
University of Calgary

PRISM Repository https://prism.ucalgary.ca

The Vault Open Theses and Dissertations

2014-09-24

N-terminal Regulation of L-type Calcium

Channel Expression, Function and Trafficking

Simms, Brett Alan

Simms, B. A. (2014). N-terminal Regulation of L-type Calcium Channel Expression, Function

and Trafficking (Doctoral thesis, University of Calgary, Calgary, Canada). Retrieved from

https://prism.ucalgary.ca. doi:10.11575/PRISM/27138

http://hdl.handle.net/11023/1815

Downloaded from PRISM Repository, University of Calgary



UNIVERSITY OF CALGARY 

 

 

N-terminal Regulation of L-type Calcium Channel Expression, Function and Trafficking 

 

by 

 

Brett Alan Simms 

 

 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF DOCTOR OF PHILOSOPHY 

 

 

DEPARTMENT OF NEUROSCIENCE 

CALGARY, ALBERTA 

SEPTEMBER 2014 

 

© BRETT SIMMS 2014 

 

 



 ii 

Abstract 

The L-type voltage-gated calcium channel Cav1.2 is important for excitation-contraction 

coupling in the heart, as well as CREB mediated transcription and fear conditioned learning. The 

ubiquitous calcium binding protein calmodulin (CaM) and its associated kinase, calmodulin 

dependent kinase II (CaMKII), are known to modulate calcium-dependent inactivation (CDI) and 

calcium dependent facilitation (CDF) of voltage-gated calcium channels (VGCCs), respectively. 

CDI functions to limit the amount of calcium entering through Cav1.2 channels during prolonged 

or repetitive membrane depolarizations, whereas a facilitative role for CaMKII can be uncovered 

by mutating the C-terminal PreIQ-IQ region. Here we identify a CaM interaction site in the 

Cav1.2 N-terminus downstream of the previously identified W52 locus that is formed by residue 

C106, and which functionally partakes in global CDI. We also show that the Brugada syndrome 

mutation A39V disrupts global CDI, but not the surface expression of neuronal Cav1.2 channels 

as previously described. Over the course of our research we also discovered that mutant CaM 

molecules alter activation properties of Cav1.2 channels in the absence of calcium and 

surprisingly, in a manner which can be augmented by the channel N-terminus. Finally we show 

that a CaMKII binding site in the N-terminus of Cav1.2 is formed by four residues (CISI) and is 

critical for channel expression and function. Ablation of CISI produces channels which express 

poorly at the surface of cells, but which also have dramatically increased channel function, which 

offsets the trafficking defect. Thus our data indicate that surface expression and functional 

regulation of Cav1.2 channels by CaM and CaMKII is more complex than previously thought, 

and explicitly involves the channel N-terminal domain.  
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CHAPTER ONE INTRODUCTION 

1.1 Calcium regulation in cells 

The electrical activity of neurons and other excitable cells relies on a number of different types 

of voltage- and ligand-gated ion channels that are permeable to inorganic ions such as sodium, 

potassium, chloride and calcium. While the former three ions support a predominantly 

electrogenic role, calcium ions are different in that they can not only alter membrane potential, 

but also serve as important signaling entities [1]. Under normal resting conditions, intracellular 

calcium concentrations lie in the 100 nM range due to calcium buffering molecules and 

sequestration into intracellular calcium stores [1]. Opening of voltage gated calcium channels 

results in calcium influx along the electrochemical gradient, thus giving rise to a localized 

elevation of intracellular calcium into the high micromolar range [2]. This in turn triggers a wide 

range of calcium-dependent processes that include gene transcription, muscular contraction, 

neurotransmitter release, hormone secretion, neurite outgrowth, and the activation of calcium 

dependent enzymes, such as, calmodulin-dependent protein kinase II (CaMKII) and protein 

kinase C (PKC) [3-7]. On the other hand, prolonged elevation of intracellular calcium levels is 

cytotoxic [8], and as a result, the activities of voltage-gated and other types of calcium permeable 

channels are tightly regulated both by intrinsic gating processes, as well as by cell signaling 

pathways that control channel activity and trafficking to and from the plasma membrane [9]. 

