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Abstract 

 Unlike animals, plants express several CaM isoforms. A unique variant of calmodulin 

which bears a C-terminal prenylation site is present in some plant cells such as Oryza sativa and 

Petunia hybrida. In this thesis I demonstrated that the tail adopts a partial helical structure and 

that the tail interacts with different regions of the protein in the presence and absence of calcium. 

Altogether it seems that the tail represents a new regulatory mechanism that plants can utilize to 

control calcium signalling.  

 Another interesting aspect of calcium signalling are the plant-specific calcium-ATPases 

and their interactions with calmodulin. In this thesis the structure of soybean calmodulin isoform 

4 (sCaM4) in complex with ACA2 and ACA8, which belong to two different groups of calcium-

ATPases, were examined. Altogether it seems that the CaM-binding domain of different 

calcium-ATPases with different locations in the cell have unique structural characteristics, which 

leads to distinct regulation by sCaM4. 
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CHAPTER ONE: INTRODUCTION 

1.1 Calcium inside the cell 

Calcium (Ca
2+

) is an important secondary messenger that is involved in many plant 

cellular pathways that are activated by stimuli such as pathogen invasions (1), hormones (2) and 

wounds (3). In the resting cell, the cytoplasmic Ca
2+

 level is kept at a low concentration through 

a tight regulation by Ca
2+

 transporters that are located on the central vacuole, the endoplasmic 

reticulum (4,5). Ratiometric fluorescent dyes such as quin-2 and Indo-1 have enabled researchers 

to show big differences for resting levels of Ca
2+

 concentration inside the cytosol (30-90nM) and 

the vacuole (5µM) (6). One important aspect of Ca
2+

 signaling is its specific spatio-temporal 

change by each stimulus known as the calcium signature (7). Although the widespread use of 

fluorescent dyes have enabled us to increase our knowledge about calcium regulation, these 

compounds do not give any information regarding the spatio-temporal changes (8). To study the 

spatio-temporal effects of calcium, researchers in the field have been using the reporter protein 

“aequorin” and “cameleon” Ca
2+

 reporter proteins. Aequorin is a photoprotein that has three EF-

hand motifs that bind to calcium. Upon calcium binding, the protein undergoes a conformational 

change which leads to oxidation of its prosthetic group. Following the relaxation of this excited 

form a blue light is emitted at 469nm which can be measured (9). The importance of aequorin is 

that it can be expressed in specific cell types or organelles (10). This has helped researchers to 

identify from which source calcium was released in response to a specific stimulus and to 

analyze the circadian rhythm of its release in the plant cell. The release signatures were described 

as oscillatory, mono-phasic and bi-phasic according to the type of stimuli (11). However, a 

drawback of using aequorin is the fact that due to the relatively low fluorescence produced by 
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aequorin, one has to use a whole tissue meaning the results do not present the data for a single 

cell (12). However, with the development of ratiometric cameleon calcium reporter proteins 

researchers were able to measure the absolute values of calcium in a specific organelle inside a 

specific cell. To produce a cameleon protein, two fluorescent GFP variant proteins are attached 

to calmodulin (a main calcium sensory protein extensively discussed in part 1.6) and a 

calmodulin-target peptide connected to each other through a composite linker. Once calcium has 

entered the cell and it is bound to calmodulin, calmodulin binds to the target bringing the two 

fluorescent GFP proteins together, thereby increasing the fluorescence energy transfer (FRET) 

signal (13). The whole process is done by making a fusion construct of the calmodulin gene, the 

target peptide gene and the two fluorescent proteins tag genes and then overexpressing this 

construct inside the target cell. 

1.2 Calcium intrusion 

Calcium enters the plant cytosol through channels with different controlling systems. The 

most studied channels are the Cyclic Nucleotide-Gated Channels (CNGC), the Glutamate-

Receptor-Like Channels (GLR), the MechanoSensitive Ca
2+

-permeable Channels (MSCC), the 

Two-Pore Channels (TPC) and the Annexins (14) (Figure 1.1). The CNGCs have six 

transmembrane domains and a pore domain that potentially form tetramers (15) and they are 

located on the plasma membrane (16). An interesting feature of these channels is the presence of 

a calmodulin inhibitory domain (Figure 1.1). The binding of calmodulin to this domain decreases 

the affinity of the channel for the cyclic nucleotides (17). The GLRs are another member of the 

Ca
2+

 channel family that are also located on the plasma membrane; they are comprised of three 

transmembrane domains and two ligand binding domains (18). Arabidopsis possesses 20  
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Figure 1.1. Subcellular localization of Ca
2+

 channels in plants (14). As observed in the figure, 

the CNGC calcium channels contain a CaMBD. Also the TPC channels are located on the 

vacuolar membrane. * Data taken from reference (14) with permission. 
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homologs of the GLR family which are involved in a variety of cellular responses such as cell 

division and growth (19), guard cell calcium signaling and plant defense signaling (20). The TPC 

are voltage-gated cation channels that are located on the vacuole membrane and they are made 

up of twelve transmembrane domains and a loop bearing two EF-hand motifs connecting domain 

six and seven. It seems that the TPC protein is activated through direct calcium binding to these 

EF-hands or indirectly by membrane depolarization due to calcium movement inside the cytosol 

(21).  

1.3 Calcium extrusion 

 In order to maintain the low calcium concentration inside the cytoplasm of the cell during 

rest or after the cell needs to stop a calcium signal, the cell has to use energy to pump the 

calcium out of the cell or in the organelles. There are two systems in plants that use energy to 

keep the low calcium levels. The first ones are the Ca
2+

 pumping ATPases and the second group 

is formed by the Calcium-proton exchanger systems. 

1.3.1 Calcium pumps 

 Plant calcium pumps responsible for controlling intracellular calcium concentrations 

belong to the family of P-type Ca
2+

 pumping ATPases (22). These pumps are either CaM-

independent regarding their activation (Type IIA) or are dependent on CaM (Type IIB) (23). The 

latter group has an N-terminal extension that seems to include a CaM binding domain (CaMBD) 

(24). CaMBDs of type IIB Ca2+ pumps can be classified into three different groups according to 

their amino acid sequences. Group 1 includes Cauliflower BCA1, Arabidopsis ACA4 and 

ACA11, which are all located on the vacuolar membrane (25). Group 2 includes ACA1, ACA2 
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and ACA7 and these all are located on the endoplasmic reticulum (26), while group 3 includes 

ACA8, ACA9, and ACA10 and these proteins are located on the plasma membrane (27). The 

structural details of these calcium pumps will be discussed in detail below in section 1.8.2. 

1.3.2 Calcium-proton exchangers 

 Calcium-proton exchangers are export systems that use the proton gradient to transfer 

calcium over the membrane. There seem to be six subgroups each made up of eleven 

transmembrane domains (28). The localization of some of them has been studied and it appears 

that subgroups 1-4 are localized on the vacuolar membrane. 

1.4 Calcium sensory proteins 

In order to translate any increase in the cytoplasmic calcium levels inside plant cells it 

has to be sensed by specific proteins. A family of proteins named the calcium sensor proteins 

recognize these stimuli specific signatures (29). This family is composed of calmodulin (CaM), 

calmodulin like proteins (CMLs), calcium-dependent protein kinase (CDPK) and calcineurin-B 

like proteins (CBLs). A common structural feature of all these proteins is the EF-hand motif 

(30). Upon calcium binding, a conformational change is induced in the sensor protein providing 

the ability to transfer the signal to downstream targets (31).  

1.5 EF-hand  

The calcium-binding helix-loop-helix EF-hand motif is named after the E and F α-helices that 

are connected through a calcium-binding loop in protein paravalbumin (32). It forms a 

characteristic helix-loop-helix structure that binds calcium in a pentagonal bipyramidal 

arrangement through interactions with aspartate side chains at positions 1, 3 and 5 of the EF-
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hand loop, the backbone carbonyl oxygen at position 7 and the side chain of a glutamate residue 

usually sitting at position 12 (Figure 1.2) (33). This 12 residue of EF-hand loop, which makes up 

the majority of the EF-hand loops, is called a canonical EF-loop. A non-canonical EF-loop is 

comprised of four groups in which three keep the pentagonal bipyramidal loop structure in 

different ways and the fourth group obtains an octahedral co-ordination (33). The first group 

which is seen in Arabidopsis thaliana calcineurin B-like protein (AtCBL2) uses an aspartate 

instead of glutamate at position twelve giving the loop a more compact structure that affects the 

Ca
2+

 selectivity and promotes Mg
2+

 binding (34). The second group is seen in the S100 protein 

family such as calbindin that have an insertion in the EF-loop (33). The third group which is 

rarely seen has eleven residues instead of twelve and like group two uses main chain carbonyl 

groups to act as calcium ligand (35). The last non-canonical EF-loop adopts an octahydral co-

ordination with calcium, interacting only with the N-terminal part of the loop. This structure is 

seen in the EF5 loop of the apoptosis-linked gene 2 (ALG-2).  EF-hand motifs generally occur in 

pairs with the four helices stabilized using a short antiparallel β-sheet making a hydrophobic core 

which stands at the heart of the calcium binding proteins interactions with their targets (Figure 

1.2). Considerable information regarding EF-hands structures has been obtained through studies 

of calmodulin which is one of the most important EF-hand proteins, containing 2 sets of EF-hand 

pairs with each pair located in one lobe of the protein.  

1.6 Calmodulin (CaM) 

 

CaM is a well studied Ca
2+

 binding protein that is involved in many cellular processes. It 

is a highly conserved acidic heat stable protein with an average molecular weight of 17 kDa. The 

protein is comprised of a C-terminal and an N-terminal lobe that are linked together by a  
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Figure 1.2. (A) Diagram of Ca
2+

 co-ordination in a canonical EF-hand with the entering and 

exiting helices highlighted in red. (B) and (C) a single EF-hand and a pair of EF-hand (33). * 

Data taken from reference (14)  with permission. 
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flexible linker (Figure 1.2) (33,36). Although the flexible bridge was not seen in the crystal 

structure, dynamic and hydrogen exchange studies using nuclear magnetic resonance 

spectroscopy (NMR) revealed this region to be flexible in aqueous solution (37). Moreover, the 

lack of long range nuclear Overhauser effect (NOE) between the two lobes and the inability to 

crystallize the apo-form of the protein agree with these dynamic data (37,38). Each lobe contains 

two equivalent EF-hands that form a small β sheet between the two calcium-binding loops. 

In CaM, calcium binds to the four EF-hands in a sequential order, first binding to the two 

EF-hands in the C-terminal lobe in a co-operative manner and subsequently binding to the N-

terminal EF-hands (39). In the absence of calcium the protein adopts a closed conformation with 

the α-helices packed together in a parallel orientation, and upon increase of calcium inside the 

cell, the helices in the two N and C-terminal lobes move to an open conformation (40). This 

conformational can be detected by small-angle X-ray scattering (SAXS), dynamic light 

scattering (DLS) and NMR diffusion experiments (40-42). The rearrangement of the α-helices 

opens up two hydrophobic patches of the protein and exposes the methionine residues (43). CaM 

is an unusual methionine-rich protein, with 9 out of 148 amino acids in the mammalian CaM 

protein. The methionine sidechain are mainly used by CaM to interact with potential targets. 

Many hydrophobic probes have been used to confirm this feature. Fluorescence data obtained 

from 1-anilinonaphthalene-8-sulfonate (ANS) studies (44) and NMR data using 4-hydroxyl-

2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPOL) which is a nonperturbing nitroxide-soluble spin 

label have validated this finding (43). The polarizability of the sulfur atom in the methionine 

sidechains enhances the Van der Waals interactions of the methionine residues with the 

hydrophobic residues of the target proteins (45). A structural feature of CaM that enables the 
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protein to interact with multiple known targets is its flexible character, by which it can reposition 

its two lobes (Figure 1.3).  Although, the CaM-binding domains of the targets have diverse 

amino acid sequences, most share a helical amphipatic structure and are characterized by two 

hydrophobic “anchors” (46). Calmodulin binding typically relies on two bulky hydrophobic 

residues that are located on the C-terminal and N-terminal portion of the CaM-binding domain, 

which can be represented by a synthetic peptide to bind to calmodulin. These two residues make 

several contacts in the hydrophobic pockets of calmodulin that are part of the C-terminal and N-

terminal lobes of calmodulin. The position of the two hydrophobic “anchors” has been used to 

classify the CaM-binding domains (CaMBD) into distinct groups such as the 1-10 and the 1-14 

motifs (47) (Table1.1). Most of these linear target peptides show random coil structures in 

solution which has been demonstrated by circular dichroism (CD) and NMR spectroscopy but in 

the presence of CaM they form alpha-helical structures (48,49). In many of these targets, there is 

a tryptophan residue at the first conserved position of the motif which has high affinity for the C-

terminal lobe of CaM, leaving the C-terminal portion of the peptide to bind to the N-terminal 

lobe of CaM (50,51). One key aspect of CaM binding to its targets is that although the relative 

orientation of CaM domains in respect to each other is different from one to another, the 

positioning of the secondary structure elements is very similar in each domain compared to other 

complexes. This phenomenon has been elegantly shown in NMR experiments using residual 

dipolar couplings (RDC) (52). Interestingly, target peptides which fall into the same motif 

classification, for instance the 1-10 motif, usually show very similar relative domain orientations. 

Despite the fact that most CaM target peptides exist as a single α-helix there have been examples  
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Figure 1.3. Structures of CaM and CaM-target complexes. (A) apo-CaM (PDB:1DMo), (B) 

Ca
2+

-CaM (PDB:1CLL). CaM complexes with (C) CaMBD of smooth muscle myosin light 

chain kinase (PDB:1CDL), (D) CaMBD of plasma membrane Ca
2+

-pump C20W (PDB:1CFF), 

(E) the adenylyl cyclase protein from Bacillus anthracis (PDB:1K93), (F) 2 glutamate 

decarboxylase CaMBDs (PDB:1NWD), (G) 2 CaM proteins bound to 2 small conductance Ca
2+

-

activated potassium channel (SK channel) CaMBDs (PDB:1G4Y), (H) 2 apo-CaM proteins 

bound to 2 tandem IQ motifs from murine myosin V (PDB:2IX7). In each panel CaM is shown 

in ivory, the target molecule is shown in blue and the Ca
2+

 ions bound to the N- and/or C-lobes 

of CaM are represented by red spheres.*Data taken from reference (5) with permission.                         
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                           Table 1.1. Comparison of CaM binding sequences
a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aConserved hydrophobic residues shown in boldface. Abbr: smMLCK, smooth muscle myosin 

light chain kinase; cNOS, cerebellar nitric oxide  synthase; skMLCK, skeletal muscle MLCK; 

C24W and C20W, the long and short CaMBDs, respectively, from plasma membrane calcium pump; 

CaMK I, II, and IV, CaM-dependent kinase I, II, IV; MARCKS, myristoylated alanine-rich C 

kinase substrate; Hsp90, heat shock  protein 90; CaMKK, CaM-dependent kinase kinase*Data 

taken from (53) with permission. 

  1-8-14 

smMLCK RRKWQKTGHAVRAIGRLSSS 

cNOS KRRAIGFKKLAEAVKFSAKLMGQ 

Caldesmon AEGVRNIKSMWEKGNVFSSP 

Melittin GIGAVLKVLTTGLPALISWIKRKRQQ 

Spectrin KTASPWKSARLMVHTVATFNSIKE 

 1-5-8-14 

skMLCK KRRWKKNFIAVSAANRFKKISS 

C24W QILWFRGLNRIQTQIRVVNAFSSS 

C20W LRRGQILWFRGLNRIQTQIK 

Calcineurin KEVIRNKIRAIGKMARVFSVLR 

CaMK IV RRKLKAAVKAVVASSRLGSA 

Calspermin RRKLKAAVKAVVASSRLGSA 

 1-14 

CaMKI IKKNFAKSKWKQAFNATAVVRHMRK 

Mastoparan INLKALAALAKKIL 

Mastoparan X INWKGIAAMAKKLL 

MARCKS KKKKKRFSFKKSFKLSGFSFKK 

 1-5-10 

CaMKII FNARRKLKGAILTTMLATR 

Hsp90 QVANSAFVERVRKRGFEVV 

 1-16 

CaMKKα IPSWTTVILVKSMLRKRSFGNPF 

CaMKKβ IPSLATVILVKTMIRKRSFGNPF 
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described in the literature (both for animal and plant CaMs) where the peptides have a different 

structure. The CaM-bound structure of the CaMKK peptide for instance has been shown to 

consist of an N-terminal α-helix connected to a short α-helix through a bent loop. In this case the 

peptide orientation in the CaM complex is parallel, different from most known complexes which 

appear to be antiparallel (54,55). n plants, the CaMBD of vacuolar calcium-ATPase BCA1 has 

been shown to be made up of two helices that are connected to each other through a short bent 

structure. This unusual structure is caused by an arginine cluster located in the middle of the 

peptide. It was proposed that the repulsion caused by the residues positioned close to each other 

leads to this unique structure (27,56). While most of the CaM complexes studied have been in 

the calcium-bound form, there are a few known examples where calmodulin interacts with target 

proteins in the apo-form, such as the inducible nitric oxide synthase (iNOS) (57), cyclic 

nucleotide phosphodiesterase (PDE) (58) and the neural protein neuromodulin (59). In the case 

of neuromodulin and CHASM (60), the protein only binds calmodulin in the apo-form and it 

dissociates from calmodulin in the presence of calcium, suggesting that the protein might work 

as a calmodulin storage protein that localizes the protein to a specific spot in the resting cell (61). 

Analysis of target peptides which tend to bind to apo-calmodulin has identified a motif named 

the IQ motif (IQXXXRGXXXR) (62). Although this sequence (and its conserved substitution of 

the isoleucine with leucine or valine and the arginine with lysine) are seen in many proteins as 

potential apo-calmodulin binding targets, there are cases were the calcium-bound form of the 

protein binds stronger to the IQ-motif or even, there is no IQ-motif present but the apo-form of 

calmodulin still binds to the target. For example the protein myr-4 has two IQ-motifs that are 

located close to each other in the sequence of the protein. While the first site binds preferentially 

to the apo-form of calmodulin the second IQ motif binds calmodulin stronger in the presence of 
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calcium (63). Also in enzymes such as iNOS despite the absence of IQ-motifs the enzymes still 

bind to calmodulin in the IQ form (64). This may represent cases where the regulatory protein 

becomes “entrapped” in a large protein.  

