416: 447 
 
Köhler C, Neuhaus G (2000) Characterisation of calmodulin binding to cyclic 
nucleotide-gated ion channels from Arabidopsis thaliana. FEBS Lett 471: 133 
 
Koo SC, Choi MS, Chun HJ, Shin DB, Park BS, Kim YH, Park HM, Seo HS, Song 
JT, Kang KY (2009) The calmodulin-binding transcription factor OsCBT suppresses 
defense responses to pathogens in rice. Mol Cells 27: 563 
 
Lee K, Song EH, Kim HS, Yoo JH, Han HJ, Jung MS, Lee SM, Kim KE, Kim MC, 
Cho MJ (2008) Regulation of MAPK phosphatase 1 (AtMKP1) by calmodulin in 
Arabidopsis. J Biol Chem 283: 23581 
 
Levy J, Bres C, Geurts R, Chalhoub B, Kulikova O, Duc G, Journet EP, Ane JM, 
Lauber E, Bisseling T, Denarie J, Rosenberg C, Debelle F (2004) A putative Ca2+ and 
calmodulin-dependent protein kinase required for bacterial and fungal symbioses. 
Science 303: 1361 
 
Libault M, Thibivilliers S, Bilgin DD, Radwan O, Benitez M, Clough SJ, Stacey G 
(2008) Identification of four soybean reference genes for gene expression normalization. 
The Plant Genome 1: 44 
 
Liu HT, Gao F, Li GL, Han JL, Liu DL, Sun DY, Zhou RG (2008) The calmodulin-
binding protein kinase 3 is part of heat-shock signal transduction in Arabidopsis thaliana. 
Plant J 55: 760 
 
Liu H, Li G, Chang H, Sun D, Zhou R, Li B (2007) Calmodulin-binding protein 
phosphatase PP7 is involved in thermotolerance in Arabidopsis. Plant Cell Environ 30: 
156 
 
Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-
time quantitative PCR and the 2(T)(-Delta Delta C) method. Methods 25: 402 
 
Messinese E, Mun J, Yeun LH, Jayaraman D, Rouge P, Barre A, Lougnon G, 
Schornack S, Bono J, Cook DR, Ane J (2007) A novel nuclear protein interacts with 
the symbiotic DMI3 calcium- and calmodulin-dependent protein kinase of Medicago 
truncatula. Mol Plant-Microbe Interact 20: 912 
 



 

  48

McAinsh MR, Hetherington AM (1998) Encoding specificity in Ca2+ signalling 
systems. Trends Plant Sci 3: 32 
 
McAinsh MR, Pittman JK (2009) Shaping the calcium signature. New Phytol 181: 275 
 
McCormack E, Tsai YC, Braam J (2005) Handling calcium signaling: Arabidopsis 
CaMs and CMLs. Trends Plant Sci 10: 383 
 
Messinese E, Mun J, Yeun LH, Jayaraman D, Rouge P, Barre A, Lougnon G, 
Schornack S, Bono J, Cook DR, Ane J (2007) A novel nuclear protein interacts with 
the symbiotic DMI3 calcium- and calmodulin-dependent protein kinase of Medicago 
truncatula. Mol Plant-Microbe Interact 20: 912 
 
Mitra RM, Gleason CA, Edwards A, Hadfield J, Downie JA, Oldroyd GED, Long  
SR (2004) A Ca2+/calmodulin-dependent protein kinase required for symbiotic nodule  
development: gene identification by transcript-based cloning. Proc Natl Acad Sci U S A 
101: 4701 
 
Milla MAR, Uno Y, Chang IF, Townsend J, Maher EA, Quilici D, Cushman JC 
(2006) A novel yeast two-hybrid approach to identify CDPK substrates: characterization 
of the interaction between AtCPK11 and AtDi19, a nuclear zinc finger protein. FEBS 
Lett 580: 904 
 
Mori IC, Murata Y, Yang Y, Munemasa S, Wang Y, Andreoli S, Tiriac H, Alonso 
JM, Harper JF, Ecker JR, Kwak JM, Schroeder JI (2006) CDPKs CPK6 and CPK3 
function in ABA regulation of guard cell S-type anion- and Ca2+-permeable channels and 
stomatal closure. PLoS Biol 4: 1749 
 
Munshi HG, Burks DJ, Joyal JL, White MF, Sacks DB (1996) Ca2+ regulates 
calmodulin binding to IQ motifs in IRS-1. Biochem 35: 15883 
 