Dysregulation of these processes and associated alterations in calcium channel activity have been 

linked to various types of disorders, including epilepsy, migraine, cardiac arrhythmias and 

chronic pain [10-12]. Therefore, voltage gated calcium channels are important pharmacological 

targets for these and other conditions [13].  Here, we will provide an overview of voltage gated 

calcium channels and discuss aspects of their structure, function, and subcellular trafficking. 
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Throughout the introduction the L-type calcium channel Cav1.2 will be highlighted, since the N-

terminus of this channel is the focus of this thesis. Where ever possible we will highlight critical 

background literature and explain why this information is relevant to our work with Cav1.2. The 

introduction will close by addressing the pathophysiology of the idiopathic cardiac disease, 

Brugada Syndrome as it relates to a specific N-terminal mutation in this calcium channel.  

 

1.2 Voltage gated calcium channel structure and function 

1.2.1 Overview of Cavα1 subunits 

Prior to the advent of molecular cloning techniques, our understanding of voltage gated calcium 

channels was derived primarily from electrophysiological characterization of voltage gated 

calcium currents in neurons and heart cells. Based on biophysical characteristics, voltage gated 

calcium channels were divided into two major families – high voltage activated (HVA) channels 

that open in response to large membrane depolarizations, and low voltage activated (LVA) 

channels that are activated by smaller voltage changes [14, 15] near typical neuronal resting 

membrane potentials. The HVA family can be further subdivided by their pharmacological 

properties into L-, N-, P-, Q- and R-types [16]. L-type channels display slow voltage-dependent 

gating characteristics and are sensitive to a number of different dihydropyridine (DHP) 

antagonists and agonists [17]. N-type type channels are selectively inhibited by ω-conotoxins 

GVIA and MVIIA that are isolated from the venom of marine fish hunting mollusks Conus 

geographus and Conus magus, respectively [18, 19].  P-and Q-type channels are both blocked 

(albeit with different affinities) by ω-agatoxin IVA – a peptide isolated from American funnel 

web spider venom [20]. The term “R-type” channel was assigned originally due to the 

“resistance” of these channels to the aforementioned inhibitors [17], but SNX-482, a peptide 
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from Hyristocrates Gigas Tarantula venom, has since been used to isolate these channels [21, 

22]. In addition to their rapid gating kinetics and low voltage threshold for activation, LVA 

channels (also known as T-type channels) can be distinguished by their sensitivity to nickel, and 

relative resistance to block by cadmium ions which block all HVA channels in the low 

micromolar range [23].   

 A much greater understanding of calcium channel diversity arose from biochemical and 

molecular analyses [24]. We now know that HVA channels are heteromultimeric protein 

complexes that are formed through the co-assembly of a pore forming Cavα1 subunit, plus 

ancillary Cavβ and Cavα2δ subunits, whereas LVA channels appear to lack these ancillary 

subunits [25]. The Cavα1 subunit is the key determinant of calcium channel subtype. There are 

three major families of Cavα1 subunits (termed Cav1, Cav2 and Cav3), each of which have 

several members [25]. The Cav1 channel family encodes three L-type channels (termed Cav1.2, 

Cav1.3 and Cav1.4) plus a skeletal muscle specific isoform, Cav1.1 [26-29]. I reiterate that the 

N-terminus of L-type calcium channel Cav1.2 is the focus of this thesis. Cav2 channels include 

Cav2.1 which, through alternative splicing, gives rise to P- and Q-type channels [30], Cav2.2 

which encodes N-type channels [31, 32], and Cav2.3 which corresponds to R-types [33]. There 

are three types of Cav3 channels (Cav3.1, Cav3.2 and Cav3.3) all of which represent T-type 

calcium channels [34-36]. All ten Cavα1 subunits share a common transmembrane topology of 

four major transmembrane domains, each of which contain six membrane spanning helices 

(termed S1-S6), a positively charged S4 segment that controls voltage-dependent activation [37], 

and a re-entrant p-loop motif between S5 and S6 that forms the permeation pathway (Figure 1-1).  
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Figure 1-1
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Figure 1-1: Subunit composition and transmembrane topology of voltage gated calcium 

channel subunits. HVA channels are heteromultimers comprised of a pore forming Cavα1 

subunit that coassembles with ancillary Cavβ, Cavα2δ and possibly Cavγ subunits, plus 

calmodulin (CaM), LVA channels on the other hand function as Cavα1 subunit monomers. The 

Cavα1 subunit (blue) is comprised of four major transmembrane domains (I-IV) that are 

connected by cytoplasmic linkers. Each of these domains contains 6 membrane spanning helices, 

plus a re-entrant pore loop (shown in green). The fourth transmembrane segment in each domain 

contains positively charged amino acids in every third position and forms the voltage sensor. 