1.7 Enzyme activation by calmodulin 

Several CaM regulated enzymes have an auto-inhibitory domain that is located in the 

sequence immediately beside the CaMBD. After calmodulin binds to the CaMBD, it dislocates 

the auto-inhibitory domain leading to the activation of the enzyme. This method of activation is 

seen in calcium-ATPases (65). Research in this field has demonstrated that this is not the only 

way for activation by CaM (Figure 1.4). For example the crystal structures of calmodulin with 

the edema factor (ED) show a unique structure. The edema factor separately and the complex 

with the presence of ATP have revealed that CaM binds to a segment in between the catalytic 

domain at the N-terminal and the α-helical domain on the C-terminal causing conformational 

changes in the edema factor (66). In this case, although the two C-terminal EF-hands are 

calcium-bound and bind to the α-helical part of ED using their exposed hydrophobic patches, the 

N-terminal lobe stays in the apo-form, but helps the C-terminal lobe to induce the 

conformational changes needed in ED for activation (67). This is known as an active site 

remodeling process. Although most of the calmodulin complexes appear to occur in a one to one 

ratio, in some cases calmodulin interacts with two peptides at the same time providing evidence 

that calmodulin can be involved in protein dimerization. This happens in the case of the 

glutamate decarboxylase enzyme from plants. In this unique complex each peptide is anchored to 

a different calmodulin domain trough its tryptophan sidechains with the two calmodulin 

hydrophobic patches exposed (68). Also it has been demonstrated in the case of CNGCs that the  
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Figure 1.4. Different methods of enzyme activation by calmodulin (A) autoinhibitory domain 

dislocation, (B) blocking of a ligand binding site, (C) active-site remodeling, (D) CaM-induced 

target dimerization (1:2 complex), (E) CaM-induced target dimerization (2:2 complex), (F) 

hypothesized model for CaM acting as an adaptor/recruiter protein. *Data taken from reference 

(5) with permission. 
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calmodulin binding site overlaps with the cyclic monophosphate-binding site. Hence, 

herecalmodulin simply blocks the ligand-binding site by binding to the CaMBD (69). Finally 

calmodulin might work as a recruiter protein as shown in the case of calmodulin’s interaction 

with Nicotiana tabacum mitogen-activated protein kinase phosphatase (70). From all these 

studies it appears that the ability of calmodulin to interact with different proteins in totally 

different conformational orientations is due to the flexibility in the linker region of calmodulin, 

allowing the two lobes of the protein to reposition themselves, to best accommodate the target. 

1.8 Plant calcium binding proteins 

As mentioned above there are four main groups of EF-hand calcium-binding proteins that are 

present in plants. These are the calmodulins (CaM), the calmodulin like proteins (CMLs), the 

calcium dependent protein kinases (CDPK) and the calcineurin-B like proteins (CBLs).  

1.8.1 CaM in plants 

Unlike animals, plants have multiple CaM genes and proteins (71,72). For example Arabidopsis 

has eleven CaM genes that generate at least seven isoforms. Soybean has at least five genes 

coding for four proteins (73) and also rice has at least five CaMs (74). The human genome has 

three genes, but they all code for the same proteins (75). The large diversity of CaMs shows the 

importance of these proteins in plant signaling enabling the cells to specifically control different 

stimuli. Different CaM isoforms in given plant species may be distinct in their expression 

patterns, their cellular targets, their target protein-binding abilities and hence their physiological 

functions. Not only are plant CaMs more variant from animal calmodulin, they also show 

different structural features from known mammalian calmodulin complex structures. For 
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example Ishida et al. using multi-dimensional NMR spectroscopy and residual dipolar coupling 

(RDC) analysis demonstrated that sCaM4 binds to plasma membrane Ca
2+

-ATPase with a 1-8-18 

motif, a unique motif that is different from other known complex structures (27). Also as 

explained earlier there are several calmodulin-binding proteins for which there is no equivalent 

in animals making plant calmodulin regulation more diverse and different from animal cells. 

Some of the best-characterized and studied calmodulins in plants, are soybean calmodulin1 

(SCaM1) and soybean calmodulin4 (SCaM4). SCaM1 and SCaM4 respectively, represent the 

most conserved and divergent SCaMs compared to mammalian calmodulin (73). Enzyme 

activation studies have revealed that although SCaM1 and SCaM4 might bind to similar targets 

they do not always activate the same enzymes (76). According to this criterion, their target 

enzymes have been divided into three classes. Class one is made up of the enzymes that can be 

activated by both SCaM1 and SCaM4. These enzymes include CAMKII, PDE, plant-GAD and 

calcium-ATPases. Class two enzymes are activated only by SCaM1 and this group contains 

NAD kinase, calcineurin and smMLCK. Finally, class three enzymes such as cNOS are only 

activated by SCaM4 (77). Site-directed mutagenesis studies have found that the substitution of 

methione 144 to valine (M144V) is the main reason that SCaM1 cannot activate cNOS. Studies 

on the solution structure of SCaM1 and SCaM4 have demonstrated that a bigger hydrophobic 

pocket exists in SCaM1 compared to SCaM4 and this is one of the main reason for inactivation 

(78).  

1.8.2 SCaM4- Ca
2+

 Pumps interactions 

ATPase pumps can be divided into four groups: P-pumps, V-proton pumps, F-proton pumps and 

the ABC superfamily (Figure 1.5). The P-pumps are classified into five different groups.  
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Figure 1.5. (A) Demonstrates P-pumps, V-proton pumps, F-proton pumps and the ABC 

superfamily from left to right respectively in mammals. (B) Depicts Calcium pumps which have 

a nucleotide-binding domain, phosphorylation site which acts as a regulatory site and an actuator 

domain that translates the hydrolysis of the nucleotide to a change in the conformation of the 

pump leading to extrusion of calcium (79). *Data taken from reference  (79) with permission. 
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Type I pumps are important for transport of heavy metals while Type II pumps are involved in 

calcium transport, type III encompasses the Na
+
-K

+
 ATPase, while the type IV includes proton 

pumps and finally type V represents phospholipid pumps (80). Plant calcium pumps responsible 

for controlling intracellular calcium concentrations regulatory site have an actuator domain that 

translates the hydrolysis of the nucleotide to a change in the conformation of the pump leading to 

extrusion of calcium (Figure 1.5).  These calcium pumps are either CaM-independent regarding 

their activation (Type IIA: SR and ER-type Ca
2+

- ATPase (SERCA)) or alternatively they are 

dependent on CaM (Type IIB: Autoinhibited Ca
2+

-ATPase (ACA)) (23). The latter group has an 

N-terminal extension that seems to include a CaM-binding domain (CaMBD). CaMBDs of type 

IIB Ca
2+

 pumps can be classified into three different groups according to their localization. 

Group 1 includes Cauliflower BCA1 and Arabidopsis ACA4 and ACA11, which are all located 

on the vacuolar membrane, and all the key hydrophobic residues are conserved. Group 2 includes 

ACA1, ACA2 and ACA7 and these all are located on the endoplasmic reticulum and have a 

proposed 1-17 CaMBD motif due to the presence of a conserved phenylalanine at position 17 

instead of 18 making it a totally unique motif. Group 3 includes ACA8, ACA9, and ACA10 and 

these all contain a typical 1-8-14 motif and are located on the plasma membrane (Figure 1.6) 

(27). The auto-inhibitory domain lies between residues lysine23-arginine54 in ACA8 (81). 

Mutational analysis in ACA8 at aspartate 273, 293 and 303 located in the loop connecting 

transmembrane-domain two and three have demonstrated their interaction with basic residues in 

the auto inhibitory domain. Apart from the auto-inhibitory CaM-modulated control over ACA8, 

phosphorylation on specific serine side chains has also been shown to control the activity of the 

pump. Mutant pumps had higher basal activity, they were less responsive to activation by CaM 

and also they are less activated due to N-terminal cleavage (82). Because the pump is  
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 Figure 1.6. (A) Different types of Type II calcium pumps. Type IIA (SR ER-type Ca
2+

-ATPase 

(SERCA)) are CaM independent and Type IIB (Autoinhibited Ca2+-ATPase (ACA)) CaM 

dependent.(B) Subgroups of CaM dependent pumps all with a tryptophan as an anchor on the N-

terminal domain, while the anchor in the C-terminal domain differs in different subgroups 

(23,27).  *(A) and (B) are adapted from (23,27) respectively with permission.  
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constitutively active, inactivating the auto-inhibitory domain doesn’t have a big effect on its 

activation. Among the mutants S19D and S57D had the strongest effects but changes in activity 

were also observed at S22D and S27D. On the other hand, mutations at S29D and S99D didn’t 

produce much of an effect (82). Moreover, it is apparent that the phosphorylation of some these 

serines affects the kinetics of binding. For example, the mutation of S57D which resembles a 

phosphorylated state of serine (although it doesn’t truly because phosphoryl group has three 

oxygens and a double negative charge (at physiological pH) but the carboxylate group has two 

oxygens and a single negative charge) makes a tenfold increase in the CaM KD. This is probably 

due to the presence of this serine in the CaMBD. Hence, phosphorylation of some of these 

serines can have counteracting effects (82). While phosphorylation of serine 57 destabilizes the 

auto inhibitory effect on the pump, it lowers the rate of CaM activation pathway itself. 

Interestingly, ACA2 has a serine besides the auto inhibitory domain instead of being right in the 

middle of the domain giving a totally different effect to phosphorylation of this site. Studies on 

serine45 phosphorylation have revealed that upon phosphorylation the pump gets a decrease in 

basal activity and CaM activation. This effect is in a contrast to what is seen in ACA8 

phosphorylation control. This could be due to the fact that protein phosphorylation on serine45 

disturbs the bend around the arginine cluster (found through NMR studies in our lab) in the 

CaMBD, making it hard for CaM to recognize and bind to the sequence and dislocate the auto-

inhibitory domain that is necessary for the activation of the pump (83). Apart from regulatory 

differences, a recent study in our group demonstrated that although BCA1, which is part of group 

1, has a 1-8-18 motif its complex structure is quite different from other elucidated CaM complex 

structures with similar motifs (27). Interestingly, the BCA1 peptide rather than showing a 

complete alpha helical structure, similar to most CaM complex structures that have been solved, 
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shows a bend close to the middle of the helix making the CaM domains interact with the peptide 

in a unique manner different from known structures. Moreover, dynamic studies of the bound 

peptide revealed a rigid but coiled structure in the middle rather than a flexible structure. These 

changes in structure seem to be due to a basic cluster of residues in the middle region of the 

peptide (27). This finding could in fact increase the number of calmodulin targets inside the cell, 

as such motifs were previously not identified to be a CaMBD. 

1.8.3 OsCaM61 is a remarkably distinct plant calmodulin 

Oryza sativa CaM61 (OsCaM61) is a rather unique plant CaM in rice which is made up of a 

highly conserved N-terminal 148 amino acids similar to all CaMs (92% similarity with homo 

sapiens calmodulin Accession number:P62158), but it has a C-terminal extension of 38 residues. 

The C-terminal extension is shown to be very rich in positive residues and it also carries a 

prenylation motif (CVIL) at the C-terminus (84). The only other well studied plant EF-hand 

protein known to have such a prenylation site is PhCaM53 found in petunia (85). Although 

OsCaM61’s extension is different from PhCaM53, they both contain polybasic residues with a 

CaaL terminus making them a potential target for prenylation by geranylgeranyl transferase I 

(GGTase-I), a prenylation enzyme known to be present in plants (85). GFP-tagged over-

expression studies revealed that the OsCaM61 protein localizes on the plasma membrane and 

other membranes (86). However interestingly, the C-terminally truncated form of OsCaM61 

binds tighter and shows higher activation levels of PDE (cyclic nucleotide phosphodiesterase) 

compared to the full protein (Figure 1.7) (87). Also, mutational analysis of this protein has 

demonstrated that although this protein has 92% similarity with calmodulin, the small 

differences in the sequence have made the protein activate enzymes inside the cell less efficiently  
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Figure 1.7.  OsCaM61 can activate cyclic phosphodiesterase (PDE) in vitro. Activation of PDE 

by CaM proteins purified from rice shoots OsCaM61 truncated form (open circles) and full form 

OsCaM61 (squares) are demonstrated above. As panel A illustrates truncated OsCaM61 without 

the C-terminal extension has similar PDE activation ability similar to mammalian calmodulin but 

the full form of OsCaM61 has lower activation abilities as shown in panel B. (Note the 

difference in the Y-axis and the X-axis of both diagrams). Data taken from reference (86) with 

permission. 
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than OsCaM1 and mammalian calmodulin. This is due to differences in surface interactions of 

the protein with the enzymes. This effect and the fact that the protein can be anchored using 

prenylation to the membrane which would localize the protein to the membrane surface 

combined with the inhibitory effect of the tail is a theme that could potentially be used by plant 

cells for calmodulin-like proteins to control the calcium signaling under the activation of various 

stimuli inside the cell and guide the signal to a specific location inside the cell. Thus, although 

plant cells share some common features with mammalian cells regarding calcium-sensor proteins 

and calcium signaling, plants appear to have a more sophisticated regulatory system. 

1.8.4 Calmodulin-like proteins (CML) 

In addition to the various types of calmodulins, plants also possess another set of proteins called 

the calmodulin-like proteins that have similarities to CaM but they have unique functions and 

encompass differences in their amino acid sequences (Figure 1.8) (88). There have been over 50 

genes identified in Arabidopsis and 26 in rice corresponding to putative CMLs which have yet to 

be characterized completely. CML42 is a protein identified in Arabidopsis that has been shown 

to interact with kinesin-interacting protein (KIC) and it is involved in trichome branching. 

Interestingly, CML43 (a protein in Arabidopsis) and APR134 (a protein from tomato) which 

were found together with CML42 to be highly expressed during infection did not show any 

interaction with KIC emphasizing the fact that these CMLs potentially have their own specific 

targets inside the cell. CMLs are also involved in host response during host-pathogen interaction. 

APR134 another CML in tomato was found to be over expressed after plant cells were infected 

with the plant pathogen Pseudomonas syringe. Overexpression studies of the APR134 gene 

caused a hypersensitivity response in transgenic cells overexpressing the gene in contrast to  
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Figure 1.8. Sequence alignment of several calmodulin-like proteins in Oryza sativa and 

Arabidopsis thaliana. As illustrated, the CMLs possess EF-hands and several extra residues at 

the N-terminus or the C-terminus. Data taken from reference (88) with permission. 
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normal cells (89). Sequence alignment with mCaM has demonstrated two insertions one in the 

N-terminal region and one in the central linker of this protein. Interaction studies using ITC have 

shown that APR134 does not bind to smMLCK, which is a mammalian CaMBD peptide that is 

frequently used as the “canonical” CaMBD peptide. The MLCK enzyme is also often used to 

assess the function of calmodulin related proteins (89). This interesting result points out the 

presence of a specific target inside the cell for APR134 and the fact that it has unique structural 

features different from known CMLs. 

1.9. Scope of research 

In the cell calcium can increase in response to a variety of different stimuli. Subsequently 

the signal can be picked up by different calcium-sensor proteins and relayed to downstream 

target proteins and enzymes. Following stimulation, the calcium levels are restored to normal 

resting levels using a variety of calcium pumps, some being dependent and some independent of 

CaM. In this thesis research my focus was on some proteins that play a role in these processes 

and that make plants different from mammalian systems.  

Chapter two describes the materials and methods used in this thesis to purify different 

variants of CaM that are studied in this research thesis. Also it will provide some background on 

the concepts of the NMR techniques used to study our proteins. 

The third chapter of this thesis focuses on the unusual plant CaM, OsCaM61 that contains 

a CaM domain that is connected to a C-terminal extension (CTE) and a prenylation motif. It 

seems that the CTE modifies the structural and functional properties of this protein when 

compared to other known CaM proteins. In this project we studied the structural and dynamical 
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aspects of OsCaM61 by NMR spectroscopy and we evaluated the role of the C-terminal 

extension on its function through enzyme assays. This research project helped us to better 

understand a new mechanism through which plants can control calcium signaling.  

The fourth chapter, emphasizes the calcium extrusion process. In this chapter we studied 

the structural characteristics of the CaMBDs of three distinct type IIB plant calcium pumps that 

are known to be regulated by CaM. These pumps are localized in different parts of the cell and 

they all contribute to restoring the calcium levels to resting levels. Then we used NMR 

spectroscopy and several biophysical methods to study the interaction of CaM with the CaMBDs 

of these pumps. The outcome of this study enhanced our understanding of the physiological role 

of the three different, yet related, calcium pumps. 
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CHAPTER TWO: MATERIALS AND METHODS 

Introduction 

Most of the calcium-binding proteins can be expressed in Escherichia coli and purified 

using hydrophobic interaction chromatography (HIC) (90). In this chapter, the common method 

to purify these proteins will be explained. Additionally, the theory of isothermal titration 

calorimetry (ITC) will be discussed shortly. Also there is a brief introduction to NMR 

spectroscopy and the specific NMR experiments used in this thesis. 

2.1 Expression and purification of plant CaM/CML isoforms 

SCaM4 and OsCaM61and truncated isoforms of OsCaM61 were expressed in 

Escherichia coli BL21 (DE3) strain containing the pET30 expression vector. 50 ml of Luria-

Bertani (LB) media containing 100mg/L of Ampicilin (or 30mg/L of kanamycin) were 

inoculated with the desired bacteria containing the gene of interest and grown over night at 

37
O
C. Subsequently, 1L of LB containing 100mg/L of ampicilin (or 30mg/L of kanamycin) was 

inoculated with 10ml of the overnight culture. When the A600 reaches 0.7, protein expression was 

induced by the addition of isopropyl-beta-D-thiogalactopyranooside (IPTG) with a concentration 

of 0.5mM for four hours. The cells are centrifuged after four hours at a speed of 6000RPM for 15 

minutes. The pellet is retrieved and either used immediately for protein purification or flash 

frozen to be used later on. The cell pellet is resuspended in 30ml of 50mM Tris-HCl, 2mM 

EDTA, 1mM DTT, 150 mM NaCl, homogenized and French pressed 3 times at 14000 psi.  The 

supernatant is separated from the cell debris by centrifugation at 15000RPM for 45 minutes. The 

supernatant is heated to 75
O
C for 15 minutes and again centrifuged at 15000RPM for 20 minutes. 
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The resulting supernatant separated from the precipitated protein is added to 400ml of buffer 

containing 50mM Tris-HCl, 0.2M NaCl and 10mM CaCl2 and then applied to a phenyl-

Sepharose column equilibrated with 50mM Tris-HCl, 0.2M NaCl and 0.2 mM CaCl2. 

Afterwards, the column is washed with 200ml of the equilibration buffer and washed overnight 

with a high salt containing buffer comprised of 50mM Tris-HCl, 0.5M NaCl and 0.2 mM CaCl2 

extensively. Finally, the protein is eluted using a buffer containing 50mM Tris-HCl, 0.2M NaCl 

and 0.5 mM EDTA. A280 and A226 is recorded using a UV spectrometer and fractions containing 

protein are pooled and dialyzed 6 times against 8mM NH4HCO3. Finally, the protein is flash 

frozen using liquid nitrogen and lyophilized.  The lyophilized protein is stored at -20
O
C (73).  

2.1.1 Expression of 
15

N and 
15

N/
13

C labeled protein  

 In order to study biomolecules using NMR spectroscopy, isotopes of nitrogen and carbon 

that have useful spin properties have to be incorporated into the protein. To do so, the bacteria 

are grown and the protein is expressed under controlled conditions were defined sources of 

nitrogen and carbon are fed to the bacteria. 
13

C and 
15

N are spin 1/2 isotopes of carbon and 

nitrogen. Bacteria are grown in minimum media (M9 media) (Table2.1) containing 
15

NH4Cl as 

the nitrogen source and 
13

C, glucose as their carbon source under the same conditions that are 

used for growth in LB media (56). 