Poovaiah BW, Xia M, Liu Z, Wang W, Yang T, Sathyanarayanan PV, Franceschi 
VR (1999) Developmental regulation of the gene for chimeric calcium/calmodulin-
dependent protein kinase in anthers. Planta 209: 161 
 
Poovaiah BW, Reddy AS (1993) Calcium and signal transduction in plants. CRC Crit 
Rev Plant Sci 12: 185 
 
Popescu SC, Popescu GV, Bachan S, Zhang Z, Seay M, Gerstein M, Snyder M, 
Dinesh-Kumar SP (2007) Differential binding of calmodulin-related proteins to their 
targets revealed through high-density Arabidopsis protein microarrays. Proc Natl Acad 
Sci U S A 104: 4730 
 



 

  49

Ramachandiran S, Takezawa D, Wang W, Poovaiah BW (1997) Functional domains 
of plant chimeric calcium/calmodulin-dependent protein kinase: regulation by 
autoinhibitory and visinin-like domains. J Biochem 121: 984 
 
Reddy ASN, Narasimhulu SB, Safadi F, Golovkin M (1996a) A plant kinesin heavy 
chain-like protein is a calmodulin-binding protein. Plant J 10: 9 
 
Reddy ASN, Safadi F, Narasimhulu SB, Golovkin M, Hu X (1996b) A novel plant 
calmodulin-binding protein with a kinesin heavy chain motor domain. J Biol Chem 271: 
7052 
 
Reddy ASN, Day IS (2001) Analysis of the myosins encoded in the recently completed 
Arabidopsis thaliana genome sequence. Genome Biol 2: 1 
 
Reddy VS, Reddy ASN (2004) Proteomics of calcium-signaling components in plants. 
Phytochemistry 65: 1745 
 
Scrase-Field SAMG, Knight MR (2003) Calcium: just a chemical switch? Curr Opin 
Plant Biol 6: 500 
 
Sheen J (1996) Ca2+-dependent protein kinases and stress signal transduction in plants. 
Science 274: 1900 
 
Shiu SH, Bleecker AB (2001) Receptor-like kinases from Arabidopsis form a 
monophyletic gene family related to animal receptor kinases. Proc Natl Acad Sci U S A 
98: 10763 
 
Shiu SH, Karlowski WM, Pan R, Tzeng YH, Mayer KFX, Li WH (2004) 
Comparative analysis of the receptor-like kinase family in Arabidopsis and rice. The 
Plant Cell Online 16: 1220 
 
Shoemaker RC, Polzin K, Labate J, Specht J, Brummer EC, Olson T, Young N, 
Concibido V, Wilcox J, Tamulonis JP (1996) Genome duplication in soybean (Glycine 
subgenus soja). Genetics 144: 329 
 
Snedden WA, Blumwald E (2001) Alternative splicing of a novel diaglycerol kinase in 
tomato leads to a calmodulin-binding isoform. Plant J 24: 317 
 
Snedden WA, Fromm H (2001) Calmodulin as a versatile calcium signal transducer in 
plants. New Phytol 151: 35 
 
Stevenson JM, Perera IY, Heilmann I, Persson S, Boss WF (2000) Inositol signaling 
and plant growth. Trends Plant Sci 5: 252 
 



 

  50

Stracke S, Kistner C, Yoshida S, Mulder L, Sato S, Kaneko T, Tabata S, Sandal N, 
Stougaard J, Szczyglowski K (2002) A plant receptor-like kinase required for both 
bacterial and fungal symbiosis. Nature 417: 959 
 
Sun X, Li B, Zhou G, Tang W, Bai J, Sun D, Zhou R (2000) Binding of the maize 
cytosolic Hsp70 to calmodulin, and identification of calmodulin-binding site in Hsp70. 
Plant Cell Physiol 41: 804 
 
Swulius MT, Waxham WMN (2008) Ca2+/calmodulin-dependent protein kinases. Cell 
Mol Life Sci 65: 2637 
 
Szymanski DB, Liao B, Zielinski RE (1996) Calmodulin isoforms differentially 
enhance the binding of cauliflower nuclear proteins and recombinant TGA3 to a region 
derived from the Arabidopsis Cam-3 promoter. The Plant Cell Online 8: 1069 
 
Takezawa D (2003) Characterization of a novel plant PP2C-like protein ser/thr 
phosphatase as a calmodulin-binding protein. J Biol Chem 278: 38076 
 
Takezawa D, Ramachandiran S, Paranjape V, Poovaiah BW (1996) Dual regulation 
of a chimeric plant serine/threonine kinase by calcium and calcium/calmodulin. J Biol 
Chem 271: 8126 
 