Key protein interaction sites with the Cavα1 subunits are indicated by numbers: 1- N-terminal 

calmodulin association sites in L-type channels (i.e. NSCaTE & NATE to be discussed later), 2 – 

Cavβ interaction domain in all HVA channels, 3- synaptic protein interaction site (synprint) 

present in Cav2 channels, 4- pre-IQ (PCI-1/2) and IQ motifs in Cav1 and Cav2 channels that 

associate with calmodulin, 5 – scaffolding protein interaction sites in Cav2 channels. The 

Cavα2δ subunit (green) is attached to the extracellular leaflet of the plasma membrane via a GPI 

anchor. The Cavβ (purple) subunit contains conserved interacting GK and SH3 domains that are 

separated by regions that are more variable among different Cavβ subunit isoforms. The Cavγ 

subunit contain four membrane spanning helices, CaM has been omitted from the bottom 

depiction for simplicity. 
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Each of the p-loop regions contain highly conserved negatively charged amino acid residues (in 

the case of HVA channels, glutamic acids) that cooperate to form a pore that is highly selective 

for permeant cations such as calcium [38-40], barium and strontium [41], and which interact with 

non-permeant divalents such as cadmium [42]. Interestingly, despite the conservation of the key 

glutamate residues, different types of calcium channels display different single channel 

conductances that vary over one order of magnitude, with Cav1.4 channels showing the smallest 

conductance [43-45]. By contrast Cav1.2 channels have the largest single channel conductance 

[44, 46] which becomes particularly relevant in Chapter 5 when we discuss the phenotype of a 

N-terminal CaMKII mutant. Therefore, the fact that single channel conductance differs among 

channel subtypes suggests the involvement of other pore lining amino acid residues in ion 

permeation [47]. The major membrane domains are connected by large cytoplasmic linker 

regions, and are bracketed by cytoplasmic N- and C-termini [25]. These cytoplasmic regions 

show the greatest sequence variation among channel subtypes and are important not only for 

second messenger regulation of channel function, but also contain important sites for protein-

protein interactions with regulatory elements, such as G-proteins and protein kinases [48-50]. 

Each of the known Cavα1 subunits can undergo alternate splicing, which may occur in a tissue 

and age dependent manner, thus giving rise to additional functional diversity [51, 52].   

 The majority of structure/function information about voltage gated calcium channels has 

been deduced from site mutagenesis and generation of chimeric calcium channel subunits.  

However, several homology models of Cavα1 subunits based on the crystal structures of 

potassium channels, have been constructed and used to model drug interactions, in particular 

with L-type channels [53-55]. Cryo-EM structures have revealed crude structural information 

about this channel subtype [56-59], however, not at a resolution high enough to gain insights into 
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the structural basis of channel function. Unlike for potassium and bacterial sodium channels, it 

has not yet been possible to obtain crystal structure information of entire mammalian Cavα1 

subunits. HVA and LVA Cavα1 subunits share a common architecture which produces 

membrane spanning proteins with calcium conducting pore structures.    

 

1.2.2 Auxiliary calcium channel subunits 

Voltage gated calcium channel ancillary subunits include Cavβ, Cavα2δ, Cavγ and calmodulin 

(CaM). There are four known genes that encode Cavβ subunits (Cavβ1-4), again with multiple 

alternate splice transcripts [60]. Cavβ2b is considered the cardiac isoform and its dysfunction is 

linked to Brugada Syndrome [61], a congenital arrhythmic disorder discussed in Section 1.5. 

Cavβ subunits are cytoplasmic proteins that contain conserved GK and SH3 domains and 

associate with the Cavα1 subunit at the domain I-II linker [62-64] (Figure 1-1). Crystal structures 

of the Cavβ subunit bound to a fragment of the Cavα1 subunit I-II linker have been solved by 

multiple groups [63-65]. Functionally, Cavβ subunits alter the gating properties of Cavα1, and 

perhaps more importantly, increase cell surface trafficking which will discussed in depth later 

(Section 1.3.1) [60, 66].  