2.1.2 Expression of triple-labeled protein 

One of the concerns in working with relatively big proteins in NMR spectroscopy, is 

peak broadening due to the low tumbling rate of the protein in solution. The slow tumbling 

increases the relaxation rate due to in-homogeneities leading to an intrinsically lower signal. In  
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                       Table 2.1. Components of M9 minimal medial used for different labeling schemes 

 

 

 

 

 

 

 

 

 

 

 

Salts Concentrations 

Na2HPO4 

KH2PO4 

NaCl 

NH4Cl 

CuSO4 

MnSO4 

ZnSO4 

CaCl2 

MgSO4·7H2O 

FeSO4·7H2O 

6 g/L 

3 g/L 

0.5 g/L 

1 g/L 

5 ng/L 

5 ng/L 

5 ng/L 

5 ng/L 

0.12 g/L 

0.56 mg/L 

Nutrients 
Concentrations 

glucose 

biotin 

choline chloride 

D-pantothenic acid 

pyridoxal chloride 

cytosine 

thiamine 

3 g/L 

1 ng/L 

1 ng/L 

1 ng/L 

1 ng/L 

1 ng/L 

2.5 mg/L 
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order to tackle this problem, the protein is expressed in a D2O media rather than H2O. Deuterium 

is a stable isotope of protons with a smaller gyro-magnetic ratio. It can be substituted for proton, 

thereby decreasing the  dipolar-dipolar relaxation, which is the main cause of signal relaxation 

(91). To make deuterated protein, bacteria cannot be grown directly in 100% D2O. Rather, the 

cells are grown first in LB media, and then transferred to M9 minimal media, and from there 

they are transferred to M9 media containing 30% D2O. Cells grown in this condition are 

transferred to M9 media containing 70% D2O and at last the cells are cultured in M9 media 

totally prepared in D2O (91). Under these conditions around 70%-80% of the protein’s protons 

that are attached to carbon atoms are substituted with deuterium. If the NMR experiment requires 

more than 95% deuterated protein, it is recommended to use glucose, which has two isotope 

labels: 
2
H/

13
C. One must realize that the deuterons attached to the amide nitrogens in the protein 

become substituted with protons later on during protein purification or sample preparation 

(nitrogen-bound hydrogens can exchange with surrounding water).  

2.2 Isothermal Titration Calorimetry (ITC) 

One key aspect for understanding protein structure and function is how strong these 

biomolecules interact with other proteins, ligands or prosthetic groups. Calorimetric methods 

have been an invaluable tool to obtain information on the forces that drive protein-protein 

interactions. Isothermal titration calorimetry has been used to get information regarding the 

enthalpy and entropy of each binding site in a protein-protein interaction. Also the data obtained 

from ITC can be used to calculate the stoichiometry of interaction. Apart from all the benefits of 

ITC, it is a label-free technique meaning that you don’t need any fluorescent tag or attachment to 

a surface to study the interaction. This method has been used to study a variety of interactions 
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such as protein-protein, protein-DNA, enzyme-inhibitor, enzyme-substrate and protein-metal ion 

interactions. In ITC a concentrated ligand sample is placed into the syringe and is injected into 

the cell containing a dilute sample (protein, DNA). Subsequently the amount of power required 

to keep a small temperature difference between the sample and the reference (that contains 

everything except the dilute sample) upon each injection is measured and plotted as power 

(µCal/sec) against time. If the reaction releases heat (exothermic) a negative peak appears on the 

spectrum and if the reaction absorbs heat (endothermic), a positive peak will appear on the 

spectrum. Injection of the titrant will continue until the dilute sample in the sample cell is 

saturated. Integration of the power over time gives the heat change for each titration which is 

proportional to the enthalpy (∆H) and the amount of titrant that binds to the dilute in the sample 

cell at each titration. If the affinity of binding is strong, the sample in the cell will be saturated 

with the first titrations. On the other hand if the affinity of binding is weak, it will take several 

titrations to saturate the sample. During an ITC experiment, the conditions should be so that 

primarily the heat change is measurable for each injection. If the reaction doesn’t release enough 

heat the instrument cannot detect the heat release and secondly the heat changes for each 

subsequent injection (92). In ITC experiments we desire to measure only the heat produced from 

the interaction of the two proteins. In order to do that the titrant and the sample in the sample cell 

must be dialyzed extensively against the same buffer. Also, the heat that is released from the 

dilution of the titrant in the sample cell after each injection should be subtracted from the 

measured heat to get the correct value. To get a good curve which can be analyzed reasonably, it 

is important to keep the concentration of the sample in the cell and the titrant under this 

condition: 
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                             10/K < [M] <100/K, and [L] = (20–50) [M]                 (2.1) 

Where [M] is the concentration of the cell and [L] is the concentration of the titrant in the 

syringe. Also the concentration of the titrant and the sample cell should be measured accurately. 

Non-integral values for the stoichiometry are usually the result of an error in the estimate for the 

concentration of the sample in the cell. Moreover, errors in titrant concentration can lead to 

invalid ∆H (92). 

2.3 NMR spectroscopy 

In order to obtain high resolution structures of biomolecules scientists have to use x-ray 

crystallography or NMR spectroscopy. Unlike crystallography that may need extreme pH, or salt 

concentrations, or other non-biological additives to coerce the protein to crystallize, data 

acquired using NMR spectroscopy are usually obtained under physiological conditions allowing 

us to evaluate the solution structure of the protein under relatively normal conditions. Moreover, 

in the case of weak interactions which are hard to study by protein crystallography, NMR can be 

used to solve the structures of two weakly interacting proteins. NMR spectroscopy is dependent 

on an intrinsic characteristic of the nucleus known as the spin or the angular momentum. Not all 

the nuclei have this property. Every nucleus has a spin number defining the number of quantum 

states each nucleus has. Nuclei with a spin number of zero have an even number of protons and 

neutrons in their nucleus such as 
12

C or 
16

O. The latter nuclei do not have the spin property. 

Even-odd/odd-even nuclei have a spin number of half integral and odd-odd nuclei have an 

integral quantum number. Nuclei with a 1/2 spin number have two energy states defined as +1/2 

or -1/2. Nuclei such as 
1
H, 

13
C and 

15
N have such characteristic. These nuclei are very useful for 

studying protein structures. Nuclei with spin quantum numbers larger than 1/2 are not as useful 
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due to the quadropolar magnetic momentum they possess making their NMR peaks very broad 

and difficult to analyze. The nuclear spin produces a small magnetic field around the nucleus and 

its strength is called the magnetogyric ratio and it is a characteristic of the specific isotope. In the 

presence of a static magnetic field the spins of spin-bearing atoms align with the magnetic field 

and start to precess around the field with a frequency related to the strength of the magnetic field 

and the intrinsic property of the nucleus itself. This frequency is known as the larmor frequency. 

For example a proton in a 7.05T magnetic field has a larmor frequency of 300MHz. The magnet 

field strength is usually described by its proton larmor frequency, for example a 500, 600 or a 

700MHz magnet. Because the 
1
H nucleus has four times and tenfold magnetogyric ratio 

compared to 
13

C and 
15

N, in a 500MHz magnet, the 
13

C and 
15

N larmor frequencies are 125 MHz 

and 50 MHz respectively. The exact frequency of each nucleus is also dependent on the chemical 

environment it is in. Because the frequency of the precession is dependent on the magnetic field 

strength, we need the ability to compare spectra from various magnets with different strength, 

This is achieved by normalizing the frequencies against the magnet field strength and referencing 

to an internal reference compound through this formula: 

                                       δ = 10
6
(δobs – δref ) / δref                                       (2.2) 

 Distinct nuclei will precess at different frequencies, and that is how NMR can 

discriminate different nuclei (representing different atoms) from each other.  In order to explain 

the phenomenon in NMR often scientists use a variety of models to explain experiments. Some 

models are very simple but they can be used to understand the very basics of NMR and to 

interpret very simple experiments. Often these basic experiments are the building blocks of much 

more sophisticated experiments. In a vector model, the ensemble of spins for each nucleus is 
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considered as a vector. In the presence of a static magnetic field these vectors precess around the 

magnetic field with a tilt. The summing of these vectors gives us a net vector. In theory the net 

vector is static and aligned with the static magnetic field.  In order to be able to see this vector 

the vector has to be rotated 90 degrees so that the probe can detect it. To do so, a 90 degree pulse 

(a pulse strong enough and durable enough to rotate the vector 90 degree) is given to the sample 

perpendicular to the axis of the net vector. The net vector rotates and starts rotating for a while 

around the static magnetic field producing a voltage in the probe which can be further detected 

by the machine.  

Data obtained through NMR which are used in structure calculations are based on two 

phenomena. One is based on the transfer of magnetization through covalent bonds (spin-spin 

coupling) and the other one is based on transfer of magnetization through space using the nuclear 

overhaeser effect (NOE). All multidimensional experiments need the magnetization to be 

transferred through covalent bonds as a building block for their experiment and the NOE effect is 

used in NOE-based experiments which give us very useful information that is used to calculate 

the precise distance of the atoms in a structure from each other and finally calculate the total 

structure of the molecule. The maximum length of a proton-proton NOE effect is 5.5Ǻ,   

2.3.1 HSQC (Hetero nuclear Single Quantum Coherence) 

The HSQC is a two dimensional NMR experiment that demonstrates the chemical shift of 

two hetero atoms that are linked directly together through a covalent bond. If one atom is a 

proton and the other one is nitrogen-15, this experiment would demonstrate the chemical shift of 

each amide nitrogen connected to each amide proton as in the backbone of the protein by a 

contoured configuration peak. The 
1
H, 

15
N HSQC spectrum has many applications in NMR-
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based experiments and is used as a building block of many two and three dimensional 

experiments. Also 
1
H, 

13
C HSQC experiment can be important to study the methyl groups in a 

protein, which may be involved in ligand binding for example. Moreover, the HSQC spectrum 

itself is a very sensitive tool that enables the researcher to monitor the changes occurring in the 

protein due to changes of pH, addition of ligand, metal ion binding, prosthetic groups 

interactions and to even see whether a reaction occurring is in a fast, intermediate or a slow 

motion mode. Also the fact that the protein is folded or not in a certain situation, and the folding 

pathway of a protein can be followed by measuring HSQC spectra. In order to obtain detailed 

information following a change in a protein's condition, it is necessary to assign each of the 

peaks in the spectrum which are demonstrating the connection of the amide proton and the 

nitrogen connected to it to a certain residue within the protein's sequence. Three-dimensional 

experiments which give us information on the HN, Cα, Cβ and the CO are used to assign the 

peaks in the spectrum.  

2.3.2 Backbone chemical shift assignment 

Each residue potentially has a unique chemical shift for its Cα, Cβ, CO and they are 

related to a specific HN and N in the HSQC. But rather than the chemical shifts themselves, the 

way the backbone assignment experiments are set up help us to identify all individual amino acid 

peaks in the HSQC. The experiments commonly used are CBCACONH, HNCACB, HNCO and 

HNCACO. As explained earlier the basis for these experiments is the transfer of the net 

magnetization from one atom to another that is located immediately beside it (one-bond 

coupling). For the CBCACONH experiment the magnetization is transferred from the HN (of 

residue i) to N (of residue i) and then from N to Cα (of residue i-1) and Cβ (of residue i-1). In 
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this experiment the HN of one residue is related to the Cα and Cβ of the previous residue (93). 

The HNCACB experiment unlike the CBCACONH, connects the HN (of residue i) to the Cα and 

Cβ (of residue i) (94). As we see, these two experiments correlate the same HN to two different 

set of Cα and Cβ. This means that the CBCACONH of residue i will show partially the same 

information as HNCACB of residue i-1. This and the fact that each type of residue (serine, 

aspartate, valine ...) have a unique pattern for their Cα and Cβ resonances helps us to assign each 

peak in the HSQC to a specific residue inside the protein sequence. 

2.3.3 The Chemical Shift Index (CSI) 

The chemical shift of nuclei is very dependent on the chemical environment it is sensing. 

This is a very good feature, because if they were to be independent of the environment, it would 

be impossible to assign the spectra.  Interestingly in a protein, based on whether a proton is in an 

α-helix or β-sheet structure the chemical shifts of the alpha proton show an upfield or a 

downfield shift in comparison to a random coil structure, respectively. This difference is due to 

the relative orientation of protons with respect to the carbonyl group in an α-helix or β-sheet 

structure. This effect is used to predict (with a fairly good precision) the secondary structure of 

the protein’s domains just with the help of chemical shifts assigned by backbone assignment. In a 

consensus chemical shift index method, the effect of a series of different nuclei with different 

weighting factors is used to estimate the secondary structure. The WASS method which is 

widely accepted uses the following formula: 

     WASS = 1/3[(δCα – δCαr) + 1.7(δC – δCr) +0.35(δN – δNr)]            (2.3) 



 

37 

The number is calculated for each residue. Residues having a positive WASS number 

together in a sequence represent an α-helix and residues having a negative WASS number 

together in a sequence represent a β-sheet. Residues with WASS numbers close to zero represent 

random coil regions.  

2.3.4 RDC (residual dipolar couplings) 

Each of the magnetic dipoles for the corresponding nucleus produces a tiny magnetic 

field around itself which is felt by other dipoles in close proximity. This concept is known as 

dipole-dipole interaction. This magnetic field, although small, affects the energy states of the 

other spins. The effect of this field is summed up with the static magnetic field resulting in the 

energy difference between different spin states. This amount can be calculated by this formula: 

                              Dij = - µ0γiγjh/(2πr)
3〈 (3cos

2∅ - 1)/2 〉                          (2.4) 

As demonstrated, the bracket around angular momentum represents averaging for fast molecular 

motion in isotropic media. Because the media allows free space rotation of the molecule the 

dipole-dipole interaction averages out to zero due to Brownian motions over time and that’s why 

this effect is generally not seen in common NMR experiments (95). The relative orientation of 

the dipoles with respect to each other (inside a protein) does not change over time; therefore, this 

information can be used in structure refinement and evaluation of the relative orientation of 

domains inside a protein’s structure. In order to do that, the media is transformed from isotropic 

to anisotropic partially aligning the protein inside the NMR tube and hence presenting the dipole-

dipole effect from being averaged completely to zero. The amount recorded for the dipolar 

coupling here is directly related to Ø which is the angle between the line connecting the two 

dipoles and the line connecting one dipole to the axis of the static magnetic field.  The angle 
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derived from this equation for each atom helps us in measuring the relative orientations inside a 

protein structure.  Today RDC has shown to become an indispensable tool in NMR structure 

calculations especially when not enough NOE data are collected due to the deuteration of the 

protein in NMR studies of larger proteins (95).  

2.3.5 Dynamic studies of proteins using NMR spectroscopy 

Although high resolution structures of biomolecules are very useful they do not describe 

completely how a protein behaves in solution. Calculated structures are the lowest energy 

conformations present in solution. Studying the behavior of a protein over time helps us deepen 

our knowledge about protein function. The dynamic behavior of proteins can be studied over 

different time scales. NMR has a unique ability to study protein behavior over a variety of time 

scales using different NMR experiments (Figure 2.1) (96). As demonstrated, T1, T2 and the NOE 

cover the ps-ns time-scale which covers phenomenon such as side-chain rotation. Also many 

important processes such as ligand binding and enzymatic reactions that fall in the µs-ms time 

frame can be studied by CPMG experiments. 
15

N and 
13

C labeling of proteins has enabled 

researchers to study backbone and side chain dynamics. Three experiments are usually collected 

to analyze the backbone 
15

N dynamics, T1, T2 and the NOE experiment in the ns-ps time scale. In 

the HN-N heteronuclear NOE experiment, saturation of the amide proton leads to change of the 

steady state population resulting in change of peak intensity in the 
15

N. Peaks corresponding to 

residues involved in secondary structures usually show a NOE value of 0.8 which is close to one. 

Instead, residues falling in the flexible regions of the protein, show smaller, zero or negative  
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Figure 2.1. A) presents the time-scale of motions characteristic for different protein phenomena 

B) different NMR experiments covering various time-scales (96). Data taken from reference (96) 

with permission. 
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NOEs. These experiments helped scientists understand the dynamic nature of calmodulin’s linker 

domain for the first time (Figure 2.2) (97). As illustrated in Figure 2.2 residues 77-79 of the 

linker show a big drop for the NOE value which is the result of a high flexible character. This 

results in the C-lobe and the N-lobe of mCaM acting quite independently and having no 

interactions with each other. This is observed in the tumbling rate of the protein as well (Figure 

2.2) (97). CaM is a 17kDa protein which should have a tumbling rate of around 15ns if it was a 

globular protein but due to the flexibility of the linker region the domains act separate which lead 

to separate tumbling and a tumbling rate of 7.1 ns for the N-lobe and 6.3 for the C-lobe (97). 

This phenomenon is also observed in sCaM1 and sCaM4 that are two variants of calmodulin for 

soybean. The T1 and T2 relaxation times which are representative of spin-lattice and spin-spin 

relaxation are directly related to chemical shift anisotropy and dipole-dipole interactions. Both T1 

and T2 have a relationship with the molecular weight and unlike T2; T1 does not decrease 

proportionally with the molecular weight. In the case of T2, increase in molecular weight leads to 

a decrease in the tumbling rate of the molecule which results in a faster magnetic inhomogeneity 

experienced by the spins. This leads to the loss of coherence and finally signals. In the case of T1 

it’s a bit more complicated. In order for the spins to go back to equilibrium a magnetic field is 

required which its frequency is equal to the larmor frequency. As we know apart from the static 

magnetic field that each spin senses, a tiny magnetic field is sensed from neighboring dipoles 

near the spin of interest. This magnetic field adds up with the static magnetic field and gives the 

net magnetic field that is sensed by the spin (Figure 2.3). With the molecule tumbling and 

rotating the position of this dipole changes in respect to the static field changing the angle 

between the two dipoles leading to a different net magnetic field sensed by each nucleus. The 

frequency of this change is equal to the tumbling rate of the molecule. Now for a given molecule  
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Figure 2.2. Plots present a) T1, b) T2, c) NOE and d) rotational correlation time as a function of 

residue number for mCaM. Data taken from reference (97) with permission. 
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Figure 2.3. As depicted in this Figure, with the molecule rotating the position of the proton 

dipole changes in respect to the static magnetic field, changing the effective field the carbon spin 

is sensing (98).* Data taken from reference (98) with permission. 
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in an isotropic solution, there is a range of frequencies were the molecule tumbles and there is a 

cutoff for this tumbling frequencies so in an even situation there will be less molecules tumbling 

at each frequency. Also for a heavy molecule there is a much smaller range of tumbling 

frequencies so there will be more molecules in a given frequency if it does not pass the tumbling 

rate cutoff for that molecule (Figure 2.4). According to the explanation at a frequency of 

500MHz, molecules bigger than 1 kDa don’t tumble at this rate and molecules smaller than that 

have less molecules tumbling at this frequency compared to the 1 kDa molecule and this explains 

how the T1 curve looks like. The T1 and T2 can be used to estimate the tumbling rate of a 

molecule which is directly related to the molecular weight. This tumbling rate value can help us 

understand whether different parts of the protein are rotating together or they are acting 

independent of each other. As explained above, for calmodulin with a total molecular weight of 

around 17kDa, the protein should have a tumbling rate of around 15 ns but the average for the 

molecule is around 6ns(7ns for the C-lobe and 5ns for the N-lobe). This expresses the fact that 

these two domains act independent of each other and do not interact with each other. 
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Figure 2.4. Molecules have a range of frequencies which they can tumble at. Larger molecules 

have a lower cutoff meaning they can tumble at a smaller and slower range and on the other hand 

small molecules can tumble over a wide range of frequencies (98).* Data taken from reference 

(98) with permission. 
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CHAPTER THREE: STRUCTURAL ANALYSIS OF OSCAM61, A CALMODULIN 

VARIANT FROM RICE WITH A C-TERMINAL EXTENSION 

 

3.1 Introduction  

 Calcium (Ca
2+

) is an important secondary messenger that increases its concentration inside 

plant cells in response to biotic and abiotic stimuli such as salinity (99), pathogen invasions (1), 

hormones (2), wounds (3) and developmental cues (100). Parts of these responses are mediated 

through the ubiquitous calcium-regulatory protein, calmodulin (CaM) that is present in all 

eukaryotic cells. CaM is a well studied Ca
2+

-binding protein that is involved in mammals in 

many cellular events such as the regulation of protein kinases involved in cellular movement like 

Myosin Light Chain Kinase (MLCK) (36) and the regulation of cytoskeletal proteins like smooth 

muscle caldesmon (36). It is a highly conserved acidic heat stable protein with an average 

molecular weight of 17kDa (33). The protein has a flexible dumbbell structure and is comprised 

of an independently folded C-terminal lobe and a similar N-terminal lobe that are linked together 

by a flexible linker (33). The two lobes of CaM are made up of two EF-hand motifs, allowing the 

protein to bind four calcium ions (47). Unlike animals that have only three CaM genes and only 

one isoform (75), plants have multiple CaM genes and isoforms (71,72). For example 

Arabidopsis has eleven CaM genes that generate at least seven distinct isoforms, soybean has at 

least five genes coding for four proteins (73) and also rice has at least five CaMs (74). This 

shows the importance of these proteins in plant signaling, enabling the cells to specifically 

control different stimuli. Different CaM isoforms in given plant species may be differentiated 

according to their expression patterns, cellular targets, target protein-binding abilities and 

physiological functions. In addition to various types of calmodulins, plants possess another set of 
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proteins called the calmodulin-like (CML) proteins that have similarities to CaM but they have 

unique functions (101) and their sequence identity with CaM is lower (11). There have been over 

50 CML genes identified in Arabidopsis (102) and 26 in rice corresponding to putative CML 

proteins which have yet to be characterized completely. CMLs are involved in different cellular 

processes such as flowering of plants (where CML23 and CML24 act through the nitric oxide 

pathway) (103), establishment of cell polarity (CML12) (104), abiotic stress (CML9) (105) (106) 

and DNA lesion repair (CML19) (106). In addition plants have numerous CDPKs, which are 

protein kinases that contain their own calmodulin-like domain (107,108). Apart from the CMLs 

and the CDPKs, a few proteins have been described in specific plants that have a calmodulin-

domain that is similar to other known calmodulins, but they have an additional C-Terminal 

Extension (CTE). These extensions have been shown to give unique characteristics to such 

variants of calmodulin. For example, Oryza sativa CaM61 (OsCaM61) is present in rice and it is 

made up of a conserved N-terminal 148 amino acids similar to all CaMs (92% similarity with 

homo sapiens calmodulin Accession number:P62158) (Figure 3.1) and it also possesses a CTE of 

38 residues (Figure 3.1, 2). OsCaM61 is a heat stable protein, that can be purified by calcium-

dependent phenyl-Sepharose chromatography and it shows calcium-dependent gel mobility shifts 

on SDS-PAGE (87). The CTE of OsCaM61 is very rich in positively charged residues and it 

carries a characteristic prenylation motif (CVIL) at the C-terminus (84). A second related plant 

protein that is known to have a similar CTE with a prenylation site is the PhCaM53 protein 

found in petunia (85). Although OsCaM61’s extension has a different amino acid sequence from 

PhCaM53, they both contain multiple basic residues, as well as a CXXL motif of the C-terminus. 