Talke IN, Blaudez D, Maathuis FJM, Sanders D (2003) CNGCs: prime targets of plant 
cyclic nucleotide signalling? Trends Plant Sci 8: 286 
 
Tebar F, Villalonga P, Sorkina T, Agell N, Sorkin A, Enrich C (2002) Calmodulin 
regulates intracellular trafficking of epidermal growth factor receptor and the MAPK 
signaling pathway. Mol Biol Cell 13: 2057 
 
Tirichine L, Imaizumi-Anraku H, Yoshida S, Murakami Y, Madsen LH, Miwa H, 
Nakagawa T, Sandal N, Albrektsen AS, Kawaguchi M, Downie A, Sato S, Tabata S, 
Kouchi H, Parniske M, Kawasaki S, Stougaard J (2006) Deregulation of a 
Ca2+/calmodulin-dependent kinase leads to spontaneous nodule development. Nature 
441: 1153 
 
Tomas H, Oliver L, Gabor S, Frans W, Stefan B, Lukas O, Peter W, Wilhelm G, 
Philip Z (2008) Genevestigator V3: a reference expression database for the meta-analysis 
of transcriptomes. Adv Bioinformatics 2008 
 
Turner WL, Waller JC, Vanderbeld B, Snedden WA (2004) Cloning and 
characterization of two NAD kinases from Arabidopsis: identification of a calmodulin 
binding isoform. Plant Physiol 135: 1243 
 
 



 

  51

Uno Y, Milla MAR, Maher E, Cushman JC (2009) Identification of proteins that  
interact with catalytically active calcium-dependent protein kinases from Arabidopsis. 
Mol Genet Genomics 281: 375 
 
Vlad F, Turk BE, Peynot P, Leung J, Merlot S (2008) A versatile strategy to define the 
phosphorylation preferences of plant protein kinases and screen for putative substrates. 
Plant J 55: 104 
 
Van Rhijn P, Vanderleyden J (1995) The Rhizobium-plant symbiosis. Microbiol Mol 
Biol Rev 59: 124 
 
Vanoosthuyse V, Tichtinsky G, Dumas C, Gaude T, Cock JM (2003) Interaction of 
calmodulin, a sorting nexin and kinase-associated protein phosphatase with the Brassica 
oleracea S locus receptor kinase. Plant Physiol 133: 919 
 
Wang L, Tsuda K, Sato M, Cohen JD, Katagiri F, Glazebrook J (2009) Arabidopsis 
CaM binding protein CBP60g contributes to MAMP-induced SA accumulation and is 
involved in disease resistance against Pseudomonas syringae. PLoS Pathog 5: e1000301 
 
Wang W, Takezawa D, Poovaiah BW (1996) A potato cDNA encoding a homologue of 
mammalian multidrug resistant P-glycoprotein. Plant Mol Biol 31: 683 
 
Watillon B, Kettmann R, Boxus P, Burny A (1993) A calcium/calmodulin-binding 
serine/threonine protein kinase homologous to the mammalian type II 
calcium/calmodulin-dependent protein kinase is expressed in plant cells. Plant Physiol 
101: 1381 
 
Yamakawa H, Katou S, Seo S, Mitsuhara I, Kamada H, Ohashi Y (2004) Plant 
MAPK phosphatase interacts with calmodulins. J Biol Chem 279: 928 
 
Yang T, Poovaiah BW (2000) Molecular and biochemical evidence for the involvement 
of calcium/calmodulin in auxin action. J Biol Chem 275: 3137 
 
Yang T, Poovaiah BW (2002) Hydrogen peroxide homeostasis: activation of plant 
catalase by calcium/calmodulin. Proc Natl Acad Sci U S A 99: 4097 
 
Yang T, Poovaiah BW (2003) Calcium/calmodulin-mediated signal network in plants. 
Trends Plant Sci 8: 505 
 
Yang TB, Chaudhuri S, Yang LH, Chen YP, Poovaiah BW (2004) 
Calcium/calmodulin up-regulates a cytoplasmic receptor-like kinase in plants. J Biol 
Chem 279: 42552 
 



 

  52

Yang T, Chaudhuri S, Yang L, Du L, Poovaiah BW (2009) A calcium/calmodulin-
regulated member of the receptor-like kinase family confers cold tolerance in plants. J 
Biol Chem doi:10.1074/jbc.M109.035659  
 