There are also four different types of Cavα2δ subunits (Cavα2δ1-4) that are each 

transcribed and translated as a single protein, post-translationally cleaved and then re-connected 

by a disulfide bond [67]. It was originally thought that the Cavδ portion spanned the plasma 

membrane, but more recent evidence indicates that the entire Cavα2δ subunit is attached to the 

extracellular leaflet of the plasma membrane via a glycophosphatidylinositol (GPI) anchor [68, 

69] (Figure 1-1). While there appears to be only a small effect of Cavα2δ on channel function 

[70], its coexpression typically results in increased channel cell surface density. These changes in 
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channel cell surface density critically dependent on a metal ion binding site located within a von 

Willebrand factor domain of the α2 portion of this subunit [71].  In neurons, increased expression 

of Cavα2δ results in improved synaptic targeting of voltage gated calcium channels and 

enhanced release probability, which occurs independently of the trafficking effect [72]. Recent 

evidence indicates that Cavα2δ subunits act as thrombospondin receptors and it is possible that 

interactions with thrombospondin are involved in the aforementioned modulation of synaptic 

release [73].      

 Skeletal muscle L-type channels (Cav1.1) also contain an ancillary Cavγ subunit that is 

constructed of four transmembrane helices [74, 75]. As many as seven potential Cavγ isoforms 

have been identified in neuronal tissue, including Cavγ2 which is also known as “stargazin” [76, 

77].  While certain types of Cavγ subunits can have profound effects on whole cell current 

density, it is not clear whether they should be considered true neuronal calcium channels 

subunits  [78, 79]. This is because stargazin is associated with other cellular functions outside of 

calcium channels, such as AMPA receptor trafficking [80-82].  

There is considerable evidence, however that all HVA channels associate with CaM, 

suggesting CaM should be considered as the fourth calcium channel subunit [83]. Furthermore, 

co-crystal structures of calmodulin bound to the C-terminus of Cav1.2 and Cav2.1 have been 

reported [84-87], as has an NMR structure for the Cav1.2 N-terminus with CaM [88]. CaM 

modulates gating of various Cavα1 channels in a calcium sensitive manner, which is of particular 

importance to our work, and will introduced at length in Section 1.2.5. Briefly here, calmodulin 

(CaMWT) is a ubiquitously expressed, 17 kDa calcium sensing protein capable of many calcium 

sensitive conformations [89-92]. These conformations are possible because of four EF-hands 

which bind calcium, two in the N-lobe (low affinity) and two in the C-lobe (high affinity) of 
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CaM [93, 94] (Figure 1-2). Mutant CaM molecules, on the other hand, were created as an 

experimental tool in the early 1990’s [95, 96] and display a different set of basic conformations 

[39, 97]. These mutants were created by changing calcium-stabilizing aspartic acid residues in 

the EF hand of corresponding lobes to alanine. For the N-lobe mutant of CaM (CaM12), EF-

hands 1 and 2 were ablated- the C-lobe mutant is therefore CaM34 and the double lobe mutant 

CaM1234 [95]. Calmodulin mutants remain the gold standard for evaluating channel inactivation 

in calcium, however these mutant molecules impart unintended functional effects on Cav1.2 

channels (see Section 4.2.4), cautioning the over interpretation of calcium inactivation data.  

Given the importance of ancillary subunits for the trafficking and function of HVA 

channels, it is surprising that Cav3 channels functional perfectly as monomers [23]. Whether T-

type channels include specific membrane targeting motifs that are absent in HVA channels, or 

lack ER retention and proteasomal targeting motifs remains to be determined. With that said, 

auxiliary subunits remain important for HVA Cavα1 trafficking to the cell membrane and 

modulation of channel function at the surface. 

 

1.2.3 Determinants of Cavα1 voltage dependent activation 

As discussed previously all Cavα1 subunits activate in response to depolarizing voltages because 

of positively charged arginine residues in their S4 segments (voltage sensors) which lever the 

channel pore open under depolarizing influence [37]. This process is called voltage dependent 

activation (VDA) and in fact, reduced voltage sensor movement by mutations such as R1262G in 

Cav2.1 channels reduces channel conductance in an ataxic mouse [98]. Therefore, how 

effectively the voltage sensors “sense” depolarization determines what percentage of a 

population of channels will be open at a given potential. 
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Figure 1-2
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Figure 1-2: Structure of Calmodulin and CaM Lobe Mutants. A cartoon depiction of CaM 

molecules whose structure consists of two calcium sensing lobes (N & C) spaced by a flexible 

linker. The C-lobe of CaM has a high affinity for calcium (nM), whereas the N-lobe does not 