The latter makes both proteins a potential target for prenylation by geranylgeranyl transferase I 

(GGTase-I), an enzyme known to be present in plants (85). Indeed both proteins have been 
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Figure 3.1.  A) Sequence alignment of OsCaM61 and mCaM with 92% similarity. The four 

twelve residue long calcium binding loops are underline. B) Multiple sequence alignment of 

calmodulins in different organisms which contain a CTE that has a CXXL sequence and is a 

potential prenylation site that has been shown in vivo for CaM53 and OsCaM61. As shown in 

the figure, many of these CTEs show partially helical character according to the secondary 

structure prediction, with the exception of AtCaM5 an AlCaM2.  
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Figure 3.2.  Schematic presentation of mCaM and different constructs of OsCaM61. As 

presented, only OsCaM61 and OsCaM61∆169 contain a CTE. Also only OsCaM61 contains the 

prenylation motif.  
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 shown to occur in a prenylated form in vivo (86,109). Over-expression studies with a GFP-

tagged version of OsCaM61 revealed that the prenylated protein localizes to the plasma 

membrane and other membranes (86). Also the non-prenylated form of the protein localizes to 

the nucleus suggesting the presence of specific CaM binding targets inside the nucleus for 

OsCaM61. Apart from OsCaM61 and PhCaM53, two other related proteins are Arabidopsis 

thaliana CaM-5 (AtCaM-5) and Arabidopsis lyrata CaM-2 (AlCaM-2). Both of these proteins 

contain a CaM domain and a CTE. Interestingly their CaM domain is 100% identical to AtCaM-

2 which does not contain a CTE. Although no studies have been conducted yet on AtCaM5, it 

has been shown that AtCaM2 has a higher ability to activate NAD kinase over AtCaM4 and 

AtCaM6 (110).  

 In enzyme activation studies, the C-terminally truncated form (OsCaM61∆148) (Figure 

3.2) has a higher binding affinity and shows higher activation levels of cyclic nucleotide 

phosphodiesterase (PDE) when compared to the full-length protein (87). Also, mutational 

analysis of this protein has demonstrated that although this protein has 80% identity with 

mammalian calmodulin, the small differences in the sequence have made the protein activate 

enzymes inside the cell less efficiently than OsCaM1 and mammalian calmodulin (87). This may 

be due to differences in surface interactions of the protein with the enzymes (111). The fact that 

OsCaM61 can become anchored to the membrane due to the prenylation, combined with the 

inhibitory effect of the CTE on enzyme activation may represent a novel regulatory mechanism 

that could potentially be used in specific plant cells to control calcium signaling under the 

activation of various stimuli inside the cell. All these data suggest that although plant cells share 

some common features with mammalian cells regarding calcium signaling, plants have a more 
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sophisticated calcium regulatory system (11).  

 In this work we have studied the full-length OsCaM61 as well as its separate CaM domain 

using NMR spectroscopy. Our work demonstrates that the N-lobe and the C-lobe have similar 

structures to mammalian and other plant CaMs. However, the linker region shows a different 

behavior between the two lobes when compared to animal CaM, soybean CaM1 and CaM4 

(sCaM1 and sCaM4). Using {
1
H}-

15
N hetero-nuclear NOE and dynamic data gathered from 

NMR relaxation measurements we find that the two lobes of OsCaM61 interact with each other. 

Chemical shift information obtained from the NMR backbone assignment data show that the 

CTE is partially structured and partially unstructured. We have demonstrated that the CTE 

interacts with the CaM-domain in both the calcium-bound and calcium-free forms. Also using 

chemical shift perturbations we have mapped the regions affected by the CTE in both the 

calcium-bound and calcium-free forms. These data can explain why the full-length protein with 

the CTE has a weaker affinity and a lower activation ability for target enzymes. Finally we have 

used enzyme assays with constructs of OsCaM61 of different length (Figure 3.2) to map the 

regions of the CTE that are most directly involved in the interaction with the remainder of the 

protein. Taken together, this work provides an initial structural basis for yet another theme in the 

control of plant calcium signaling.  

3.2 Experimental procedures 

3.2.1 Sample preparation 

The OsCaM61 gene with optimized codons for expression in Escherichia coli was 

purchased from Geneart. The gene was subcloned into the pET30 vector and the protein was 
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expressed in E.coli BL21 (DE3) cells and purified using a previously published method used for 

CaMs (73). The C-terminally truncated forms of the OsCaM61 gene Δ148 and Δ169, which lack 

the CTE part of the protein, were also subcloned into a pET30 vector. These different forms of 

OsCaM61 were also purified using the standard protocol for animal CaM that relies on calcium-

dependent purification with phenyl-Sepharose (90). The protein purity was confirmed by SDS-

PAGE. Finally, the CTE peptide encompassing residues 148-186 of OsCaM61 were subcloned 

into the pET15 vector as a SUMO fusion protein and the protein was expressed in E.coli BL21 

cells and purified using Ni
2+

-NTA chromatography. Subsequently, the peptide was released from 

the SUMO portion by limited proteolysis. Its purity was confirmed using SDS-PAGE and mass 

spectrometry. Uniformly 
2
H,

13
C,

15
N-labeled and 

2
H,

15
N-OsCaM61 and uniformly 

15
N and 

15
N,

13
C-labeled truncated OsCaM61Δ148 were prepared using previously described protocols 

(112). All NMR samples for the calcium-bound forms of the protein contained 1 mM 
15

N or 

15
N,

13
C-labeled truncated OsCaM61Δ148 or 

2
H,

15
N-labeled and 

2
H,

13
C,

15
N-labeled full-length 

OsCaM61 with 3 mM CaCl2, 100 mM KCl, 0.03% NaN3, and 0.5 mM 2,2-dimethyl-2- 

silapentane 5- sulfonate (DSS) in 90% H2O/10% D2O (pH 6.8). Apo samples were prepared in a 

similar manner but they contained 5 mM EDTA instead of 3 mM CaCl2. In addition, 10 mM 

deuterated dithiothreitol was also added to prevent potential protein dimerization caused by 

intermolecular disulfide bonding.  

3.2.2 NMR experiments 

All NMR experiments are performed at 25°C on Bruker Avance 500 or 700 MHz NMR 

spectrometers equipped with triple resonance inverse Cryoprobes with a single axis z gradient. 

Sequential assignments of HN, N, CO, Cα and Cβ resonances are achieved using several 
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experiments including HNCACB, CBCA(CO)NH (or HN(CO)CACB in the case of the 

deuterated samples), HNCO, and HN(CA)CO. The full-length forms of apo- and holo- 

OsCaM61 were deuterated and the backbone resonances were assigned using transverse 

relaxation optimized spectroscopy (TROSY)-based triple resonance experiments.  

The secondary structure prediction for the holo- and apo-forms of full-length OsCaM61 

was done using the Weighted Average Secondary Shift (WASS) method. The chemical shift 

differences for CO, Cα and N in the protein structure and for random coil shifts are used 

according to different weighting functions to predict the secondary structure (113) as shown in 

equation [1]. 

                  WASS = 1/3[(δCα – δCαr) + 1.7(δC – δCr) +0.35(δN – δNr)]                    [1] 

Chemical shift differences between the holo- and apo-forms of full-length OsCaM61, as 

well between the full-length and truncated forms of holo- and apo-OsCaM61 were analysed 

using equation 2 (113). 

                                                                        CSP=                                [2] 

Chemical shifts obtained for deuterated samples through TROSY-based experiments were 

corrected for isotope shifts before further analysis.  

{
1
H}-

15
N hetero nuclear NOE (HN-NOE) experiments were conducted on deuterated 

15
N 

samples of holo- and apo- full-OsCaM61 using 5 s train of 120 degree pulses. 
15

N T1 data using 

inversion recovery were obtained with relaxation delay times of 20, 490, 1190, 180, 90, 350, 

890, 490, 90 and 700 ms respectively. Also 
15

N T2 relaxation data were acquired using a Carr-
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Purcell-Meiboom-Gill (CPMG)-type T2 experiment with relaxation delays of 8.8, 105.6, 44, 

79.2, 140.8, 26.4, 61.6, 26.4, 123.2 and 79.2 ms respectively. Also the field strength of the 180° 

pulse in the T2 experiment was 5.6 kHz and the 180° pulses were applied every 1 ms. All T1 and 

T2 experiments were repeated twice to measure uncertainty in peak intensities. 
15

N T1 and T2 

data were fitted using the program CurveFit (A. G. Palmer, Columbia University). Peaks 

representing residues with slow internal motions that contribute to T1 relaxation were identified 

by having NOE < 0.65 and are excluded from further analysis. Moreover, residues involved in 

chemical exchange which can affect T2 relaxation time were identified and removed as described 

(114). Finally, the rotational correlation time for the global tumbling (τm) of each residue was 

calculated from the R2/R1 ratio using the program R2R1_τm (A. G. Palmer, Columbia University).  

14 mg/ml pf1 phage (Asla-Biotech) was added to partially align the protein molecules. 

Backbone H-N residual dipolar couplings (RDCs) were measured using a two-dimensional 

IPAP-HSQC experiment with 2048 × 512 complex points (115). The data obtained was fitted 

against calculated RDCs calculated from model structures using the PALES program (116). A 

linear correlation between the experimentally obtained RDCs and an existing protein structure 

with a high correlation factor R and a low quality factor Q is indicative of a good agreement. All 

spectra were processed using NMRPipe (117) and analyzed using the NMRView (118) software. 

All molecular graphics used in this manuscript were prepared using MolMol (119). 

3.2.3 Calcium titrations 

A calcium free buffer which constituted of 20 mM HEPES and 100 mM KCl was made 

using Chelex
®
 100 resin. Protein was dialyzed against this buffer and any residual calcium was 

removed using a BAPTA calcium sponge column (Invitrogen). Subsequently 100 µM protein 
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was prepared, loaded in the cell and 5.1 mM Ca
2+

 was titrated into the cell. All ITC experiments 

were performed on a MicroCal VP-ITC microcalorimeter. The concentration of each protein was 

determined using the molar extinction coefficient (ε280 = 1490 cm
-1

 M
-1

): All titrations were 

performed at 30 °C, and the data were fit to a four-site sequential model using the MicroCal 

Origin 7.0 software to obtain the dissociation constants (Kd). 

3.2.4 Enzyme assays  

Myosin light chain kinase (MLCK) and myosin light chain (LC20) were purified from 

chicken gizzards according to established procedures (120,121). To measure the enzymatic 

activity, 0.1 µg/ml  MLCK was pre-incubated at 30 °C with 50 µg/ml LC20, 25 mM Tris-HCL 

pH7.5, 60 mM,  4 mM, 0.1 mM excess CaCl2, 1 mM DTT and different forms of OsCaM61 and 

mCaM for 2 minutes. The reaction started with 0.2 mM γ
32

-ATP. After 7.5 minutes the samples 

were withdrawn and spotted on p81 phosphocelulose paper (Whatman). Papers were washed 

with 3 × 500 ml of 0.5 % (v/v) H3PO4 (5 min each) and once with 500 ml of acetone (5 min) and 

left to dry. Subsequently, 
32

P was quantified by Cerenkov counting (122). Calmodulin kinase II 

(CaMKII) was also purified from chicken gizzards (77,123). 0.2mg/ml CaMKII was pre-

incubated at 30°C with 50 µM ACP (autocamtide 2 peptide substrate), 50 mM MOPS pH7.0, 60 

mM KCl, 10 mM MgCl2, 0.2 mM excess CaCl2 and different forms of OsCaM61 mCaM for 2 

minutes. The reaction was done under the same conditions as the MLCK activity assay.  
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3.3 Results 

3.3.1 OsCaM61’s CaM domain and CTE structural characteristics  

Several structural studies of calmodulins purified from mammalian and plant cells have 

indicated that these proteins have identical secondary structures (52). In order to obtain 

information about the structure of OsCaM61 in aqueous solution, the backbone chemical shifts 

were assigned for the apo- and the holo- forms of the full-length protein using multidimensional 

NMR experiments. The assignment was complete for over 95% (Figure 3-6). Analysis of the 

chemical shift data shows that OsCaM61 is made up of four typical EF-hand motifs (Figure 3.7). 

NMR residual dipolar couplings take advantage of the restriction on the molecular tumbling 

introduced by anisotropic media to address the relative orientation of secondary structure 

elements inside proteins (95). Hence, RDCs were measured for the apo- and holo- forms of the 

protein in the presence of phage pf1 (95,124). Also model structures of the N-lobe and the C-

lobe of OsCaM61 were created from available mCaM structures (apo- N-lobe from pdb code: 

1CFD, apo- C-lobe from pdb code: 1CFD, holo- N-lobe from pdb code: 1J7O and holo- C-lobe 

from pdb code: 1J7P) using the SWISS-MODEL server (Figure 3.8) (125,126). The RDC data 

obtained for OsCaM61 in the phage media were fitted against the model coordinates (Figure 

3.8). This analysis demonstrates that the secondary and the tertiary structure of the N-lobe and 

the C-lobe of OsCaM61 are identical to those of the generated models.   

In mammalian CaM and soybean CaMs a flexible linker is located between residues 75-

81 that connects the two lobes of calmodulin (97,111). The flexible linker enables calmodulin to 

interact with diverse targets inside the cell (47,111). The flexibility of the linker region can be 
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Figure 3.3. Backbone assignment of apo-OsCaM61 using multidimensional NMR spectroscopy. 

Plot A demonstrates the full 
1
H,

15
N HSQC spectrum and plot B is an expansion of the crowded 

region. 
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Figure 3.4. Backbone assignment of apo-OsCaM61∆148 using multidimensional NMR 

spectroscopy. Plot A demonstrates the full 
1
H,

15
N HSQC spectrum and plot B highlights the 

crowded region. 
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Figure 3.5 Backbone assignment of holo-OsCaM61 using multidimensional NMR spectroscopy. 

Plot A demonstrates the full 
1
H,

15
N HSQC spectrum and plot B depicts the crowded region. 
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Figure 3.6. Backbone assignment of holo-OsCaM61∆148 using multidimensional NMR 

spectroscopy. Plot A demonstrates the full 
1
H,

15
N HSQC spectrum and plot B is an expansion of 

the crowded region. 
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Figure 3.7. NMR Dynamics data measured and calculated for OsCaM61 in the presence and 

absence of calcium. Plots are presented as a function of the residue number. (A) Weighted 

Average Secondary Shift (B) Heteronuclear NOE (C) R1 (1/T1) relaxation (D) R2 (1/T2) 

relaxation and (E) rotational  correlation time derived from T1  and T2  for apo OsCaM61 and (F) 

Weighted Average Secondary Shift (G) Heteronuclear NOE (H) R1 (1/T1) relaxation (I) R2 

(1/T2) relaxation and (J) rotational correlation time derived from T1  and T2  for holo OsCaM61. 
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Figure 3.8. Structure determination of OsCaM61. Panel A (apo N-lobe from  pdb code: 1CFD), 

C (apo C-lobe from  pdb code: 1CFD), E (holo N-lobe from  pdb code: 1J7O) and G (holo C-

lobe from  pdb code: 1J7P) present  SWISS-MODELs developed from mCaM. Panels B, D, F 

and H present the comparison between measured RDC using phage pf1 anisotropic media and 

calculated from model structures A, C, E and G respectively. 
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conveniently demonstrated using heteronuclear NOE experiments (97,111). Interestingly, 

although its amino acid sequence is highly conserved (Figure 3.1), OsCaM61’s linker region 

shows significantly less flexibility than mCaM and soybean CaM isoforms 1 and 4 (97,111). 

This is observed for both the apo- and the calcium-bound form of the protein (Figure 3.7). This 

suggests that there could be an interaction between the C-lobe and the N-lobe of OsCaM61. To 

further look into this possibility we have performed NMR relaxation experiments. The 

correlation time (τm) calculated from the relaxation data is 14.99 ns for OsCaM61 in the holo-

form. The τm values calculated for the N- and the C-lobe in the intact protein separately are 14.64 

ns and 15.29 ns respectively (Table 3.1). This is much larger than those of mCaM, which are 7.1 

ns for the N-terminal and 6.3 ns for the C-terminal lobe. This difference must be due to the fact 

that the two lobes of the calmodulin segment of OsCaM61 do not act in solution as two 

independent non-interacting domains unlike mCaM or sCaMs (97,111). Also relaxation data 

obtained for OsCaM61∆148 show that the linker region behaves the same in the absence of the 

CTE, ruling out the possibility that the CTE is solely responsible for these interlobe interactions 

(Figure 3.9). Moreover, after the removal of the tail the N-lobe and the C-lobe still interact with 

each other as measured for OsCaM61∆148 (see Table 3.1). Similar results were obtained for the 

apo form of OsCaM61 (Table 3.1).  

