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Abstract 
 

Many neuronal functions, including learning and memory are driven by 

changes in intracellular Ca2+concentrations. The Neuronal Calcium Sensor (NCS) 

family of proteins is responsible for mediating the response to calcium. They are 

typically comprised of 4 EF hands; of which EF 2, 3, and 4 bind calcium.  

Hypothesis: NCS proteins carry out unique, non-overlapping functions, and 

that specific characteristics of the family can be mapped to precise regions of the 

proteins. 

 Results: The effect on the following properties were investigated primarily on 

two highly similar NCS proteins, Neurocalcin Delta (NCALD) and Hippocalcin 

(HPCA): (1) Response to calcium was determined through two independent methods: 

change in tryptophan fluorescence and migration on a native polyacrylamide gel 

(CIMSA); (2) size exclusion chromatography, (3) Calcium binding, (4) Guanylate 

Cyclase stimulations and (5) sequence analysis. These results lead to the conclusion 

that specific aa locations are hyper-variable and pivotal in determining how the 

proteins respond.   
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Chapter 1. Introduction 
 

1.1.1 The Neuronal Calcium Sensor Family of Proteins 

Calcium is a critical signaling molecule in many neuronal functions such as 

vesicular trafficking, synaptic transmission, and programmed cell death. Changes in 

intracellular levels of calcium are critical in determining neuronal responses [5-7].  

These neuronal responses underlie the physiological processes such as emotions, 

thought, sleep, and memory [5, 6]. Alterations in these processes lead to disorders 

such as Alzheimer’s disease, insomnia, autism, dystonia, or narcolepsy [8-11]. 

Changes in calcium concentrations are critical for neurotransmitter release [12]. 

Therefore, signaling pathways that are designed to sense changes in intracellular 

calcium are particularly honed by evolution in neuronal cells.   

The Neuronal Calcium Sensor (NCS) family of proteins governs the cellular 

response to calcium signals.  They are contained within the super family of proteins 

that are characterized by the presence of the calcium-binding EF-hand motif.  Distant 

members of this family include Calmodulin and the S100 super family [13, 14].  The 

members of the NCS family are encoded by 14 distinct genes:  Frequenin (FRQN), 

Visinin-like Protein 1 (VSNL1), Hippocalcin-like Protein 1 (HPCAL1), Hippocalcin-

like Protein 4 (HPCAL4), Neurocalcin delta (NCALD), Hippocalcin (HPCA), K-

Channel Interacting Proteins 1 through 4 (KChIP1-4), Guanylate Cyclase Activator 

Proteins 1 through 3 (GCAP1-3) and Recoverin (RCVRN) [15]. Multiple splice-

variants have been identified for several of the NCS members. This highly conserved 

family is typically 190-200 amino acid residues long, and share more than 45% 
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sequence identity (reviewed in: [16]). This family of proteins is characterized by 4 

EF-hand motifs which are helix-loop-helix structures that bind calcium [17]. The EF 

hands are distributed between the N and C-terminal lobes of the protein. EF-1 and 

EF-2 are located in the N-terminal half of this protein, while EF-3 and EF-4 are in the 

C-terminal half of the protein [18]. For most of the NCS members, EF-2-4 bind 

calcium, while EF-1 is non-functional with respect to binding calcium, due to a 

conserved Cys-Pro mutation.   

Proteins of the NCS family were initially isolated in the neurons of different 

species where they carry out critical functions.  For example, loss of function of 

specific members has been demonstrated to cause loss of memory formation in 

nematodes [19] and mice [20], while others are linked to inherited visual 

degeneration [21-23]. In many instances, the defect has been traced to the loss of 

ability to sense and respond to changes in calcium in the neuron [21, 24-26], which is 

the primary functional feature of this family of proteins.  However, many of these 

proteins are also expressed outside the nervous system and interact with a variety of 

targets in multiple cell types (some excellent reviews are: [5, 6, 18, 27]), suggesting 

that the calcium-dependent modulation by these proteins is not restricted to neurons.  

Many of the individual members have also been characterized extensively at the 

biochemical and molecular level [28-31].   

NCS members have a N-terminal myristoylation site, where they are known to 

be myristoylated by the enzyme N-myristoyl transferase. The covalently linked 

myristoyl group allows for the interaction with lipid bilayers, and facilitates 
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interaction with other membrane proteins [6]. This myristoylated N-terminus 

facilitates the translocation from the cytosol to the membrane [18, 32], and has been 

demonstrated to be critical for targeting NCS proteins to specific membrane 

locations[33, 34]. In this manner, the modification allows the proteins to respond 

spatially to a calcium signal. In addition, some NCS members have been shown to be 

modified by palmitoylation [35] at the N-terminus. 

The N-terminal myristoyl group is a critical component of the calcium 

myristoyl switch mechanism, which is the method by which NCS proteins respond to 

calcium. This mechanism was first described with the resolution of the structure of 

Recoverin [36], and has been identified in several other NCS members [37-39]. In the 

absence of calcium, the N-terminal myristoyl group is sequestered in the protein’s 

hydrophobic core. This prevents the fatty acid from interacting with the intracellular 

membrane and, perhaps, other binding partners such as guanylate cyclases. Upon the 

binding to calcium, the NCS protein’s structure reorients by rotation around a 

hydrophobic core. This structural response causes the myristoyl group to extrude 

from the core of the protein and interact with additional partners [40, 41]. The 

structure (and therefore, the function) of these proteins oscillates between the 

calcium-bound and calcium-free state, while the transition is the calcium-myristoyl 

switch (reviewed in: [5, 42, 43]). For several NCS proteins, the binding of calcium 

induces changes in structure that may be detected, even under denaturing conditions 

on SDS polyacrylamide gel [30, 44-46].   
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Many members of the NCS family interact with guanylate cyclases [6, 45, 47-

53].  Guanylate cyclases, or mGCs, are a class of transmembrane proteins, which 

catalyze the conversion of guanosine triphosphate (GTP) to 3',5'-cyclic guanosine 

monophosphate (cGMP). cGMP is a critical signaling molecule in the regulation of 

calcium homeostasis because it binds to cGMP gated calcium channels and modulates 

the influx of extracellular calcium [52]. The regulation of homeostatic calcium levels 

is necessary for many neuronal processes, but in particular for vision, and has been 

shown to be crucial for light adaptation in photoreceptors [54, 55]. 

 

1.2.1 The Sub Families of the Neuronal Calcium Sensor 1 (NCS1) 

The 14 gene-coding members of the NCS family can be broken into five distinct sub 

families. NCS1 (Frequenin) and Recoverin are single members of their own 

subfamilies. GCAP-1, GCAP-2, and GCAP-3 make up the GCAPs, or the Guanylate-

Cyclase Activating Proteins. The Potassium Channel-Interacting Proteins (KChIPs) 

family is comprised of KChIP1, KChIP2, KChIP3 and KChIP4. The final subfamily 

of Neuronal calcium sensor proteins is the Visinin-Like Proteins (VILIPs), which are 

made up of the members Neurocalcin Delta, Hippocalcin, VSNL1, HPCL1 and 

HPCL4. Each subfamily has common physiological characteristics and a shared 

structure, which ultimately derives function.  

 

 



 13 

1.2.2 Neuronal Calcium sensor 1 (NCS1) 

Neuronal Calcium sensor 1 (NCS1), or Frequenin in humans, is the 

archetypical NCS protein, and is observed in early eukaryotes [19, 56]. In C. elegans, 

NCS1 was demonstrated to not only be crucial for memory formation, but also that 

over expression of this NCS protein was able to increase memory [19]. In vertebrates, 

NCS1 has been shown to be critical for both nerve growth and synaptic transmission 

[57]. This clear role in neurons links NCS1 to several neurodegenerative diseases, 

including schizophrenia and bipolar disorder [58]. Point mutations in the EF-3 hand 

of NCS1 have been linked to autism [11, 59, 60] and the R102Q mutation impairs the 

type of calcium response NCS1 exhibits, perhaps through altering the duration of 

interaction between NCS1s and its partners [61].  

1.2.3 Recoverin  

 Recoverin makes up the second branch of the NCS family. It was the first 

NCS protein to be discovered [36] and its structure was the first to detail the calcium-

myristoyl switch mechanism [6, 43]. Unlike other members, Recoverin has only two 

functional calcium-binding EF hands, EF-2 and EF-3. Recoverin is localized 

primarily in the retina and plays role in light adaptation and phototransduction [62-

64]. Recoverin has also been shown to indirectly regulate cGMP levels by inhibiting 

Rhodopsin kinase when it binds to calcium [18].  This NCS protein has been shown 

to be a marker of cancer-associated retinopathy [65, 66].  
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1.2.4 Guanylate-Cyclase Activating Proteins (GCAPs) 

The third branch of NCS family is called Guanylate-Cyclase Activating 

Proteins (GCAPs). There are three main genes, which make up the GCAP sub-

family: GCAP-1, GCAP-2 and GCAP-3 [56]. GCAPs are expressed only in 

photoreceptor cells of the retina [18]. In the photoreceptors, the GCAPS activate 

retinal Guanyl-cyclase at low calcium concentrations. The regulation of the GCAPs 

has been well studied, demonstrating binding to both magnesium and calcium. 

Upon binding magnesium, GCAPs activate rod outer segment membrane guanylate 

cyclase (ROSGC) activity, and inhibit the activity when calcium is bound [67-69]. 

Studies have highlighted how the GCAPs are kept in a more stable apo form when 

bound to magnesium [70].  

All members of the GCAP family are expressed in the same cells at the same 

time [5]. In addition, all three members bind to, and activate the same target. This 

would suggest redundancy; however this is not the case. Each of the GCAP 

members has demonstrated differing affinities for calcium [6, 49, 71]. This suggests 

that the genes are not redundant, rather each of the GCAPs responds over varying 

calcium ranges.  

This non-redundancy is supported by physiological evidence. GCAP 1 and 2 

have mouse knockouts. These mice demonstrated increased sensitivity to light, as 

well as a decreased recovery due to a flash response [5, 48, 72]. Additionally, over 

expression of GCAP-1 could compensate for GCAP-2 deficient mice [48]. 

However, in mice lacking a functional GCAP-1, over expression of GCAP-2 was 
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not able to restore the light sensitive function, again supporting the non-redundant 

functions of the GCAP family [71].  

The GCAPs have been linked to various retinal diseases, including retinal 

dystrophy, a condition that leads to loss of vision [73]. A Y99C mutation in GCAP-1 

was identified in a family which had a hereditary form of retinal dystrophy [21]. This 

mutation leads to a constitutively activated form of the protein where the Y99C 

mutation impairs calcium dependent activation, causing GCAP-1 to activate ROSG-

C1, regardless of the free calcium levels [24, 74]. This constant activation of ROSG-

C1 can ultimately lead to cone degradation.  

 

1.2.5 Potassium Channel-Interacting Proteins (KChIPs) 

The KChIP subfamily of NCS proteins is comprised of the members KChIP1, 

KChIP2, KChIP3 and KChIP4, of which each member has multiple splice variants 

[75]. They were originally named for their ability to interact and regulate the Kv4 

class of potassium channels [76] and aid in its trafficking [35, 77]. In addition, the 

KChIPs can interact with T-type and L-type calcium channels.  KChIPs, like 

Recoverin, and unlike the other NCS proteins, bind 2 calcium ions [38, 78]. They are, 

however, myristoylated like the rest of the NCS family [18, 53], as well as harboring 

a site for palmitoylation [35].  

This class of NCS proteins has a unique property; they bind to and interact 

with the DNA motif DRE, or Downstream Regulatory Element [79]. By binding to 

both DNA transcription factors, the KChIPs regulate the expression of several 
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genes[80]. It has been demonstrated that KChIP1, KChIP2, KChIP3 and KChIP4 can 

all bind to the DRE DNA motif and prevent transcription [76].  

The multiple regulatory roles of the KChIPs are further attenuated by several 

regulatory methods. Many times, multiple KChIPs are co-expressed, however, some 

splice variants are expressed in specific tissues [81, 82], like that of KChIP 2 (KV4.2 

and KV 4.3), which are expressed exclusively in the heart [58].  Other KChIP 

members differentiate themselves by their sub-cellular localization. KChIP 1.2, for 

example, uses the myristolated N-terminus to target intracellular vesicles [34, 83]. 

Palmitoylation of KChIP 2.3 and 3.1 allows for effective trafficking of Kv4 channels. 

Other KChIPs are localized only in the cytosol [35, 77]. In addition, the different 

KChIP variants regulate Kv4 channels in a distinctive manner [84, 85]. The 

regulation and differentiation of the KChIPs highlights the multiple methods that the 

family delineates functions and attunes calcium specific responses.  

  

1.2.6. Visinin-Like Proteins (VILIPs) 

The Visinin-Like Proteins or VILIPs are the last class of NCS proteins. This 

class is the least studied and has five members: Neurocalcin Delta, Hippocalcin, 

VSNL1, HPCL1 and HPCL4. This family is highly conserved with identities of  67-

94% between members [86]. Each member has a non-functional EF-1 hand and binds 

3 calcium ions [5, 6, 18, 86, 87]. This sub family is expressed in neurons of the brain, 

as well as peripheral organs, and may be co-expressed in the same cells at the same 

time [88].  
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VSNL1, also known as VILIP1, was the first Visinin-Like Protein to be discovered 

[88].  VSNL1 modulates cAMP levels via interaction with adenylyl cyclase [89, 90]. 

VSNL1 has also been shown to interact with α4β2 nicotinic acetylcholine receptors 

(nAChR) [89].  Recently VSNL1 has been implicated as a potential biomarker for 

general calcium deregulation [91], leading to neuronal disease. More specifically, 

there appears to be a critical role for VSNL1 deregulation and Alzheimer’s disease. It 

is down regulated in Alzheimer’s disease brains, showing decreased staining in 

pyramidal and non-pyramidal neurons, but higher staining extracellularly. VSNL1 co-

localizes with other Alzheimer disease hallmarks like amyloid plaques and 

extracellular tangles [92-94], and its levels in the cerebrospinal fluid can be used to 

monitor the progression of the disease [95-97].  

Hippocalcin-like 4, (HPCAL-4) or VILIP-2, shares a 89% homology with 

VSNL1[86], however, unlike VSNL1, not much is known about its role in calcium 

regulation. Despite its high similarity with VSNL1, HPCAL-4 is expressed primarily 

in the dentate gyrus of the hippocampus [98].  Functionally, it has been shown to 

have a role in calcium regulation by binding to, and inactivating P/Q-type 

Ca2+ channel (CaV2.1) [99].  

Hippocalcin-like protein 1 (HPCL1) or VILIP3 is another member of the 

VILIP family, which is also not well characterized [5, 6, 86], but is thought to share 

many properties with hippocalcin [31]. Studies have highlighted its ability to bind 

calcium as well as magnesium [100] and its possible role as a modulator of MAP 

kinase [31]. It is expressed in the cerebellum, primarily in Purkinje cells, and the 

hippocampus [101, 102]. HPCL1, like VSNL1, co-localizes with Alzheimer disease 
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hallmarks in the brain, indicating its potential usefulness as a biomarker of 

neurodegenerative disease [92].  

 

1.2.6.1 Neurocalcin Delta 

Neurocalcin Delta, or NCALD, is of interest due to preliminary results from 

laboratories that have shown NCALD, to display a strong circadian rhythm. Little is 

known about NCALD; it is expressed throughout the central and peripheral nervous 

system, but also in other tissues, including the kidneys, liver, skin, and testes [103]. 

Biochemically, NCALD has been shown to interact with two membrane Guanylate 

cyclases: ROS-GC1, in the Ganglion cells of retina, and ONE-GC, in olfactory 

receptor neurons [16, 30, 104-106]. There is no functional knockout known to date. It 

is hypothesized to be involved in cytoskeletal rearrangement, due to its ability to 

interact with actin and tubulin. It has also been shown to interact with clathrin upon 

the elevation of calcium, suggesting that NCALD may be involved in the control of 

clathrin-coated vesicular traffic in the trans-Golgi network [107].  

NCALD has been implicated in several diseases, which may help explain the 

physiological role of the protein. Recently, patients with a partial deletion of NCALD 

have been identified. The interstitial deletion in 8q22.2-q22.3 leads to a disease 

characterized by seizures, intellectual disability, and autistic behavior [59, 108]. In 

addition, NCALD has been shown to be down regulated in several different tumor 

types [109, 110], again suggesting a role in cell growth [107]. 
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1.2.6.2 Hippocalcin 

Hippocalcin (HPCA) was originally purified from the hippocampus [111] and 

has been demonstrated to be critical for long term potentiation of memory (LTP).  

Mice that lack HPCA function have demonstrated impaired long-term memory [20], 

visual learning, and creating spatial memories [112]. Recently, mutations in the 

HPCA gene have been demonstrated to be associated with autosomal recessive 

primary-isolated dystonia [113].  The molecular mechanisms underlying these 

physiological roles for HPCA remain to be elucidated. 

 Some of the biochemical data on the proteins that HPCA interacts with and 

the processes that they affect exposes some of its proposed roles. First, HPCA 

interacts with potassium channels to modulate hyperpolarization of the hippocampal 

neurons, contributing to long-term potentiation [111, 114] and potentially, dystonia 

[113]. HPCA interacts with membrane Guanylate cyclases such as Olfactory Neuro-

Epithelial Guanylate Cyclase (ONE-GC) [45, 115] and Rod Outer Segment 

membrane Guanylate Cyclase type 1 (ROS-GC1) [30], which it activates in a 

calcium-dependent fashion. A role in preventing the unwarranted apoptosis of 

neurons has been demonstrated with Neuronal Apoptosis Inhibitor Protein (NAIP) 

interaction [116]. Finally, translocation to the membrane can be driven by its 

interaction with creatine kinase beta isozyme in a calcium-dependent fashion [117].  

Proteomic analyses indicate that several cytoplasmic proteins may associate with 

HPCA in a calcium-dependent manner [118].  
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1.3.1 NCALD vs. HPCA 

Unlike the other NCS proteins, it is not abundantly clear how the VILIP 

members differentiate themselves. VILIP3 and Hippocalcin have similar expression 

[101, 102], while VILIP-2 does not [119]. It is thought that different VILIPs have 

varying affinities for calcium [120-122] ranging from 200 nM to 10 μM [86]. It is 

also possible that the differences in these proteins are how they respond to calcium, 

rather than the calcium response range. Because this is unknown, the VILIP 

subfamily makes an excellent subject for the study of how evolution has driven the 

differentiation of functions in NCS proteins.  

To better study how this occurs, two candidates were chosen, NCALD and 

HPCA. NCALD shares an 88% identity (95% similarity) with HPCA. Both of these 

VILIPS, are 193 residues long, have a myristolated N-terminus, and 4 EF hands in 

which the first hand is not functional. The addition of calcium causes the proteins to 

cycle from the cytosol to the membrane [5, 42, 43]. NCALD and HPCA are often 

expressed in the same cells, at the same time in mammals (reviewed in: [6]). In 

addition, they interact with some of the same partners, like ROS-GC1 and ONE-GC 

[16, 30, 104-106].   

All of these factors would typically mean that these two proteins are likely 

redundant, however, this is not the case because of the existence of the HPCA 

knockout mouse. The HPCA knockout expressed a phenotypic loss of LTP. When the 

animals were tested, there was no change in other NCS protein levels, showing that 

NCALD cannot compensate for HPCA [20]. In addition, diseases related to mutations 

in these proteins are distinct point mutations in which HPCA causes a form of 
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dystonia, while a partial loss of NCALD in patients leads to a disease that causes 

seizures, intellectual disability, and autistic behavior [59, 108]. 

 It is, therefore, clear that these two proteins have evolved to carry out distinct 

functions. The focus of the following work is to determine what makes NCALD and 

HPCA unique, in hopes to better understand how evolution has driven the 

differentiation of functions in NCS proteins.  
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Chapter 2.  Rationale 

Calcium signaling is critical for the proper functioning of neurons. Since a 

single ion can cause multiple reactions, including memory formation, synaptic firing, 

or cell death, it is critical for the cells to be able to detect and respond to a specific 

range of calcium. The Neuronal Calcium Sensor (NCS) protein family carries out this 

“sensing” and subsequent response. In order to better understand what makes NCS 

proteins unique, the following study will primarily focus on two members: HPCA, 

which is well characterized, and NCALD, whose function is still unknown.  

 

Hypothesis: NCS proteins, namely NCALD and HPCA, carry out unique, 

non-overlapping functions related to their specific structures. 

In order to test this hypothesis, the NCS members NCALD and HPCA will be 

compared. They are members of the VILIP subfamily of NCS proteins and share an 

88% identity (reviewed in: [6]), but have evolved to carry out distinct functions. In 

the VILIP family of proteins it is not clear how the members differentiate themselves 

despite their high similarity. In order to properly examine what makes NCALD and 

HPCA unique, three goals must be met.  

First, we need the ability to express, isolate, and purify large quantities of the 

NCS family proteins. By isolating pure protein, in-vitro experiments can be 

conducted to better understand how the NCS family works. This in-vitro 

experimentation is critical in the case of NCALD, where no mouse knockout exists 

because the loss of NCALD appears to be embryonic lethal.  
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Next, we need to identify assays that are capable of differentiating the 

proteins. Because all the NCS family members bind calcium, stimulate similar 

partners, and are of a similar size and composition, it is critical to identify methods to 

differentiate them. Parameters using classic methods like tryptophan fluorescence, 

size exclusion chromatography, sequence analysis, and ROS-GC stimulation will be 

used to help differentiate the NCS members. In addition, newly developed methods 

using native gel analysis will be highlighted.  

Finally, once we can work with pure proteins and can differentiate between 

the NCS proteins, we can apply these tools to answer physiological questions. There 

are three major questions this work will highlight in order to answer the 

aforementioned hypothesis: 1) The role of dimerization in NCALD, 2) the role of the 

EF-1 region in the NCS family, and 3) how point mutations in HPCA lead to 

dystonia.  
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Chapter 3. Materials and Methods 
 

 

3.1 Construct Creation and Mutagenesis: 

Rat NCALD, HPCA or the GCAPs coding region was amplified by PCR and 

inserted into the bacterial expression vector pET 21d between NcoI and HindIII sites. 