(uM). Each lobe of CaM has two EF-hand motifs which are numbered sequentially by lobe (1/2 

for N and 3/4 for C) and which stabilize calcium ion binding at aspartic acid residues. Mutating 

these aspartic acid residues to alanine generates CaM mutants which are unable to bind 

calmodulin in that particular EF-hand. For example, CaM34 on the bottom right of the figure has 

a functional N-lobe, but the EF-hands in the C-lobe (3/4) no longer bind calcium. Compared to 

wildtype CaM, mutant CaM molecules demonstrate differential structural configurations because 

of these EF-hand mutations. This phenomenon is represented above by the tilting of mutant lobes 

in CaM12 and CaM34 relative to wildtype CaM. 
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As a further example of this concept, LVA calcium channels “sense” small depolarizations more 

effectively than HVA calcium channels and thus a greater percentage of LVA calcium channels 

will be open at more negative potentials, when compared to their HVA counterparts.  

When discussing activation gating characteristics of voltage gated ion channels, two 

functional properties are important: 1) the voltage at which half of the channel population is 

open, termed Va, or the voltage-dependence of activation and 2) how quickly channels reach 

maximal conductance after opening (kinetics of activation). There is good evidence that Cavβ 

subunits modulate both activation parameters of HVA calcium channels [99-103] while Cavα2δ 

subunits modulate only kinetics of activation [104].  

In Chapter 4 we describe a process whereby CaM mutants regulate the voltage 

dependence and kinetics of Cav1.2 activation in a manner which depends on the channel N-

terminus.   

  

1.2.4 Determinants of Cavα1 voltage dependent inactivation 

To prevent calcium overload in response to prolonged membrane depolarization, voltage-

calcium channels have developed voltage- and/or calcium-dependent inactivation mechanisms. 

Voltage dependent inactivation (VDI) is a property that is common to all voltage-gated calcium 

channels subtypes, although the extent of voltage dependent inactivation varies with calcium 

channel isoform, and is potently modulated in HVA channels by the Cavβ subunit [105]. Unlike 

in voltage gated potassium and sodium channels where there is clear evidence of a pore blocking, 

inactivation gating particle (i.e., “ball and chain” and “hinged-lid” inactivation mechanisms) 

[106, 107], it has proven somewhat more difficult to identify the mechanistic basis of VDI in 

HVA calcium channels.  
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Numerous studies have identified amino acids residues that appear to modulate 

inactivation, and many of them are found in either the domain I-II linker region, or in the S6 

regions of the major transmembrane domains [108-111]. Based on extensive mutagenesis and 

chimeric work on HVA channels [112-114] our lab proposed a model in which the S6 segments 

undergo structural rearrangement in response to prolonged membrane depolarization (Figure1-3). 

This then may expose a docking site for the domain I-II linker to act as a hinged-lid- like gating 

particle [105]. Further evidence for a hinged-lid type of mechanism was derived from 

mutagenesis studies on Cav1.3 channels which revealed an additional inhibitory element (termed 

inactivation shield) that can modulate the docking of the inactivation gate [115]. These findings 

can be reconciled with our model by a mechanism in which the S6 helices are coupled to the 

inactivation shield.  Ultimately, NMR and/or crystal structure information will be required to 

gain precise insights into how calcium channels inactivate in response to voltage.  

Cav1.2 VDI is not directly studied in this thesis but is used as a reference point for any 

additional channel closing imposed by calcium dependent inactivation. When studying VDI it is 

common practice to record currents in barium as opposed to calcium, as the latter ion promotes 

additional acceleration of inactivation kinetics (see Section 1.2.5). 

 

1.2.5 Determinants of Cavα1 calcium dependent inactivation and facilitation 

A much more complete picture has emerged in the area of calcium-dependent inactivation (CDI), 

although it is by no means less complicated. In Chapter 3 we extend knowledge of a specific type 

of CDI for Cav1.2 channels, which involves the N-terminus and the N-lobe of CaM. As eluded 

to above the process of CDI only becomes apparent when comparing channel current kinetics in 
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the presence of barium (VDI) to that of calcium, with the latter charge carrier imparting 

pronounced speeding of current decay kinetics [116].
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Figure 1-3



 

16 

Figure 1-3:  Schematic representation of possible voltage dependent inactivation (VDI) and 

calcium dependent inactivation (CDI) mechanisms in HVA channels. A. Left: Membrane 

depolarizations trigger a conformational change (leveraging by voltage sensors, not shown) in 

the channel that results in a transition from the closed to an open (i.e. calcium conducting state).  