As mentioned above, OsCaM61 has a 38 residue extension in the C-terminal portion of 

the protein. Apart from bearing the C-terminal prenylation site, this region contains several basic 

residues. Secondary structure prediction (127) from the amino acid sequence of OsCaM61 and 

for the related PhCaM53 of Petunia hybrida suggests that the CTE is helical from K149 to R158  
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Table 3.1. Calculated rotational correlation time of OsCaM61 and mCaM as in nano seconds. 

   Apo  Holo  

 N-term C-term total N-term C-term total 

OsCaM61 12.67 13.37 13.07 14.64 15.29 14.99 

OsCaM61Δ148 ---- ----  ---- 12.72 12.21 12.45 

mCaM 7.1 6.3  ---- 7.9 7.4    ---- 

 

Data for holo and apo mCaM are taken from Tjandra et  al. 1995 and Barbato et al.1992 

respectively.  
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Figure 3.9. NMR dynamics measured for OsCaM61∆148 in the presence of calcium. (A) R1 

(1/T1) relaxation (B) R2 (1/T2) relaxation and (C) rotational correlation time derived from T1  and 

T2  for holo- OsCaM61∆148 
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but is unstructured from E160 to L186 (Figure 3.1). Interestingly, secondary structure analysis 

using NMR chemical shifts (128) demonstrates that the CTE has different structural 

characteristics in the apo- and holo- forms (Figure 3.7). Our WASS data show that the apo-form 

of OsCaM61 has an extended helix compared to the holo-form, elongating the last helix of the 

CaM domain (which is shorter compared to other helices in CaM) to R158. On the other hand the 

Ca
2+

-bound form of the protein seems to have a much shorter or lack such a helical extension 

(Figure 3.7). This can have a major effect on the behavior of the protein in the presence and 

absence of calcium. Although the CTE in OsCaM61 and PhCaM53 seem to be partially helical, 

secondary structure predictions suggest that other similar proteins like AlCaM2 and AtCaM5 in 

Arabidopsis lyrata and Arabidopsis thaliana have no such helical structure (Figure 3.1), 

indicating a different behavior in these proteins from OsCaM61.  

3.3.2 Effect of the CTE on calcium binding to OsCaM61 

Due to the presence of an extended helix in OsCaM61 compared to mammalian CaM, the 

effect of this change was examined on the calcium binding ability of OsCaM61. Calcium 

titration experiments with full-length and truncated versions of OsCaM61 demonstrate that the 

CTE influences the calcium binding properties of the protein. Calcium titrations were followed  

by NMR showing that upon addition of calcium to OsCaM61, the signals for G25 and G98 of 

Ca
2+

-OsCaM61 appear first in the low field region of the spectrum (~10 ppm) followed by the 

appearance of G134 and G61 signals (Figure 3.10). This indicates a specific order of calcium 

binding to the four calcium binding loops of OsCaM61. The order of binding to calcium changes 

in the truncated OsCaM61∆148 protein, which no longer has the CTE. Now the G98 and G134 

signals appear first, followed by G25 and G61. This is similar to other known calmodulins for  
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Figure 3.10. Calcium titration of different isoforms of OsCaM61 using NMR illustrates the 

order of calcium binding to the calcium loops in OsCaM61 (A) and OsCaM∆148 (B) by 

monitoring the appearance of the glycine peaks in the expanded NMR spectrum. Only the region 

for the four glycine residues that are located in position 6 of the calcium binding loops are 

shown.  
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which the two calcium-binding loops in the C-lobe bind first to calcium. Calcium titrations with 

OsCaM61∆169 show that the pattern of binding is similar to full-length OsCaM61 (data not 

shown). This data is consistent with calcium titrations using ITC showing that OsCaM61 and 

OsCaM61∆169 have a very similar calcium binding pattern that is, however, different from 

OsCaM61∆148 (Figure 3.11). While OsCaM61 and OsCaM61∆169 have an endothermic 

reaction with Ca
2+

, OsCaM61∆148 shows a mixed endothermic and exothermic reaction with 

Ca
2+

. Also the first and second binding sites in OsCaM61 and OsCaM61∆169 show similar 

affinities for calcium and are 20-fold weaker than those of OsCaM61∆148. Binding constants 

obtained from ITC and the order of site-filling taken from the NMR data reveal that in OsCaM61 

and OsCaM61∆169, G134 shows a weaker binding than G25 (~ 20 fold) but after the removal of 

the helical extension of the protein, G134 shows stronger binding to calcium compared to G25. 

This proposes a role for the helical extension in the CTE in calcium binding (Table 3.2) (Figure 

3.10, 11). 

3.3.3 The CTE and the CaM part of OsCaM61 interact with each other  

Previous work on OsCaM61 had demonstrated that the protein is a better activator of the 

phosphodiesterase (PDE) enzyme when the CTE region was removed from the protein (86). This 

suggests that the CTE might be interacting with the rest of the protein, thereby inhibiting 

OsCaM61’s interaction with some target enzymes inside the cell. {
1
H}-

15
N-NOE and R1 

experiments in both apo-form and calcium-bound form demonstrate that the {
1
H}-

15
N-NOE and 

R1 values decrease in the CTE region demonstrating its increased flexibility (Figure 3.7). 

Intriguingly, the NOE and R1 values start to increase from G170 to R179 (Figure 3.7). This is  
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Figure 3.11. Calcium titration of different isoforms of OsCaM61 using ITC are shown. As 

demonstrated OsCaM61 and OsCaM61∆169 show a very similar binding pattern. Se text for 

further explanation. 
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Table 3.2. Binding constants obtained from the ITC titrations for OsCaM61 variants 

            K1 (mM)             K2           K3     K4  

OsCaM61 3.1×10
4
±2.8×10

2
 3.7×10

4
±3.4×10

2
 1.1×10

3
±1.1×10

2
 139±18 

OsCaM61Δ148 7.2×10
5
±5.1×10

3
 1.4×10

5
±2.8×10

3
 2.4×10

3
±72 435±15 

OsCaM61Δ169 3.2×10
4
±4.7×10

2
 7.1×10

4
±2.1×10

3
 3×10

3
±2×10

2
 168±22 
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seen in both the apo- and calcium-bound forms of OsCaM61, suggesting that this region might 

have an interaction with the rest of the protein, leading to a decrease in the flexibility of this 

region. In order to further analyze the possibility of such an interaction, the OsCaM61Δ148 form 

of the protein was expressed in an isotope-labeled form and purified. Subsequently, the backbone 

chemical shifts for the truncated form in the presence and absence of calcium were assigned 

(Figure 3.3-6) and the chemical shift difference between atoms corresponding to a specific 

residue were calculated (Figure 3.12 A). Interestingly, in the calcium-bound state, there is a large 

chemical shift difference for the residues that are located in the linker region (residues 77 -81). 

Also drastic changes are observed for T44, A57 and T117. In the apo-form, a change is observed 

for residues V55, D58, N60, M72, R74, D80, A88, G98 and R115 (Figure 3.12 B). Titration of a 

peptide corresponding to residues 149-186 of OsCaM61 into a sample of 
1
H

15
N OsCaM61Δ148 

produced similar NMR results, confirmed these data (data not shown). Overlaying the CSP data 

for both panel A and panel B in Figure 3.12 demonstrated that a common pattern is observed for 

the regions that are mostly affected as depicted in Figure 3.12-C. Interactions of the CTE with 

these regions of the calmodulin-like part of OsCaM61 might be responsible for the lower activity 

of the full-length protein compared to OsCaM61Δ148. Although the full-length OsCaM61 is 

stable even in the apo-form, the truncated apo-form of this protein seems very unstable in the 

absence of calcium. This caused severe broadening of the NMR signals and it led to an 

incomplete assignment of the backbone (Figure 3.4). These observations also corroborate our 

earlier finding that the extension of the last α-helix stabilizes the apo-form.  
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Figure 3.12. CSP calculated between OsCaM61 and Δ148 OsCaM61 in the (A) presence of 

calcium and (B) absence of calcium. Panel (C) demonstrates an overlay of (A)(Black) and 

(B)(Grey). Although the residues with big change are not identical, these data show that the same 

pattern is obtained with changes occurring around residues 55-60, 77-81 and 115-117. 
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3.3.4 A specific part of the CTE might be involved in the interaction with the CaM domain 

Having determined that the CTE interacts with the CaM domain of OsCaM61, {
1
H}-

15
N-

NOE and CSP data were used to map the regions of the CTE that are involved in the interaction. 

As depicted in Figure 3.7, there is an increase in the heteronuclear NOE value for residues G170 

to R179 which could be explained by a possible interaction with the CaM domain. Interestingly, 

CSPs measured for the calcium-bound and apo-form of OsCaM61 reveals that residues K149-

R158 (the poly-basic cluster) and S172 and A173 (in the unstructured region) of the CTE show a 

large change in chemical shifts after calcium binding to the CaM domain (Figure 3.13). This 

chemical shift change is comparable to other parts of the protein which undergo major 

conformational changes after the binding of calcium. This suggests that at least this part of the 

CTE is directly involved in the interactions with the CaM domain and is affected by their 

conformational changes upon calcium binding. Moreover calcium titration data also 

demonstrated a possible role for the helical part of the CTE (K149-R158) in the apo-form by 

stabilizing EF-hands. In order to confirm these observations, enzyme assays were conducted to 

measure the ability of the different forms of OsCaM61 to activate MLCK and CaMKII (Table 

3.3). As illustrated in Figure 3.13, OsCaM61Δ148 showed a higher ability to activate both 

MLCK and CaMKII compared to the full-length OsCaM61. Similar data have already been 

reported previously for the PDE enzyme (86). Intriguingly, OsCaM61Δ169 showed enhanced 

MLCK activation ability compared to full-length OsCaM61. This provides information that 

residues 170 and beyond might be involved in the interaction with the CaM domain of 

OsCaM61, inhibiting MLCK activation. Although OsCaM61Δ148 can also activate CaMKII  



 

73 

 

Figure 3.13. Enzyme assays with MLCK and CaMKII for different OsCaM61 variants. Panel A 

is a demonstration of chemical shift perturbation between holo and apo- OsCaM61. As 

Illustrated, S172 and A173 show a considerable change after calcium binding to OsCaM61. 

Panel B and C demonstrate the ability of different forms OsCaM61 to activate MLCK (B) and 

CaMKII (C). 
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Table 3.3. Kinetic data for the activation of MLCK and CaMKII by different OsCaM61   

constructs 

 Protein  MLCK    CaMKII    

   Km (nM) Vm   Km  Vm  

OsCaM61  1982±230  2.1±0.1  89.6±12.7  127.9±4.2  

OsCaM61Δ148   92.5±11.5  1.8±0.05  14.5±2.3  132.5±4.1  

OsCaM61Δ169   642.3±63.2  2.4±0.05  93.5±14.5  126.1±4.1  

mCaM  

     

0.4±0.03  2.5±0.03  4.3±0.8  143±7  

*Ka is a more accurate parameter to be used in this case than Km, but Km was used to be 

consistency with other previously published papers. 
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more effectively than OsCaM61, OsCaM61Δ169 does not show any enhancement over the 

activation seen with OsCaM61, indicating that the lysine-arginine part of the CTE must be 

responsible for the inhibitory effect on the activation of CaMKII enzyme. 

3.4 Discussion 

Because of the presence of multiple calmodulin variants and CMLs, calcium signaling in 

plants has been shown to be very diverse (129). Interestingly, calmodulins containing a CTE 

with a prenylation site have been studied in vivo in two different plants (130). Undoubtedly, 

more related proteins will be found as more plant genomes are sequenced. PhCaM53 and 

OsCaM61 are comprised of a CaM domain which is highly similar to other CaM proteins and a 

C-terminal extension with a CXXL prenylation motif (X is any amino acid) (85,86,130,131). It 

has been shown that prenylation of PhCaM53 is prevented under certain metabolic conditions 

such as the inhibition of mevalonic acid synthesis or moving of the plants to the dark and the 

protein localizes to the nucleus (85). Surprisingly, although the prenylation process of the 

isolated CXXL motif linked to GFP still occurs in vitro, it is not sufficient to recruit PhCaM53 to 

the plasma membrane in vivo conditions (85) and the presence of the basic cluster located in the 

CTE is needed for the membrane localization (85). It is thought that the basic cluster enhances 

the enzyme reaction through electrostatic interactions with the phospholipids (85). Moreover, the 

translocation of PhCaM53 to the nucleus is strictly dependent on the polybasic cluster of the 

CTE, probably acting like a Nuclear Localization Signal (NLS) suggesting its role in the nuclear 

localization under the conditions where the protein cannot be prenylated (85). Similar functions 

to the CTE of PhCaM53 have not yet been studied for the CTE in OsCaM61, although it is 

known that the CTE decreases the enzyme activation efficiency (87). Nevertheless, the similarity 
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between the CTE for both OsCaM61 and PhCaM53 would suggest similar functions for the CTE 

of OsCaM61. All together these data demonstrate how plants have tightly regulated calcium 

signaling systems using a variety of controlling mechanisms.  

Although somewhat less studied than PhCaM53, here we have chosen to study the rice 

OsCaM61 protein because of the importance of rice in agriculture. In this study, we have 

examined the structural and dynamical characteristics of the CaM domain and the CTE of 

OsCaM61 in an attempt to describe their role in the context of OsCaM61’s function. Secondary 

structure predictions suggest that apo-OsCaM61 may have a longer final helix than mammalian 

calmodulin which extends into the CTE (Figure 3.1 and 3). This seems to be a pattern in many 

but not the entire group of plant CaMs bearing such an extension. Our work has shown that the 

extended helix provides extra interactions and increases the structural stability of the closed 

conformation of the CaM domain. This leads to a higher transition energy compared to the open 

conformation and in turn decreases the calcium binding affinity (33). In the presence of the CTE, 

due to these extended interhelical interactions, the fourth Ca
2+

-binding loop has a lower binding 

affinity for calcium compared to the first loop of the protein. Upon the removal of the CTE, the 

third and fourth Ca
2+

 binding loops increase in affinity ten times most likely due to the decrease 

in the stability of the apo-form. This phenomenon has not yet been reported for other known 

calmodulins, emphasizing the unique function of extended α-helix in calmodulin variants such as 

OsCaM61 and PhCaM53. Because EF-hands usually act as a pair (132), extra interhelical 

interactions in the fourth EF-hand also increases the stability of the coupled third EF-hand and in 

turn decreases the calcium affinity to this calcium-binding loop. The stabilizing effect of CTE 

seems to be particularly important for the apo-state of OsCaM61. This can be observed by the 
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severe NMR peak broadening that occurs upon removal of the CTE in OsCaM61∆148 for the 

apo-protein, but not in the holo-protein (Figure 3.4, 6). Also there are drastic changes in the 

chemical shifts of the apo-state for several peaks even for G98 which is located in one of the 

calcium-binding loops. This could be due to the fact that the apo-state is not stabilized by the 

calcium ions making the apo-state more reliant on the stabilizing effects of CTE compared to the 

holo-state. Moreover, it seems that the apo-OsCaM61 unwinds or loses its extended helix 

positioned in the CTE after binding to calcium (Figure 3, 9). Previously, it was suggested that the 

prenylation and the localization of PhCaM53 is not affected by the presence or absence of 

calcium unlike the myristoylated proteins which their membrane recruitment depends on the 

change in CaM conformation upon binding to calcium (85). The experiment used to support this 

idea was the fact that GFP can still be recruited to the nucleus or the membrane just using the 

CTE of PhCaM53. Of course, the CTE in that construct would have been in an extended or 

unstructured conformation which is required in order to interact with the NLS receptors or to be 

prenylated. This would be similar to the conformation that CTE has after the binding of calcium 

to OsCaM61 or the structure of the intact CTE in solution (data not shown). We think that in the 

open conformation of holo-OsCaM61, the absence of the interhelical interactions might lead to 

the exposed conformation of the basic-cluster in the CTE of holo-OsCaM61 (Figure 3.14). This 

would expose the polybasic residues enabling them to act as an NLS or as an enhancer of 

prenylation. This is different from what was thought before that the induced conformational 

change in CaM has no effect on the localization or the prenylation.  

  NMR dynamics studies revealed a highly flexible character for the unstructured region of 

the CTE. Interestingly, residues from 170-179 show an increase in their NOE value meaning that  
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Figure 3.14. A presentation of the interactions of the CTE with the calmodulin domain of 

OsCaM61 in the apo- and holo- forms. The helical part of the CTE stabilizes the EF-hand helices 

increasing the transition energy leading to a decrease in binding affinity. Also CTE interacts with 

the linker in the presence of calcium thereby preventing its interaction with other unwanted 

proteins.  
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there is some restrictions in their movement most likely this region folds back and interacts with 

the CaM domain of the protein. Our NMR CSP data supports this hypothesis as they show that 

certain parts of the CaM domain of OsCaM61 interact with the CTE in the presence and absence 

of calcium. In the presence of calcium there seems to be an interaction between the CTE and the 

linker region. We think that these interactions inhibit OsCaM61 to adopt proper target binding 

surface, leading to a decrease in the Km for some target enzymes. Once OsCaM61 binds to the 

enzymes it can activate them to the maximum level and for that reason the Vm does not change 

(Table 3.3). Recent studies have shown that the presence or the absence of the CTE does not 

have any effect on Km as well as Vm in the activation of  Orzya sativa CBK (OsCBK) inside a 

rice cell, a reaction that is thought to only be activated by OsCaM61 but not by OsCaM1 (87). 

This might suggest that the CTE increases the selectivity to activate specific targets and enables 

OsCaM61 to have a rather specific control during calcium signalling.  

 Our NOE and R1 data demonstrate that the region of the CTE that interacts with the CaM 

domain is located between residues 170-179. This is consistent with the CSP data between holo- 

and apo- OsCaM61, showing a large change in particular for residues S172 and A173. To 

validate this, OsCaM61Δ169 was generated and its ability to activate different enzymes was 

compared to OsCaM61 and OsCaM61Δ148. In the case of MLCK, omitting the last 16 residues 

of OsCaM61 enhances its activation capability. Interestingly, two key residues involved in the 

interaction of the CaM domain and CTE are alanine and serine. Previously it was thought that 

basic residues present in the CTE are solely responsible for the characteristics of the CTE 

however our data suggest that residues other than basic residues could be involved in the 

function of the CTE. Also, our enzyme assays showed that OsCaM61Δ148 had a higher Km 
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compared to OsCaM61 but the Vm was constant, indicating that the CTE inhibits the binding of 

the protein to the target enzymes rather than interfering with the activation. For CaMKII, on the 

other hand OsCaM61∆169 can interact to CaMKII with almost the same Km as the full-length 

protein. However, OsCaM61∆148 drastically increased the affinity and activation suggesting that 

the residues involved in the inhibition are between residues 149 and 159 and they are located in 

the positively charged region of CTE. This region may give rise to unfavourable interactions 

between the protein and CaMKII. 

Overall, it seems that calcium-binding plant proteins use various themes to relay calcium 

signalling. This control includes having several calmodulin variants as well as CMLs being 

present inside the cell. Moreover, we have shown here that the variant of calmodulin that exists 

in some plant cells that has a CTE, gives rise to unique properties and functions. The CTE 

includes a prenylation motif which helps calmodulin to localize in a specific region of the cell, 

enabling the cell to have better spatial control over calcium signalling. Also the CTE can interact 

directly with the CaM domain, thereby modulating the affinity for calcium and controlling its 

ability to bind to different enzymes inside the cell (Figure 3.14).  
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CHAPTER FOUR: STRUCTURAL CHARACTERIZATION OF THE INTERACTION 

BETWEEN A PLANT CALMODULIN AND THREE DISTINCT CALCIUM-ATPASE 

PUMPS 

 

4.1 Introduction 

Calcium plays a key role as a secondary messenger inside plant cells regulating many important 

phenomena such as pathogen infection (1). In the resting cell, the cytoplasmic Ca
2+

 level is kept 

at a low concentration  (30-90nM) (6) through a tight regulation by Ca
2+

 transporters that are 

located inside the central vacuole, the endoplasmic reticulum and the plasma membrane (4,5). In 

order to translate any increases in calcium levels inside plant cells into a physiological response, 

the calcium signal has to be translated by a set of specialized proteins. A family of proteins 

named the calcium sensor proteins can detect changes in the calcium levels (29). Calmodulin 

(CaM) is the main Ca
2+

-sensor protein that is involved in the regulation of many cellular events. 