The expressed protein is without tags.  To generate different mutants, pET 21d 

plasmid encoding the rat NCS proteins was used.  Point mutations were created using 

the QuikChange II XL Site-Directed Mutagenesis kit from Agilent Technologies. All 

constructs were confirmed via sequencing 

To create the dimer mutants,the following mutagenic primers were used:   

S19 to N  Primers: 

 Fwd (AGGACTTACTGGAAAACACAGACTTCACAGAG),  

K102 to M Primers:  

Fwd (GCTGGAGCAGAAGCTGATGTGGGCCTTCAGCATGTATG,) and  

A119 to E Primers :  

Fwd (CGGCTACATCAGCAAGGAAGAAATGCTGGAGATTGTGC). 

Double mutants harboring K102M and A119 E as well as triple mutant with all three 

mutations (S19NK102MA119E) were also created by the same method.  

To create the HPCA dystonia mutants the following primers were used.. 

T71N: Fwd (CAT GTC TTC CGC AAT TTT GAC ACC AAC -3'). N75K: Fwd 5'- 

(ACT TTT GAC ACC AAA GCG ACG GCA CCA -3'). 
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3.2 Expression of recombinant myristoylated and non-myristoylated HPCA in E. 

coli: 

The rat HPCA/pET 21d construct was transformed into E. coli ER2566 cells 

which co-expressed yeast N-Myristoyl Transferase (plasmid pBB131, a kind gift 

from Dr. Gordon). For the purification of the non-myristoylated form, E. coli cells 

without the N-Myristoyl Transferase were used for expression.  Cells were inoculated 

from an overnight culture (1%) into 300ml of fresh LB medium containing ampicillin 

(50 g/mL) and kanamycin (25 g/mL) and grown at 37°C with shaking at 200rpm. 

Once an OD of 0.4 at 600nm was reached, 100 µg /ml myristic acid was added to 

generate the myristoylated form. Induction was facilitated by the addition of IPTG, 

which was added to a final concentration of 1mM after an OD of 0.6 was reached, 

consistent with previously published protocols [45, 123]. Cells were pelleted 3 hours 

after induction by centrifugation at 2500x g for 30 minutes and the pellet was frozen 

at –20°C until further use.  

 

3.3 Bacterial cell lysis of HPCA containing cells: 

The cells were suspended in a buffer containing 20mM Tris pH 8.0, 0.1M 

NaCl, 1mM PMSF and 0.2mM Benzamidine HCl. The suspension was then sonicated 

on ice at 30% power using a Branson 450 Sonifier 7x15 seconds with a 15-second 

rest between each burst, followed by centrifugation at 17000x g for 20min. The 

supernatant contained the soluble, fraction of HPCA and was directly used for 

purification.  The pellet contained the inclusion bodies and was processed as 

described below.  
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3.4 Processing Inclusion bodies: 

The inclusion bodies were resuspended in 12.5ml of 6M Guanidine HCl in 

20mM Tris pH 8.0 containing 2mM DTT and were left to stir for 1 hour at room 

temperature. Following denaturation the inclusion bodies were spun at 17,000x g for 

30min at 40C. The supernatant was then dialyzed against 4L of 20mM Tris HCl pH 

8.0, 0.1 M NaCl overnight at 40C.  The next morning the dialysate was spun at 

17,000x g for 20min to remove the precipitated proteins.  

 

3.5 Hydrophobic interaction chromatography (HIC) purification of HPCA: 

Hydrophobic interaction chromatography was carried out on a phenyl 

sepharose column (1.5 mL) connected to an AKTA prime.  1mM CaCl2 was added to 

either the soluble fraction or the dialysate and the samples were loaded on to the 

column pre-equilibrated with a buffer containing 20mM Tris pH 8.0, 0.1M NaCl and 

1mM CaCl2. The column was then washed with 15mL of buffer containing 20mM 

Tris pH 8.0, 0.1M NaCl and 1mM CaCl2 followed by a second  15mL wash of  the 

same buffer but without CaCl2  and finally with a 15mL wash of 20mM Tris pH 8.0. 

HPCA was eluted from the column in 1.5mL fractions using 15mL of 20mM Tris pH 

8.0 containing 5mM EGTA.  Fractions containing the purified protein (identified by 

SDS-PAGE) were pooled and dialyzed overnight into 20mm Tris pH 7.5 at 40C.   

 

3.6 Concentration of HPCA and Calcium depletion: 

The dialysate (purified HPCA) was concentrated using (10KDa  cutoff) 

Amicon Ultra 4  centrifugal filters and then washed with calcium depleted 20mM 
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Tris-HCl (pH 7.5) buffer.  Calcium depletion of the buffer was carried out as 

described in [124] using Chelex resin.  Protein concentration was determined by the 

Bio-Rad protein assay according to the manufacturer’s protocols (Bio-Rad 

Laboratories Inc., CA, USA).   

 

3.7 Polyacrylamide gel electrophoresis: 

Previously established protocols were followed [30, 45, 105]. Briefly, proteins 

were separated by discontinuous SDS-(12%) PAGE (pH 8.8) at a constant voltage of 

135V for 1 hr.  

 

3.8 Western Blotting: 

Western blotting was carried out with a 45 min transfer to nitrocellulose and 

HPCA was detected using a previously described polyclonal antibody [45] using the 

standard methods [30, 45, 105].   

 

3.9 MALDI-MS: 

Purified HPCA (5μg) was desalted using C4 ZipTip (Millipore Inc.). The 

protein sample was then mixed 1:2 with saturated 1,5-diaminonaphthalene in 50% 

acetonitrile and 0.1% TFA in water and spotted on the MALDI target plate. In-source 

decay (ISD) data was collected using Bruker MicroFlex LFR MALDI-TOF in 

positive linear mode. Mass range was set from 1000 to 7000 Da and the pulse ion 

extraction was set at 240ns. ISD spectra were analyzed with Flex Analysis software 

(Bruker).   
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3.10 Tryptophan fluorescence: 

Fluorescence measurements were carried out on a Fluromax -3 

spectrofluorometer.  Tryptophan emission fluorescence spectra were recorded at 22°C 

from 0.1 ml samples with 4 µM HPCA in 20mM Tris pH 7.5. The excitation 

wavelength was set at 290 nm (bandwidth, 4 nm), and the emission wavelength was 

varied from 300 to 400 nm (bandwidth, 4nm). Samples were incubated with buffer 

containing increasing concentrations of calcium using calcium calibration buffers 

purchased from Molecular Probes by Life Technologies.  

 

3.11 Native Gel Electrophoresis (CIMSA): 

Purified proteins were separated by native discontinuous (12%) PAGE (pH 

8.8) at a constant voltage of 165 V for 2.5 hrs in running buffer comprised of 25 mM 

Tris base and 190 mM glycine. The gels were 8 cm length, 10 cm width and 0.75 mm 

thickness. The gels were discontinuous, with stacking (4% acrylamide in 125 mM 

Tris-Cl, pH 6.8) and separating (12% acrylamide in 300 mM Tris-Cl, pH 8.8) 

components. The electrophoresis chamber (standard mini PROTEAN apparatus, Bio-

Rad) was kept on ice to prevent overheating of the gel.  Five l 1 g/ l) of each 

of the proteins was mixed with 15 l of buffer containing specific concentrations of 

the free divalent cation, obtained by mixing EGTA/EDTA and the divalent cation in 

appropriate proportions based on the program MAXCHELATOR [32]; for increments 

of calcium, calcium calibration buffers of increasing calcium concentrations from 0 

M to 39 M were used.  5 l of 6x Sample buffer (Laemmli sample buffer without 

SDS) was added to all samples [125, 126].    
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After electrophoresis, proteins were visualized with Coomassie blue 

R250.  The relative mobility value for each band was measured as the distance 

migrated by the band measured from the top of the gel in relation to the total gel 

length from scanned images using ImageJ.  To determine the effect of calcium on a 

single protein, the mobility value at each calcium concentration was estimated in 

relation to that obtained at the maximal concentration of calcium (39 M).  Data 

compiled from several replicates were analyzed and presented as mean ± SE using 

Prism 6.0. Statistical significance between indicated groups was determined by two-

tailed student’s t tests.  

 

3.12 Ferguson plot: 

Native electrophoresis of individual NCS protein was carried out as described 

above on gels of varying acrylamide concentrations ranging from 9%-12%. Proteins 

were incubated with either 0 µM or 39µM free calcium with Calcium calibration 

buffers (Molecular Probes by Life Technologies) and were electrophoresed, for 2 hrs 

at 165V on ice.  Relative mobility values were measured plotted as a function of log 

values of concnetration in Prism 5.  

 

3.13 Guanylate cyclase activity assay: 

           Membranes of COS cells transfected with ROS-GC1 served as the source of the 

enzyme for guanylate cyclase activity assay.  The activity was assayed as described 

previously [45].  Briefly, membranes were pre-incubated on ice with or without NCS 

protein in a reaction mix containing 10 mM theophylline, 15 mM phosphocreatine, 20 



 30 

g creatine kinase, 50 mM Tris–HCl, pH 7.5.  Incubation was carried out in the 

presence or absence of calcium (10 M).   The total assay volume was 25 l. The 

reaction was initiated by addition of the substrate solution (to a final concentration of 

4 mM MgCl2 and 1 mM GTP), followed by incubation at 37°C for 10 min. The 

reaction was terminated by the addition of 225 l of 50 mM sodium acetate buffer, 

pH 6.2 and heating on a boiling water bath for 3 min. The mixture was spun down at 

1100x g for 10 mins and the supernatant was used to measure the amount of cyclic 

GMP formed using DetectX direct cGMP immunoassay kit according to 

manufacturer’s protocol (Arbor Assays).   

 

3.14 Protein Charge Calculations: 

Protein pI and charges were calculated using web-based program 

“ProteinCalculator” [65]. The accession numbers along with their gene symbols for 

the proteins referred to are:  Calmodulin [P62158.2; CALM1], Frequenin 

[AAF01804.1; NCS1], Recoverin [NP_002894.1; RCVRN], Neurocalcin delta 

[NP_001035720.1; NCALD], Hippocalcin [BAA74456.1; HPCA], Visinin-like 

protein 1 [P62760.2; VSNL1], HPCL1 or VILIP3 [P37235.3; HPCAL1], HPCL4 

[Q9UM19.3; HPCAL4], GCAP1 [P43080.3; GUCA1A], GCAP2 [Q9UMX6.4; 

GUCA1B], GCAP3 [NP_005450.3; GUCA1C], KChIP1 [Q9NZI2.2; KCNIP1], 

KChIP2 [Q9NS61.3; KCNIP2], KChIP3 [Q9Y2W7.1; KCNIP3], KChIP4 [Q6PIL6.1; 

KCNIP4] and Ovalbumin [AAB59956.1; OVAL]. 
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3.15 Computation of sequence interrelationships: 

The sequences of NCS proteins used for analyses are presented below and 

grouped according to the figures. They were:  

Figure 4.1-1: Frequenin [AAF01804.1], Recoverin [NP_002894.1], Neurocalcin delta 

[NP_001035720.1], Hippocalcin [BAA74456.1], VSNL1 [P62760.2], HPCAL1 [ 

P37235.3], HPCAL4 [Q9UM19.3], GCAP1 [P43080.3], GCAP 2 [Q9UMX6.4], 

GCAP 3 [NP_005450.3]), KChIP1 [Q9NZI2.2], KChIP2 [Q9NS61.3], KChIP3 

[Q9Y2W7.1] and KChIP4 [Q6PIL6.1] 

Figure 4.1-2 GCAP1 Homo sapiens [P43080.3], GCAP 2 Homo sapiens 

[Q9UMX6.4], GCAP 3 Homo sapiens [NP_005450.3]), GCAP1 Bos taurus 

[P46065.2], GCAP1 Mus musculus [NP_032215.2], GCAP1 Gallus gallus 

[AAB47111.1], GCAP1 Danio rerio [AAL05602.1], GCAP2 Gallus gallus 

[AAB47112.1], GCAP2 Mus musculus [NP_666191.1], GCAP2 Bos Taurus 

[NP_777211.1], GCAP2 Danio rerio [NP_571946.1], and GCAP3 Danio rerio 

[AAK95949.1] 

Figure 4.1-3 Frequenin [AAF01804.1], Recoverin [NP_002894.], Neurocalcin 

delta [NP_001035720.1], Hippocalcin [BAA74456.1], VSNL1 [P62760.2], HPCAL1 

[P37235.3], HPCAL4 [Q9UM19.3], NCS1 Caenorhabditis elegans [AAA85631.1], 

NCS1 Danio rerio [AAO34710.1], NCS1 Xenopus laevis [NP_001084088.1], NCS1 

Saccharomyces cerevisiae [Q06389.2], and NCS1 Drosophila melanogaster 

[AAH04856.1]  

Figure 4.1-4 KChIP1 [Q9NZI2.2], KChIP2 [Q9NS61.3], KChIP3 

[Q9Y2W7.1], KChIP4 [Q6PIL6.1], KChIP1 isoform 3 [NP_001030010.1] denoted as 
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KChIP1.3, KChIP2 isoform 2 [NP_775283.1] denoted as KChIP2.2, KChIP 3 

isoform 2 precursor [NP_001030086.1] denoted as KChIP3.2, and KChIP 4 isoform 5 

[NP_001030175.1] denoted as KChIP4.5 in Figure 4. 

For the sequence analysis in Figure 5.4-1 the following sequences were used:, 

Neurocalcin delta [NP_001035720.1], Hippocalcin [BAA74456.1], Recoverin 

[NP_002894.1], Frequenin [AAF01804.1], VSNL1 (VILIP1) [P62760.2], HPCAL1 

(VILIP3) [P37235.3], HPCAL4 (VILIP-2) [Q9UM19.3], GCAP1 [P43080.3], GCAP 

2 [Q9UMX6.4], GCAP 3 [NP_005450.3]), KChIP1 [Q9NZI2.2], KChIP2 

[Q9NS61.3], KChIP3 [Q9Y2W7.1] and KChIP4 [Q6PIL6.1]. 

All alignments were performed using ClustalX 2.1 with the default setting: 

Gap opening 10, Gap extension 0.1, Protein weighted matrix –Gonnet 250 [29]. The 

unrooted tree was compiled using NJPlot [30] and enhanced in Adobe Illustrator. For 

the construction of phylogenetic trees, the NJ Bootstrapping method with a random 

number generator seed set at 111 and 1000 reiterations was used. The tree was 

displayed with NJ Plot [30] and enhanced with Adobe Illustrator. 

 

3.16 Tissue expression analysis: 

The analyses were carried out in silico.  Expression at mRNA as well as 

protein level was analyzed.  Two different databases - Genevestigator [127] and 

BioGPS [128] –were used to obtain mRNA expression profiles across different 

human tissues (brain, heart, liver, lung and skin) for indicated proteins.  

Protein expression level in whole human brain and liver was obtained for 

indicated proteins from two independent databases: (a) Human Protein Atlas 
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database[129-131], which is based on immunohistochemical analyses, and scores 

expression levels as negative (0), weak (1), moderate (2) or strong (3), and (b) PaxDB 

[132], which compiles standardized and integrated data on protein expression levels 

based on MS/MS.  The data from the Human Protein Atlas was also utilized to 

investigate the relative expression levels of the indicated proteins within different 

neurons of the human brain.  

 

3.17 Inductively Coupled Plasma (ICP) Spectroscopy: 

  The concentration of calcium in components used for native gel 

electrophoresis was determined by ICP spectroscopy. Chelex-treated water served as 

a blank. Briefly, samples were diluted into 10 mL of 5% nitric acid in ICP grade 

water rated at 18.2 MΩ cm. The quantity of calcium present was estimated as parts 

per billion (ppb) and converted into molarity. 

 

3.18 Cell Culture:  

COS7 cells were cultured in DMEM medium with 1g/L glucose, L-glutamine 

and sodium pyruvate (CORNING), supplemented with 10% fetal bovine serum from 

Hyclone, at 37 °C in 5% CO2.. 

 

3.19 Translocation Assay: 

COS7 cells grown to 75% confluence were transfected using calcium 

phosphate buffer (2X HEBS buffer (HEPES 50 mM, NaCl 280 mM and Na2HPO4 1.5 

mM, pH 7.05) with either an expression plasmid for wild type hippocalcin (pcDNA3-
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Hippocacin-ECFP) or the two mutants (T71N and N75K) or the control vector 

(pcDNA3-ECFP). After 24 hours the cells were moved to a TokaiHit on-stage 

incubator attached to a Nikon C1 laser confocal microscope. The cells were treated 

with 6 mM Histamine to increase intracellular calcium levels and live imaging was 

performed.  

 

3.20 Size exclusion chromatography: 

Purified samples were analyzed on a Superdex 75 (gel filtration) column on an 

AKTA Purifier.   Analyses were carried out in the presence of 20mm Tris pH 7.5, 

150mm NaCl and either 0.2 mM calcium (+ Calcium) or in the presence of 2.0 mM 

EGTA (- Calcium). The data shown is a representative experiment of at least 4 

independent runs, which included at least 2 independent preparations and 2 

independent clones for each construct.   

 

3.21 Direct calcium binding assay 

The experiment was carried out as previously described [133]. Briefly, 

purified proteins were separated on an 12% SDS-PAGE and then transferred to 

nitrocellulose. The blot was then washed 3x in imidazole buffer  (10mm imidazole 

pH 6.8, 60mm KCl, and 1mm MgCl2). The blots were then incubated for 20 min at 

room temperature with 4ci  45Ca in imidazole buffer. The blots were washed 2x with 

dH20, followed by 2x washes of 50% ethanol, and then imaged using the 

phosphoimager. 
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Chapter 4: Results 

4.1 Evolutionary Interrelationships and Insights into Molecular Mechanisms of 

Functional Divergence: An Analysis of Neuronal Calcium Sensor Proteins  

Portions of this work were previously published in: 

 

Viviano J*, Wu H, Venkataraman V. Evolutionary Interrelationships and Insights 

into Molecular Mechanisms of Functional Divergence: An Analysis of Neuronal 

Calcium Sensor Proteins. J Phylogen Evolution Biol (2013) : 117. doi:10.4172/2329-

9002.1000117 
 

 As a first step towards analyzing the link between evolutionary and functional 

diversity, we investigated the relationship among the NCS family members in the 

human genome. Several additional sequences (truncated or splice variants or without 

additional documentation) were left out of the analysis. There were 14 members of 

the NCS family: Frequenin (also known as NCS1), Recoverin, Kv Potassium-Channel 

Interacting Proteins types 1 through 4 (KChIP 1-4), Guanylate Cyclase Activating 

Proteins types 1 through 3 (GCAP 1-3), Visinin-like Protein type 1 (VILIP1; gene ID 

VSNL1), Neurocalcin Delta (NCALD), Hippocalcin (HPCA) and hippocalcin-like 

proteins type 1 and 4 (HPCAL1 & HPCAL4). The result presented in Figure 4.1-1 

shows that these members generate three major groups, which we have identified as 

GCAPs, VILIPs and KChIPs (indicated by shaded areas in Figure 4.1-1). Frequenin 

and recoverin were out grouped consistent with earlier analysis from other 

laboratories [6, 8].  
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The grouping is also consistent with known functions of the members in each: 

All GCAPs are intimately linked with the maintenance of the autoregulatory feedback 

loop in phototransduction 

[55, 134, 135] through their 

interaction with membrane 

guanylate cyclase (mGC) [5, 

55]; GCAP1, in addition, 

may also contribute to 

olfaction [136]. Some 

members of the VILIP group 

also share this ability to 

modulate mGC activity [29, 

30, 45, 87, 105, 137, 138]. 

However, in addition to 

mGC, each member of the 

VILIP group is known to 

interact with multiple 

targets, generating perhaps 

the most functionally diverse 

group among the three[5, 6, 

28]. The KChIPs were 

initially identified as modulators of potassium currents[139]. It has now been 

demonstrated that all KChIPs share DNA-binding ability also [140]. Interestingly, 

 

 

Figure 4.1-1: Computation of sequence 

interrelationships among the NCS Family of 

proteins.   The sequences of all known members 

of the NCS family identified in the human genome 

(excluding the splice variants) were aligned. The 

sequences used and the generation of the unrooted 

tree is described in the “Methods” section. The 

three major groups that are evident from the 

alignment are marked and labeled.  
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between the two outgrouped members, frequenin activates mGC [138] but recoverin 

does not; instead, it regulates rhodopsin kinase [42] and contributes to the feedback 

loop in phototransduction [141, 142]. Thus, members of the GCAP and VILIP groups 

Figure 4.1-2: Analysis of GCAP2/ROS-GC1 interactive domains.  (A) A 

phylogenetic tree depicting the interrelationship among GCAP proteins across 

several species was created as described in “Methods” and is presented.  (B) 

Regions of GCAP2 that were identified to be involved in binding to ROS-GC1 

are depicted. The region of the bovine GCAP2 (used in the study) 

encompassing the residues is presented in the top row. Amino acid residues are 

numbered at the top for guidance. Alignment of all GCAPs, including species 

orthologs, is provided below. Alignment of the corresponding regions from 

other proteins is presented as the third block. All sequences used are listed in 

the “Methods”. Amino acid residues shaded in grey were identified to form the 

GCAP2/ROS-GC1 interface [53]. Those that are completely conserved within 

the GCAP family are indicated with asterisks. (C) Sequence alignment of 

GCAP proteins across species and representative members from the VILIP 

group. Amino acid residues in the EF1 region of GCAP2 previously identified 

to be involved in ROS-GC1 interactions [52] are shaded in grey. The region of 

interest is presented in the top row, with some amino acid residues numbered.  
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as well as the outgrouped frequenin share the ability to modulate mGC activity. 

Further details of this shared function are presented below.  

4.1.2 Intricacy of NCS/mGC interactions  

A closer investigation reveals an extraordinarily intricate relationship between 

the NCS protein modulators and mGCs. There are seven genes in the human genome 

that encode mGCs. Of the seven, the one encoded by GUCY2D (also known as ROS-

GC1/RetGC1) is modulated by GCAP1, GCAP2, GCAP3, and NCALD [30, 105]; 

(reviewed in: [5, 42, 55, 142]. As an additional level of intrigue, the GCAPs inhibit 

mGC activity at calcium concentrations greater than 500 nM, while NCALD 

stimulates it ([30, 105]; reviewed in:[55, 142]). All the above proteins also modulate 

the GUCY2F product (ROS-GC2/ RetGC2) in a similar fashion, albeit at differing 

efficiencies as assessed by fold-change in activity and EC50 values [55, 142]. 