Prolonged membrane depolarization triggers a further change in channel conformation 

(potentially mediated by the S6 segments in the four membrane domains, not shown). This then 

repositions a channel structure termed an “inactivation shield” (yellow), thus exposing a docking 

site for the inactivation gate that is formed by the domain I-II linker (blue ball like structure). 

The inactivation gate then physically obstructs calcium entry. Right panel: Calcium influx upon 

membrane depolarization also created a calcium domain near the inner mouth of the pore. 

Calmodulin (CaM, indicated by dumbbell structure in red with its high (H) affinity and low (L) 

affinity calcium binding sites) that is preassociated with the C-terminus of the Cav1 channel 

binds calcium, which in turn causes molecular repositioning of CaM in the C-terminus region 

and additional interactions with sites in the N-terminus region of the channel when fully loaded 

with calcium (small orange dots). This leads to an inactivated (non-conducting) conformation of 

the channel. B. Calcium influx though an individual Cav1 channels creates a calcium 

nanodomain that is sufficient to activate the high affinity sites on calmodulin, which in turn goes 

on to cause CDI (this process is EGTA insensitive). In contrast, for Cav2 channels, a concerted 

opening of multiple channels gives rise to a calcium microdomain that activates the low affinity 

binding sites of CaM to trigger CDI (this can be blocked by EGTA).     
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This effect is critically dependent on CaM, and blocked by overexpressing a dominant–

negative mutant of CaM (called CaM1234) that lacks the ability to bind calcium in both its N-lobe 

(CaM12) and C-lobe (CaM34) [117-119]. From a mechanistic standpoint it is believed that 

calcium-free CaM is pre-associated or anchored to the C-terminus of the channel at several sites 

including an “IQ” and “pre-IQ” domain [120] (Figure 1-3). Upon a rise in intracellular calcium, 

channel anchored CaM binds calcium which in turn promotes a conformational change in the C-

terminus/CaM complex and gives rise to CDI [121-123] (Figure 1-3). For many years CDI was 

thought to only occur with L-type channels because no calcium-induced speeding of current 

decay kinetics was observed with native, or cloned N-, R-, or T-type channels. However, whole 

cell recordings during this era were typically performed with 10 mM EGTA in the patch pipette 

which produces significant reduction in intracellular calcium. The fact that CDI persists for L-

type channels under these conditions indicates that L-type CDI involves the two high affinity (C-

lobe) calcium binding sites on CaM. On the other hand, when intracellular calcium buffering is 

made less stringent with 0.5 mM EGTA, CDI also becomes apparent for the three members of 

the Cav2 channel family [124], meaning CDI of Cav2 channels occurs because of the low 

affinity (N-lobe) calcium binding sites of CaM. In other words, CDI of Cav1.2 and Cav1.3 

channels is supported by a local rise in calcium near the inner mouth of the pore, or rather, 

calcium entry through an individual channel is sufficient to mediate its own CDI [125]. In 

contrast, CDI of Cav2 channels requires a global rise in intracellular calcium, which is supported 

by the concerted calcium influx of a population of channels, hence explaining the EGTA 

sensitivity of this process [123, 125]. Crystal structure information reveals that CaM interacts 

with the Cav2.1C-terminus in an opposite orientation compared to Cav1.2, and although the 
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functional importance of this finding is unclear, it could possibly explain why Cav1 and Cav2 

channel families exhibit differing CDI mechanisms [85].   