The protein is comprised of a C-terminal and an N-terminal lobe that are linked together by a 

flexible linker (33,36) which enables CaM to interact with numerous targets (47).  Upon binding 

calcium, the rearrangement of the α-helices in the two lobes of CaM open up two hydrophobic 

surface cavities of the protein which are rich in methionine residues (43). Methionine residues 

have a long unbranched flexible side chain containing a polarizable sulphur atom. CaM takes 

advantage of this characteristic of methionines to make strong van der Waals interactions with 

potential targets (43). Although, the Calmodulin-Binding Domains (CaMBD) of the target 

proteins have diverse amino acid sequences, most of them can form a helical amphipatic 

structure and use two bulky hydrophobic residues each on the C-terminal and the N-terminal 

portion of the CaMBD to anchor the target to the two lobes of calmodulin (46) (Figure 4.1). 
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These two residues make several contacts with the amino acids (especially the methionines) 

located around the hydrophobic pockets of the C-lobe and the N-lobe of calmodulin (Figure 4.1). 

The position of the two hydrophobic “anchors” has been used to classify the CaMBDs into the 1-

10 or the 1-14 binding motifs, etc (47) (Figure 4.1). For example smMLCK uses a tryptophan 

and a leucine within a 14 residue separation in a 1-14 binding motif to bind to CaM. It is evident 

that the widely different binding modes are a key step in the activation of target enzymes by 

CaM. Also some researchers have proposed that there might be a connection between the 

recognition motif and the kinetics of enzyme activation (52).  

.  In order to maintain the low calcium concentration inside the cytoplasm in a resting cell 

or as part of a negative feedback in controlling calcium signaling, the cell has to use energy to 

pump the calcium to the outside of the cell or into intracellular storage organelles. There are two 

systems in plants that use energy to keep the resting calcium levels low. The first encompasses 

the Ca
2+

-pumping ATPases and the second group comprises the calcium-proton exchanger 

systems. All the plant calcium pumps that are responsible for controlling the intracellular 

calcium concentrations belong to the family of P-type ATPase pumps (133). The type-IIB 

subgroup of the P-type pumps is specific for calcium ions and it contains an autoinhibitory 

domain through which its activity can be modulated by CaM (134). Type IIB Ca
2+

 pumps can be 

classified into three different groups according to their location inside the cell. Group 1 includes 

Cauliflower BCA1 which is similar to Arabidopsis ACA4 and ACA11, which are all located on 

the vacuolar membrane (135). Group 2 includes ACA1, ACA2 and ACA7 and these are all 

located on the endoplasmic reticulum (ER) membrane. Group 3 includes ACA8, ACA9, and 

ACA10 and they are all located on the plasma membrane (134,136). In mammalian cells, 



 

83 

Figure 4.1. A) Comparison of different Calmodulin-binding motifs. Residues in bold are used to 

“anchor” the peptides to CaM. B) smMLCK in complex with mCaM C) CaMKII in complex 

with mCaM and D) BCA1 in complex with sCaM4. As illustrated above CaM mainly uses its 

abundant methionine sidechains (highlighted in red) to create the hydrophobic patches that 

interact with the anchoring residues (highlighted in yellow) of the peptides. Also CaM has to 

reorient the position of its two lobes to interact with the anchor residues in the peptide in an 

optimal manner. The bend in the BCA1 structure forces the two CaM domains to adopt a unique 

conformation. 
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there are only two CaM-dependent calcium pumps that are located on the plasma membrane and 

the ER membrane. The SERCA pump that is located on the ER membrane is not directly 

regulated by CaM, while the mammalian plasma membrane ATPase is (137,138).  This is 

different in plant cells and all the type IIB Ca
2+

 pumps that are actually located in the ER, 

vacuolar or plasma membrane are regulated by CaM. Also,  the autoinhibitory domain of the 

plant type IIB Ca
2+

 pumps is located in the N-terminal part of the protein rather than at the C-

terminal end as is seen in mammalian plasma membrane calcium pumps (137,139). Moreover, a 

recent study in our group has demonstrated that the CaMBD of BCA1, binds with a unique 1-18 

motif and has a structure that is quite different from other peptides when complexed with CaM 

(140). Interestingly, the BCA1 peptide shows a bend in the middle of the structure rather than 

showing a regular continuous alpha helical structure seen for most CaM-bound CaMBDs 

(56,140) (Figure 4.1). Also, NMR dynamic studies of the bound BCA1 peptide revealed a rigid 

structure for the bend region rather than a flexible structure. These changes in the bound CaMBD 

structure seem to be due to a basic cluster in the middle region of the BCA1 peptide (140). 

Consequently the two lobes of sCaM4 have to adopt a unique orientation in order to interact with 

BCA1 and remove the autoinhibitory domain from the active site of this calcium pump (27). This 

unique structure indicates that plant calcium pumps could have different structural and regulatory 

mechanisms than the mammalian calcium-ATPases. 

 In this study the structure of soybean calmodulin isoform 4 (sCaM4) in complex with 

ACA2 and ACA8, which belong to two different group of plant calcium-ATPases were 

examined. SCaM4 was selected as a representative for plant CaMs to study since it is one of the 

most divergent plant CaMs and as such it has been used in previous studies (27,56). For 
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comparison some biophysical studies were also done with BCA1, which is a representative of the 

third group of plant calcium-ATPases. Using isothermal titration calorimetry (ITC) it was shown 

that sCaM4 binds with a different affinity to these target peptides and that the anchoring residues 

are located in different positions compared to each other. Tryptophan fluorescence quenching 

studies demonstrated that the ACA2 peptide is in a parallel orientation relative to sCaM4 (N- and 

C-domain of sCaM4 interact with N- and C-terminal of the peptide, respectively) in contrast to 

the anti-parallel orientation of the ACA8 and BCA1 peptides in complex with sCaM4. The 

structures of the ACA2 and ACA8 peptides could be determined by NMR spectroscopy in 30% 

aqueous TFE and it was shown that these peptides are bent in the middle, thus having a very 

different structure from canonical CaM target peptides. Consequently sCaM4 adopts a unique 

domain orientation in order to interact with these peptides. To illustrate this furthur, NMR 

residual dipolar couplings (RDC) were measured to analyse the domain orientations of sCaM4 in 

complex with the ACA peptides and it was demonstrated that in solution the two sCaM4 

domains indeed occupy a different orientation from other CaM complexes. Finally model 

structures of the ACA2- and ACA8-sCaM4 complexes were generated and compared to each 

other and to the available BCA1-sCaM4 structure, to highlight the difference between the 

complex structures of the three classes of plant calcium pumps which have different locations in 

the cell. All together it seems that the CaM-binding domains of the different calcium-ATPase 

groups have different structural characteristics, which might lead to distinct regulation by plant 

CaMs. 
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4.2 Experimental procedures 

4.2.1 Sample preparation 

The sCaM4 (WT-sCaM4) and CT-sCaM4 (in which the four Met residues in the C-

terminal domain (Met109, Met124, Met144, and Met145) are all mutated to Leu) genes which 

have optimized codons for expression in Escherichia coli were purchased from GeneArt. The 

genes were subcloned into the pET15 vector and purified using previously published methods for 

CaMs (73,90). Also SeMet-sCaM4 and SeMet-CT-sCaM4, which have selenomethionine 

incorporated are expressed as described before (49). Uniformly  
13

C,
15

N-labeled and 
15

N-sCaM4 

were prepared as previously described (112) and purified as the other CaMs. All NMR samples 

contained 1 mM 
15

N or 
15

N,
13

C-labeled sCaM4 with 3 mM CaCl2, 100 mM KCl, 0.03% NaN3, 

and 0.5 mM 2,2-dimethyl-2-silapentane 5-sulfonate (DSS) in 90% H2O and 10% D2O (pH 6.8). 

In addition, 10 mM deuterated dithiothreitol was also added to prevent dimerization caused by 

intermolecular disulfide bonding. Also NMR spectra for the ACA2 and ACA8 peptides were 

acquired in 30% trifluoroethanol (TFE), 65% H2O, 5% D2O, 0.5 mM DSS and 10mM deuterated 

DTT. 

4.2.2 NMR experiments 

All NMR experiments were performed at 25°C on Bruker Avance 500 or 700 MHz NMR 

spectrometers equipped with triple resonance inverse Cryoprobes with a single axis z gradient. 

Sequential assignments of the HN, N, CO, Cα and Cβ resonances are achieved using several 

experiments including HNCACB, CBCA(CO)NH, HNCO, and HN(CA)CO. To measure RDCs 

14 mg/ml pf1 phage (Asla-Biotech) was added to partially align the protein molecules (141). 
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Backbone H-N residual dipolar coupling (RDC) were measured using a two-dimensional IPAP-

HSQC experiment with 2048 × 512 complex points (115). The data obtained was fitted against 

calculated RDC’s derived from model structures using the PALES program (116). A linear 

correlation that has a high correlation factor R and a low quality factor Q between the 

experimentally obtained RDCs and calculated RDCs from an existing protein structures is 

indicative of a good agreement. Peptide structures were determined using two-dimensional 

NOESY, TOCSY (with mixing times of 400 ms and 80 ms, respectively) and COSY spectra 

acquired at 30 °C on a Bruker Avance 500 MHz NMR spectrometer equipped with a Cryo-probe. 

All spectra were processed using NMRPipe (117) and analyzed using NMRView (118) software. 

Peptide structure calculations were performed using the CYANA program package (142). The 

sCaM4-ACA2 and ACA8 complex structures were generated using restraints obtained from 

RDCs, mutagenesis and data obtained from fluorescence quenching experiments and calculated 

using a low temperature simulated annealing method described previously (141,143). All 

molecular graphics used in this chapter were prepared using MolMol (119).  

4.2.3 ITC (Isothermal Titration Calorimetry) 

All ITC experiments were performed on a Microcal VP-ITC microcalorimeter. 3l 

volumes of a solution containing 600mM ACA2 (or ACA2 mutants) and ACA8 (or ACA8 

mutants) in 20 mM HEPES, 100 mM KCl, 3 mM CaCl2, pH 7.3 (ITC buffer) were injected from 

the syringe into the cell containing 20M sCaM4 in the same buffer at 30 °C. Protein 

dimerization through disulfide bonding was prevented by incubating each protein for 24 h in ITC 

buffer containing 10 mM dithiothreitol (DTT) and then desalting into ITC buffer without DTT 

using an Econo-Pac 10DG column immediately prior to ITC analysis. The concentration of each 
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protein was determined using their molar extinction coefficient (sCaM4ε280 = 2900 cm
-1

 M
-1

, 

ACA2 ε280 =5810, ACA8 ε280 =6970, BCA1ε280 =5690) calculated using the EXPASY web-based 

server. The heat of dilution was measured in separate control experiments and subtracted in each 

case and all of the data were analyzed by using the Microcal Origin software. For each titration, 

the stoichiometry (N), dissociation constant (Kd), and enthalpy change (H) were obtained 

directly from the ITC data, and the Gibbs free energy (G), entropy (S), and heat capacity 

(Cp) changes were calculated from the equations listed below (144). 

                                G =RT lnKa,     G=H-TS        

4.2.4 Circular Dichroism (CD) 

CD spectra were acquired at room temperature on a Jasco J-715 spectropolarimeter. 

Near-UV spectra were measured from 320nm to 250 nm using a cylindrical quartz cuvette with a 

path length of 1.0 cm and a volume of 2 ml, a step resolution of 0.2 nm, speed  of 50 nm/min, 

response time of 2 s, bandwidth of 1 nm and sensitivity of 10 mdeg. All spectra are the average 

of 20 scans. These samples contained 50 µM protein and/or peptide in 10 mM HEPES, 1 mM 

DTT, 100 mM KCl, 3 mM CaCl2, pH 7.3. 

4.2.5 Fluorescence spectroscopy 

Steady-state fluorescence spectra of the ACA2, ACA8 and BCA1 peptides complexed 

with different sCaM4 variants were acquired at room temperature on a Varian 

spectrofluorimeter. All samples contained 20 mM HEPES, pH 7.3, 3 mM CaCl2 and 100 mM 

KCl. The protein concentrations were 15µM and the peptides concentrations were kept at 10 µM.  



 

89 

Samples were equilibrated at room temperature for 1 h. Tryptophan residues were excited at 295 

nm, and the emission spectra were recorded from 300 to 450 nm.  

 

4.3 Results and discussions 

4.3.1 Thermodynamics of sCaM4-ACA2 and ACA8 interactions 

It has been shown that the formation of different CaM-target peptide interactions can be 

driven either by entropic or enthalpic forces (145). Although it is known that CaM uses its 

hydrophobic patches to interact with in the hydrophobic anchoring residues of target peptides 

(145), it has been shown that enthalpic factors and not the entropic factors are the driving force 

for the interaction of CaM with smMLCK (myosin light chain kinase) (146). In the case of the 

sCaM4 interaction with the three plant calcium-ATPase peptides the enthalpic force drives the 

interaction against an unfavorable entropic effect (Figure 4.2); (Table 4.1). The negative entropic 

effect could arise from a decrease in amino acid sidechain rotation or the formation of a helix in 

an unstructured peptide in solution (147,148). If loss of the sidechain rotations were to be the 

main negative entropic factors the interactions would have still been entropically driven because 

of their small effect, but the fact that these interactions are enthalpically driven suggest that 

potentially the main negative entropic factor is due to the formation of a helical structure in 

CaMBD upon approach of the CaM to the target. This is consistent with the fact that the CaMBD 

peptides studied here are all unstructured in aqueous solution (results not shown). Compared to 

each other, the ACA2 peptide has a much lower unfavorable entropic change which could be 

related to the induction of a shorter helical structure for CaM-bound ACA2 compared to ACA8 

and BCA1 (see below). 
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Figure 4.2. ITC results obtained for different ACA2 and ACA8 mutant peptides. A) ACA2 B) 

the ACA2-F38A mutant C) the ACA2-F40A mutant D) ACA8 E) the ACA8-F60A mutant and 

F) the ACA8-L64A mutant. As illustrated ACA2-F38A mutant still maintains the 2:1 binding 

pattern observed for ACA2 despite a weaker binding but ACA2-F40A mutant binds in a much 

weaker 1:1 stoichiometry. Also ACA8-F60A binds weaker to sCaM4 compared to ACA8-L64A. 

Note the different scales. 
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Table 4.1 Thermodynamic values for the interaction of sCaM4 with Calcium-ATPase target 

 peptides 

*This data is taken from Yamniuk et al. (56) 

 

 

 

ITC 

Syringe 

ITC 

CELL 

N1 Kd1(M) 

H1 

(KCal/mol) 

TS1 

(KCal/mol) 

N2 Kd2(M) 

H2 

(KCal/mol) 

TS2 

(KCal/mol) 

ACA2 sCaM4 0.99 0.04 

 

0.002 0.0003 

-14.3 0.38 -2.5 0.17 1.08 0.05 0.85 0.06 -2.6 0.16 5.64 0.44 

ACA2-

F38A 
sCaM4 0.860.01 0.010.001 -7.70.5 1.990.32 0.96 2.50.31 -15.50.7 2.3.26 

ACA2-

F40A 
sCaM4 0.750.001 2.00.2 -15.50.6 -7.360.41 ____ ____ ____ ____ 

ACA8 sCaM4 1.00 0.056 0.016 0.0034 -23.3 1.2 -12.54 0.46 ____ ____ ____ ____ 

ACA8-

F60A 
sCaM4 0.620.04 10.09 -10.40.35 -1.010.11 0.020.01 ____ ____ ____ 

ACA8-

L64A 
sCaM4 1.00001 0.0820.0045 -18.60.78 -7.20.31 ____ ____ ____ ____ 

BCA1* sCaM4 0.96 0.32 -20.96 -11.93 ____ ____ ____ ____ 
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Fitting the titration curve of the ACA peptides to a non-linear plot suggests that ACA8 

binds with a 1:1 stoichiometry similar to BCA1 but ACA2 shows a 2:1 binding mode (Figure 

4.2); (Table 4.1). Interestingly the second binding site shows a lower enthalpic contribution and a 

more favorable entropic character. The physiological relevance of the second binding is 

unknown but these data might suggest that sCaM4 could induce dimerization in the ACA2 

pumps. Although this has been seen for some other enzymes (68) this notion needs to be proven 

further with in vitro experiments. The binding affinity is also very different for the three peptides 

(Table 4.1). The first binding site for ACA2 has a very high affinity (Kd ~10
-9

), almost 10 times 

stronger than ACA8 (Kd ~10
-8

) and 100 times stronger than BCA1 (Kd ~10
-7

) (Table 4.1). The 

difference in the dissociation constanst could have an important effect. Although it is known that 

these pumps are usually expressed in all plant cells it seems that ACA2, which is located on the 

endoplasmic reticulum membrane, has the highest affinity for Ca
2+

-CaM and would be activated 

first in response to a calcium increase inside the cells followed by ACA8 which is located in the 

plasma membrane. Eventually the vacuole Ca
2+

 pump (BCA1) is activated. This in turn could 

suggest that the ER is the primary regulated reservoir used for storage of calcium ions in plant 

cells. An important point is that the binding affinity to CaM for the three calcium-ATPase pump 

peptides is correlated with the negative entropic effect rising from the formation of the helical 

structure in these peptides, meaning that plant cells might be controlling their differentiated 

response to calcium inside the cell through structural differences in the CaMBDs of the calcium-

ATPase pumps. 
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4.3.2 Orientation of binding between ACA peptides and sCaM4 

An important aspect of CaM-target peptide interactions is the binding orientation of the 

peptides relative to the N- and C-domains of CaM. Complete structure elucidation of the BCA1-

sCaM4 complex has revealed that BCA1 adopts an anti-parallel orientation to bind to sCaM4 (N-

peptide to C-lobe and C-peptide to N-lobe). This orientation can also be determined using CD 

and fluorescence spectroscopy. Studying the local environment of the tryptophan side chains 

provides information regarding the conformational changes of a protein (149). It has been shown 

that the near-UV CD spectra of a peptide bound to CaM that uses tryptophan as an anchoring 

residue can give information regarding the binding orientation (56). Binding of a tryptophan 

sidechain to the C-terminal domain of CaM typically results in a broad positive intensity above 

280 nm arising  from the indole ring, whereas binding to the N-terminal domain results in a 

negative peak (56,150). The near-UV-spectra for ACA8 show two positive peaks indicating that 

the tryptophan binds to the C-terminal domain and so the ACA8 peptide binds sCaM4 in an anti-

parallel orientation (Figure 4.3). This pattern in the CD spectra is also seen for BCA1, for which 

we know that it binds to sCaM4 in an anti-parallel orientation (Figure 4.3) (27,56). On the other 

hand, ACA2 shows negative peaks probably due to a parallel binding (Figure 4.3). The parallel 

binding mode is less common for CaM-target interactions and has only been seen for the 

CaMKK (55) and Ca(v)1.2 channel (151) complexes to date. These two peptides show distinct 

structural features when bound to CaM such as being only partially helical and having a bound-

peptide hairpin structure, such as the one seen for bound CaMKK (55). These structural 

differences could explain some of the thermodynamic differences observed for ACA2 and the 

ACA8 (and BCA1) peptides (Table 4.1).  
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Figure 4.3.  Near-UV CD spectra of different Ca
2+

-ATPase peptides binding to sCaM4. A) 

sCaM4-ACA2, B) sCaM4-ACA8 and C) sCaM4-BCA1. Parallel binding of ACA2 to sCaM4 

leads to negative peaks over 280 nm for the Trp residue in the peptide and anti-parallel binding 

of ACA8 and BCA1 results in a broad positive intensity above 280 nm. This experiment can be 

directly interpreted here because sCaM4 does not have a Trp residue and all the peptides contain 

a single Trp. 
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These results were further confirmed by tryptophan fluorescence quenching experiments 

using seleno-methionine (which has strong fluorescence quenching properties) and CT-sCaM4, a 

mutated form of sCaM4 that has all of its C-terminal methionines replaced by leucines (152). 