Frequenin [138] and HPCA [45] activate the olfactory guanylate cyclase (ONE-

GC/GC- D) at elevated calcium concentrations; interestingly, so does GCAP1 [136]. 

VSNL1, on the other hand, activates the product of NPR2B (atrial natriuretic peptide 

receptor type B/GC-B) [29, 87, 137]. The overlapping specificities of NCS proteins to 

one cyclase, the ability of one NCS protein to modulate different cyclases and 

opposing responses to elevated calcium are all observed in this interaction, which is 

spread between two groups and the two outliers. Information on the binding site on 

some NCS proteins necessary for their modulation of mGC is also available. 

Therefore, we chose to analyze this function in terms of evolutionary 

interrelationships among these proteins. Two laboratories have independently mapped 



 39 

amino acid residues on GCAP2 that mediate its interaction with ROS-GC1 [51, 143]. 

Similar information is available for NCALD, which regulates ROS-GC1 in an 

opposite fashion compared to GCAP2 in their calcium-loaded states [105]. A 

correlation between the molecular interactions leading up to functional divergence 

and phylogenetic relationships among these proteins are presented below.  

4.1.3 GCAP2 modulation of ROS-GC1   

For these analyses, results from two different laboratories were used. 

Pettelkau et al. [51] have identified residues on GCAP2 that are in close proximity to 

and, presumably, form the contact points with ROS-GC1.This was accomplished 

 

Figure 4.1-3: Analysis of NCALD/ROS-GC1 interactive domains.  (A) A 

phylogenetic tree of the proteins of the VILIP group along with recoverin 

and frequenin (NCS-1) across several species was created after Clustal 

alignment as described in “Methods”.  (B) Residues that are involved in 

NCALD/ROS-GC1 interactions were identified [46]. The region of interest 

in bovine NCALD is presented in the top row, with some amino acid 

residues numbered. Alignment of the corresponding region from all VILIPs 

(including species orthologs), recoverin and frequenin is provided below. 

Alignment of the region from GCAPs is presented as the third block. All 

sequences used are listed in the “Methods”. Those that are completely 

conserved within the VILIP family are indicated with asterisks.  
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through a combination of chemical cross-linking, photo-affinity labeling and MS. 

Based on these studies, a model for the calcium-loaded GCAP2 interaction with 

ROS-GC1 is also proposed involving specific amino acid residues in the interface. 

Ermilov et al. [143] identified residues on GCAP2 necessary for calcium-dependent 

regulation of ROS-GC1 using a completely different approach. Between the two 

studies, residues on GCAP2 that are critical for the interaction as well as modulation 

of ROS-GC1 have been mapped. Given that all GCAPs interact with ROS-GC1, 

along with at least one member of the VILIPs, it was of interest to investigate the 

presence of these identified residues within the GCAP group and, then, compare with 

the VILIP group members. The results are presented in Figure 4.1-2. As a first step, 

several orthologs for GCAP1 and GCAP2 from different vertebrate species as well as 

the two known orthologs of GCAP3 were aligned as described in Methods and the 

results are presented (Figure 4.1-2A). It is noted that for GCAP3 these are the only 

reported sequences available although it has been suggested that it is expressed in 

multiple species. None of the GCAPs are completely conserved among the species, 

variation does exist between species and the grouping is as expected: sequences for 

each of the GCAPs from different species cluster together (Figure 4.1-2A). Are they 

divergent on the amino acid residues that interface with ROS-GC1? An alignment of 

all GCAP sequences (species indicated in italicized font) with the amino acid residues 

spanning the interface is presented in Figure 4.1-2B. In addition, they are aligned with 

members from the VILIP group. It is noted that all members of the VILIP groups are 

conserved across the vertebrate species (data not shown).  
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On GCAP2, two areas of interaction were identified [51]: one that spans the 

EF1 hand and the other, the EF4 hand. The bovine form of GCAP2 was used in these 

experiments. The amino acid residues in the region are presented in the top row of 

Figure 4.1-2B and numbers for some amino acid residues are provided on top for 

guidance. The residues identified to be at the interface are shaded in grey. They are: 

A57, T58, V61, E62, A63 (all in EF1), P146, E147, F170, V171 and E172 (all in 

EF4). How are these residues conserved during the divergence of GCAPs and 

VILIPs? A57 is highly conserved in GCAPs as well as most VILIPs but is replaced 

by a Pro residue in recoverin and frequenin. Ala is not likely to interact, but its 

presence may allow other interactions to occur. Neither of these proteins interacts 

with ROS-GC1 ([138]; reviewed in:[42]). Therefore, could this residue be critical for 

ROS-GC1 interaction? Interestingly, HPCA and VSNL1, which are shown to interact 

with mGCs other than ROS-GC1, have preserved A57. Is it possible that these NCS 

proteins also interact with ROS-GC1? In order to answer that question, the 

conservation of residues at other positions was investigated. T58 is not conserved 

even in species orthologs of GCAP2. Given that GCAPs have been shown to operate 

across species (GCAP) from one species can modulate ROS-GC1 from another 

species [144], it is unlikely that this residue is critical for interaction. V61 and E62 

are conserved in most GCAPs or replaced by Ile or Asp residues across the GCAPs. 

This suggests that both of the sites are likely to be the amino acids utilized for mGC 

activation in GCAPs. In VILIPs, there is an Ala at position corresponding to V61 and, 

therefore, supports a GCAP- specific role for this residue. On the other hand, E62 is 

preserved in HPCA and NCALD. Considering that VILIPs and GCAPs have opposite 
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effects on mGC stimulation ([30, 105]; reviewed in: [55, 142]), could V61 be the 

reason for this functional divergence? Like T58, A63 is not conserved even within 

GCAP2 orthologs and, therefore, is likely not an interaction site [53].  

 The amino acid residues in EF4 that are located in the interface are: P146, 

E147, F170, V171 and E172 [51]. P146 is interesting because it is conserved 

throughout the NCS family but is substituted with an Ala in all species orthologs of 

GCAP1, suggesting that the presence of Ala allows for  critical interactions which 

contribute to the unique properties of GCAP1 such as binding at a different site [50]. 

E147 is almost completely conserved, with only the GCAP2 and GCAP3 proteins in 

D. rerio bearing a conserved substitution of Asp at the corresponding position. F170 

is completely conserved (indicated with an asterisk; Figure 4.1-2B). Position 

corresponding V171 is highly variable even between the same proteins in different 

species with substitutions ranging from presumably conserved ones such as with an 

Ile to Met and positively charged Lys and Gln. There are two completely opposite 

inferences that may be drawn: (a) it is possible that this position may govern 

parameters of interaction of individual members with ROS-GC1, in which case 

mutation of these residues would affect the interaction of the protein with ROS-GC1 

or (2) this residue may play no role, in which case mutation would have no effect. 

The last identified residue on GCAP2 is E172. Conservation at this position shows an 

interesting pattern; a negatively charged residue is present in this position in all 

GCAPs except GCAP3 and D. rerio GCAP1; this also holds true for the VILIPs, 

except for HPCA and NCALD, where a positively charged Arg is found. Thus, the 



 43 

phylogenetic analyses have enabled to distinguish the role of amino acid residues 

identified at the GCAP2 interface with ROS-GC1: some are unlikely to play an 

important role either because they are not conserved at all (T58, A63) or completely 

conserved among all examined NCS sequences (F170).  The possibility still remains 

that theses residues co-evolved to interact with unique partners.  Further predictions 

could be made about residues that may determine NCS-specific interaction (Ala at 

P146 for GCAP1, Arg at position corresponding to E172 for HPCA and NCALD, 

V61 and E62 for GCAPs) and would enable more incisive experimental design to test 

these predictions.  

A completely different approach was taken by Ermilov et al. [143] using site-

directed mutagenesis and analyzing the effects on biological activity to map amino 

acid residues within the EF1 hand of GCAP2 that mediate its calcium-dependent 

regulation of ROS-GC1. Unlike the previous approach [51], the emphasis is on 

residues that contribute to the regulation of ROS-GC1. Several residues were 

investigated for a possible contribution to mGC regulation - K30, E33, C35, F41, 

H43, E44 and F48. Interestingly, all residues identified by this approach, reside 

within EF1 region, unlike the previous study, which identified residues in both EF1 

and EF4 (Figure 4.1-2B). The residues on bovine GCAP2 identified by Ermilov et al. 

[143] are shaded grey in Figure 4.1-2C. An alignment of all GCAP sequences as well 

as representative VILIPs are also depicted. Conserved residues are shaded in grey. 

Analyses of sequence divergence as before, lead to the following conclusions 

regarding the mapped region: F41 is GCAP2-specific and may be critical for the 
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specificity of GCAP2 interaction with ROS-GC1; a similar argument could be made 

for H43, except that the residue is not preserved in the human orthologs. However, 

experimentally, mutations of these residues affect the ability of GCAP2 to activate 

mGC [143]. K30 is present in all GCAPs except GCAP3, suggesting that its role is 

common at least between GCAP1 and GCAP2. The observation that the K30G 

mutation showed decreased activation, therefore, is less likely due an effect on 

specific GCAP2/ROS-GC1 interaction and is more likely due to an effect on overall 

protein function common between GCAP1 and GCAP2. F48 is also conserved in all 

GCAPs except GCAP3 and, notably, the human GCAP2 ortholog. The scenario with 

C35 is identical to that of F48. However, C35 is also conserved in the VILIPs, 

suggesting that the residue may not be involved in unique GCAP2/ ROS-GC1 

interaction. E44 is conserved in all members analyzed except the two out grouped 

members: recoverin and frequenin. The final site thought to be involved in mGC 

activation by GCAP2 is E33. Interestingly the sequence alignment shows that this site 

is variable even between species. We predict that E33 contributes little to ROS-GC1 

activation, since it is not conserved even among species orthologs of GCAP2. Not 

surprisingly, the prediction is supported by experimental data [143].  

In summary, evolutionary interrelationships were used to analyze amino acid 

residues determined to be at the GCAP2/ROS-GC1 interface or critical for activation 

of ROS-GC1 by GCAP2. As a result, residues could be predicted to fall into one three 

classes: (i) those that have little role in the interaction, (ii) those that are likely to 

contribute to the specificity of the NCS/ROS-GC1 interaction, and (iii) those that 
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could contribute to the total protein structure rather than specific interactions. 

Notably, some of these predictions have been substantiated by experimental data.  

 

4.1.4 NCALD activation of ROS-GC1  

NCALD is a member of the VILIP group (Figure 4.1-1) and brings about 

activation when it binds to ROS-GC1 in its calcium-loaded state [30, 105]. Analysis 

of the VILIP group members across species is of interest in itself: several members 

such as NCALD, HPCA, FREQ and VSNL1 are conserved across vertebrates. The 

VILIP member in lower organisms is identified as NCS1 and has been included in the 

alignment (Figure 4.1-3A). All VILIPs that stimulate mGC activity do so in their 

 

Figure 4.1-4: Analysis of KChIP/DRE sequence interactions.(A) A 

phylogenetic tree created from a Clustal sequence alignment of the KChIP 

family of proteins along with isoforms of each variant is presented. The 

sequences used and the generation of the phylogenetic tree is described in the 

“Methods” section. (B) Sequence alignment of the NCS proteins 

corresponding to the region identified in KChIPs to interact with DRE 

sequence [48]. The region of interest in KChIP3 is presented in the top row, 

with some amino acid residues numbered. Those that are completely 

conserved within the KChIP family are indicated with asterisks. Alignment 

of the corresponding regions from other proteins is also presented  
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Fig.  4.1-5 Expression profile of three NCS proteins: 

 (A) mRNA expression profiles across different human tissues (brain, heart, 

liver, lung and skin) for indicated proteins were obtained from 

Genevestigator and plotted across the y axis. Level of expression is 

represented by signal intensity on Human Genome 47k Array. Mean±SEM is 

displayed.  (B) mRNA expression profiles for the same tissues with probe 

sets identical to the ones used in (A) were acquired from BioGPS. 

Mean±SEM of expression values from Affymetrix chips related to 

fluorescence intensity across tissues were plotted on a logarithmic scale. (C) 

Protein expression level in human brain and liver quantitated 

immunohistochemically was scored as negative (0), weak (1), moderate (2) 

and strong (3) by Human Protein Atlas and plotted in y axis. (D) 

Standardized and integrated data on protein expression level based on 

MS/MS data was obtained from PaxDB for the same tissues as in (C) and 

plotted on a logarithmic scale (E) Protein expression level in different 

neurons of the brain (Cerebral Cotex, Hippocampus, Lateral Ventricle and 

Purkinje) were compiled in the Human Protein Atlas database based on 

immunohistochemical analyses and scored as negative (0), weak (1), 

moderate (2) and strong (3). Data for the proteins of interest are presented. 
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calcium-loaded state [30, 45, 105, 137]. Information on the residues on the NCS 

protein that may mediate the function is available only for NCALD: Venkataraman et 

al. [105] have identified residues on NCALD that may be critical for the interaction 

through a combination of biological assays, peptide competition and direct binding 

assays. The residues thus identified and localized to the EF1 hand region of NCALD 

are: H25, E26, Q28, E29, W30, K32, G33, F34, R36, D37, C38, L43, E47, K50, I51, 

Y52, N54, F55 and F56. They are identified by shading in the top row in Figure 4.1-

3B. Comparison of residues that are conserved among VILIPs against those 

conserved in GCAPs (Figure 4.1-3B) reveals interesting patterns. Several residues are 

completely conserved across VILIP members even in lower organisms. These are 

E26, W30, F34, D37, C38, Y52, F55 and F56 (indicated by asterisks; Figure 4.1-3C). 

At corresponding positions in GCAPs, only E26 (D26 in GCAP2), W30 and F34 are 

conserved. This would lead to the prediction that these residues are important for 

overall protein integrity, while the rest of the conserved residues contribute to a 

VILIP-specific function. Furthermore, this function is most likely conserved all the 

way from lower eukaryotes to vertebrates. The vertebrate VILIPs all activate mGCs 

in their calcium-loaded state [30, 45, 105, 137]. If this is the preserved function, the 

results would indicate that the function would be conserved in lower eukaryotes too. 

On the other hand, it may be a function waiting to be discovered. Further 

experimental analyses would enable validating one of the alternative scenarios.  

The extraordinarily high conservation among VILIPs prompted the question 

whether these could be redundant proteins. Experimental evidence from loss-of-
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function scenarios [19, 20, 23, 47] and the fact that they are completely conserved 

across vertebrates argue that it is not the case. This leads to two possibilities: (a) their 

expression is separated by space and/or time, or (b) despite the conservation, they are 

sufficiently divergent and perform critical functions. In order to distinguish between 

these two possibilities, we used a data-mining approach to scan the expression of 

three members of the VILIP family - two closely related members of the VILIP group 

(HPCA and NCALD) and an outgrouped member (FREQ) (Figure 4.1-1). mRNA 

expression levels across tissues based on microarrays, were integrated by two 

different websites (Genevestigator and BioGPS). The data for NCALD, HPCA and 

FREQ are compiled and presented in Figure 4.1-5 A and Figure 4.1-5 B. The results 

indicate that all three are expressed in the same tissue, although the expression levels 

might be different. Similar conclusions are reached at the protein level based on data 

compiled from Human Protein Atlas (Figure 4.1-5 C) and PaxDB (Figure 4.1-5 D). 

However, in liver, FREQ is expressed at a lower level while HPCA and NCALD are 

absent. Even among neurons from different regions of brain, Purkinje neuron shows a 

comparable expression level across all three proteins, while the presence of FREQ in 

cerebral cortex, HPCA in Hippocampus and HPCA/NCALD in lateral ventricle are 

more abundant compared to the rest. These results (Figure 4.1-5) argue that there is 

no spatial or temporal separation of the expression of the analyzed NCS proteins, 

either at the mRNA or at the protein level. Furthermore, in the brain, they seem to be 

co-expressed in different neuronal subtypes, albeit at different levels. This would 

support a non-overlapping, perhaps critical, function for each tested NCS protein. 

Thus, the approach presented in this study, we feel, will be particularly beneficial in 
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delineating the functional divergence among members of this group, which exhibit a 

high degree of evolutionary conservation. We would predict that the functional 

divergence is mediated by residues that lie outside of the region that interacts with 

ROS-GC1, which appears to be highly conserved (Figure 4.1-3B).  

4.1.5 Interaction of KChIPs with the downstream regulatory element  

Compared to GCAPs and VILIPs, members of the KChIP group are less well 

characterized and are not known to modulate mGC; their primary shared function 

appears to be interaction with Kv channels [139]. Only 4 genes have been 

documented in the human genome, although several splice variants have been 

reported. An alignment of the known KChIP genes and several of their splice variants 

is depicted in Figure 4.1A. For the purpose of our analyses of this closely-preserved 

unique group, we chose a function that every KChIP is believed to carry out: namely, 

binding to the Downstream Regulatory Element (DRE) [6, 140]. Residues that 

mediate this interaction were identified through experimental analyses to be K87, 

K90, K91, R98, K101, R160 and K166 (shaded grey in Figure 4.1-4B). Sequence 

divergence analyses across members of the three groups were carried out along with 

some variants chosen at random. Surprisingly, KChIP2 and KChIP 2.2 are completely 

conserved, suggesting the possibility that one sequence was perhaps reported more 

than once. With regard to molecular insight into the KChIP interaction with DRE, 

however, the analyses were beneficial once again. K87 is replaced by Asn in KChIP 1 

and its variant; R98 and R101 are completely conserved in all KChIPs (indicated by 

asterisks; Figure 4.1-4B), while the others exhibit a conserved substitution (Arg for 
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Lys) (Figure 4.1-4B). When compared to members from other groups, R160 and 

K166 are conserved throughout and, therefore, are less likely to contribute to the 

specific interaction [145]. K87 is preserved in recoverin, which does not bind to DRE 

[140], suggesting that the presence of K87 alone is not enough to drive DRE binding. 

A conserved substitution (Lys) is observed in most members at position 

corresponding to R98 in KChIPs decreasing the likelihood of the residue being 

critical for the specific interaction. Thus, the prediction would be that the remaining 

residues – K90, K91 and K101 - are the ones that determine the DRE-binding 

function in KChIPs. Of the three, only K101 remains to be experimentally validated 

[140].  

 

 

 

 

 

 

 

 

 

 

 

 



 51 

4.2 Single-column purification of the tag-free, recombinant form of the neuronal 

calcium sensor protein, hippocalcin expressed in Escherichia coli 

 

Portions of this work were previously published in: 

 

Krishnan A, Viviano J *, Morozov Y, Venkataraman V. Single-Column Purification 

of the Tag-free, Recombinant Form of the Neuronal Calcium Sensor Protein, 

Hippocalcin Through a Single Column after Expression in E. coli.  Protein Expr 

Purif. 2016 Mar 18. pii: S1046-5928(16)30040-7. doi: 10.1016/j.pep.2016.03.005 

 

Krishnan A, Viviano J *, Morozov, Y, Venkataraman, V. Data on the Identity and 

Myristoylation State of Recombinant, Purified Hippocalcin Data in Brief, 2016 May 

20;8:78-81. doi: 10.1016/j.dib.2016.04.024. 

 
 

 

Whether investigations are aimed at elucidating the calcium-dependent 

changes in the protein itself, or at the downstream interacting partners of HPCA, it is 

important to be able to obtain the pure protein in sufficient amounts.  In this report, 

we detail how to purify recombinant, tag-free HPCA at high purity from E.coli in a 

single step, incorporating hydrophobic interaction chromatography, which has been 

used to purify other NCS proteins [45, 146]. This optimized method provides a high 

yield of active, physiologically relevant protein.  

Recombinant HPCA was expressed in E.coli ER2566 cells under the control 

of a lac promoter inducible by IPTG as described in the Materials and Methods 

section. Purification was carried out using a single phenyl sepharose column on an 

AKTA Prime and monitored by absorption at 280 nm. Figure 4.2-1A shows the 

purification profile of HPCA with A280 as a function of volume. The fractions are 

indicated by numbers as an additional inset on the X-axis. Briefly, the whole cell 

lysate was loaded onto the column and majority of the proteins were eluted in the 

flow through (Fraction 1).  Fractions 2, 3 and 4 represent washes with buffers 
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containing 20mm Tris with decreasing concentrations of salts. Fractions 5-11 show 

the elution of HPCA with the calcium chelator EGTA (Fig. 4.2-1; demarcated 

 

Figure 4.2-1 - Purification of HPCA through a single column. Purification 

profile from AKTA prime on phenyl sepharose column. Absorbance at 280nm is 

plotted as a function of volume (mL) on X-axis.  An inset is provided to indicate 

fraction numbers.  Fraction 1 contains the unbound protein; Fractions 2 through 4 

are 15mL washes with buffers of decreasing salt concentrations as described in 

“Materials and Methods”.  Elution of HPCA was accomplished with EGTA (2mL 

fractions from 5 through 11). Cleaning of the column was through passage of 

water (fractions 12-14) followed by urea (Fraction 15).  The column was then 

regenerated with water (Fraction 16).   
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between grey dotted lines).  HPCA shows a single, distinct peak, starting at fraction 7. 

The fractions were analyzed by SDS-PAGE (Fig. 4.2-2A; fraction numbers 

correspond to Fig. 4.2-1A). It is noted that HPCA is expressed at high levels (Fig. 

2.2-2B; 

A 

 
B 

 
 

Figure 4.2-2 – Analysis of purified HPCA through a single column. 

(A) SDS PAGE analysis of fractions. Fractions from purification were 

electrophoresed on SDS-PAG as described in “Materials and Methods” and a 

representative image is presented.  Lanes are labeled with the fraction numbers 

from figure 4.2-1.  Total lysate (Lysate) was also included.  Arrow indicates the 

position of the band corresponding to the protein. (B) Western Blot analyses.  