Yano K, Yoshida S, Müller J, Singh S, Banba M, Vickers K, Markmann K, White 
C, Schuller B, Sato S (2008) CYCLOPS, a mediator of symbiotic intracellular 
accommodation. Proc Natl Acad Sci U S A 105: 20540 
 
Yap KL, Kim J, Truong K, Sherman M, Yuan T, Ikura M (2000) Calmodulin target 
database. J Struct Funct Genomics 1: 1570 
 
Yuan T, Vogel HJ (1998) Calcium-calmodulin-induced dimerization of the carboxyl-
terminal domain from petunia glutamate decarboxylase. J Biol Chem 273: 30328 
 
Zhang L, Lu YT (2003) Calmodulin-binding protein kinases in plants. Trends Plant Sci 
8: 123 
 
Zhang L, Liu BF, Liang SP, Jones RL, Lu YT (2002) Molecular and biochemical 
characterization of a calcium/calmodulin-binding protein kinase from rice. Biochem J 
368: 145 
 
Zhang XRS, Choi JH (2001) Molecular evolution of calmodulin-like domain protein 
kinases (CDPKs) in plants and protists. J Mol Evol 53: 214 
 
Zhu H, Riely BK, Burns NJ, Ane JM (2006) Tracing nonlegume orthologs of legume 
genes required for nodulation and arbuscular mycorrhizal symbioses. Genetics 172: 2491 
 
Zhu S, Yu X, Wang X, Zhao R, Li Y, Fan R, Shang Y, Du S, Wang X, Wu F, Xu Y, 
Zhang X, Zhang D (2007) Two calcium-dependent protein kinases, CPK4 and CPK11, 
regulate abscisic acid signal transduction in Arabidopsis. Plant Cell 19: 3019 
 
Zielinski RE (1998) Calmodulin and calmodulin-binding proteins in plants. Annu Rev 
Plant Physiol Plant Mol Biol 49: 697 

 

 



 

  53

Appendix A 

Isolation of CaMBPs from nodule library 

 

 

Supplemental Figure A.1 Isolation of GmCaMK1 clone. 

[A] Primary screen (“T”) of nodule cDNA library with 35S-labeled CaM.  25-30 x105 
clones were screened per primary filter.  [B] Tertiary screen of T1 clone.  For all screens, 
filters were probed with 150 nM 35S-CaM in the presence of 1 mM CaCl2 and used to 
expose MR1 film (Kodak) for 6-10 days at -80°C.  [C] Overlay assay of total bacterial 
extracts expressing library clones T1 (GmCaMK1) and G4 (KCBP), and XLOLR (empty 
bacterial strain) with 100 nM 35S-CaM in the presence of 1 mM CaCl2, imaged using a 
Typhoon phosphorimager (GE).  Arrows indicate GmCaMK1 fragment (clone T1 
product).  
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Supplemental Table A.1 CaMBPs isolated from soybean nodule cDNA library.   

Clone IDs were assigned by order of isolation (e.g. A through T) from primary screens.  
Identity of encoded genes was identified by translated nucleotide alignment with the 
NCBI protein database and Phytozome soybean proteome database 
(http://www.phytozome.net/soybean.php).  Clones are grouped by CaMBP family. 

Clone ID Protein   Locus   CaMBP Reference 

I2  KCBP   Glyma01g35950 (Reddy, et al., 1996a) 
L5  KCBP   Glyma01g35950   
M2  KCBP   Glyma01g35950 
Q3  KCBP   Glyma01g35950 
R1  KCBP   Glyma01g35950 
S1  KCBP   Glyma01g35950 
G4  KCBP   Glyma01g35950 
C4  KCBP   Glyma11g09480 
H3  KCBP   Glyma09g32740 
Q4  KCBP   Glyma09g14660 
 
S5  GmCaMK1  Glyma13g36140 --------- 
T1  GmCaMK1  Glyma13g36140  
 
I1  CNGC   Glyma02g36560 (Köhler and Neuhaus, 2000)  
J1  CNGC   Glyma02g36560  
J5  CNGC   Glyma02g36560 
J1  CNGC   Glyma02g36560 
L1  CNGC   Glyma02g36560 
L3  CNGC   Glyma03g41780 
 
D4  CBP60   Glyma09g14660 (Ali, et al., 2003)  
G3  CBP60   Glyma09g14660  
Q2  CBP60   Glyma09g14660 
I4  CBP60   Glyma09g14660 
Q1  CBP60   Glyma09g14660 
C1  CBP60   Glyma17g07290 
J4  CBP60   Glyma17g07290 
L1  CBP60   Glyma17g07290 
L4  CBP60   Glyma17g07290 
 
S2  MDR-like ABC  Glyma13g29180 (Wang, et al., 1996) 
  transporter   
 
S3  GAD   Glyma11g33280 (Baum, et al., 1993) 
 
K1  CCaMK  Glyma15g35070 (Takezawa, et al., 1996) 
 



Appendix B 

Primers used in subcloning 

Supplemental Table B.1 List of primers used in subcloning reactions.   