Seleno-methionines can be incorporated instead of the methionine residue into CaM and then 

show strong fluorescence quenching properties (152). Such an effect will not be seen for the C-

terminal domain of CT-sCaM4 because of the presence of leucines instead of methionines in this 

domain. Consistent with the CD data, the fluorescence signal intensity is not decreased during 

the binding of ACA8 and BCA1 to Se-CT-sCaM4 (Figure 4.4). This is because the tryptophan is 

binding to the C-lobe of sCaM4, where no selenomethionine is present. On the other hand, for 

ACA2 not only the fluorescence is abolished completely when bound to SeMet-sCaM4, it also 

loses much of its intensity when binding to Se-CT-sCaM4 (Figure 4.4); (Table 4.2). Together the 

data confirm that ACA8 and BCA1 bind to sCaM4 in an antiparallel manner and that ACA2 

binds in a parallel orientation. The reason for the less common parallel binding of ACA2 could 

be related to the charge distribution properties of ACA2 (55). Unlike BCA1 and ACA8 which 

have a negative residue at their C-terminal end, ACA2 possesses a glutamate on the N-terminal 

side, thereby providing a tendency to bind to the N-terminal domain of sCaM4 which possesses 

less negative charge compared to the C-terminal. 

4.3.3 Recognition motifs of ACA2 and ACA8  

Earlier NMR studies had revealed a unique bent 1-18 recognition motif for BCA1 bound 

to CaM. The W23 residue in BCA1 is a conserved residue among the Ca
2+

-ATPases and it was 

shown to be an anchoring residue for BCA1 (27). This is consistent with our CD and fluorescent 
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Figure 4.4. Tryptophan fluorescence spectra of different Ca
2+

-ATPase peptides binding to 

sCaM4. A) BCA1 B) ACA2 and C) ACA8 interacting with sCaM4, seleno-sCaM4, CT-sCaM4 

and seleno-CT-sCaM4. These data demonstrate that ACA8 and BCA1 bind in an anti-parallel 

fashion to sCaM4 but that ACA2 binds in a parallel manner. For further explanation see text. 



 

97 

 

 

 

 

Table 4.2. Tryptophan fluorescence parameters for the interaction of ACA2, ACA8 and BCA1 

with variants of sCaM4 

               ACA2               ACA8              BCA1 

  

             

a
λmax 

b
fluorescence 

intensity λmax 

fluorescence 

intensity λmax 

fluorescence 

intensity 

peptide 355 0.56 358 0.76 356 0.57 

sCaM4-peptide 323 1 331 1 323 1 

SeMe-sCaM4-peptide 329 0.14 346 0.13 328 0.19 

CTsCaM4-peptide 318 0.99 318 0.98 321 1.03 

seMe-CTsCaM4-peptide 316 0.51 321 0.98 322 1.1 

a
λmax is the maximum emission wavelength. 

b
Fluorescence intensity was measured as the height 

at λmax, normalized to sCaM4-peptide.                                                                                                               
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data for the ACA peptides. In order to identify the recognition motif for each of these peptides 

alanine mutation were introduced in the synthetic peptides.  An F38A mutation in ACA2 shows a 

5-fold decrease in affinity compared to ACA2. On the other hand F40A shows a 1000-fold 

decrease in binding suggesting that F40 is the second anchor in ACA2 (Figure 4.2); (Table 4.1). 

This suggests that ACA2 binds to sCaM4 using a 1-17 motif rarely seen for other CaMBD 

peptides (153). As ACA2 had already shown a different thermodynamic binding these data 

suggest that ACA2 has unique structural characteristics. In ACA8, F60 and L64 were mutated as 

possible anchoring residues. The L64A mutation resulted in a 5-fold decrease in the binding 

affinity of ACA8 but the mutation of F60 resulted in a 60-fold decrease suggesting that ACA8 

binds to sCaM4 using a 1-14 recognition motif (Figure 4.2); (Table4.1). This is similar to the 

recognition motif of smMLCK which has been studied widely (50,154). The presence of two 

unique 1-18 and 1-17 motifs in these calcium pumps is probably due to the presence of the 

arginine-cluster separating the anchors in each helical part of the peptides from each other, 

forcing a bend into the structure. It is interesting that the phenylalanine in the arginine cluster of 

ACA8 plays a role as an anchor while the same phenylalanine in ACA2 does not function as an 

anchor residue. This is different from what was thought before for ACA2, where a 1-15 motif 

was suggested using F38 rather than the F40 as the anchoring residue (155). This emphasizes 

that the tertiary structure of the peptide and not solely its primary structure govern how the 

peptide interacts with sCaM4 and determines which residues are used to anchor the peptide to 

the protein.  
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4.3.4 The structures of the ACA2 and ACA8 peptides reveal a bend in the middle 

Although most of the CaM target peptides studied to this date are made up of a single 

continuous helix, the bound CaMBD of BCA1 has been shown to consist of two helical segments 

that are connected through a bent linker (27) (Figure 4.1). This kink originates from the basic 

cluster in the peptide, where positive charges repel each other forcing the peptide to bend. The 

same arginine-cluster is in fact seen in all the plant type IIB Ca
2+

-ATPases (Figure 4.1). To 

confirm the general existence of this kink, the structures of ACA2 and ACA8 peptides were 

determined. Previously, the BCA1 peptide in aqueous TFE was shown to have a bent structure 

and this was later confirmed when the complete sCaM4-BCA1 complex structure was solved 

(27,56). Earlier it had also been shown that the smMLCK structure in 30 % TFE closely 

resembled that of the structure bound to CaM (156). Hence this represents a useful strategy to 

obtain quick insight into the structural properties of CaM-bound peptides. Also our CD data 

(data not shown) showed that ACA2 and ACA8 acquired a mostly helical structure similar to 

when they are bound to sCaM4. Hence, the detailed structures of the peptides were determined 

by NMR spectroscopy in 30% TFE (Figure 4.5); (Table 4.3). As the results illustrate, the ACA2 

and the ACA8 peptides both have helical structures with a kink near the middle separating the 

helical segments (Figure 4.5). ACA8 has two helical segments from Q45-S57 and from F60-L66. 

On the other hand ACA2 has a shorter helix from E22 to V31 with an L-shaped structure and a 

second non-helical segment. The L-like structure in ACA2 could be due to the presence of a 

proline residue which could act in concert with the effects of the basic cluster  (Figure 4.5). 

These features are potentially important for the binding of CaM to its target proteins. The  
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Figure 4.5.  Solution structures of different Ca
2+

-ATPase peptides in 30% TFE. A) ACA2 B) 

ACA8 and C) BCA1. All peptides show a bend separating the helices. ACA2 has a L-like 

structure and only has a well-defined short helix from residues 3-12. The BCA1 structure was 

taken from Yamniuk et al (56) 
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         Table 4.3 NOE restraints for ACA2 and ACA8 peptide structures in 30% TFE 

 

 

Experimental Restraints                                ACA2 ACA8 

Total NOEs   

 Short range |i-j|<=1 224 204 

 Medium range 1<|i-j|<5 115 91 

 Long range |i-j|>=5 0 0 

RMSD (peptide residues 3..15)                    0.24 

RMSD (peptide residues 18..24)                  0.94 

0.13 

0.14 

Average backbone RMSD to mean (Å) 1.7 0.70 

Average heavy atom RMSD to mean (Å) 1.79 1.36 
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structure and the behaviour of ACA2 resembles the structure of CaMKK in its mCaM complex 

(55). Both peptides contain a short helix followed by a turn and a non-helical segment. 

Interestingly, CaMKK also has a “RKR” positively charged cluster in the CaMBD, supporting 

the idea that the basic-cluster is a key determinant for the presence of a bend in a CaMBD 

structure. Moreover both peptides bind to CaM in a parallel orientation. This binding orientation 

is consistent with the surface charge distribution of ACA2 in comparison with ACA8 and BCA1 

(Figure 4.6). As mentioned above, ACA2 has a glutamate on its N-terminal end as compared to 

the C-terminal negatively charged residues for ACA8 and BCA1. This forces sCaM4 to bind 

with its N-lobe to the N-terminal portion of the ACA2 peptide. 

The ACA2 and ACA8 peptide structures have an overall backbone RMSD of 1.7 and 0.7 

respectively. The backbone RMSD for the E22-V31 section of ACA2 is 0.24 and it is 0.94 for 

the F38-L44 region. Also the Q45-S57 and F60-L66 regions of ACA8 have a backbone RMSD 

of 0.13 and 0.14 respectively when they are overlayed independently (Figure 4.5);(Table 4.3). 

This could imply that the bend in the middle is flexible or that it could be due to the lack of 

sufficient restraints for the kink region. Such a feature was also seen in BCA1. Although it was 

initially thought that the bend in BCA1 might be flexible and that the C-terminal and N-terminal 

helices backbones can only be overlayed separately (27), subsequent NMR dynamics studies 

revealed that this is only due to the lack of insufficient restraints and that the kink in the bound 

peptide structure is in fact not flexible, but adopts a fixed position. For BCA1 the positive 

charges of the basic cluster are also neutralized by negative charges of aspartate and glutamate 

residues on adjacent helices of CaM (27). 
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Figure 4.6.  Electrostatic charge distribution of of different Ca
2+

-ATPase peptides. A) ACA2 B) 

ACA8 and C) BCA1. As demonstrated in the Figure, ACA2 possesses a negative charge on its 

N-terminal end compared to a C-terminal negative charge for ACA8 and BCA1. 
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4.3.5 RDC analysis of sCaM4-ACA2 and ACA8 complexes  

Upon binding to a target, the relative orientation of the two lobes of CaM changes with 

respect to each other, however not much changes structurally within one lobe. The alignment of 

CaM domains during interaction with a target peptide is directly correlated with the structure of 

the target peptides (Figure 4.1). CaM has been shown to use very similar alignment when 

interacting with protein kinases having identical recognition motifs (52). Therefore RDCs can be 

used to compare the structure of the ACA complexes with sCaM4 with other determined CaM 

complex structures. The bend in the bound-ACA peptides would force sCaM4 to reorient its 

domains in a way that is different from other known CaM-peptide complex structures. The 

HSQC spectra for the proteins in both the sCaM4-ACA2 and sCaM4-ACA8 complexes were 

assigned using 3D NMR experiments (Figure 4.7). The backbone assignment was 98% complete 

for the sCaM4-ACA2 complex and 85% percent for the sCaM4-ACA8 complex. Next the HN-

RDC values were measured using pf1 phage as the alignment media for a total of 90% of the 

peaks for ACA2 and 85% for ACA8. A total of 38 available CaM structures in complex with 

different targets were extracted from the Protein Data Bank (PDB) and used to compare with our 

data. The RDC data presented in Table 4.4 are consistent with our assumptions. Each correlation 

is evaluated using an R (correlation factor) and a Q (quality factor) factor. Structures with the 

same domain orientations will have similar RDC values that lead to a high R and a low Q factor. 

Both for the ACA2 and ACA8 CaM-complexes there is a high correlation between the 

experimentally obtained RDC data for each domain and the ones back calculated from each 

structure. This correlation is not dependent on the recognition motif of the target peptide. For  
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Figure 4.7. 
1
H, 

15
N HSQC spectra highlighting the complete backbone assignments obtained for 

the protein in (A) the sCaM4-ACA2 complex and (B) the sCam4-ACA8 complex, using 

multidimensional multinuclear NMR spectroscopy with 
15

N, 
13

C labeled sCaM4. 
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Table 4.4. R (correlation factor) and Q (quality factor) values for the correlation of Residual 

Dipolar Coupling back calculated from known CaM structures and sCaM4-ACA2 and sCaM4-

ACA8 complexes. The values on the first line belong to ACA2 and the second line to ACA8. 

 PDB code 
N-term R     

value 

N-term Q    

value 
C-term R     

value 
C-term Q     

value 
Total  R     

value 
Total  Q     

value CaM/target 
  1CDL  0.918 0.406 0.904 0.326 0.593 0.786 

CaM/MLCK   0.951 0.313 0.948 0.321 0.87 0.422 

 1CFF  0.857 0.514 0.705 0.699 0.592 0.798 

CaM/C20W   0.889 0.454 0.593 0.807 0.499 0.868 

 1CKK  0.861 0.516 0.832 0.634 0.607 0.791 

CaM/CaMKK   0.897 0.439 0.893 0.454 0.855 0.517 

 1CM1  0.947 0.331 0.884 0.445 0.709 0.687 

CaM   0.956 0.291 0.946 0.324 0.857 0.511 

 1CM4  0.903 0.435 0.864 0.484 0.719 0.677 

CaM   0.836 0.547 0.956 0.298 0.81 0.581 

 1IQ5  0.937 0.366 0.899 0.414 0.592 0.789 

CaM/CaMDKK   0.965 0.265 0.919 0.397 0.859 0.507 

 1IWQ  0.952 0.309 0.846 0.519 0.75 0.645 

CaM/MARCKS   0.947 0.323 0.96 0.279 0.859 0.507 

 1L7Z  0.93 0.373 0.841 0.506 0.691 0.705 

CaM/NaP22   0.929 0.367 0.968 0.25 0.841 0.535 

 1MUX  0.851 0.535 0.748 0.645 0.465 0.871 

CaM/W-7   0.88 0.473 0.729 0.685 0.526 0.843 

 1MXE  0.96 0.304 0.946 0.392 0.619 0.769 

CaM/CaMKI   0.967 0.252 0.954 0.302 0.863 0.464 

 1NIW  0.958 0.291 0.806 0.556 0.636 0.747 

CaM/NOS   0.936 0.354 0.938 0.351 0.889 0.456 

 1NWD  0.801 0.618 0.735 0.711 0.592 0.799 

CaM/GAD   0.809 0.582 0.727 0.703 0.669 0.737 

 1QS7  0.956 0.31 0.874 0.473 0.624 0.767 

CaM/rs20   0.96 0.278 0.964 0.267 0.829 0.48 

 1SY9  0.802 0.619 0.876 0.465 0.558 0.809 

CaM/CNG channel   0.962 0.278 0.961 0.277 0.841 0.476 

 1WRZ  0.934 0.358 0.85 0.589 0.677 0.728 

CaM/DAPK1   0.951 0.321 0.949 0.316 0.864 0.519 

 1XFU  0.937 0.218 0.382 0.916 0.365 0.933 

CaM/EF   0.935 0.289 0.903 0.434 0.369 0.926 

 1XFW  0.889 0.279 0.285 0.953 0.305 0.957 

CaM/EF+cAMP   0.927 0.344 0.887 0.462 0.285 0.946 
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 1Y0V  0.956 0.182 0.399 0.912 0.363 0.939 

 1YR5  0.942 0.343 0.92 0.398 0.669 0.725 

CaM/DAP Kinase   0.945 0.328 0.918 0.4 0.845 0.532 

 1ZUZ  0.94 0.346 0.896 0.453 0.696 0.702 

CaM/DRP-1 Kinase   0.956 0.298 0.95 0.312 0.883 0.466 

 2BCX  0.936 0.375 0.848 0.569 0.558 0.833 

CaM/ryanodine receptor   0.965 0.26 0.921 0.393 0.876 0.476 

 2F3Y  0.953 0.314 0.938 0.379 0.588 0.8 

CaM/IQ domain   0.971 0.236 0.96 0.279 0.866 0.498 

 2F3Z  0.957 0.304 0.943 0.358 0.607 0.785 

CaM/IQ-AA domain   0.971 0.237 0.971 0.241 0.87 0.49 

 2FOT  0.918 0.404 0.891 0.456 0.614 0.772 

CaM/alphaII-spectrin   0.943 0.333 0.944 0.332 0.823 0.52 

 2HQW  0.959 0.291 0.857 0.489 0.744 0.652 

CaM/NR1C1   0.967 0.253 0.96 0.284 0.883 0.467 

 2KDU  0.825 0.576 0.812 0.549 0.736 0.666 

CaM/munc13-1   0.884 0.469 0.944 0.331 0.694 0.72 

 2KNE  0.919 0.404 0.828 0.645 0.443 0.896 

CaM/C28   0.936 0.36 0.953 0.312 0.863 0.56 

 2L1W  0.894 0.451 0.866 0.522 0.593 0.797 

CaM/BCA1   0.88 0.471 0.658 0.761 0.835 0.544 

 2L53  0.735 0.68 0.626 0.73 0.549 0.84 

CaM/NaV1.5 channel   0.746 0.668 0.956 0.293 0.543 0.853 

 2O5G  0.951 0.313 0.922 0.407 0.673 0.722 

CaM/high resol. MLCK   0.964 0.263 0.951 0.31 0.889 0.456 

 2O60  0.953 0.308 0.91 0.421 0.741 0.657 

CaM/neural NOS   0.956 0.3 0.488 0.874 0.884 0.467 

 2VAY  0.951 0.315 0.908 0.409 0.579 0.803 

CaM/CAV1.1 IQ motif   0.962 0.269 0.922 0.391 0.869 0.49 

 2W73  0.941 0.342 0.925 0.393 0.717 0.686 

CaM/calcineurin A   0.96 0.281 0.161 0.986 0.648 0.761 

 3BXK  0.934 0.387 0.931 0.367 0.652 0.743 

CaM/Ca
2+

V2.1 IQ motif   0.915 0.406 0.947 0.321 0.893 0.45 

 3BXL  0.948 0.322 0.929 0.36 0.697 0.707 

CaM/Ca
2+

V2.3 IQ motif   0.956 0.292 0.97 0.243 0.874 0.482 

 3DVE  0.95 0.325 0.812 0.555 0.731 0.666 

CaM/Ca
2+

V2.2 IQ motif   0.942 0.335 0.971 0.242 0.855 0.513 
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 example fitting both ACA2 and ACA8 with smooth muscle myosin light chain kinase (PDB 

code: 1CDL) which has a 1-14 recognition motif show a high R value of 0.91 and 0.95 for the N-

lobe and 0.90 and 0.95 for the C-lobe respectively. The same is seen for CaMKII (PDB code: 

1CDM) which has a 1-10 motif (Table 4.3). Also the edema factor and glutamate decarboxylase 

(GAD) complexes that are activated by CaM in a unique manner have the same situation. This 

illustrates the fact that the relative orientation of the four helices are present in one lobe of 

sCaM4 (either the C- or the N-lobe) does not change much, irrespective of the binding motif. 