Myristoylated (Myr+) and non-myristoylated (Myr-) forms of HPCA were 

independently purified and analyzed as described in “Materials and Methods” and 

a representative image is presented.  Arrow indicates the position of the band 

corresponding to the protein. 
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Figure 4.2-3: In-source decay analysis of purified recombinant HPCA. ISD 

spectrum of N- terminal peptide fragments of expected molecular masses 

confirming the presence of intact protein. The sequence of the protein was 

determined using the mass differences between the fragments. It is noted that 

some residues may be misidentified due to inability to distinguish between very 

close mass numbers.   ISD spectrum of both myristoylated (A) and non-

myristoylated (B) recombinant HPCA are presented. 
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Lysate, indicated by an arrow) and binds almost exclusively to the column under the 

described conditions (Compare “Lysate” and “1” in Fig. 4.2-2B).  In fractions 7 

through 11, the protein is obtained in near-homogeneity. In this single column 

purification step, little to no contamination was observable. Following the HIC 

purification, HPCA was concentrated as described in the Materials and Methods 

section.   Similar results were obtained whether the protein was in its myristoylated or 

non-myristoylated form.  Typically, when the cells are grown at 37°C, the yield is 4-5 

mg protein/L, with the inclusion bodies yielding 3 – 4 mg/L and the soluble fraction, 

1 mg/L.   Almost all the protein was obtained from the soluble fraction if the cells 

were grown at lower temperature (22 °C).  

 To verify that the protein purified was HPCA, western blot analysis was 

 
Table 4.2-1:  N-terminal fragments generated from myristoylated and non-

myristoylated HPCA. Purified HPCA was analyzed through mass spectrometry.  

MOLDI-TOF ISD analyses were independently carried out with the myristoylated 

and non-myristoylated forms of HPCA. Table 1 displays the sequence of the first 8 

fragments identified by ISD.  The difference between non-myristoylated and 

myristoylated forms, as expected, is 210 Da.   
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performed (Fig. 4.2-2B). Both the myristoylated (Myr+) and non-myristoylated (Myr-) 

forms of HPCA were analyzed. The blot shows a single, strong band at 22kDa for 

both forms of the protein (indicated by an arrow). There is no observable difference 

in the reactivity of the antibody to HPCA whether it is in its myristoylated or non-

myristoylated form.   

 

4.2.1 Analysis of purified HPCA by Mass Spectrometry: 

Purified HPCA was analyzed by mass spectrometry/ISD. Sequencing results 

from the N-terminus are presented in figure 3.  Analysis of both non-myristoylated 

(Fig. 4.2-3A) and myristoylated (Fig. 4.2-3B) forms of HPCA were carried out 

independently. The results confirm the N-terminal sequence of the expressed protein.  

Furthermore, analyses shown in Table 4.2-1 and Figure 4.2-4 also demonstrate that it 

lacks the N-terminal methionine and is myristoylated at the Gly residue.   Thus, the 

expression conditions permit efficient and accurate myristoylation of HPCA.  

 

4.2.2 Functional analyses of purified HPCA: 

HPCA, like other NCS proteins, contains 2 tryptophans, one at position 30, 

located in the non-calcium binding EF-1 hand and the other at position 103, located in 

EF-3, which binds calcium [45, 147]. 
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Previously, fluorescence emission from these residues has been demonstrated to be 

sensitive to calcium- dependent conformational change in other members of the NCS 

family [68, 69, 121, 148]. We set out to determine if such a change was observable in 

HPCA as well. Figure 4.2-5A shows representative fluorescence emission spectra of 

 
Figure 4.2-4: Sequence of expressed HPCA. Data presented confirms the 

identity of the expressed protein, derived from the cDNA sequence as well as 

through MALDI-TOF ISD (underlined sequence) as HPCA [2, 3].  Together, the 

data demonstrate the loss of the first methionine (in grey; Table. 4.2-1) in the 

purified protein. 
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HPCA from 300 to 400 nm. Both myristoylated (grey lines) and non- myristoylated 

(black lines) were analyzed in the absence (solid lines) or presence (dotted lines) of 

calcium.  It is observed that the non-myristoylated form has higher amplitude of the 

 

Figure 4.2-5: Response of HPCA to calcium – Tryptophan Fluorescence 

analyses. HPCA was purified in its myristoylated or non-myristoylated form.  

All fluorescence measurements were made on a spectrofluorimeter Fluoromax 

-3. Tryptophan emission fluorescence spectra were recorded at 22 °C from 0.1 

ml samples containing 4 µM protein in 20mm Tris-HCl and varying 

concentrations of Ca/EGTA. The excitation wavelength was set at 290 nm 

(bandwidth, 4 nm), and the emission wavelength was varied from 300 to 400 

nm (bandwidth, 4nm). Background fluorescence was recorded similarly in the 

absence of added proteins and subtracted from all the spectra. Spectra of 

HPCA without (solid line) and with (dotted line) calcium at 39 M 

concentration.  A representative curve is presented. Increase in fluorescence 

upon addition of calcium.  Data obtained with the myristoylated (Myr+) and 

non- myristoylated (Myr-) forms of HPCA are presented.  At least three 

independent runs were for each sample, which included at least two 

independent preparations and two independent clones.  
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peak in the absence of calcium compared to the myristoylated form.  However, both 

forms respond with an increase in emission in the presence of calcium.  To 

investigate if the increase was dose-dependent, experiments were repeated with 

incremental calcium concentrations.  Data from several experiments were compiled 

and response to calcium was analyzed (Fig. 4.2-5B).  It is observed that both the 

myristoylated and non-myristoylated forms respond with a dose-dependent increase 

Figure 4.2-6 : Mobility of NCS proteins is retarded by calcium under 

native conditions.  Purified HPCA –myristoylated (Myr+) or non- 

myristoylated (Myr-) -- was electrophoresed under native conditions as 

described in Materials and Methods.  The proteins were independently 

incubated with either 0 μM (-) or 39μM (+) calcium. The incubation time was 

inconsequential (data not shown).  (A) Representative gel images of mobility 

shift in native gels; (B) Statistical analyses of mobility data under native 

conditions.  Relative mobility values were compiled from at least two different 

preparations of the proteins with two replicates each (minimum n=4) and the 

data is presented as mean ± SE.   
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in relative fluorescence intensity with increasing calcium. Again, the non-

myristoylated form (grey bars) exhibits a slightly (statistically nonsignificant) higher 

amplitude than the myristoylated (white bars) form. It is noted that the increase 

corresponds with data reported for the closely related NCS protein, NCALD [121].    

4.2.3 Native gel mobility shift response to calcium binding:  

It has recently been demonstrated that members of the NCS protein family exhibit a 

retardation in mobility 

in native gels [149] and 

this response is specific 

to calcium, but not to 

magnesium, barium or 

strontium [149, 150].  

In order to examine if 

myristoylation plays a 

critical role in this 

phenomenon in HPCA, 

mobility shift analyses 

were carried out with 

the myristoylated and 

non-myristoylated 

forms.  A representative 

gel image is presented 

 

Figure 4.2-7: Stimulation of membrane guanylate 

cyclase activity by HPCA. ROS-GC1 activity was 

assayed as described in Materials and Methods.  

Stimulation by purified HPCA –myristoylated (Myr+) 

or non- myristoylated (Myr –-) was measured in the 

presence of calcium and is presented as fold 

stimulation over control (absence of protein).  Data 

were compiled from at least two different preparations 

of the proteins with two replicates each (minimum 

n=4).  No significant difference was observed between 

the two forms of HPCA. 
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(Fig. 4.2-6A) along with statistical analyses from replicates (Fig. 4.2-6B).  Both 

forms respond with a retarded mobility in the presence of calcium (Compare “0” Vs. 

“39” M).  The results are consistent with earlier observations for the myristoylated 

form and suggest that myristoylation does not significantly alter the response to 

calcium [151].  

4.2.4 Stimulation of membrane guanylate cyclase activity by HPCA: 

It has been previously demonstrated that myristoylated HPCA stimulates the 

activity of the membrane guanylate cyclase, ROS-GC1.  The activity of the 

myristoylated and non-myristoylated forms were compared in this assay as described 

in Materials and Methods.   The results (Fig. 4.2-7) show that both forms stimulate 

ROS-GC1 activity in a comparable fashion.  The 2-fold stimulation observed is 

consistent with earlier report as is the observation that stimulation is obtained only in 

the presence of calcium [45].  

This optimized method allows for high yield, high purity, tag less expression 

of HPCA. While purification of HPCA has been documented before [152, 153], the 

protocols involve tagged protein or multiple steps.   We demonstrate in this report 

that the protein may be purified with good yield from a single column, and is of high 

purity using SDS-PAGE.  Furthermore, we have demonstrated that: (1) Both the 

myristoylated and non- myristoylated forms can be purified, (2) near-total 

myristoylation is observed based on MALDI-MS analyses, and (3) the protein is 

active and responds to calcium as measured by three distinct assays –tryptophan 

fluorescence, mobility shift in native gels and biological activity.  The first two assays 

allow investigations into structural changes in the protein upon calcium binding, 
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while the guanylate cyclase assay provides information on target interaction of the 

protein.  Thus, the described procedure fills an important gap – ability to obtain a 

high-purity, biologically active preparation of HPCA through a single column and 

will enable analyses of the various functions of this important protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 63 

4.3 Electrophoretic mobility shift in native gels indicates calcium-dependent 

structural changes of neuronal calcium sensor proteins. 

Portions of this work were previously published in: 

 

Viviano J*, Krishnan A, Wu H, Venkataraman V. Electrophoretic Mobility Shift in 

Native Gels Indicates Calcium-dependent Structural Changes of Neuronal Calcium 

Sensor Proteins. Analytical Biochemistry Volume 494, 1 February 2016, Pages 93–

100.  doi: 10.1016/j.ab.2015.11.005 

 

Viviano J*, Krishnan A, Scully J, Wu H, Venkataraman V. Datasets depicting 

mobility retardation of NCS proteins observed upon incubation with calcium, but not 

with magnesium, barium or strontium. Data in Brief. 2016  April 21. 

doi:10.1016/j.dib.2016.04.035 

 

Viviano J*, Wu H, Krishnan A, Venkataraman V, Data on the calcium-induced 

mobility shift of myristoylated and non-myristoylated forms of neurocalcin 

delta, Data in Brief. 2016 Mar; 7: 630–633.  doi:10.1016/ j.dib.2016.03.021.  

 

Viviano J*, Wu H, Krishnan A, Ramanujachary K, Venkataraman V. (2016) Data on 

Final Calcium Concentration in Native Gel Reagents Determined Accurately through 

Inductively Coupled Plasma Measurement. Data in Brief, 2016 Jan-29. 

doi: 10.1016/j.dib.2016.01.030 

 

Change in protein function, which is at the heart of cell signaling, is governed 

by change in its structure.  This change may be captured through the simple technique 

of electrophoresis. The relationship between the structure of a particle and its 

mobility in electrical field has been derived mathematically by several investigators 

beginning with von Smoulouchowski, Huckel and Henry [reviewed in: [154]] and 

extended to proteins [155-157]; the general agreement is that a protein’s mobility is a 

balance between the electrostatic driving force and the hydrodynamic drag on the 

protein.  Properties that influence these two parameters include amino acid 

composition, charge, shape and mass of the protein as well as the pH and viscosity of 

the medium.  However, mobility in gels containing SDS (denaturing conditions) is 

http://www.sciencedirect.com/science/journal/00032697
http://www.sciencedirect.com/science/journal/00032697/494/supp/C
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mostly determined by size [126, 158] and such denaturing gels are typically used to 

assess addition or removal of larger groups such as phosphate, ubiquitin, thiols etc. 

[reviewed in: [159-161]]. Electrophoresis under non-denaturing (native) conditions 

allows the charge, shape and size of a protein to contribute to its mobility.  Therefore, 

this technique can serve as a tool to investigate changes in conformation of a protein 

brought about by charge density modification due to its interaction with ligand(s) 

and/or other protein(s). 

 

Table 4.3-1: Size and charge of NCS proteins. Information on the 

members of the NCS family is presented together with Calmodulin, S100B, 

and Ovalbumin.  The isoelectric point and the charges calculated at two 

different pH values -- both at physiological pH (7.4) and at the pH of the 

separating gel (8.8) -- are presented for each protein. It is noted that these 

numbers give only a rough estimate of the charge for folded proteins.  The 

amino acid length and the molecular weight are also provided for each 

protein. The tested proteins are indicated in bold format.   
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In this report, we provide answers to these questions and demonstrate, for the 

first time, the use of electrophoresis in native gels to assess structural changes solely 

due to calcium (ligand) binding in several members of the NCS protein family. 

4.3.1 Calcium induces a mobility shift in NCS proteins 

As a first step towards investigating the mobility of NCS proteins in native 

gels, information on their charge and size was compiled, along with other proteins 

used in this study as controls (Table 4.3-1).   The molecular weights of the NCS 

family members range from about 22 kDa (FRQN) to 31 kDa (KChIP2).   

 
Figure 4.3-1: Mobility of NCS proteins is retarded by 

calcium under native conditions. Purified proteins were 

electrophoresed under native or denatured conditions as 

described in Materials and Methods.  The proteins NCALD, 

HPCA, GCAP1, GCAP2 and OVAL were independently 

incubated with either 0 μM (-) or 39μM (+) calcium. The 

incubation time was inconsequential (data not shown).  

Representative gel images of mobility shift in native gels.  
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The proteins are presented in order of increasing charge at pH 8.8 (that of the 

gel matrix and the buffer used for electrophoresis).  The charges at pH 8.8 range from 

-25.50 (CALM) to -9.50 (NCALD and HPCL1).  The charges at pH 7.4 (the 

physiological pH) have also been provided for the proteins along with their isoelectric 

points for comparison.  Four proteins were chosen for our study to represent the range 

in charges: GCAP1 and NCALD represent the extremes, while GCAP2 and HPCA 

represent the middle of the range.  Three proteins were chosen in addition (Table 4.3-

1; indicated in bold format): (a) Calmodulin, an archetypal calcium sensor protein 

with 4 EF hands like the NCS family, (b) S100B, that also binds calcium but contains 

only 2 EF hands, and (c) Ovalbumin, which is not known to bind calcium, but is 

similar in charge to the proteins being studied. 

 

 

Figure 4.3-2: Statistical analyses of mobility data under 

native conditions.  Relative mobility values were compiled 

from at least three different preparations of the proteins and 

the data is presented as mean ± SE.  The results from t-test 

are indicated as follows: *, P<0.05; **, P<0.01; 

***, P<0.001. 
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In order to investigate if the calcium-induced conformational changes in NCS 

proteins may be detected by electrophoresis under native conditions, proteins were 

incubated in the presence (39 M) or absence (0 M) of calcium and subjected to 

electrophoretic analyses as described in the Materials and Methods section.  A 

representative result is depicted in figure 4.3-1.  Each of the proteins migrated to a 

different position in the absence of calcium (Fig. 4.3-1, “- “ lanes).  Addition of 

calcium retards the mobility of each of the NCS proteins in a distinct fashion (Fig. 

1A, compare 

“- “ vs “+ “  

lanes).  

Ovalbumin, 

which does 

not bind 

calcium, did 

not show any 

change in 

mobility (Fig. 

4.3-A; 

“OVAL” 

 

Figure 4.3-3: Representative gel images of mobility shift in 

denaturing (SDS-Polyacrylamide) gels.  Incubation was carried 

out as for Figure X, only the electrophoresis was on SDS-

polyacrylamide gel.  Molecular size markers are indicated 

alongside. 
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lanes) indicating that the mobility 

change observed in the NCS 

proteins is due to the binding of 

calcium.  The observation of 

multiple bands for Ovalbumin is 

consistent with previous studies 

[162].  The difference in mobility 

upon binding to calcium was 

reproducible and is significant (Fig. 

4.3-2).  Considering the fact that the 

molecular weights are comparable, 

the relative mobility value appears 

to correlate to the charge of the 

protein in the absence of added 

divalent cation: GCAP1, the most 

negatively charged migrates the 

farthest while NCALD, the least 

negatively charged migrates the 

least. Addition of calcium produces a shift in mobility that also appears to be 

characteristic for the protein: NCALD exhibits the greatest change while GCAP1 

exhibits the least.   

In order to determine if such mobility changes could be observed under 

denaturing conditions, the experiments were repeated as above, except that the 

 

 
Figure 4.3-4– Calcium induces mobility 

shift of NCALD, but not magnesium, 

barium or strontium. Purified proteins 

were electrophoresed under native 

conditions as described in Materials and 

Methods.  Representative data obtained 

with NCALD is presented.  The protein 

was incubated with either 39μM calcium 

(Ca2+) or a ten-fold excess (~400 M) 

each of magnesium (Mg2+), barium (Ba2+) 

or strontium (Sr2+).  Incubation without 

divalent cations served as control (None).  
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samples were electrophoresed on SDS-polyacrylamide (denaturing) gels.  The results 

(Fig. 4.3-3) demonstrate that no significant difference in mobility upon addition of 

calcium is exhibited by NCALD or by HPCA (Fig. 1C, compare “-“  vs “+” lanes).  

Both GCAP1 and GCAP2 exhibit a significant shift in mobility (Fig. 4.3-3, compare 

“-“  Vs “+” lanes); however, the mobility shift is in the opposite direction to that 

observed in the native 

gels (Fig. 4.3-1).  

Calcium retards the 

mobility of GCAPs in 

the native gels, but 

increases it in 

denaturing gels. The 

results with GCAPs is 

consistent with earlier 

reports [163-165] and 

appears to be a unique 

property of GCAPs that 

is not shared with other 

NCS proteins such as NCALD and HPCA.  No effect is observed on the mobility of 

Ovalbumin either in the presence or absence of calcium (Fig. 4.3-3, compare “-“ vs. 

“+” lanes).  Taken together, these results lead to the conclusions that calcium retards 

the mobility of all tested NCS proteins in native (but not denaturing) gels and that 

such retardation requires native conformation of the proteins.    

 
Figure 4.3-:5 Statistical analyses of the mobility data 

of NCALD under native conditions.  Relative mobility 

values were compiled from at least three different 

preparations of NCALD. The data is presented as mean 

± SE.  The results from t-test are indicated as follows: 

*, P<0.05; **, P<0.01; ***, P<0.001 
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4.3.2 Do other cations cause a mobility shift in NCS proteins? 

 

   

 
Fig. 4.3-6. Effects of divalent cations on mobility of HPCA, GCAP1 and 

GCAP2 in native gels. Bacterially expressed proteins - Hippocalcin 

(HPCA), Guanylate Cyclase Activating Proteins 1 and 2 (GCAP1 and 

GCAP2) -- were purified in their myristoylated forms.  The proteins were 

incubated with the divalent cation (Ca2+, Mg2+, Ba2+, or Sr2+) and were 

subjected to electrophoresis in native gels.  Representative images are 

provided in figure 1A.  Data was compiled from at least two independent 

preparations of the proteins with three independent replicates from each 

preparation.  The mobility values were determined.  The data (mean + SEM) 

is presented as a bar graph (Fig. 1B).  Results from Student t-tests are also 

presented for each group against the control group (**, P<0.05; **, P<0.01; 

***, P<0.001; ns – not significant).  Mobility retardation is observed with the 

addition of calcium but not with any of the other divalent cations, even at 

concentrations ten times that of calcium.  
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The next step was to determine the specificity of the effect for calcium.  It is 

noted that NCALD, HPCA, GCAP1 and GCAP2 are all demonstrated to bind calcium 

specifically and respond through increased binding to membranes and stimulate 

membrane guanylate cyclase activity [45, 105, 

121].  The ability of other divalent cations 

from the same main group of the periodic 

table as calcium – magnesium, strontium or 

barium – to influence the mobility of the 

proteins was tested.  As a first step, two 

different concentrations – same as calcium or 

ten-fold excess – were used for each divalent 

cation. Representative results from NCALD 

incubated with ten-fold excess of the 

individual divalent cations or with calcium are 

presented as an image (Fig. 4.3-4) and as a 

graph of data compiled from multiple 

experiments (Fig. 4.3-5).  No significant 

change in mobility was observed for any of 

the divalent cations except calcium, even at 

concentrations ten-fold higher (~400 M) than that of calcium (Fig. 4.3-4 and 4.3-5: 

 

Figure 4.3-7: Competition 

experiments with magnesium: 

NCALD was incubated with 0 

μM calcium (-) or 39 μM 

calcium (+) in the presence of 

ten-fold excess of magnesium 

(+10X Mg2+) or its absence 

(CONTROL).  A representative 

gel image of mobility shift in 

native gels is presented.  
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Compare “None” with “Mg2+”, “Ba2+” or “Sr2+”).  Similar results were obtained with 

HPCA, GCAP1 and GCAP2 (Fig 4.3-

6) [166].  As the next step, the ability 

of each divalent cation to influence 

the calcium-dependent mobility shift 

was tested.  A representative result 

with NCALD analyzing the effect of 

magnesium and barium/strontium is 

presented (Fig. 2C and 2D 

respectively).  To test the effect of 

magnesium, incubations were carried 

out in the absence (“CONTROL”) or 

presence of 10-fold excess of 

magnesium (“+10X Mg2+”).  Addition of magnesium by itself, even at 10-fold excess, 

does not cause a change in mobility of the protein (Fig. 24.3-7: Compare “-” lanes in 

CONTROL Vs. +10X Mg2+).  Addition of calcium causes retardation of the mobility 

and the change is not influenced by the presence of magnesium (Fig. 4.3-7: Compare 

“+” lanes in CONTROL Vs. +10X Mg2+).   Thus, it is concluded that the observed 

mobility shift is specific for calcium and is not competed by a ten-fold excess of 

magnesium.  Identical conclusion could be reached with barium and strontium (Fig. 

4.3-8): neither cation caused a mobility shift by itself, nor did it influence the 

calcium-dependent mobility shift (Fig. 4.3-8: compare corresponding lanes in 

“CONTROL” Vs. “+10X Ba2+” or “+10X Sr2+”).  Experiments were repeated at least 

 

Figure 4.3-8: Competition 

experiments with barium and 

strontium:  Experiments were carried 

out as above except that a ten-fold 

excess of barium (+10X Ba2+) or 

strontium (+10X Sr2+) was used.    
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three times and the relative mobility values were calculated.  No significant 

difference was observed by the addition of any cation other than calcium; nor could 

they affect the calcium-dependent mobility change (Figure 4.3--6).  With ovalbumin, 

none of the cations could bring about any shift in mobility.  Thus, the results lead to 

the conclusion that the mobility shift in native gels under the tested conditions is 

calcium-dependent and is not induced by magnesium, barium or strontium. 

 

 

 

 

Figure 4.3-9: Mobility of NCS proteins is retarded in a dose-

dependent fashion in response to calcium. Purified proteins were run 

on native gels under conditions described in Materials and Methods.  