In all cases primers were synthesized by Sigma-Genosys (Sigma-Aldrich). Added restriction sites and Gateway recombination sites 
are underlined and stop codons bolded. 
 
Name Sequence (5’-3’) Binding location (a.a.) Comments/ purpose 

GST_GmCaMK_F GTCGACGGCACGAGGTCACCTGTAAG 73 Forward primer G2, G3, 

G4 

GST_29F GTCGACTGTCTTAGATATCACCGGAAGC 29 Forward primer G1 

GST_113R GCGGCCGCTTAATATGTTGCCTTTTGCAAATCC 113 Reverse primer G1 

GST_4R GCGGCCGCTTAATCTATAGATTCTTCTCTTCTGTG 422 Reverse primer G4 

GST_3R GCGGCCGCTTAATGATTCCTTTGATGTCTTGATTTG 387 Reverse primer G3 

GST_2R GCGGCCGCTTATGAAGGGCGTTTCTTTGGGGC 367 Reverse primer G2 

GmCaMK_29F CATATGTGTCTTAGATATCACCGGAAGC 29 Forward primer 29-431 

GmCaMK_R GTCAGCTTACAAATCATAAATGTCAGCTGTAC 431 Reverse primer 29-431 

AtCaMK_F CACCATGGAAGGAGAATCCAAAGG 1 ORF forward primer 

AtCaMK_R TTACAAAATCACGTCTTCAGCTATAC 440 ORF reverse primer 

AtCaMK_29F CACCATGAATAGCAGTTCCCGGAGG 42 pDEST14: 

AtCaMK forward primer 
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Appendix C 

Sequence alignments 

 

 

 

Supplemental Figure C.1 Protein sequence alignments with putative GmCaMK1 
orthologs.   
Sequence alignment of GmCaMK1 with predicted orthologs from Arabidopsis 
(AtCaMK1, At5g54590), grape (Vitis vinifera, accession XP_002282916), and poplar 
(Populus trichocarpa, accession XP_002316964).  The delineated CaMBD is indicated, 
as are the predicted transmembrane domain (TM) and the 12 subdomains of the ser/thr 
kinase domain.  Putative orthologs were identified by protein BLAST (BLASTP) 
alignment using the NCBI protein database. 
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Supplemental Figure C.2 The predicted GmCaMK family of soybean.  

Family members were identified by sequence homology to GmCaMK1 protein sequence 
using the Glycine max proteome database at Phytozome 
(http://www.phytozome.net/soybean.php). Percent a.a. identity to GmCaMK1 
(Glyma13g36140) are as follows: GmCaMK2 (Glyma12g34410) 97%, GmCaMK3 
(Glyma06g41510) 84%, GmCaMK4 (Glyma12g16650) 84%, GmCaMK5 
(Glyma19g04870) 62%.  Shading indicates identity (black) or similarity (grey) of 
conserved residues. 
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Appendix D 

Additional kinase assays 

 

Supplemental Figure D.1 GmCaMK1 kinase activity is dependent on the divalent 
cations Mn2+ or Mg2+. 

Addition of 10 mM EDTA to reaction buffer containing 3 mM Mg2+ and 3 mM Mn2+ was 
sufficient to inhibit autophosphorylation activity by the G3 fusion protein.  No effect of 
Ca2+/CaM was seen.  Assay conditions as described in section 2.3.9. 
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Supplemental Figure D.2 Time course of GmCaMK1 autophosphorylation.   

The autophosphorylation activity of G3 is linear over a 10 minute range (y = 14248x, 
R2=0.98).  Assasys were carried out as outlined in section 2.3.9 for 1, 3, 5, 10, or 30 
minutes.  Following imaging on a Typhoon (GE), autophosphorylation level was 
measured semi-quantitatively using ImageQuant software (GE). Error bars represent +/- 
SD (n = 4). 
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Supplemental Figure D.3 Substrate phosphorylation assays. 
G3 phosphorylation of both MBP and Histone III was found to be non-specific and 
minimal relative to autophosphorylation.  + and – indicate the presence and absence 
(respectively) of substrate.   
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Appendix E 

Identification of autophosphorylation sites by mass spectrometry 

Supplemental Table E.1 Identification of GmCaMK1 autophosphorylation sites. 