This character has been used to calculate recoverin structure only using RDC values from an 

Ca
2+

-CaM as the starting structure (143).  On the contrary, for both ACA2 and ACA8 there is a 

low correlation when fitting the coordinates of the complete protein to the other structures. This 

fitting reflects the positioning of the two CaM domains with respect to each other. The 

correlations for ACA8 are higher compared to ACA2. This could be explained by looking at the 

structure of the peptides. ACA8 binds with a 1-14 recognition motif which is similar to many 

other target peptides. However ACA2 has a novel 1-17 recognition motif which is only seen for 

the CaM-ryanodine receptor interaction (153). Moreover, the angle between the two helical 

segments of the peptide is 50
o
 for ACA8 (and 48

o
 in BCA1) but it is 102

o
 for ACA2. This angle 

in ACA2 forces sCaM4 to place its two domains in a unique orientation.  In order to obtain a 

complete picture of the differences between the complex structures of ACA2, ACA8 and BCA1 

with sCaM4, a refined structural model using RDCs and mutational data was built (141,143). 

Previous studies have shown that RDC data can be used to reach a reasonable structure if the 

starting models have similar secondary structure and fold (143). Here we have used the sCaM4-

BCA1 complex (PDB code: 2L1W) as the starting model to build a model structure for the 

sCaM4-ACA8 complex. For ACA2 the available options for a suitable template structure are 
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rather limited because as shown previously, the RDC can be used to refine a starting structure 

only if the orientation of the peptide in the starting structure is quite similar to the target structure 

(141). This means that the RDC data cannot force the peptide to undergo a major reoriention. 

Therefore the CaM-CaMKK complex (PDB code: 1CKK) was used as the closest starting model 

for the ACA2 complex. Also restraints were defined between the anchoring residues and the 

methionines which mainly participate in interaction with the peptide. In the first step of the 

structure calculations, various force constants are increased according to standard Xplor2.24 

protocols during the simulation but the backbone torsion angle restraints are kept constant at a 

value of 300 kcal mol
-1

 rad
-2 

(143). The second step of the protocol includes 6 ps of simulated 

annealing instead of 4ps for the first stage and the temperature is decreased from 20 to 1 K in 1K 

decrement steps. Also all force constants are kept at their end value from step 1 but the backbone 

dihedral angle force constant is decreased from 300 to 50 kcal mol
-1

 rad
-2 

(141).  

The model structures for the sCaM4-ACA2 and sCaM4-ACA8 complexes obtained in this 

manner are depicted in Figure 4.8. As expected the anchoring residues for both ACA2 and 

ACA8 are in close contact with the methionines. Also, apart from the charge distribution on the 

peptides surface (Figure 4.6), the interaction between the negative residue sidechains in sCaM4 

and the positive residues in the peptides helps to keep the peptides in a specific orientation. For 

ACA2, the positive residues are neutralized by D11 and E120 and for ACA8 they interact with 

D11, E84 and E87 sidechains (Figure 4.9). In the case of BCA1 the neutralizing residues are 

D11, E14, E84 and E87. The backbone RMSD for the overlay of the N-lobe of ACA2, ACA8 

and BCA1 is 1.04 Ǻ and 1.01 Ǻ
 
for the C-lobe but is 3.1 Ǻ for the entire structures. SCaM4 has 

reoriented its domains into new position to bind in an effective manner to the targets. On the   
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Figure 4.8.  Complex structures of A) ACA8 and B) ACA2 with sCaM4. The bend in the middle 

of the peptides forces sCaM4 to adopt unique domain orientations. The peptide structures 

including the position of the anchoring residues contribute to the overall structure of the 

complexes. Also as demonstrated on the right the anchoring residues are in direct contact with 

the methionine sidechains in the hydrophobic pocket.  
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Figure 4.9. The positive charges located in the basic cluster are neutralized by negative residues 

on sCaM4 as depicted in A) ACA2-sCaM4 and B) ACA8-sCaM4 complexes. ACA2 interacts 

with D14 and E120 while ACA8 interacts with the D14, E84 and E87 sidechains. 
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other hand the position of the helices within one domain doesn’t change very much in the 

different sCaM4 complexes with the Ca
2+

 pumps (Figure 4.10). 

The activity of the Ca
2+

-ATPase type IIB pumps,  apart from being regulated by 

calmodulin, is also regulated by protein phosphorylation (82,83). These regulatory 

phosphorylation events can have a direct effect on the stability of the autoinhibitory domain of 

the pumps or on the affinity of CaM for the pump. For example it has been shown that 

phosphorylation of Ser57, which is located in the CaMBD, decreases the affinity of CaM to bind 

to ACA8 (82). This can clearly be explained by the model complex structure of sCaM4-ACA8. 

As depicted in Figure 4.11, E87 of helix V in sCaM4 is in direct contact with the sidechain of 

Ser57. Phosphorylation of Ser57 therefore repels the carboxylate side chain of E87 thereby 

decreasing the affinity for sCaM4. Interestingly, Ser57 is located on the kink of the ACA8 

peptide, prompting the idea that the presence of the bend must be important for the activation 

and regulation of this particular calcium-pump (Figure 4.11).  

4.4 Conclusions 

Calcium pumps play a central role in controlling Ca
2+

 levels in the cytoplasm. All type IIB 

pumps have been shown to be regulated by calmodulin. In this study, the structural 

characteristics of the CaMBD of ACA2 and ACA8 belonging to two different groups of the Type 

IIB ATPases were studied and compared with BCA1 which is a representative of the third group. 

Thermodynamic data revealed that enthalpic rather than entropic forces drive the sCaM4 

interactions with the ACA peptides. Also there is a big difference in the binding affinity of the 

peptides with sCaM4 suggesting that the ER rather than the vacuole is the primary intracellular 
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Figure 4.10.  Superposition of the sCaM4-ACA2 (in red), ACA8 (in green) and BCA1 (in cyan) 

A) N-lobe and B) C-lobe. The backbone RMSD is 1Ǻ for each domain but 3Ǻ
 
for the complete 

structures indicating a significant movement of the two domains with respect to each other 

during interaction with a target peptide.  
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Figure 4.11. The serine-57 sidechain in ACA8 is close to the E87 sidechain in sCaM4 as 

depicted in the structure. The phosphorylation of this particular serine (S57) potentially repels 

the glutamate side chain carboxylate group, thereby decreasing the binding affinity of sCaM4 to 

ACA8.  
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regulatory reservoir for calcium in plant cells. Moreover, the CaMBD of ACA2 was shown to 

bind in a different way to sCaM4, when compared to ACA8 and BCA1. This could suggest a 

different activation mechanism for ACA2. The recognition motif of ACA2 was a rarely seen 1-

17 motif while ACA8 which is located on the plasma membrane used a well known 1-14 motif.  

Nonetheless, the structures of the three bound peptides demonstrated that the presence of an 

arginine cluster in all of them induces a bend in the bound peptides, subsequently forcing sCaM4 

to adopt unique domain orientations. Although the importance of this bend for the regulation of 

these calcium pumps will need to be further demonstrated in vivo, our model structure of 

sCaM4-ACA8 showed that Ser57 which is a key residue in the regulation of the ACA8 pump 

through phosphorylation is located on the kink area of the peptide.  

An important conclusion from the structural differences between the CaMBDs of the 

three pumps is that they may become activated at different stages when calcium levels increase 

inside the cytoplasm. If Ca
2+

-CaM would be evenly distributed within the cytoplasm of the cell, 

ACA 1, ACA 2 and ACA7 which are located on the ER membrane are activated first followed 

by ACA8, ACA9 and ACA10 that are located in the plasma membrane and finally the vacuolar 

pumps such as BCA1, ACA4 and ACA11 would become activated (Figure 4.12). On the other 

hand, such a mode of action would be altered by kinetic effects, or if apo-CaM would be 

localized specifically in the cell. 

During the completion of our studies a complex structure for part of the intracellular 

domain of ACA8 bound to AtCaM7 was determined by x-ray crystallography (157). This 

structure reports an additional binding site for CaM that is separated from the first binding site by 

eight residues and elongating from E74-G96. Similar to our results the published crystal structure  
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Figure 4.12. As depicted, the endoplasmic reticulum Ca
2+

-ATPase pumps (ACA1, ACA2 and 

ACA7) could become activated first, followed by the plasma membrane pumps (ACA8, ACA9, 

ACA10) and finally the vacuolar pumps (ACA4, ACA11 and BCA1).   



 

117 

 identifies a 1-14 motif for CaM when binding to ACA8. Interestingly, the ACA8 peptide in the 

cystal structure shows a long contiguous helix from R43-G96. This is different from our NMR 

solution structure for the ACA8 peptide which clearly, indicates the presence of a bend in the 

ACA8 structure (Figure 4.13). Hence, the recent crystallographic CaM structure shows different 

domain orientation than our NMR structure. Fitting the crystal structure to the solution state 

RDC driven data support this idea. While the fitting between the N-lobes and the C-lobes of both 

structures give R=0.97, Q=0.24 and R=0.99, Q=0.12 respectively, fitting the entire CaM crystal 

structure gives only an R=0.87 and Q=0.45, which indicates a poor fit to the solution data. Also 

as depicted in Figure 4.13, the fitting of each lobe on to each other shows a tilt between the other 

two lobes. We think the fact that the ACA8 peptide maybe completely helical is driven by the 

crystallization constraints and that the bound peptide is indeed bent by its basic cluster in an 

aqueous environment. This situation is also seen for other CaM complex structures (153). 

Altogether the structural characteristics of the CaMBD of these pumps were defined, the 

importance of these features can be studied using Saccharomyces cerevisiae cells expressing 

different forms of the pump for example a pump having its arginine cluster omitted from its 

sequence. Also co-crystallizing the intracellular part of the pump and CaM in different situations 

could give us a more complete understanding of the activation and inactivation processes that 

govern the activity of these pumps. 
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Figure 4.13. Comparision of NMR and crystallography structures for CaM complexes with 

ACA8. A) Overlay of the ACA8 peptide structures derived from NMR and crystallographic 

studies. As depicted in panel A, the NMR structure suggests the presence of a bend in the ACA8 

structure which is not seen in the X-ray structure of CaM complexed with the intracellular 

domain of ACA8. B) and C) are the overlay of the N-lobes and the C-lobes of sCaM4-ACA8 (in 

blue) and CaM7-ACA8 (in green) respectively. The position of the two lobes are different in the 

NMR and X-ray structure potentially because of the absence of a kink in the structure of the 

bound ACA8 CaMBD obtained through crystallography. It is possible that crystal packing 

forcing prevent the formation of the bend in the crystal. 
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CHAPTER FIVE:  CONCLUSION 

5.1 OsCaM61 and the role of protein extensions in calmodulin function 

5.1.1 Contribution 

Plant cells contain rather sophisticated calcium signalling pathways in comparison to 

animal cells. Some of the intricacies arise from the presence of several calmodulin variants in 

plant cells (71,72). These isoforms have been shown to demonstrate distinct functions. A good 

example are the two soybean proteins sCaM1 and sCaM4, where minor differences in their 

amino acid sequences lead to different enzyme activation capabilities (111). Also some less 

common CaM isoforms that have been found in plants and that are not present in animals contain 

an extra N-terminal or C-terminal extension. Although very unique and functionally important, 

the role of these extensions has not yet been studied in much detail. The work in this thesis 

provides the very first combined structural, biophysical and enzymatic studies focused on the 

role of a C-terminal extension on the characteristics of the CaM domain of such a protein. It was 

demonstrated that the 38-residue extension of OsCaM61 is partially helical and that it can fold 

back onto the CaM-domain. This interaction affects the ability of the four EF-hands in the CaM 

domain to bind calcium.  Due to these added interactions, the fourth Ca
2+

-binding loop has a 

lower binding affinity for calcium compared to the first loop. Upon removal of the C-terminal 

extension, the affinity to bind Ca
2+

 increases ten fold for the third and fourth Ca
2+

 binding loops, 

likely due to the decrease in the stability of the apo-form. This phenomenon is not seen in any 

other known calmodulin, emphasizing the unique function of the C-terminal extension in 

calmodulin variants such as OsCaM61 and PhCaM53. Moreover, NMR relaxation studies of the 

protein further confirmed that there is a potential interaction between the C-terminal extension 
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and the CaM domain of the protein. Clearly its function seems to go beyond the attachment of 

the geranyl-geranyl group where it could provide a spacer. The interaction surface could be 

mapped using site-directed mutagenesis and chemical shift perturbation data driven from the 

NMR experiments. Finally, I described the outcome of enzymatic assays to support the structural 

data. All together this work demonstrated that some plants have devised novel regulatory 

mechanisms even on a structural level to control calcium signalling in a unique manner through a 

modified extended form of CaM.  

5.1.2 Future directions 

One of the key features of proteins such as OsCaM61 is their ability to be prenylated 

under certain conditions inside the cytoplasm. Although this has been shown to occur in vivo, 

there are no structural data available for the prenylated state of this protein. Having shown that 

the C-terminal extension connecting the prenylation motif to the CaM domain plays a role more 

than just acting as a tail, it would be very interesting and important to study the structural and 

dynamic behaviour of both the extension and the CaM domain of OsCaM61 in the prenylated 

state. This would enhance our knowledge regarding the role of prenylation in calcium signalling. 

Such a study could be conducted using NMR spectroscopy or through in-silico molecular 

dynamics simulations. Of course NMR gives the researcher the unique ability to study the 

dynamic behaviour of a molecule on widely different time scales as shown in Figure 2.1 and 

molecular simulations can often capture molecular motions that cannot be identified by other 

techniques (96). Be that as it may, the geranyl-geranyl group is very hydrophobic and like 

myristoyl groups, could bind itself to calcium-CaM (158), leaving a question as to how these 

groups are inserted in the membrane in vivo. Also the basic region of the CTE is helical and has 
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been shown to be able to act as an NLS (86). While we found out that the CTE folds back and 

interacts with the CaM domain, it might be that upon prenylation, the CTE abandons its 

interactions with the CaM domain and exposes its NLS. This phenomenon could be studied 

using a prenylated form of OsCaM61 by NMR. Subsequently after the insertion of the prenyl 

group into the membrane it might well be that the helical portion of the CTE, interacts with the 

membrane surface through its positively charged residues. Completing our knowledge regarding 

the  behavior of each part of the protein through the state of prenylation to the situation were the 

NLS is exposed and finally after the lipid is inserted into the membrane will enhance our 

understanding of this pathway.  

Another interesting future study could be focusing on the interaction of the target enzyme 

and OsCaM61. Not much is known about how OsCaM61 interacts with target enzymes in the 

prenylated or non-prenylated state. Finally as mentioned before, there are other proteins that are 

present in other plant cells which have a similar but not identical C-terminal extension such as 

PhCaM53 in Petunia hybrida or calmodulin-5 in Arabidopsis thaliana and calmodulin-2 in 

Arabidopsis lyrata. As illustrated through the use of secondary structure prediction in chapter 3 

(Figure 3.1 and Figure 3.4), although all these proteins have a C-terminal extension, they are not 

all predicted to be helical suggesting that the extensions may have different structural features 

and functional properties. Due to the importance of the structure of these extensions (as 

demonstrated in this thesis) this could have an effect on their function. Studying the variation 

between these forms will enhance our understanding of this novel regulatory mechanism in plant 

calcium signalling.  
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5.2 Characterizing the interaction and activation of sCaM4 with Calcium ATPases  

5.2.1 Contribution 

 One of the most important aspects of calcium signalling is the control over the calcium 

concentration inside the cell. After calcium levels increase in the cytoplasm in response to 

specific stimuli, where it starts a cascade of protein-protein interactions, the calcium-ATPases act 

as the main pumps to restore the resting calcium concentrations back to normal. As explained 

previously all the type IIB calcium- pumps are regulated in vivo by calmodulin, the same protein 

that senses the increase in calcium concentrations and relays it to downstream targets (27). 

Although some studies have been conducted on the regulatory mechanisms of these pumps very 

little information is available for the CaM-binding domains (CaMBD) of these pumps. A recent 

study from our laboratory has provided the first structural evidence for the interaction of one 

group of the type IIB calcium pumps with sCaM4 (27). In my thesis research I have compared 

three synthetic calmodulin-binding peptides obtained from three plant calcium-pumps with 

different cellular localization using ITC, NMR and fluorescence spectroscopy. I used ITC to 

show that enthalpy drives the sCaM4 interaction with the three target peptides.  Also there is a 

10-100 fold difference in binding affinity of these peptides to sCaM4. Although it is known that 

these pumps are usually expressed in all plant cells, it seems that ACA2, which is located on the 

endoplasmic reticulum (ER) membrane, would be activated first in response to the calcium 

increase inside the cells followed by ACA8 which is located on the plasma membrane and 

eventually the vacuol Ca
2+

-pump (BCA1) would become activated. This could suggest that the 

ER is the primary reservoir for calcium ions in plant cells. This discovery is of interest as 

mammalian SERCA calcium pumps are always active and do not require activation by calcium-
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calmodulin; hence they also move calcium out of the cell before the mammalian calmodulin-

activated plasma membrane Ca
2+

-ATPase is activated. 

  Fluorescence quenching data demonstrated that the ACA2 peptide is in a parallel 

orientation relative to sCaM4 (N- and C-domain of sCaM4 interact with the N- and C-terminal 

portions of the peptide, respectively) in contrast to the anti-parallel orientation observed for 

ACA8 and BCA1 in complex with sCaM4. To investigate this further the structure of the ACA2 

and ACA8 peptides were solved in aqueous TFE solutions. ACA2 has a unique structure with the 

second part of the peptide being non-helical and completely turned back, consistent with the 

parallel orientation of ACA2 in complex with sCaM4. Also it was shown that these peptides all 

have a bend in the middle having a totally different structure from other known CaM target 

peptides. This forces CaM in this complex to have a unique domain orientation in order to 

interact with the peptides. Residual dipolar couplings (RDC) were used to confirm the domain 

orientations of sCaM4 in complex with the three plant calcium ATPase CaMBD peptides and it 

was clearly demonstrated that the two sCaM4 domains hold a different orientation from other 

CaM complexes. Finally model structures for the complexes were generated and compared to 

each other to demonstrate the difference between the complex structures of different groups. All 

together it seems that the sequence variation in the CaM-binding domains of intracellularly 

differently located calcium ATPase groups give rise to unique structural characteristics, which in 

turn would lead to sequential activation and distinct functions inside the cell. 

5.2.2 Future directions 

Although NMR is an invaluable method to study the structure and dynamics of proteins, 

it has a limitation regarding the size of the proteins that can be studied. Following upon this 
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thesis research, although we gained detailed information regarding the structural differences 

between the CaMBD of the three class of plant calcium pumps, further studies are still needed to 

better understand the activation mechanisms of these pumps, the relationship between protein 

phosphorylation and CaM regulation of the pumps and most importantly the role of the unique 

bend in the middle of the calcium-ATPase CaMBD peptides in the actual activation of the 

pumps. Future work could focus on studying the interaction between the intracellular regulatory 

domains of various pumps and CaM under phosphorylated and non-unphosphorylated conditions 

to getter a better view of the regulatory mechanism of the pumps. Also Saccharomyces 

cerevisiae cells overexpressing these pumps could be used to evaluate the effect of these 

mutations on the activation of these pumps. These studies should provide a full picture of the 

activation process and the role of the three calcium pumps in plant regulatory pathway.  

 Finally it might be of interest to consider the plant calcium-ATPases as potential 

targets for herbicides. They are clearly distinct from mammalian calcium-ATPases, especially 

when targeting their regulatory apparatus. In this case it would likely be the most rewarding to 

target ACA2 and related ER-associated calcium-pumps, as these appear to provide the most 

important high affinity mechanism. Strategies similar to those used in rational drug design, could 

be employed towards this goal.  
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