Representative images are presented for NCALD, HPCA, GCAP1, 

GCAP2, ovalbumin (OVAL), calmodulin (CALM1), and S100B.  
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4.3.3 Dose dependent calcium shift  

Having established a difference in mobility for NCS proteins when they are 

bound to calcium, we sought to determine if this response is dose-dependent.  

Analyses were carried out with proteins that were incubated with incremental 

concentrations of calcium.  Representative results for each tested protein (indicated 

within the panel) are presented in figure 4.3-9.  Addition of increasing amount of 

calcium decreased the mobility of the NCS proteins through the gel in a gradual, 

dose-dependent manner (Fig. 4.3-9; Panels NCALD, HPCA, GCAP1 and GCAP2).  

Each of the NCS proteins demonstrated a distinct pattern of response to calcium 

binding despite their similar size.  It is evident that even small changes in calcium can 

elicit detectable changes in the mobility of all the NCS proteins. NCALD (Fig. 4.3-9; 

Panel NCALD) shows the greatest decrease in mobility due to calcium binding, 

especially at lower calcium concentrations. When compared to NCALD, HPCA 

shows a more tempered response (Fig. 4.3-9; Panel HPCA) despite the fact that the 

two proteins share 88% sequence identity.  The other two highly similar proteins, 

GCAP1 and GCAP2, show less marked difference in mobility with increasing 

calcium concentrations.  

Of the other calcium-binding proteins tested, Calmodulin also exhibited 

mobility retardation in the presence of calcium (Fig. 4.3-9; Panel CALM1).  

However, unlike the NCS proteins, there is a significant change in mobility at 11.24 

M calcium concentration.  Based on molar ratios, at this concentration of free 

calcium, all binding sites in Calmodulin would be occupied. In order to investigate 

this transition further, additional calcium concentrations (between 1.36 M and 11.24 
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M) were tested with NCALD and Calmodulin.  The results are presented in figure 

4.3-10.  Both NCALD and CALM1 show a decrease in mobility over the tested 

range. Taken together, NCALD (and other NCS proteins) respond to calcium 

concentrations over a broad range (Fig. 4.3-10), while Calmodulin response is 

detected only in micromolar calcium concentrations.   Under identical conditions, 

calcium has little effect on the mobility of S100B, which has been demonstrated to be  

a calcium-binding protein [167].  Ovalbumin, which does not bind calcium did not 

show any change in mobility under these conditions (Fig. 4.3-9; Panel OVAL). 

Sample 
% Total Volume  

in Sample 

[Ca2+]  

 In μM 

Chelex-water 0 BLANK 

20 mM Tris pH 7.5  

(Chelex-treated) 
17 - 

Running Buffer 17 1.464 ± 0.174 

Loading Dye 17 - 

Total per Lane 100 0.244 ±0.029 

 

Table 4.3-2: Concentration of calcium in native gel reagents. The 

calcium-dependent mobility shift of NCS proteins were determined by 

loading the proteins in native gels and subjecting them to electrophoresis.  

Apart from the protein and calcium calibration buffer, the loaded sample 

contained additional components that were tested in this report.  They are; 

20mm Tris pH 7.5 (Chelex100-treated), loading dye and running buffer, 

and distilled water treated with Chelex-100 (Chelex-water).  Samples and 

standards were diluted in 5% nitric acid in ICP grade water rated at 18.2 

MΩ·cm.  Data was compiled from at least three independent replicates for 

each reagent.  
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It is noted that the calcium concentration was increased by 240 nM (based on 

inductively coupled plasma measurements), due to the addition of the running buffer, 

except those at 0 mM calcium (Table 4.3-2). In order to determine if divalent cations 

such as calcium were still 

carried over in solutions, 

ICP analyses were carried 

out.  Components other 

than the protein and 

calcium calibration buffer 

in the sample loaded for 

electrophoresis are: 20mM 

Tris pH 7.5 (Chelex-

treated), loading dye 

(63mM Tris HCl, 0.1% , 

betamercaptoethanol, 

0.0005% bromophenol 

blue, 10% Glycerol) and 

running buffer (25 mM 

Tris, 192 mM glycine).  The concentration of calcium in these components was 

determined by ICP. Chelex-treated water served as a blank. Briefly, samples were 

diluted into 10mL of 5% nitric acid in ICP grade water rated at 18.2 MΩ·cm.  The 

quantity of calcium present was estimated as parts per billion (ppb) and converted 

into molarity.  The data is presented in table 4.3-2.  It is noted that 20mM Tris pH 7.5 

 

Figure 4.3-10: CALM Responds in a dose 

dependent manor. Representative images are 

presented for NCALD and CALM1. The calcium 

concentration, increasing from left to right, is 

indicated above each lane. To accommodate size and 

charge, electrophoresis of calmodulin was for 60 

min, and electrophoresis of NCALD was for 150 

min.  
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(Chelex-treated) and the loading dye were comparable to Chelex-water, which served 

as the reference. Only the running buffer contained measurable calcium above the 

reference. 

The experiments were repeated with different protein preparations and the 

results are summarized in figure 4.3-11 as a plot of the relative mobility values to 

better compare the varied responses of these proteins to calcium.  To facilitate direct 

comparison, the relative mobility values at different calcium concentrations were 

normalized to that at the highest calcium concentration (39 M) for each protein.  

 

Figure 4.3-11: Mobility of NCS proteins is retarded in a dose-dependent 

fashion in response to calcium statistical analysis. Data from several 

independent experiments (typically at least three replicates with three different 

preparations of the proteins) were collected. Relative mobility values at indicated 

calcium concentrations were determined and normalized to that at 39 mM 

calcium. The means ± standard errors are presented.  
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The dose-response curve of mobility shift is distinct for each of the proteins (Fig. 4.3-

11).  Of all the tested proteins, NCALD shows the greatest decrease in electrophoretic 

mobility over the calcium range, especially between 0 and 0.5 M, suggesting it is 

the most sensitive to calcium, followed by HPCA (which shares an 88% identity with 

NCALD), GCAP1 and GCAP2.   

 Taken together, these results lead to the conclusions that (i) binding of 

calcium, but not magnesium, barium or strontium, causes altered mobility of NCS 

proteins in electrophoresis under native conditions; (ii) the NCS proteins exhibit a 

gradual decrease in mobility with increasing calcium concentrations; (iii) the decrease 

in mobility is not solely due to a change in charge upon calcium-binding, since 

Description Myr- 

Neurocalcin 

Myr+ 

Neurocalcin 

Molar Mass (g.mol-1 ±SD)  

(MALDI-MS) 

22107.1 ± 0 .8 22325.8 ± 1.4 

Previously Reported Molar Mass 

(g.mol-1 ±SD)  

(ESI-MS)  

22110 ± 2 22325 ± 2 

 

Table 4.3-3: Mass Spectrometric Analyses of NCALD. NCALD was 

expressed in E. coli ER2566 as described in the mateals and methods section. 

For myristoylation, cells with yeast N-Myristoyl Transferase were used and 

myristic acid was supplemented.  Cells without the transferase were used to 

generate the non-myristoylated form; the supplementation was also skipped. 

Protein samples were co-crystallized with a 1:1 mixture of sinapinic acid and 

matrix solution (50% acetonitrile/0.05% trifluoroacetic acid in water).  Mass 

spectrometric analyses were carried out in linear, negative modes on a 

Bruker LRF MALDI-TOF instrument.  The mass values were in good 

agreement with those reported earlier for the respective forms [4].  There was 

no peak corresponding to the non-myristoylated form in the myristoylated 

preparation. 
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S100B, a calcium-binding protein, shows no detectable change in mobility; and (iv) 

the change in mobility is an inherent characteristic of the protein.   

4.3.4 Contribution of Myr group 

Interestingly, out of the two other calcium-binding proteins tested, 

Calmodulin exhibits a response over a narrow, micromolar range of calcium, while 

S100B exhibits no change.  A lower affinity for calcium  [168] may explain the result 

with S100B.  However, the overall affinity of Calmodulin for calcium is about 1 M, 

 

Figure 4.3-12. Mobility Retardation of NCALD (and other NCS proteins) in 

native gels has been documented.  The retardation was directly dependent on 

the concentration of calcium.  It has been suggested that the calcium-

myristoyl switch may be responsible for the observed phenomenon [4].  In 

order to determine if myristoylation of NCALD was essential for the 

calcium-dependent mobility shift, analyses were carried out with the non-

myristoylated (Myr-) or myristoylated (Myr+) NCALD.  Protein was 

incubated in the presence of indicated concentration of calcium and 

electrophoresed in native gels as described [4].  A representative image of 

the gel is presented in Panel A.  Relative mobility values were determined 

from at least three experiments and plotted as a function of calcium 

concentration (Panel B).  To facilitate direct comparison, the data for the 

myristoylated NCALD has been reproduced from [4]. 
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which is comparable to that of 0.6 M documented for NCALD [121, 169-171] [; 

reviewed in:] [172, 173].  What is unique about the NCS proteins’ graded response to 

calcium over a broad range?  All NCS proteins are characterized by the calcium 

myristoyl switch [reviewed in: [5, 42, 174], which is absent in both Calmodulin and 

S100B. This switch, upon calcium binding to EF hands, causes a rearrangement of the 

protein conformation, allowing for the protrusion of the myristoylated N-terminus 

[40, 43, 121, 175]. It is possible that this unique property was detected in the native 

gel.  We then sought to determine if the presence of the myristoyl group is critical for 

these changes using NCALD, which exhibits the greatest difference in mobility 

between the Ca2+-bound and Ca2+-free states. The myristoylated (myr+) and non-

myristoylated (myr-) forms of NCALD were purified.  Mass spectrometric analyses 

demonstrate that the observed mass values are in good agreement with previously 

reported values and indicate the presence of the myristoyl side chain.  Furthermore, in 

the myristoylated form, no peak corresponding to the non-myristoylated form was 

observed.  These observations lead to the conclusion that the myristoylation was 

almost 100% efficient, as reported generally for NCS proteins.  The results are 

presented in Viviano et al. (Table 4.3-3) [176].  The two forms of NCALD were 

subjected to electrophoresis on native gels with incremental calcium as before.  The 

results show that the presence of the myristoyl group does, indeed, contribute to the 

mobility difference.  The non-myristoylated form of NCALD still displayed a 

response to calcium binding in a dose dependent manner; however, it is less sensitive 

to this change (1.89  0.017 fold decrease over the calcium range tested) compared to 

the myristoylated form (2.37  0.017 fold decrease) ([176]Viviano et al. Fig. 4.3-11: 
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Compare Myr+ vs Myr-).   The result suggests that the presence of the myristoyl side 

chain is not a critical component of the calcium myristoyl switch. 

 

 

4.3.5 Ferguson Plot 

 The mobility of protein in a native gel can be modified due to multiple 

factors, which would not be detectable on an SDS-PAGE.  Changes like  

phosphorylation state or even structure are easily detectable. In addition changes mass 

due to dimerization or oligomerization, can have a profound effect on the migration 

 
Figure 4.3-13- Ferguson response of NCS proteins. Purified proteins were 

run on increasing % polyacrylamide gels in triplicate, in the presence of 0μM 

calcium (-) or 39μM (+) calcium as described in the materials and methods. 

All of the NCS proteins (A. NCALD, B. HPCA, C. GCAP-1, D GCAP-2)  

show a parallel response,  suggesting that the differences in migration between 

the calcium bound and calcium free forms is primarily due change in charge. 

Ovalbumin shows no difference between calcium and non-calcium forms. 
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of a band though a native gel. In order to better understand the changes that are 

observed in native gels a Ferguson plot was constructed.  

A Ferguson plot was developed by first published by Kenneth Ferguson 

analyzing hormones in starch gels [177]. The Ferguson plot allows for the 

extrapolation of the mass, charge or both. By plotting the Ferguson graph, 

conclusions can be made biased on the line pattern. If the lines intersect, the change 

in mobility is due to a change in mass. If the lines of the plot do not intersect and 

remain parallel, than it can be concluded that differences in mobility are due to 

changes in charge.  

We previously demonstrated that upon Ca binding changes in structure leads 

to retardation in mobility. To better understand the contribution of charge and mass, a 

Ferguson plot was constructed (4.3-13).  Calcium and non-calcium bound forms of 

each of the proteins were run on native gels of varying acrylamide concentrations, as 

described in the Materials and Methods section.  The slopes of the calcium free (-) 

and calcium bound (+)  form for each of the proteins show a parallel response, 

indicating the difference in mobility is not due to a change in mass, such as a 

dimerization event. Rather, the parallel slopes indicate a distinct change in charge. 

Ovalbumin shows no difference between the calcium bound and calcium free forms.  

The change is charge is likely caused by the structural rearrangements brought 

on by calcium binding. This causes differences in the exposed surface charges of the 

protein, which are observed on the gel as a band shift. This result also suggests that 

the migration is independent of the ability to dimerize, since NCALD is a calcium 

induced dimer. Further analysis and mathematical extrapolation of the slopes of the 
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Ferguson plot will help better dissect the contributions of change on the mobility of 

the NCS proteins through a native gel.   
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Chapter 4.4 Three amino acids in the dimer interface of the neuronal calcium 

sensor protein neurocalcin delta also govern its response to calcium 

 

In order to investigate if NCALD and HPCA exhibited similar properties, 

three different aspects of calcium responsiveness were examined: (1) ability to form 

dimers and the effect of calcium, if any (2) local conformational changes in response 

to calcium binding, and (3) mobility shift on native gels in response to calcium 

(Calcium-Induced Mobility Shift Assay or CIMSA). 

4.4.1 Ability to form dimers and the effect of calcium: 

NCALD is known to be a dimer in its calcium-bound form based on the 

crystal structure. At present no information is available on its apo-form. No 

information is available on HPCA for either its apo or calcium-bound form. Size 

exclusion chromatography was used to assess the dimerization state of the two 

proteins as described in Materials and Methods (Fig. 4.4-1). For this experiment, the 

cytosolically expressed soluble fraction of the protein was used. Hence, purification  

did not include a denaturation and refolding step, prior to HIC on phenyl sepharose 

column. It is noted that the soluble form is comparable in properties (mobility shift, 

Tro fluorescence, mGC stimulation) to the one purified from inclusion bodies.  Both 

proteins—NCALD and HPCA -- are around 22kDa as monomers and would be 

~44kDa as dimers. Bacterially expressed and purified proteins were separated on 

Superdex75 column, pre-calibrated with standards of known sizes.   The same protein 

preparation was analyzed under two different conditions: in the presence (+ Calcium) 

or absence (- Calcium) of calcium. The respective elution profiles under the two 
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Figure 4.4-1. NCALD dimerizes in the presence of calcium, but HPCA is 

primarily monomeric. (A) Sequence alignment of HPCA and NCALD. Identical 

residues are colored grey and dissimilar residues, in black. Representative elution 

profiles of NCALD and HPCA from size exclusion chromatography are presented 

(B) with calcium (+ calcium) or (C) with EGTA (- calcium). The arrows indicate the 

dimer and monomer peaks corresponding to molecular weights 44kDa and 22kDa, 

calibrated with standards.  (D) The percentage of dimer was calculated from the 

percentage of the area under the peak corresponding to dimer in the presence of 

calcium. Data from multiple runs (n=4) were averaged and presented as mean SE. 

(E) The area under the dimer peaks with or without calcium was averaged from 

several experiments. The ratio was calculated to determine the effect of calcium on 

dimerization. Addition of calcium causes a 6-fold increase in dimerization of 

NCALD, but has no significant effect on HPCA. Data from multiple runs (n=4) 

were averaged and presented as mean SE. 
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conditions are presented for both NCALD and HPCA in figure 4.4-1B and 4.4-1C. In 

the presence of calcium, consistent with the crystal structure, NCALD is 

predominantly a dimer  (eluting at 11.08 mL), with some monomeric fraction (12.75 

mL). In contrast, HPCA is predominantly a monomer (12.79 mL). However, in the 

absence of calcium, both proteins are predominantly monomeric  (12.03 mL and 

12.39 mL respectively). These results demonstrate that only NCALD forms dimers 

and the process is calcium-dependent.   

The data was analyzed further through two parameters: the ability to dimerize 

and the influence of calcium on the process. The percentage of dimers that were 

detectable in the presence of calcium was determined from multiple experiments 

(n=4) for the two proteins (Fig. 4.4-1D). It is observed that ~75% of the calcium-

bound NCALD is in dimeric state, while only ~ 25% of HPCA exists as a dimer in 

the presence of calcium. To analyze the influence of calcium, the ratio of dimer 

populations in the presence and absence of calcium was calculated (Fig. 4.4-11E). 

The addition of calcium causes a 6-fold increase in the proportion of dimers in 

NCALD, but it has no significant effect on HPCA. Based on size exclusion 

chromatography analyses, the following conclusions are derived: (1) both NCALD 

and HPCA are predominantly monomeric in the absence of calcium, and (2) addition 

of calcium promotes dimerization in NCALD, but not in HPCA.  

4.4.2 Response to calcium through tryptophan fluorescence: 

It is well-established that the structural rearrangements in NCS proteins upon 

binding calcium are observable as changes in tryptophan fluorescence [121]. Both 

NCALD and HPCA contain two conserved tryptophans at positions 30 (within the 
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EF1 region) and 103 (within the EF3 region). In order to monitor local 

conformational changes around these residues due to calcium binding, changes in 

tryptophan fluorescence as a function of calcium were determined as described in 

Materials and Methods. Proteins were individually incubated with indicated 

concentrations of calcium and emission  

was monitored between 300 and 400 nm. Representative spectra for NCALD (Fig. 

4.4-2A) and HPCA (Fig. 4.4-2B) are presented in the presence of 0 or 39 M 

calcium. Both proteins show an increase in fluorescence intensity upon the addition 

of calcium, suggesting that the environment around the Trp residues become more 

hydrophobic. For both of the proteins the peak wavelength is 344nm and no 

significant red/blue shift between the calcium free and calcium bound forms was 

Figure 4.4-2. NCALD and HCPA exhibit different calcium-driven responses 

in tryptophan fluorescence and mobility shift on native gels. Representative 

tryptophan fluorescence spectra in free calcium at concentrations of 0 μM, and 39 

μM are presented for (A) NCALD and (B) HPCA. (C) The average  (n=8) 

percentage increase in peak fluorescence intensities (344 nm) from 0 μM to 39 μM  

calcium  (D) The peak fluorescence intensities at incremental free calcium 

concentrations were obtained and normalized to the maximum (at 39 μM free 

calcium). Data for selected calcium concentrations are presented as mean ± SEM 

(n=8). (E) Mobility shift of NCALD and HPCA was determined as described 

previously [1-4].  Relative mobility of NCALD and HPCA in the presence (39 

μM) and absence (0 μM) of calcium. Ovalbumin served as a negative control.  (F) 

Dose-dependent response of mobility shift to calcium is displayed for NCALD and 

HPCA. The values are normalized to that obtained at maximal calcium 

concentration (39 μM). Data is presented as mean ± SEM (n=8). 
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observed. However, the increase in fluorescence intensity is more striking with 

NCALD (44%) than with HPCA (31%) (Fig.4.4-2C).  

The experiments were repeated with incremental calcium concentrations 

between 0 and 39 µM. In order to better compare the responses of the two proteins at 

different calcium concentrations, they were calculated as a fraction of response at the 

highest calcium concentration tested (39 µM). Data from multiple runs of at least 2 

biological replicates were averaged (Fig 4.4-2D). This was done to facilitate a direct 

comparison of the calcium response of the proteins. It is evident that both NCALD 

and HPCA respond in a dose-dependent fashion over two orders of magnitude of 

calcium concentrations. However, the magnitude of change is higher in NCALD over 

the tested range. The results suggest that, in terms of local conformational changes 

around the tryptophans, NCALD is more hydrophobic as a result of the response to 

calcium when compared to HPCA.   

  

4.4.3 Response to calcium through mobility shift on native gels: 

We have recently described mobility shift on native gels that enables 

examination of response of proteins to calcium [1-4]. The calcium dependent 

response is specific for each NCS protein and appears to correlate to global 

conformational changes induced by the calcium-myristoyl switch [5, 6, 18]. Purified 

HPCA and NCALD were analyzed by this method as described (Materials and 

Methods). Ovalbumin served as a negative control. Addition of calcium causes 

retardation in mobility as reflected in the relative mobility values for NCALD and 

HPCA, but not on ovalbumin (Fig. 4.4-2D). The response of the two proteins over a 
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range of calcium concentrations was determined and the relative mobility was 

normalized to that at 39 µM (Fig. 4.4-2E). NCALD exhibits a greater magnitude of 

response over the calcium concentrations tested. The conclusion is consistent with 

data obtained through analyses of tryptophan fluorescence.  

A 

 

B.  

Figure 4.4-3: Three residues of the dimer interface in NCALD may be critical 

for dimerization. (A) Crystal structure of NCALD (1BJF) with one monomer in 

grey and the other in color:  The four EF hands are colored differently and labeled.  

Calcium atoms are indicated as red spheres.  The side chains of the residues S19 

(in EF1), K102 and A119 (in EF3) are displayed in yellow and labeled. (B) A 

schematic diagram of the dimer interface residues of interest in NCALD is 

provided.  The S19, K102 and A119 residues on one monomer and their potential 

interacting residues on the other monomer (E18, E15, D109 and D111) are 

indicated.  Presence of N19, M102 and E119 in HPCA is proposed to destabilize 

dimer formation. 

 

 

 

 



 91 

Taken together, the results establish that despite a high degree of conservation 

of primary sequence, NCALD and HPCA exhibit distinct and different responses to 

changing free calcium concentrations. The most striking difference is that NCALD 

exhibits calcium-dependent dimerization, while HPCA does not. Does dimerization 

define the difference between the two proteins?  

4.4.4 Three amino acids at the dimer interface of NCALD may define the 

difference between the proteins 

The crystal structure of NCALD (1BJF) was resolved in a dimeric, calcium 

bound form [178].  Careful examination of the crystal structure for aa residues on the 

two monomeric units of NCALD that may promote formation of salt bridges to 

stabilize the dimeric form and the following residues were identified as contributing 

to either hydrogen bonding, electrostatic interactions or both: S19, E98, Q99, K102, 

D109, D111, N113, Y115, and A119. When the conservation of these residues 

between NCALD and HPCA was examined, three aa residues were unique for 

NCALD: S19, K102 and A119 (Fig. 4.4-1A). The positions of these residues are 

indicated in the three-dimensional model of NCALD (Fig. 4.4-3B). The model 

(ribbon structure) depicts one monomer in grey and the other in color, with different 

EF hands distinguished by color and labeled.  