Autophosphorylation reactions were carried out using G4 and 29-431 proteins as 
described in 2.3.9, with the exception of the addition of 32P-ATP.  Reactions were 
trypsin-digested and analyzed by LC-MS/MS (SickKids APTC, Toronto, Canada).  
Phosphopeptides are grouped by unique sequence.  Potential Ser/Thr phosphorylation 
sites are underlined. 

Sequence    No. phosphate groups Location (a.a.) 

 

ATYNFTTLIGQGAFGPVYK  1    111-129 

ATYNFTTLIGQGAFGPVYK  1    111-129 

ATYNFTTLIGQGAFGPVYK  1    111-129 

 

GTFGYLDPEYISSGTFTK  1    272-289 

GTFGYLDPEYISSGTFTK  1    272-289 

 

SLSATADEVSIDVDQLETK  1    392-410 

SLSATADEVSIDVDQLETK  1    392-410 

 

REESIDSTADIYDL   1    417-431 

REESIDSTADIYDL   1    417-431 
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Appendix F 

Cloning and analysis of AtCaMK1 

 

Supplemental Figure F.1 AtCaMK1 is a CaM-binding protein.  

The ORF for AtCaMK1 was cloned from Arabidopsis leaf cDNA and residues 42-440 
were expressed in pDEST14 vector.  Binding of 75 nM HRP::CaM in the presence of 1 
mM CaCl2 is shown with lysate from bacteria expressing the untagged 45kDa AtCaMK1 
fragment (left lane) or lysate from E. Coli BL21 DE3 (pLysS) lacking an expression 
vector (right lane).  Approximately 25 µg of protein was loaded per lane. 
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Supplemental Figure F.2 Phylogenetic tree of selected Arabidopsis CaM-binding and 
related kinases.   
An unrooted tree built from a ClustalW multiple sequence alignment using full length 
cDNAs corresponding to AtCaMK1 (At5g54590), AtCaMK2 (At5g15730), AtCBRLK1 
(At1g11360), AtCaMRLK1 (At5g45800), AtCRCK1 (At5g58940), AtCRCK2 
(At4g00330), AtCRCK3 (At2g11520), AtCK (At2g46700), AtCBK3 (At2g41140), 
AtCPK1 (At5g04870), and AtCRK (At3g50530). The putative two-member family of 
GmCaMK1 orthologs (AtCaMK1 and 2, highlighted with a dashed box) cluster 
separately from these other CaM-binding kinases, CDPKs (AtCPK1), and CRKs 
(AtCRK).  Full length cDNA sequences were obtained from the TAIR database. 

 
Supplemental Figure F.3 Interrogation of AtCaMK1 microarray data. 
Microarray data was examined using the Genevestigator V3 software tool (Tomas, et al., 
2008).  AtCaMK1 does not show the same tissue-specific enrichment of transcripts that 
GmCaMK1 shows in Fig 2.4. 
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Appendix G 

Statistical analysis of qPCR data 

Supplemental Table G.1 Statistical analysis of qPCR data. 
Results of pairwise comparisons of relative expression of GmCaMK1 transcript (as 
shown in Fig 2.4).  Results are given as the p-value as determined by type two, two tailed 
t-test (in all cases, N=3).  [A] Comparison between tissue types at 15 days. [B] 
Comparison between tissue types at 36 days. [C] Comparison between 15 day and 36 day 
levels of expression for individual tissue types. 

[A] 
 Leaf Stem Nodule Main Root Lat. Root 

Leaf  0.7631 0.0020 0.0001 9.63E-05 

Stem   0.0008 4.67E-05 5.79E-05 

Nodule    0.0008 0.0004 

Main Root     0.029 

Lat. Root      

[B] 
 Flower Leaf Stem Nodule Main Root Lat. Root 

Flower  0.0008 0.0107 0.0024 0.1889 0.0015 

Leaf   0.0017 0.0203 0.0061 0.0005 

Stem    0.0250 0.0223 0.0008 

Nodule     0.0103 0.0006 

Main Root      0.0047 

Lat. Root       

[C] 
 Leaf Stem Nodule Main Root Lat. Root 

15 day v. 
36 day 

0.0042 0.0489 0.0002 0.0087 0.1358 
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