S19 is located close to the EF-1 region of NCALD that does not bind calcium. 

The EF-1 region is the least conserved through the family [32, 42].. K102 and A119 

on NCALD are located in the calcium binding EF-3 hand, which was previously 

shown to the highest affinity site for calcium on NCALD [121]. A schematic diagram 

outlines potential polar interactions involving these residues in a dimer of NCALD 
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(Fig. 4.4-3B). Such 

interactions are absent in 

HPCA (Fig. 4.4-3C). Ser19 

can form an intermolecular 

H+ bond with Asp111 in the 

EF-3 region on the other 

monomeric unit. In HPCA 

the position is occupied by 

an Asn residue. N19 could 

possibly hinder D111 

binding, preventing it from 

interacting with K102 (Fig. 

4.4-3C), however it is also 

possible that this change 

might actually increase 

dimer stability, due to the 

decreased bond length. In 

NCALD, K102 appears to 

form a salt bridge with D111 

and D109. This position is 

occupied by a methionine in 

HPCA. M102 cannot form a 

 
Figure 4.4-4: The protein can stimulate of membrane 

guanylate cyclase activity after mutations, but with 

reduced ability. Stimulation of membrane guanylate 

cyclase activity was measured using 4 μM each of the 

proteins at 10 μM calcium concentration.  Cos cell 

membranes transfected with ROS-GC1 served as the 

source of the membrane guanylate cyclase.  The assay was 

carried out and the cGMP produced was measured using 

competitive ELISA as described in the materials and 

methods section. (A) Stimulation of membrane guanylate 

cyclase activity by NCALD and HPCA.  Data (n=4) is 

presented as specific activity.  Specific activities were 

determined for wild type as well as mutant proteins and 

normalized to that of NCALD as 100%.  The data is 

presented in (B). 
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salt bridge with D111 and D109. A119 is not charged and will not form an ionic 

bond; however, in HPCA this site is E119. The residues Glu18 and Asp15 on the 

other monomer would likely repel the Glu residue at 119 and would be predicted to 

prevent dimerization (Fig. 4.4-3C). Having an Ala residue at 119 in NCALD would 

avoid this repulsion and promote dimerization. If these three residues on NCALD 

were mutated to those on HPCA, would it lead to disruption of dimerization and 

convert the calcium-driven responses to be HPCA-like? 

In order to answer this question, we created NCALD mutants as described in 

the methods section. The single mutations K102M, and A119E and the double 

mutation K102MA119E (hereafter referred to as KA) were created and focus on the 

role of the high affinity, calcium-binding EF hand EF-3. The S19N mutant would 

help delineate any role of the non-calcium binding EF-1 region. Finally the 

S19NK102MA119E (hereafter referred to as SKA) mutant would have converted all 

three residues to be HPCA-like and would help analyze the combined roles of the EF-

1 and EF-3.  

4.4.5 Effect of mutations on the dimerization of NCALD: 

The mutant forms of NCALD were bacterially expressed and purified. All 

mutants were biologically active (albeit diminished compared to the wild type) based 

on their ability to stimulate membrane guanylate cyclase (Fig 4.4-4). The purified 

proteins were analyzed on Superdex75 columns and the results were analyzed using 

the criteria established before to examine the percentage of dimers and the effect of 

calcium on dimerization. Total purified protein was loaded to resolve aggregation, if 

any, and reliably estimate the dimer and monomer percentage in different 
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preparations.  Proteins that eluted as a dimer, several times, were concentrated and 

analyzed again on the column to ensure that they were indeed dimeric.  Fractions 

were concentrated, electrophoresed and stained to ensure the identity of the protein.  

 
 

Figure 4.4-5. Effects of mutations on dimer formation in NCALD. The three 

predicted dimer interface residues, S19, K102 and A119, were mutated 

individually or together and the proteins were purified as described.  Analyses 

were carried out through size exclusion chromatography in the presence or 

absence of calcium.  Percentages of dimers were calculated as described earlier. 

Data for K102M, A119E and the double mutant K102MA119E (KA) is provided 

as (A) Percentage of dimers in the presence of calcium as well as (B) The ratio 

between dimer percentages in the presence and absence of calcium.  Data for 

S19N and S19NK102MA119E (SKA) is provided as (C) Percentage of dimers in 

the presence of calcium, and (D) The ratio between dimer percentages in the 

presence and absence of calcium. Data presented is mean  SE from multiple 

runs (n = 4). 
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Figure 4.4-7. Effect of mutations on response to calcium as assayed by 

tryptophan fluorescence. Fluorescence Spectra for the wild type and mutants 

were obtained as described in “Materials and Methods”. The average (n=8) 

percentage increase in peak fluorescence intensities at 344 nm from 0 μM to 39 

μM calcium for NCALD, HPCA and the five mutants of NCALD are presented 

(A).The peak fluorescence intensities for varying free calcium concentrations 

from 0 μM to 39 μM were averaged from several measurements (n=8) and 

normalized to that at saturating calcium (39 μM) concentration. Data is 

presented as mean  SE for (B) K102M, A119E and KA, and (C) S19N and 

SKA along with wild type NCALD and HPCA for comparison. 
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Results presented in figure 4.4-5A show that K102M, A119E and KA mutations 

decrease dimer formation in NCALD. The double mutant has the most significant 

effect, with the dimer levels comparable to HPCA (~ 25%). Both K102M (49%) as 

well as A119E (34%) also show decreased dimer fraction compared to wild type 

NCALD (75%). The results validate the predicted roles for these residues in 

stabilizing the dimer through formation of salt bridges.   

Analyses of calcium effect on dimerization reveal additional roles for these 

residues (Fig. 4.4-5B).  There is nearly a 6 fold change in dimer percentage between 

the calcium bound and calcium free forms of NCALD. The K102M mutation nearly 

abolishes this conversion by calcium and the ratio is HPCA like. The A119E mutation 

still leaves a 5-fold conversion to dimer upon addition of calcium, even though it 

reduces dimerization, despite its reduced ability to form a dimer. The KA mutant 

shows a calcium-dependent conversion intermediate between K102M and A119E. 

Thus the residues appear to have two distinct effects: on dimer formation and 

calcium-dependent dimer conversion.  
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Results from the S19N and SKA mutants are presented in figure 4.4-5C and 

4.4-54D. The former mutation 

causes a striking increase in 

the percentage of dimer, nearly 

95%. When combined with the 

KA mutation, SKA dimers are 

diminished to about 50% of 

wt, still notably more than KA 

(~25%). The S19N mutation 

also affects the calcium-

dependent dimerization 

significantly (1.8 fold 

compared to 6 fold for 

NCALD). It also abolishes the 

calcium induced dimerization 

effect on KA, with the SKA 

mutant resembling HPCA.  

Taken together, the results 

underscore the importance of 

the three residues not only in 

dimer formation, but also 

mediating calcium responses in 

 
4.4-6. Effect of mutations on response to 

calcium as assayed by tryptophan 

fluorescence. Fluorescence spectra for the 

mutants were obtained as described in “Materials 

and Methods.” Representative spectra at 0 (solid 

lines) and 39 μM (dotted lines) are presented for 

(A) NCALD and HPCA (B) K102M, A119E and 

K102MA119E (KA), and (C) S19N and 

S19NK102MA119E (SKA). 
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NCALD.  

4.4.6 Effect of mutations on calcium-dependent changes in tryptophan 

fluorescence of NCALD:  

Tryptophan fluorescence spectra were obtained for NCALD, HPCA and the 

five mutants of NCALD. Representative spectra obtained at 0 (solid lines) and 39 µM 

(dotted lines) calcium concentrations are presented for NCALD and HPCA (Figure 

4.4-6A), K102M, A119E and KA (Supplemental Figure 4.4-6B) and S19N and SKA 

(Supplemental Figure 2C). Each of the mutants responds to calcium with an increase 

in fluorescence intensity (Supplemental Figure 2). Figure 4.4-7A highlights the 

average percentage change in fluorescence intensity from 0 to 39 µM calcium. The 

K102M and A119E mutations reduce the total amplitude of response compared to the 

wild type NCALD (44% vs 30 and 33% respectively). On the other hand, the double 

mutant KA is closest to the wild type (46%) in magnitude of the response. The 

calcium induced change in fluorescence intensity spectra for S19N (29%) and SKA 

(32%) show no significant difference compared to HPCA (31%), indicating the 

importance of the S19 residue.  

Changes over a range of calcium concentrations were then determined for 

each construct and plotted as a fraction of the maximum fluorescence intensity (at 39 

µM). Multiple runs of at least 2 biological replicates were averaged. Further analyses 

of these response curves (Fig. 4.4-7B and 4.4-7C) largely reinforce the earlier 

observations. K102M response is more like HPCA. Interestingly the A119E mutant 

is, overall, more like NCALD, as is the double mutant, KA (Fig. 5B). The S19N 

mutant is able to convert the response to HPCA-like, both individually and in the KA 
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background (SKA mutant) (Fig. 4.4-7C). Together with the observation that both 

these mutants (S19N, SKA) are more dimeric than HPCA, response to calcium as 

 
Figure 4.4-8. Effect of mutations on calcium-induced mobility shift on 

native gels.  CIMSA was carried out as described in “Materials and Methods” 

and relative mobility values were determined.  The relative mobility in the 

presence of 0 or 39 μM of free calcium from several gels (n=6) was calculated.  

Data is presented as mean  SE for (A) K102M, A119E and KA mutants, and 

(B) S19N and SKA mutants.  The relative mobility values determined for each 

mutant over a range of incremental calcium concentrations were normalized to 

that obtained at 39 μM (maximal concentration tested).  Data is presented as 

mean  SE for (C) K102M, A119E and KA mutants, and (D) S19N and SKA 

mutants. Student’s t-test were performed on pairs.  The following mutants that 

exhibited significant difference are indicated:  When compared to wild-type 

NCALD or HPCA, KA exhibited a significant difference from NCALD (p < 

0.001), but less significant from HPCA (p<0.05).  SKA was not significantly 

different from HPCA.  (* - p<0.05; ** - p<0.02; *** - p<0.001). 
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measured by tryptophan fluorescence appears to be independent of dimerization. 

Furthermore, S19N mutation (near the calcium non-binding EF1 hand) has the 

strongest effect and is dominant over the other two (in the calcium-binding EF3 

hand). 

4.4.7 Effect of Mutations on CIMSA:  

The CIMSA serves as a measure of overall conformational changes in NCS 

proteins, driven by the calcium-myristoyl switch [1-4]. Therefore, it was of interest to 

assess the effect of the mutations through CIMSA. The relative mobility values of 

K102M, A119E and KA mutants at 0 and 39 µM calcium are presented in figure 4.4-

8A, along with those for NCALD and HPCA for comparison. The single mutations 

do not alter the mobility shift significantly when compared to the wild type. The 

double mutant KA, however, is significantly different from NCALD in its response 

and approaches HPCA. The response of each construct over a range of calcium 

concentrations were tested, the results (Figure 4.4-8) were normalized to that obtained 

at 39 µM to facilitate more direct comparison and are presented in figure 6B. In 

addition to reinforcing the conclusions above, the data shows that K102M is more 

effective than A119E in altering the wild type response. 

The S19N mutation also affects the response and the effect is statistically 

more significant than that of the other single mutations (Fig 4.4-8C). This response is 

in between NCALD and HPCA. When combined with the K102M and A119E 

mutations (SKA), the CIMSA response of the protein at 0 and 39 µM calcium  is not 

significantly different then HPCA and is significantly different than NCALD. Over 

the calcium range, SKA overlaps with that of HPCA. These results suggest that the 



 101 

global calcium response of NCALD is dictated by a combination of the EF-1 and EF-

3 regions, since all three mutations were required to completely convert NCALD to 

be HPCA like.  

In summary, we have demonstrated, for the first time, NCALD exhibits a 

greater magnitude of response to changing calcium concentrations over two 

logarithmic units when compared to HPCA, despite 95% similarity (88% identity) at 

the primary amino acid level. We have identified three amino acid residues – S19, 

K102 and A119 – in the dimer interface of NCALD and conversion of these residues 

to N19, M102 and E119 (present in HPCA) significantly affects the ability of 

NCALD to dimerize. Mutation of all three residues is sufficient to convert the 

calcium-dependent response of NCALD to be HPCA-like in functional dimerization, 

tryptophan fluorescence and CIMSA assays. Analyses of the effect of individual 

mutations reveals a significant role for the non-calcium binding EF1 hand and its 

interaction with the EF3 hand in shaping the response of these two NCS proteins. 

 

4.5 The EF-1 helps determine the calcium-induced response of NCLAD and 

HPCA 

NCALD and HPCA share an 88% identity and are co-expressed in the same 

tissues. The majority of the differences between the two proteins are localized to the 

non-calcium binding EF-1 region. This region is highly dissimilar, not only between 

the two VILIPS, but amongst the entire NCS family. Several residues in this region 

have been highlighted as important for the calcium myristoyl switch mechanism [36, 
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41]. In this study we highlight the role of the EF-1 region and how the non-calcium 

binding region helps to determine the type of response initiated by calcium binding.  

 
Figure 4.5-1: Tryptophan Florescence response of NCALD Try to Phe 

mutants. (A) The fluorescence spectra of NCALD, NCALD W30F and 

NCALD W103F. Solid line indicates no calcium (0M), dotted line indicated 

saturating calcium (39M). (B) The peak fluorescence intensities for 

increasing free calcium concentrations were normalized to saturating calcium 

(39M). Results are presented as mean  SEM (N=8). 
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4.5.1 Role of tryptophans in NCALD and HPCA 

To first identify the roles of the EF-1 and the EF-3 regions, two mutants were 

created. These mutants were specifically designed to help understand what is being 

observed in tryptophan fluorescence. This is critical to help understand the calcium 

induced structural changes, as well as the relationship between NCALD and HPCA. 

NCALD and HPCA share two conserved Trp, one at position 30, and one at a 

position 103. Tryptophan florescence spectra are combinations of the fluorescence 

from both the Trp residues of the protein. To better understand the role of the EF-1 

and the EF-3 regions, and their relationship to calcium response, mutations were 

created to knock down the fluorescence from W30 (EF-1) or W103 (EF-3) and look 

at the responses of the residues individually, while still retaining the ability to respond 

to calcium.   

First the W30F mutations were created individually in NCALD and HPCA. 

This mutation is located in the non-calcium binding EF-1 hand and should allow for 

the study of the Trp at 103. The second mutation was W103F, which allows for the 

study of the W30. These two mutations allow for the clearer understanding of the 

movement observed in tryptophan fluorescence experiments.  

First, the NCALD tryptophan mutants were studied (Fig. 4.5-1). The fluorescence 

spectra of NCALD, NCALD W30F and NCALD W103F are presented. In NCALD, 

there is an observable increase in fluorescence intensity (red solid to dotted lines) 

brought on by the addition of calcium. This increase is amplified in the W103F 

mutant, which examines the contribution of fluorescence from the EF-1 W30. 
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However, in the W30F mutations, which examine W103, shows no detectable 

 

Figure 4.5-2: Calcium induced Tryptophan Florescence response of HPCA Try 

mutants. (A) The fluorescence spectra of HPCA, HPCA W30F and HOCA W103F 

at 0M calcium (solid line) and 39M (dotted line). (B) Peak fluorescence 

intensities for increasing free calcium concentrations were normalized to saturating 

calcium (39M). Results are presented as mean  SEM (N=8) 
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increase in fluorescence intensity upon the addition of calcium. This mutation has a 

different basal fluorescence than the wild type, demonstrating that this mutation has 

altered the conformation of the protein, demonstrating that W30 is critical for the 

proper folding and/or response to calcium of the protein.  However, the protein is still 

functional in translocation and mobility shift assays (data not shown) confirming that 

the mutation retains biologically relevant responses to calcium.   

To further examine the calcium induced response as measured by tryptophan 

fluorescence, the maximal fluorescence intensities for experiments at 344nm were 

 normalized at saturating calcium for the wild type and the mutant proteins after 

incubation with increasing calcium contractions. Fig. 4.5-2B shows the response of 

these proteins over the range of calcium. Again, we observed a dose dependent 

increase in fluorescence intensity corresponding to an increase in free calcium in the 

wild type NCALD. The NCALD W103F mutation shows an even larger increase in 

fluorescence intensities than NCALD. Again, the NCALD W30F shows no change in 

fluorescence intensity, in either direction, over the calcium range. These results show 

that the major structural rearrangement brought upon by calcium binding are 

primarily the result of conformational rearrangements in the EF-1 region.  
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The 

tryptophan 

mutants of 

HPCA were 

then 

examined. 

Figure 4.5-2 

(A), highlights 

the 

fluorescence 

spectra of 

these mutants. 

HPCA 

demonstrated 

an increase in 

fluorescence 

intensity upon 

the addition of 

calcium. Both 

the HPCA 

W30F and the 

HPCA W103F mutations demonstrate this increase in fluorescence intensity. When 

 
Figure 4.5-4: Calcium induced fluorescence response of the 

chimeric proteins. (A) The fluorescence spectra of NCALD, 

HPCA (A) and NCHC<, HCNC at 0M calcium (solid line) and 

39M (dotted line). (C) The percentage increase in fluorescence 

intensity from 0M to 39M free calcium. Results are presented 

as mean  SEM (N=8).  
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multiple free calcium concentrations were normalized to 39M calcium, we see, like 

NCALD W103F, HPCA W103F shows an increased fluorescence response over the 

range. In contrast, HPCA W30F, on the shows a wild type like-response.  

 

4.5.2 Creation of Chimeric EF-1 proteins 

The two proteins showed unique responses to calcium binding which allow 

for a clearer understanding of the calcium response observed in the tryptophan 

fluorescence experiments. In NCALD, the results show that the major structural 

rearrangement brought upon by calcium binding is the result of the EF-1 region. This 

is because the W30F mutant (which looks at W103 response) showed no increase or 

decrease in fluorescence intensity, likely due to the mutation altering the structure 

and/or the response of the protein. On the other hand, both of the HPCA mutants 

show an increase in fluorescence intensity upon the addition of calcium. This critical 

 

 
Figure 4.5-3: Construction of Chimeric proteins. Chimeric proteins were 

created by swapping the EF-1 hands of the wild type proteins. NCHC contains the 

EF-1 of NCALD and EF2-4 of HPCA. HCNC contains the EF-1 of HPCA and 

EF2-4 of NCALD.  
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result demonstrated that the rearrangement in NCALD is different than the 

rearrangement in HPCA.   

 

The tryptophan mutants revealed a key finding; the W30 response to calcium binding 

between the two proteins is unique. W30 is located in the non-calcium binding EF-1 

hand. This would suggest that the EF-1 region helps to determine the type of calcium 

response of the proteins. To help understand the role of the EF-1 region, chimeric 

Figure 4.5-5: Effect of EF1 swap on response to calcium as assayed by 

tryptophan fluorescence. Fluorescence spectra for the wild type and chimeric 

proteins were obtained as described in “Materials and Methods”. The average 

(n=8) percentage increase in peak fluorescence intensities at 344 nm from 0 

μM to 39 μM calcium for NCALD, HPCA NCHC, and HCNC and are 

presented (A). The peak fluorescence intensities for varying free calcium 

concentrations from 0 μM to 39 μM were averaged from several 

measurements (n=8) and normalized to that at saturating calcium (39 μM) 

concentration.  

0.01 0.1 1 10 100
0.4

0.6

0.8

1.0

1.2

NCALD

HPCA

HCNC

NCHC

Free Calcium [M]

F
lu

o
re

s
c
e
n

c
e

(F
ra

c
ti

o
n

 o
f 

m
a
x
im

u
m

)



 109 

 
Figure 4.5-6: Size Exclusion 

Chromatography Results of chimeric 

proteins. Representative elution profiles of 

NCHC and HCNC from size exclusion 

chromatography are presented.  (A) With 

calcium (+ calcium) or (B) with EGTA (- 

calcium). The dimer and monomer peaks 

corresponding to molecular weights 44kDa and 

22kDa, calibrated with standards.  

proteins were devised. Chimeric 

constructs that retain EF hands 2-

4, but are swapped for the EF1 

hand were created. The first of 

these chimeras  

was labeled NCHC, which 

contains the EF1 hand of 

NCALD, but the remaining three 

EF hands of HPCA. The second, 

HCNC, contains the EF1 hand of 

HPCA, but the remaining three 

EF hands of NCALD (Fig. 4.5-3).  

 

4.5.3 The role of the EF-1 in 

calcium response of NCALD 

and HPCA 

The chimeric proteins 

were constructed to better 

understand the 
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Figure 4.5-7: Effect of EF1 chimeras on calcium-induced mobility shift on 

native gels.  CIMSA was carried out as described in “Materials and Methods” and 

relative mobility values were determined.  The relative mobility in the presence of 

0 or 39 μM of free calcium from several gels (n=6) was calculated.  Data is 

presented as mean  SE (A). Student’s t-test were performed on pairs (* - p<0.05; 

** - p<0.02; *** - p<0.001).  (B) The relative mobility over a range of incremental 

calcium concentrations for NCHC and HCNC. (C) The relative mobility values 

determined for each mutant over a range of incremental calcium concentrations 

were normalized to that obtained at 39 μM (maximal concentration tested).  
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role of the EF1 hand with respect to calcium binding. NCHC, which contains the EF1 

hand of NCALD, but the remaining three EF hands of HPCA, responds much like 

NCALD, showing a similar change to NCALD. Figure 4.5-4 B vs 4.5-4 A. HCNC 

responds more like HPCA with a clustered, mitigated response (Fig. 4.5-4). It 

contains the EF1 hand of HPCA, but the remaining three EF hands of NCALD.  

To better compare the mutants, the percentage change obtained over multiple 

runs were averaged and compared (Fig 4.5-4 C). NCHC showed no significant 

difference in calcium induced change compared to NCALD. The same results were 

observed with HCNC vs. HPCA.  The proteins were then examined over a range of 

free calcium (Fig. 4.5-5).  Here, NCHC showed a response over a range of calcium in 

a similar manner as NCALD, whereas HCNC responded like HPCA. These results 

suggest that the EF1 region of the protein is responsible for the type of response the 

protein has to calcium as measured by tryptophan fluorescence. This idea is novel in 

the field.  

          Size exclusion chromatography was then used to identify if the EF1 region also 

contributed to the dimerization state of NCALD. Previously, we demonstrated that 

NCALD forms a dimer in the presence of calcium and is monomeric in its non-

calcium loaded form. HPCA on the other hand is always monomeric. Previous results 

with the dimer mutants suggested a role in the EF-1to EF-3 interaction in helping to 

determine the calcium induced dimerization event in NCALD. Figure 4.5-6 displays 

representative chromatograms for the chimeras. NCHC, represented in green, shows a 

prominent peak corresponding to the dimer in the presence of calcium. In total, there 

was an average of 52% dimerization in the presence of calcium in NCHC. When you 
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move the protein to EGTA, the peak shifts to be predominantly monomeric. HCNC, 

has like a HPCA like presence, with a average of 33% dimer in the presence of 

calcium. It is noted that NCHC has less dimer then NCALD and HCNC has more 

than HPCA. This again supports the conclusion that the EF-1 region is a major 

contributor to the calcium induced dimerization seen in NCALD. Both the dimer 

mutants, and the chimeras support the conclusion that the there is an important 

interrelationship between the EF-1 and the EF-3.  

Recently our group has detailed the mobility of in NCS proteins through a 

native gel. This technique measures the calcium induced structural changes and at the 

tertiary level. The native gel experiment was carried out as described in the Materials 

and Methods section with the chimeric proteins. Figure 4.5-7 B displays the gels for 

in NCHC and HCNC. To better compare the chimeric proteins to NCALD and 

HPCA, the migration of the bands through the gels were measured as described in the 

Materials and Methods section and the results were plotted in figure 4.5-7A. The 

calcium loaded (39 μM) and calcium free (0 μM) forms of the proteins are displayed. 

Here we observe interesting results; NCHC has a HPCA-like response with respect to 

the location of migration, and a total difference in migration through the gel. HCNC 

shows a NCALD-like response through the gel. These results would indicate that the 

migration location through the gel as seen by CIMSA is dependent on the calcium 

binding hands.   

To test if this was the true response, each of the chimeras was then tested over 

a range of calcium concentrations. The results are plotted in Figure 4.5-7C and were 
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normalized to the migration obtained at 39 µM. Interestingly, both NCHC and HCNC 

show an intermediate response; one which is in between NCALD and HPCA.  

This result shows several critical observations about, not only the CIMSA 

experiment, but also the role of the EF-1. The CIMSA experiment examines a 

combination of events within the total protein; binding of calcium at the EF2-4 hands 

and the resultant structural rearrangement within the EF-1 region, which may then 

result in global changes in the protein structure. It is, therefore, suggested that both 

the calcium binding and the non- calcium binding EF hands govern the total response 

of the protein to calcium.  
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4.6 Dystonia and HPCA 

The neuromuscular movement disorder Dystonia is characterized by repetitive 

movements and tremors. Charlersworth et all [10] identified two critical mutations in 

HPCA which caused the autosomal recessive primary isolated dystonia, or type two 

dystonia. The authors first identified a family that had inherited Dystonia in an 

autosomal recessive manner. The family’s genes were sequenced and a single 

mutation was identified. The gene that was affected was HPCA and the mutation - an 

N75K point mutation. The authors then searched a database of people suffering with 

dystonia and found another patient who also had a different mutation in HPCA, 

specifically T71N.  

Both of these mutations are located in the EF-2 calcium binding hand in HPCA. 

Based on the positions and location of the mutation, the authors concluded that the 

HPCA in the dystonia patients would be rendered non-functional. The authors came 

to this conclusion because the EF-2 is one of the critical calcium binding EF hands.  

Based on my understanding of HPCA, I do not agree with the conclusion that 

these two mutations would render the proteins non-functional. Both of the mutant 

forms of HPCA expressed in these patients would still contain 2 functional EF hands, 

which should still bind calcium even if the EF-2 hand was rendered inoperable. I 

propose that the HPCA proteins still function, however, at a reduced capacity.  
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 The two mutations 

are likely to cause different 

effects on HPCA. Both 

mutations are in the EF-2 

binding hand. Thr at 71 is 

not directly involved in 

calcium binding. The 

mutation to Asn, another 

polar, uncharged residue is 

not a great change. The Asn 

at 75, on the other hand, is 

directly involved in the 

coordination of calcium 

binding in the EF-2. 

Furthermore, the mutation to 

the positively charged Lys 

could potentially interfere 

with calcium binding, 

possibly knocking out the 

calcium binding in the EF-2 

hand.  

In order to test the hypothesis that the HPCA in the dystonia patients causes a 

dysfunctional protein, mutations of HPCA were created using site directed 

 
Figure 4.6-1: Direct calcium binding of the 

dystonia mutants. Purified proteins were incubated 

Calcium 45 with as described in the materials and 

methods. (A) Autoradiogram (AR) of calcium bound 

to purified HPCA, T71N and N75K, as well as the 

corresponding SDS-PAGE gel stained with 

coomassie (COM).  (B) The mean intensity of each 

band from multiple experiment (N=4) was averaged 

and plotted relative to wild type calcium binding.   
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mutagenesis. The T71N and N75K HPCA proteins were then expressed in E. coli and 

purified as described in the Materials and Methods section. 

To first test if the proteins were simply non-functional with respect to binding 

calcium, direct binding experiment was performed as described in the Materials and 

Methods section. Briefly, purified proteins were separated on an 8.8% SDS-PAGE 

and then transferred to nitrocellulose. The blot was then incubated with Ca45, washed, 

and imaged using the phosphoimager. Figure 4.6-1A, shows the result of the direct 

binding assay. T71N and N75K mutants do bind calcium, and they appear to bind to 

the same amount of calcium as the wild type (top bands labeled AR). Below, the 

Coomassie stained loading controls (COM) are displayed. To better compare the 

intensities of the bands, the mean intensity was averaged for each band from multiple 

experiments and plotted as relative calcium binding compared to wild type HPCA.  

The intensity of calcium binding for the HPCA mutants and the wild type are 

comparable over multiple experiments. This result demonstrated that the dystonia 

mutations, despite being in the EF-2 calcium binding hand, do bind calcium and 

furthermore, the binding is comparable to wild type levels. Therefore, these results 

demonstrate that the proteins seem unaffected in their ability to bind calcium. 
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Figure 4.6-2: Tryptophan fluorescence response of dystonia mutants to 

calcium binding. (A) Represented spectra of HPCA and the dystonia mutants 

T71N and N75K at 0 μM and 39 μM free calcium. (B) The average (n=7) 

percentage increase in peak fluorescence intensities (344 nm) from 0μM, to 39μM 

calcium. (C) The peak fluorescence intensities at incremental free calcium 

concentrations were obtained and normalized to the maximum (at 39μM free 

calcium). Data for selected calcium concentrations are presented as mean ± SEM 

(n=7). 
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 The possibility still 

remained that the proteins 

could bind calcium, but not 

respond to the binding of 

calcium. To investigate this 

possibility, tryptophan 

fluorescence assays were 

performed. The spectra of the 

dystonia mutant proteins were 

compared to HPCA (Fig. 4.6-

2A). No detectable red/blue 

shift was observed in either of 

the mutants in either the 

presence or absence of 

calcium. Upon the addition of 

calcium the fluorescence 

intensity of both wild type 

HPCA and the two mutants increased.   

 
Figure 4.6-3: Effect of Dystonia mutations on 

calcium-induced mobility shift on native gels. 

Purified HPCA, T71N and N75K were incubated 

with increasing free calcium concentrations and 

run under native conditions as described in the 

Materials and Methods section.  
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 In order to better observe the influence of calcium on the structure, the amount 

of change was calculated (Fig  4.6-2B) by averaging the percentage of change in peak 

fluorescence intensity from 0μM to 39μM free calcium for HPCA and the two 

mutants. T71N showed a 32% increase in fluorescence intensity upon calcium 

binding, while N75K demonstrated a 33% change, compared to the 31% change 

observed by the wild type HPCA. There was no significant difference in total 

percentage change between HPCA and the two mutants.  

 
Figure 4.6-4: Effect of Dystonia mutations on calcium-induced mobility 

shift on native gels. CIMSA was carried out as described in “Materials and 

Methods” and relative mobility values were determined. (A) The relative 

mobility in the presence of 0 or 39 μM of free calcium from several gels (n=6) 

was calculated. Data is presented as mean  SE (B) Data is presented as mean 

SE for the percentage change in relative mobility. Student’s t-test were 

performed on pairs. T71N showed no significant difference compared to 

HPCA in the percentage change in relative mobility. N75K exhibited a 

significant difference from HPCA (*p=0.05; **p=0.02; *** p=0.001).  
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 The Dystonia mutants’ calcium response over a large calcium range was then 

tested. The peak wavelength (344nM) for each calcium concentration was normalized 

to saturating calcium at 39μM calcium (Fig 4.6-2C). Both mutants respond to calcium 

in a dose dependent manner as observed in the wild type and the overall response 

was, very much like wild type HPCA. The tryptophan fluorescence showed that the 

proteins are able to both bind to, and respond to calcium and in a similar manner as 

the wild type protein.  

Next, the dystonia mutants’ calcium response was examined by CIMSA. 

Multiple gels were run across the entire calcium range (Fig. 4.6-3). The band 

positions for 0μM or 39μM calcium were measured (Fig 4.6-4A). Both the T71N and 

 
Figure 4.6-5: The response of the dystonia mutants to a range of calcium 

binding.  The relative mobility values determined for each mutant over a range 

of incremental calcium concentrations were normalized to that obtained at 

39μM (maximal concentration tested).  
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the N71K HPCA proteins showed a 

calcium induced shift, again 

demonstrating that the proteins, 

despite their mutations, can respond to 

calcium. However, the initial 

migration position is different in both 

of the mutants compared to HPCA, 

suggesting that there is a structural 

difference, which is reflected in a 

difference in surface charge compared 

to wild type HPCA. Then, the 

percentage change in the relative 

mobility (Fig 4.6-4B) was calculated. 

Here, the N75K response is 

significantly different then the HPCA, 

while the T71N mutant is HPCA-like.  

Finally, the band positions of multiple 

gels run across the entire calcium 

range were normalized to that 

obtained at 39μM (maximal concentration tested) (Figure 4.6-5). Overall, the T71N 

responds like the wild type protein over the entire range. The N75K mutation 

response overall is very HPCA like, however, it is less responsive to calcium at lower 

 Figure 4.6-6: The ability of the 

Dystonia mutants to stimulate 

ROSGC-1. ROS-GC1 activity was 

assayed as described in Materials and 

Methods.  Stimulation by purified HPCA, 

T71N and N75K was measured in the 

presence of calcium.  Results are 

presented as pmol cGMP/min/mg protein. 

Control is innate ROS-GC1 activity.   

Data were compiled from at least two 

different preparations of the proteins with 

two replicates each (n=4).   
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concentrations, CIMSA analysis demonstrated that the dystonia mutants can respond 

             0.0 Sec         30.0 Sec      800.0 Sec 

 
 

Figure 4.6-7: Calcium Induced Translocation of HPCA and the dystonia 

mutants. COS7 cells were transfected with wild type or mutant pCDNA3 - GFP 

constructs and experiments were carried out after 24 h. The cells were treated with 

6 mM Histamine to increase intracellular calcium levels and live imaging was 

performed on a Nikon C1 laser confocal microscope equipped with a TokaiHit on-

stage incubator. 
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to calcium, however, there are detectible differences in the structural responses of the 

mutant proteins compared to HPCA.  

The ability to stimulate Guanylate cyclase has been demonstrated to be a 

critical signaling function of NCS proteins [6, 45, 47-53]. This ability was tested with 

the Dystonia mutants (Fig. 4.6-6). In the presence of calcium, HPCA stimulates 

ROSGC-1, with an increase in cGMP produced of about 50 pmol/cGMP/min/mg over 

Figure 4.6-8: Quantitation of Translocation of the Dystonia Mutants.  Images 

from multiple experiments were compiled.  The distribution of pixel intensities 

along a line of interest was quantitated and the results were plotted. HPCA and 

T71N show translocation ability, whereas N75K shows none, like YFP.  
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basal activity. Both of the mutations showed a significant decrease in their ability to 

stimulate the membrane Guanylate cyclase ROS-GC1. T71N shows no ability to 

stimulate ROS-GC-1. N75K shows some ability, though at a diminished rate 

compared to the wild type HPCA. This loss of ability to stimulate ROS-GC1 might be 

one of the critical functions compromised in the dystonia mutations, leading to the 

disease state.  

HPCA has been demonstrated to cycle between the cytosol to the membrane 

upon the binding of calcium [179, 180]. In this manner, HPCA acts as a calcium 

sensor. To investigate the dystonia mutations effect on this cycling ability, GFP 

conjugated constructs were created. The constructs were then transformed into Cos-7 

cells as described in the Materials and Methods section. Histamine was used to 

increase the intracellular calcium levels. In figure 4.6-7, the addition of histamine 

causes HPCA to translocate form the cytosol to the perinuclear region, where 

Guanylate cyclase is located. In order to better observe the translocation event over 

time the distribution of pixel intensities along a line of interest was quantitated and 

the results were plotted in figure 4.6-8. Compared to HPCA, cells transfected with 

just YFP show no translocation ability. T71N shows the ability to translate in a 

manner similar to HPCA. However, the N75K mutation shows no ability to 

translocate, demonstrating a critical difference between the disease protein and the 

wild type, as well as a distinction between the two disease states. 
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Chapter 5: Discussion 

5.1 Evolutionary Interrelationships and Insights into Molecular Mechanisms of 

Functional Divergence: An Analysis of Neuronal Calcium Sensor Proteins 

 

This study was designed to examine if analyses of phylogenetic relationships among 

closely related proteins would yield insights into molecular mechanism of functional 

divergence. We used the NCS protein family for this purpose. Sequence alignment 

led to the formation of three distinct groups. While GCAPs and VILIPs share a 

common function – modulation of mGC activity – they cause opposing effects in 

their calcium-loaded states. For KChIPs, their ability to bind DRE sequences was 

used as the function. Experimental data on residues important for each of these 

specific interactions provided the platform to evaluate relative roles of these residues 

in each interaction. Based on sequence divergence during evolution, predictions could 

be made whether a given residue could contribute to the specificity of the interaction, 

is more likely to play a role in general molecular integrity or least likely to contribute 

at all. Where experimental data was available, they did indeed validate the 

predictions. Thus, this approach is likely to enhance experimental design in analyzing 

functional divergence as well as molecular interactions that mediate target 

interactions of proteins, especially given the abundance of sequence information 

across genomes.  
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5.2 Single-column purification of the tag-free, recombinant form of the neuronal 

calcium sensor protein, hippocalcin expressed in Escherichia coli 

 

This optimized method allows for high yield, high purity, tag less expression 

of HPCA. While purification of HPCA has been documented before [152, 153], the 

protocols involve tagged protein or multiple steps.   We demonstrate in this report 

that the protein may be purified with good yield from a single column, and is of high 

purity using SDS-PAGE.  Furthermore, we have demonstrated that: (1) Both the 

myristoylated and non- myristoylated forms can be purified, (2) near-total 

myristoylation is observed based on MALDI-MS analyses, and (3) the protein is 

active and responds to calcium as measured by three distinct assays –tryptophan 

fluorescence, mobility shift in native gels and biological activity.  The first two assays 

allow investigations into structural changes in the protein upon calcium binding, 

while the guanylate cyclase assay provides information on target interaction of the 

protein.  Thus, the described procedure fills an important gap – ability to obtain a 

high-purity, biologically active preparation of HPCA through a single column and 

will enable analyses of the various functions of this important protein. 
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5.3. Electrophoretic mobility shift in native gels indicates calcium-dependent 

structural changes of neuronal calcium sensor proteins 

 

NCS proteins are thought to have evolved to detect small changes in 

intracellular calcium levels.  Upon binding calcium, these proteins undergo changes 

in conformation that mediate the cellular response to calcium levels.  Our results 

show that this conformational change can be detected as  retardation in mobility in the 

presence of calcium in a native gel.  All NCS proteins tested exhibited this feature.  

Furthermore, the results suggest that the calcium-myristoyl switch, which involves 

the reordering of the EF1 hand, may be an integral part of the mechanism that 

underlies the conformational change. As the calcium level increases, the reordering 

likely alters the surface charges exposed to the gel matrix causing it to migrate slower 

through the gel matrix.   The presence of the myristoyl group itself contributes to, but 

does not appear to be essential for, the conformational change detectable in native 

gels.  

These observations can be tied in physiologically. Since the proteins are 

highly conserved across vertebrate species and are co-expressed, it is reasonable to 

propose that they may be different in their response ranges and/or sensitivity to 

calcium.  Our results support the theory that multiple NCS proteins are needed to 

direct cellular responses to different calcium ranges [32, 42].  In our study, the NCS 

proteins show more conformational intermediates in their response to calcium, 

making additional conformational intermediates available to potentially interact with 

different target proteins across a broad range of calcium.  In contrast, Calmodulin 
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appears to respond over a narrower range (1 – 11.24 M) of calcium.  Importantly, 

Calmodulin does not have a calcium-myristoyl switch.  Nor does S100B; however, no 

difference in mobility of S100B is detected at any calcium concentration.  It is 

possible that S100B does not bind calcium under conditions tested (lower affinity) or 

the structural changes brought about by calcium in S100B are beyond detection under 

conditions used in this study.  However, differences in affinity cannot explain the 

difference in patterns of mobility shift among Calmodulin and NCS proteins, all of 

which have comparable affinities (reviewed in: [173]).  What could be a potential 

mechanism to explain the observed differences?  The results lead to the conclusion 

that the NCS proteins and Calmodulin are able to bind calcium tightly and the binding 

is stable under conditions of electrophoresis – otherwise, we would expect a “smear” 

rather than discrete bands upon electrophoresis. Upon binding, a conformational 

change is introduced in the protein.  This conformational change is most likely 

initiated by the EF hand with the highest affinity, which then recruits other EF hands 

as the protein transitions from an “unbound” to a “bound” conformation.  In 

Calmodulin, this transition begins only 1.36 M of calcium, while in the NCS 

proteins, it begins at the lowest tested concentration.  Notably, the NCS proteins 

possess an EF hand that does not bind calcium, unlike Calmodulin.  We propose that 

this EF hand is critical in mediating the conformational shift in the NCS proteins.  It 

is noteworthy that  myristoylation is also localized to this EF hand.  Furthermore, this 

is also the most diverse region among the NCS proteins and may explain the diversity 

of the mobility shift responses among the NCS proteins.  Thus, in addition to binding, 
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global structural changes seem to be necessary for detectable mobility shift in the 

native gel.   

The results obtained with magnesium in our study are also consistent with this 

conclusion.  At least in the case of CALM1, GCAP1 and GCAP2, binding of 

magnesium to the protein has been clearly demonstrated [68, 181, 182] and it appears 

that the binding site for magnesium is nested within those for calcium, albeit defined 

by different amino acids [68, 183].  Yet no mobility shift is observed in these or any 

of the other NCS proteins tested.  The explanation resides in two key earlier 

observations made with CALM1:  (a) magnesium causes only local conformational 

changes around the binding site [181]; and (b) the apo-conformation (calcium-free) is 

stabilized by magnesium [182]. It is noteworthy that the magnesium action on 

GCAP1 and GCAP2 is also in their calcium-free state [68, 184, 185].  Thus, binding 

of magnesium serves to preserve the calcium-free conformational state of the protein 

and, therefore, would not elicit a detectable mobility shift.   The local conformational 

changes brought about by magnesium, however, may be detected by assays such as 

tryptophan fluorescence and has been described for GCAP1 [69].  The results from 

this study suggest that these local changes do not culminate in global changes 

detected in the native gel assay.   

Calcium can induce a mobility shift even under denaturing conditions, but 

only in the case of GCAPs and the proteins move faster with calcium, unlike in native 

gel where the mobility is retarded (Fig. 4.3-3).  The results are consistent with earlier 

observations by Koch’s laboratory [163, 164] and suggest that the proteins (GCAP1 

and GCAP2) are capable of interacting with calcium even in the presence of SDS.  It 
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is noteworthy that a similar mobility shift under denaturing conditions has been 

reported for Calmodulin and analyzed as early as 1980 [186].  However, NCALD and 

HPCA do not show a significant calcium-induced mobility difference under 

denaturing conditions (Fig. 4.3-3).  The mechanism remains to be elucidated. 

In summary, we have demonstrated that: (i) NCS proteins undergo calcium-

dependent conformational changes that are detected in native gels; (ii) these changes 

are specifically induced by calcium; (iii) different proteins behave differently in the 

same matrix under identical conditions, suggesting that the behavior is protein-

specific; (iv) in the NCS family members, characterized by the calcium-myristoyl 

switch, a gradual decrease in mobility is observed with incremental increases in 

calcium, and (v) the presence of a myristoyl group is not essential for this behavior, 

but needed for maximal response.  Thus, distinct global structural responses to 

calcium binding have been documented in NCS proteins through mobility in native 

gels.  In NCS proteins, this simple technique is able to assess overall changes in 

protein conformations.   The correlation of these results to those obtained from 

established methods to analyze structure (NMR or crystallographic analyses) or 

activity (such as enzyme assays or target-protein interactions) remains to be 

determined.  We believe that such analyses will provide further structural insights 

regarding calcium-driven conformational changes in the NCS proteins, especially in 

terms of the electrostatic drive and the hydrodynamic drag.  It is not inconceivable 

that similar analyses may be possible in other proteins that bind small ligands.   
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5.4 Three amino acids in the dimer interface of the neuronal calcium sensor 

protein neurocalcin delta also govern its response to calcium 

 

NCS proteins function as efficient calcium sensors and mediate cellular 

responses to the divalent cation. All of them bind to calcium, undergo intramolecular 

rearrangements (such as the calcium-myristoyl switch or the myristoyl tug) that 

facilitate intermolecular interactions that may lead to oligomerization and/or binding 

to target molecules. Thus, the cellular response to the calcium signal is orchestrated. 

In lower organisms, typically only one (or a few) NCS proteins exist and mediate 

calcium-regulated responses. As organisms become more complex, there is a rise in 

the number of NCS proteins, which mirrors an increase in the diversity and 

complexity of cellular responses that they mediate.   

In this report, we have investigated two of the most closely related NCS 

proteins; NCALD and HPCA, which are independently conserved through all 

vertebrates even though they exhibit 88% identity at the primary sequence level.  

Based on experimental approaches that examine both intramolecular rearrangments 

(such as tryptophan fluorescence and CIMSA) as well as intermolecular interactions 

(such as size exclusion chromatography and membrane guanylate cyclase 

stimulation), the two proteins were found to differ in the magnitude of their response. 

Furthermore, mutation of three amino acids: S19N, K102M, A119E, at the dimer 

interface of NCALD to those found in HPCA appear to be sufficient to convert the 

response to be HPCA-like. 
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Intramolecular Rearrangements: 

The way that calcium influences the intramolecular rearrangement of the NCS 

proteins was assayed by tryptophan fluorescence and native gels. The S19N mutation 

is sufficient to convert the tryptophan fluorescence response of NCALD to HPCA-

like, but not the CIMSA response.  This result suggests that the calcium-dependent 

response observed with tryptophan florescence is likely due to local intramolecular 

rearrangement around the W30 position and that it is sensitive to the residue at 

position 19. However, it is not sufficient to translate this response into a more global 

intramolecular rearrangement detected by the CIMSA assay. Similarly, the K102M 

mutation makes the protein respond like HPCA in tryptophan fluorescence, but not in 

CIMSA.  However, the A119E mutation alters neither the tryptophan fluorescence 

response nor in CIMSA. It cannot be ruled out that the effect of K102M may be due 

its proximity to W103. 

 The results with the S19N mutation suggest a greater role for the EF1 region 

in shaping the intramolecular rearrangements in response to calcium. This is further 

supported by the effect of S19N K102M A119E, which causes a HPCA like response 

in both tryptophan fluorescence and native gels. The observation that tryptophan 

fluorescence is HPCA-like following the S19N mutation, suggests the dominance of 

this mutation over the others in determining the local conformational response around 

W30. It is noted that the EF1 hand is also pivotal for the calcium-myristoyl switch; 

the conformational rearrangement by which the buried myristoyl group is extruded 

when the protein binds calcium. We have already demonstrated, however, that the 

myristoyl group is somewhat secondary to the process; its presence affects only the 
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magnitude of the response [2, 28]. In GCAPs, the myristoyl tug (an interaction 

between EF1 and EF4 domains) has been suggested to act in place of the calcium-

myristoyl switch.  

 

Intermolecular Interactions: 

Ability of two or more molecules of a protein to interact with one another is a 

theme that is observed frequently in the NCS family. VILIP1, GCAP1, GCAP2 are all 

known to dimerize.  When the ability to dimerize is influenced by extrinsic factors 

such as presence of calcium or the oxidation state, it may be termed as functional 

dimerization.  Results presented here suggest that this is a key process in determining 

protein-specific functions. Despite a high degree of conservation, NCALD exhibits 

functional dimerization, but HPCA does not. Consistent with the idea that NCALD 

forms a head-to-tail dimer, a critical interplay between the EF-1 and EF-3 domains in 

the dimerization of NCALD is also observed. Based on size exclusion experiments, 

each of the three residues contributed to the overall dimerization state of NCALD. 

K102 in NCALD is critical for calcium-induced oligomerization, as observed by the 

amount of protein converted to dimer. The other EF-3 mutant A119E showed a large 

decrease in the total percentage of dimer, but not in the ability for calcium to 

influence dimerization. S19 is critical for dimer stability, with the S19N mutation 

increasing the total dimer over wild type, but with decreased calcium responsiveness. 

The double and triple mutations, K102M A119E and S19N K102M A119E support 

this idea, with both of these point mutants causing both decrease in overall 

dimerization of NCALD and decreased ability for calcium to influence dimerization 
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compared to wild type. Of interest is the observation that about 25% of HPCA 

remains a dimer regardless of the presence of calcium.  It remains to be determined 

whether this is due to stabilization offered by N19 or the conserved Cys residues as 

suggested for VILIP1. 

The complexity of the intermolecular interactions is further underscored by 

the ability of the proteins, wild type and mutants, to stimulate membrane guanylate 

cyclase activity.  Both NCALD and HPCA stimulate Rod Outer Segment membrane 

Guanylate Cyclase type 1 (ROSGC1; gene symbol GUCY2D). Under identical 

conditions, the magnitude of stimulation by NCALD is about twice of that of HPCA. 

Any of the mutations, individually or together, cause a significant decrease in activity 

when compared to the wild type. These results suggest that the dimer interface may 

be necessary for maximal stimulation of ROSGC1 activity but not for the interaction 

itself. The mere presence of a dimer is not sufficient for stimulation; as the S19N and 

SKA mutants, which are dimeric even in the absence of calcium, failed to stimulate 

ROSGC1 in the absence of calcium (data not shown). Thus, interaction of NCALD 

with ROSGC1 appears to be a two-step process: calcium binding is an essential first 

step that brings about intramolecular rearrangements in different domains of the 

protein, which, in turn, facilitate optimal interaction with ROSGC1. The results are 

consistent with earlier reports emphasizing the role of different domains on GCAP2-

ROSGC1 interactions. Further investigations into binding affinities of the wild type 

and mutant NCALD along with HPCA will help delineate the relative role of these 

residues (and the domains) in the target interaction.   
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 Generally, different NCS sub-family members have evolved to carry out 

similar, but not identical, functions. For example, all GCAPs appear to be linked to 

activation of ROSGCs, although differences exist in their relative affinities and 

efficiencies, some of which may be traced back to their intramolecular 

rearrangements [54]. Mutations in GCAP1 and GCAP2 affect phototransduction and 

lead to retinal degeneration (44, 67). Most members of the KChIP family interact 

with potassium channels [77, 78, 81, 83, 139, 187]. In contrast, the VILIP subfamily 

appears to be functionally the most diverse group. Knockout mice exist only for 

HPCA and have established a role for this protein in long term potentiation of 

memory [20]. Mutations have linked some of these proteins to diverse disorders 

affecting intellectual abilities and musculoskeletal system [10, 59, 108]. 

Biochemically, VILIP1 and NCALD form dimers, while VILIP3, NCS1 and HPCA 

Figure 5.4-1: Conservation of the 19, 102 and 119 sites through the NCS 

Family. Sequences for the 14 gene coding members of the NCS family were 

aligned using Clustal Omega as described in the materials and methods section. 

The left panel highlights highly variable N-terminal region around S19 in 

NCALD. The right panel shows the EF-3 calcium binding regions around K102 

and A119. The EF-3 region is highly conserved among the NCS family, however 

102 and 119 positions are hypervariable.  
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do not [29, 120, 178]. A large variety of non-overlapping targets have been identified 

for these proteins – even the very closely related NCALD and HPCA. Results from 

this study enable insights into the evolution of intra- and intermolecular 

rearrangements that distinguish the responses of these proteins to calcium.  

Comparison of NCALD and HPCA suggest that the two proteins share 

common mechanisms yet generate distinct responses to calcium. Both proteins 

respond over the same range of calcium; however, the magnitude is lower with HPCA 

when compared to NCALD. The proteins are likely to have comparable affinities for 

calcium since the EF2 through EF4 regions are highly conserved. The crystal 

structure of NCALD falls into the general picture of an N-terminal lobe and C-

terminal lobe, each comprising two EF hands. In the archetypal NCS protein, 

calmodulin, relative rotation of the two lobes mediates the response to calcium. 

However, this linker region between EF2 and EF3 is completely conserved between 

NCALD and HPCA and, therefore, is unlikely to be the pivotal difference. Nor is the 

shared calcium-myristoyl switch likely to be the distinguishing factor.  

This study, for the first time, has identified three amino acid residues that are 

sufficient to influence both dimerization and calcium responses in NCALD and 

convert them to HPCA-like ones.  Could these residues also contribute to the 

responses in other NCS proteins? Figure 5.4-1 explores this idea. Sequences of NCS 

proteins around S19, K102 and A119 of NCALD have been aligned. The left panel 

presents the alignment from the S19 region, which is less well conserved.  A few 

residues are conserved and the position 19 is highlighted. The right panel, comprising 

the EF3 hand, is well conserved among the proteins. Interestingly, positions 102 and 
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119 are seen to be hypervariable. It is possible that these residues contribute to NCS 

protein specific calcium dependent responses.  

This idea is supported by the results with the R102Q mutant of NCS1. The 

R102Q mutation was originally identified to be linked to a type of autism [60]. 

Further analyses of the mutant protein showed that the R102Q mutation did not affect 

calcium binding, but rather the duration of translocation in NCS1 [61].  

In conclusion, we have demonstrated that three amino acid residues in the dimer 

interface of NCALD are critical for dimerization in addition to determining  the 

calcium-induced response.   A novel EF1-EF3 interaction may underlie the 

intramolecular rearrangement facilitating the protein-specific response. The position 

19 resides in a region that is already diverse among NCS proteins; within the more 

conserved EF3 region, hypervariability of positions 102 and 119 suggest that the 

mechanism may be more general in NCS proteins. 
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5.5 The EF-1 helps determine the calcium-induced response of NCALD and 

HPCA 

 

 Analysis of the EF-1 regions of NCALD and HPCA yielded critical results 

that underscore how these two proteins differ, despite being 88% identical. Between 

NCALD and HPCA the EF-1 region is the least conserved [6, 67]. The EF-1 region is 

the least conserved throughout the NCS family. Therefore, analysis of the EF-1 was 

critical to understand the role of the non-calcium binding EF hand.  

 First, the analysis of each tryptophan revealed that the majority of the changes 

observed in the experiment are primarily from the tryptophan 30 in the EF-1 hand as 

revealed by the W30F, W103F mutations. This is because the W103F responses in 

both HPCA and NCALD have an increased change in fluorescence intensity 

compared to the wild type. Fundamentally there is a clear difference between the 

roles of the tryptophans between the two proteins. In NCALD, the W30F mutation 

causes a complete loss of fluorescence response (change in fluorescence intensity), 

suggesting that the internal rearrangement around this residue is a critical part of 

NCALD response, whereas the HPCA W30F can still respond like the wild type. This 

gives us some insight into the differences in the structures of the two proteins. In 

HPCA, NCALD and the other NCS proteins these two positions are involved in the 

critical calcium-myristoyl switch mechanism [6, 102, 178]. These positions are part 

of a hydrophobic core that the protein structure reorients around, upon binding 

calcium. In NCALD, this position is critical for the protein to function properly, 

however, in HPCA it is not. This would suggest that the two positions differ between 



 139 

the proteins. The tryptophan fluorescence experiments primarily examine changes in 

the local environment around the tryptophan in the EF-1 brought about by calcium 

structural rearrangement. Because of this result, it makes sense that the chimeras 

responded like the corresponding EF-1 region, with NCHC responding like NCALD, 

and HCNC responding like HPCA. This result suggests that the calcium-binding 

region drives the response observed by the rearrangement of the EF-1 region.  The 

possibility still remains that the increased dimerization observed in HCNC could be 

due to aggregation. To rule out this possibility, a gel filtration step be added to the 

purification procedure in future experiments. 

 The calcium response as measured by CIMSA experiments on the chimeric 

proteins revealed not only an excellent insight into the structure of NCALD and 

HPCA, but a glimpse into what is actually being observed under native gel 

electrophoresis.  First, the overall response appears to be driven by both the calcium 

binding hands and the EF-1.  The innate positions of the calcium and the non-calcium 

bound forms of NCHC looked like HPCA, and HCNC looked like NCALD. This 

reveals that the calcium binding EF hand motifs primarily govern CIMSA migration, 

with respect to position migration and total response. However, the EF-1 does play a 

role in the dose dependent response of the proteins. Neither NCHC nor HCNC looked 

like either wild type when observed over a range of calcium, rather, each 

demonstrated an intermediate response between the two. Together, these two 

observations demonstrate that the total CIMSA response is a global contribution of 

the charges derived by calcium binding, as well as the structural rearrangement 
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brought upon by the re-orientation of the EF-1 region as a result of the calcium 

myristoyl switch.  

 The EF-1 region contributed to the dimerization state of the proteins as 

another calcium-induced response. The size exclusion chromatography results 

demonstrate that the EF-1 plays a critical role in the dimerization state of the proteins. 

NCHC gained some calcium-induced dimerization over HPCA, while HCNC had a 

loss of dimerization. This result is consistent with observations of the dimer mutants, 

where S19N caused a loss of the calcium inducible dimerization, again suggesting 

that there is a critical EF-1-EF-3 interaction.  

 The work done with the chimeric proteins gives new insight into the roles of 

the EF hands, and more specifically, the non- calcium binding EF-1. Taken together, 

the results demonstrate that the EF-1 region is responsible for the type of calcium 

response the NCS protein exhibits once it is bound to calcium. The calcium binding 

EF-2-4 drive this response. From an evolutionary perspective this idea makes sense. 

The calcium binding regions are left largely intact throughout the family, while the 

non-calcium binding regions differentiate their response to calcium.  
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5.6 HPCA and Dystonia.  

Dystonia is a disease that affects 250,000 people in the United States [188, 

189].  The recent discovery of the genetic cause of primary isolated type 2 dystonia 

allows for an opportunity to better understanding of the underlying causes of the 

disease. The original conclusion made by the discoverers of the HPCA mutations that 

resulted in dystonia was that the mutations in HPCA would render the protein 

inoperable.  The authors made this claim because of the location of the mutations, 

which are in the calcium binding EF-2 hand. N75, in particular, is thought to 

coordinate calcium. The authors went on to conclude that a loss of HPCA causes 

dystonia, because HPCA knocked out neuronal cells, did not function properly [10]. 

Our work has demonstrated that this conclusion in fact erroneous.  

First, we demonstrated that the mutant HPCA could bind calcium and that the 

binding was comparable to the wild type protein. While the experiment did not rule 

out the possibility of a lowered affinity for calcium, it did reveal that calcium could 

still bind to the EF-2 hand in both of the N75K and T71N mutants in a comparable 

manner to the wild type protein. Additional experiment tested over a range of lower 

free calcium concentrations would reveal this possibility.  

Because the mutant proteins could effectively bind to calcium, it was 

important to understand how the proteins responded to calcium. Tryptophan 

fluorescence and CIMSA experiments were used to observe the calcium-induced 

response to calcium binding. Tryptophan fluorescence revealed that the proteins 

responded to calcium binding by inducing a structural shift, which was observed as an 

increase in fluorescence intensity. Both the T71N and N75K responded like HPCA. 
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CIMSA analyses revealed the T71N mutation had a wild-type like response to 

calcium binding, while N75K had a slightly reduced response to calcium binding. 

This result, along with the observation that the mutations altered the initial migration 

of the protein in the native system, reveals that there are structural differences in the 

dystonia mutant proteins. These structural differences are observable when compared 

to HPCA, but the data shows that the dystonia proteins are still able to re-orient their 

structure and respond to calcium binding.  

 After it was established that the dystonia mutations still retain the ability to 

bind and then respond to calcium, it was pertinent to look at one of the downstream 

effectors of HPCA. Stimulation of ROS-GC1 activityhas been a demonstrated ability 

of HPCA. Wild type HPCA can stimulate cGMP production nearly two fold. Both the 

N75K andT71N proteins failed to stimulate ROS-GC1. Since the proteins are binding 

to, and responding to calcium, it is possible that these sites in the EF-2 hands are 

involved in interactions with ROS-GC1. Here, we demonstrate the first clear problem 

with the mutant proteins. Since cGMP regulates intracellular calcium levels, it seems 

likely that the dystonia mutations lead to calcium dysregulation inside the cells.  

Finally the translocation of the VILIP class of proteins has been demonstrated 

as a critical step in the calcium signaling process.  HPCA translocates from the 

cytosol to the vesicle-rich, perinuclear region upon an increase in intracellular 

calcium levels (Fig 4.6-7). T71N showed translocation ability, and the translocation 

event was comparable to wild type HPCA. N75K demonstrated no ability to migrate 

under the same conditions. This is the first experiment where there was a distinction 

between the two dystonia mutations. 
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These experiments highlighted several conclusions overlooked by the original 

authors. First, the proteins retain the ability to bind calcium. They can bind to and 

respond to calcium in a manner similar to HPCA wild type, with respect to the 

calcium induced structural reorientation. The mutant proteins cannot stimulate ROS-

GC1, showing a critical defect in their functions. Finally, we identified a difference 

between the two mutations, T71N and N75K, with respect to their ability to 

translocate. All of these results point to a calcium dysregulation issue rather than a 

total loss of function.  

The malfunctioning dystonia proteins T71N and N75K differed in the severity 

of the effects of the mutations. The Charlesworth group went on to describe the 

patient’s symptoms with the different dystonia mutations. People with the T71N 

mutation were described as having a mild form of dystonia. T71N still retains the 

ability to translocate upon the addition of histamine, inside of COS-7 cells, despite its 

inability to stimulate ROS-CG1.The N75K patients had a more severe form of the 

disease. N75K was not able to stimulate ROS-CG1 and lacked the ability to 

translocate. This distinction is critical in understanding dystonia and how mutations 

correlate to physiological symptoms.  
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5.7 Summary: What differentiates the Neuronal calcium sensor family? 

 

The Neuronal calcium family is a highly conserved family of proteins 

responsible for the calcium-mediated response in cells, particularly neurons.  Because 

calcium is a universal signaling molecule, it is critical for a cell to properly detect and 

respond to specific levels of calcium. The NCS proteins facilitate this response by 

binding calcium, translocating to regions inside the cell, and then interacting with 

specific partners, or with common partners in a distinct manner [5, 6, 18, 29, 73, 86, 

121]. Due to their high similarity, NCS proteins have evolved functions, which 

differentiated this calcium response.  

 NCS proteins employ several mechanisms to differentiate themselves. The 

three sub-families (Fig 4.1-1) utilize different methods to differentiate members. The 

KChIPS use tissue expression, or sub cellular location, to differentiate their functions 

[81, 82]. GCAPs, by comparison, are co-expressed. To differentiate themselves, they 

differ in their affinities to calcium [6, 49, 71].  VILIPs can be expressed together, but 

it is not clear how they differentiate their functions.  

This work has detailed several new discoveries; which demonstrate how the 

NCS family differentiates their individual members, despite their high similarity. By 

comparing NCALD and HPCA, two VILIPs, this work has highlighted new amino 

acid residues and domains of interest in the NCS proteins.  A summary of these 

discoveries is highlighted in Fig. 5.7-1. By better understanding how the NCS family 

differentiate themselves, we can gather a better understanding of how evolution has 

increased the complexity and specificity of calcium signaling.  
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First a global, phylogenetic approach was taken by examining the 

relationships among closely related NCS proteins. The two NCS subfamily’s GCAPs 

and VILIPs both modulate of mGC activity, but in opposite calcium states. They were 

shown to each have unique binding regions (Figs. 4.1-2 vs. 4.1-3). The ability for 

KChIPs to bind DRE sequences is a unique feature of the subfamily because the 

binding regions of the KChIPs are unique to that sub-group (Fig. 4.1-4).  

Next, the mobility of the proteins through a native gel in an electrical field 

was detailed. Here it was highlighted that NCS proteins undergo calcium-dependent 

conformational changes that are detectable in native gels in a protein-specific manner 

 
Figure 5.7-1. What differentiates the Neuronal calcium sensor family? 

Diagram of regions of differentiation in the NCS family. EF-1 is labeled in 

orange, EF-2 in Blue, EF-3 in aqua and EF-4 in green. Blue spheres 

represent calcium.  
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under identical conditions (Fig. 4.3-1). The changes in migration are specific to 

calcium (Figs. 4.3-3-8). It was also demonstrated that the presence of a myristoyl 

group is not essential for this translocation behavior (Fig. 4.3-12). This new method 

allows for the direct comparison in the total global charge of the protein.  

The subsequent study highlighted residues for dimerization of NCALD. The 

first areas of  interest are the 102 and 119 positions, which are hypervariable 

throughout the family (Fig. 5.4-1). It appears that particular residue positions have 

been favored by evolution to alter the functions of the NCS family in a manner, which 

does not directly affect binding, but rather alters the calcium induced response (Figs. 

4.4-5, 4.4-7). This is because NCALD and HPCA seem to respond over the same 

calcium range. Mutations at the 102 positions in NCS have been shown to be one of 

the causes of autism [60]. This mutation led only to changes in the calcium response.  

The drastic effects of the S19N mutation in NCALD, demonstrated that there 

could be a functional role of the non-calcium binding regions of NCALD, and the 

NCS family as a whole. The chimeric proteins revealed that the EF-1 region 

determines the type of response. This region contributes to dimerization, as well as 

the overall calcium response (Figs. 4.5-5-7). This conclusion is a departure from what 

is typically described in the field, as this region has mostly been considered non-

functional. Here, it is demonstrated for the first time that this region does indeed play 

a role in the calcium-induced response of the NCS proteins.  

This work demonstrates that the two VILIPs, NCALD and HPCA respond 

over the same range of calcium, and that they both can interact with ROS-GC1. What 
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makes them differ is their total calcium response. NCALD appears to be more 

responsive compared to HPCA. NCALD changes its’ structure more than any other 

NCS protein in the CIMSA experiments (Fig 4.3-11). It has a greater change in 

tryptophan fluorescence response compared to HPCA (Fig 4.4-2), and stimulates 

ROS-GC1 two fold more than HPCA (Fig. 4.4-4). Some of these abilities are 

independent of its ability to dimerize.  

Diseases can result from an improper response to calcium binding, not just 

calcium binding. This is observed with the dystonia mutations, which do not affect 

calcium binding, but rather the ability to stimulate ROS-GC1. In addition, the N75K 

mutation affects the ability of the proteins to translocate. Changes in the ability of the 

NCS proteins to translocate have been demonstrated with Autism as well. The R102K 

mutation affected the NCS1’s ability to remain in contact with the intracellular 

membrane [11]. In this way a mutation here shows that the duration of interaction 

may be another way the NCS proteins differentiate themselves from each other.  

In conclusion, this work has shown that the NCS family, and more specifically 

NCALD and HPCA, differentiate their functions in several ways. The location of 

expression, tissue or subcellular, calcium range, interacting partners and type of 

response all contribute to this differentiation. Many of these differences can be 

mapped to specific regions which my help us better understand how evolution has 

increased the complexity and specificity of calcium signaling.  
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