 There are several additional twists to CDI:  first, although Cav1.4 channels can bind 

calmodulin, they lack CDI [126], the latter because of an autoinhibitory domain in the distal C-

terminus that occludes upstream CaM binding sequences [127, 128]. This resistance to 

inactivation is likely necessary because these channels support tonic glutamate release in 

photoreceptor synapses [129] and must therefore show sustained activity at depolarized 

potentials. Second, there is a curious absence of CDI for native Cav1.3 currents in auditory hair 

cells. This absence appears to be due to calcium-binding protein 4 (CaBP4), a CaM homolog 

with reduced calcium binding ability which is expressed in these cells and antagonizes the CDI 

process [130]. Competition between CaBP4 and CaM for the C-terminus of Cav1.2 supports a 

role for the disruption of CDI by CaBP [131, 132]. Third, recent evidence shows that CDI of 

Cav1.2 channels requires two different CaM molecules bound to the C-terminus [86]. Fourth, 

Cav1.3 shows distinct modes of CDI that differentially depend on the high (C-lobe) and low (N-

lobe) affinity calcium binding sites of CaM [133]. Cav1 channel CDI that depends on the high 

affinity C-lobe of CaM appears to require only C-terminal regions of the channel, while low 

affinity, N-lobe CDI involves interactions of CaM with the N-terminus, as well as the C-terminus 

[134] (Figure 1-3). In Chapter 3 we show that Cav1.2 has a second N-terminal site (C106) which 

participates in N-lobe CDI. Our data suggests that the N-terminus of Cav1.2 promotes CDI by 

propagating the signal for inactivation into domain I of the Cavα1 subunit [135].  

Finally, Cav2.1 channels show a second form of calcium regulation (calcium-dependent 

facilitation, or CDF) that involves the high affinity sites on CaM [136, 137]. Single channel 

recording demonstrate that unlike CDI of these channels which requires global calcium increase, 
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calcium entry through an individual Cav2.1 channel is sufficient to promote CDF [138]. 

Furthermore, this example highlights how Cav2.1 channels can be differentially regulated by two 

opposing calcium-dependent processes, while using the same calcium sensor, CaM.  

Interestingly, L-type channels can exhibit CDF but only with substantial C-terminal mutations in 

the same region which natively promotes CDF of Cav2 channels [118, 139]. Whether CDF and 

CDI are mediated by distinct binding conformations, or orientations of CaM, or by separate CaM 

molecules bound at different regions of Cav1 and Cav2 channels, remains to be determined.  

Nevertheless, CDI and CDF are important processes that limit excessive calcium entry into the 

cytosol. While VDI is intrinsic to the channel and only depends on voltage, CDI is a tunable 

process that provides feedback inhibition in response to rising intracellular calcium levels.  

 

1.3 Voltage gated calcium channel trafficking 

1.3.1 Cavβ subunit regulation of HVA Cavα1 trafficking 

The ability of Cavβ subunits to promote membrane expression of HVA calcium channels is well 

established.  Early experiments revealed that antisense knockdown of β subunits reduced HVA 

plasma membrane expression in dorsal root ganglion neurons [100], and that whole cell currents 

carried by various HVA calcium channels in transient expression systems such as Xenopus 

oocytes and tsA-201 cells were dramatically reduced in the absence of co-expressed β subunits, 

albeit not completely eliminated [140, 141].  This Cavβ subunit dependent increase in plasma 

membrane expression levels could be in principle due to a number of different mechanisms, 

including an upregulation of Cavα1 subunit transcription, enhanced export of the channels from 

the ER, or an increase in channel stability once the channels have reached the plasma membrane.  

Bichet and colleagues showed that CD8 receptor fusion constructs of the Cav2.1 I-II linker 
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region were retained in the ER unless coexpressed with a β subunit [142]. Furthermore, deletion 

of a portion of the channel domain I-II linker resulted in increased ER export in the absence of 

the Cavβ subunit. Based on these findings, the authors suggested that one of the major roles of 

the Cavβ subunit is to occlude an ER retention motif on the domain I-II linker of the channel. 

The ER retention mechanism is also supported by experiments showing that a single point 

mutation in the region that binds Cavβ can prevent plasma membrane translocation of Cav1.2 

and Cav2.2 channels even in the presence of Cavβ subunits [143, 144] and it is therefore unlikely  

that the Cavβ subunit acts as a transcription factor for Cavα1.    

Nevertheless, the molecular details by which Cavβ subunits promote ER export appear to 

vary with calcium channel subtype. Using an approach similar to that used by Bichet and 

colleagues, our lab showed that the domain I-II linkers of  Cav1.2 and Cav2.2 are not retained in 

the ER, but that instead the C-terminus region of these two channel subtypes may be responsible 

for the ER retention [9].  Because the Cavβ subunit does not bind to the C-terminus region of 

these channels, this suggests that the Cavβ subunit could perhaps indirectly (i.e., sterically or 

allosterically) mask these retention motifs when Cavβ is bound to the domain I-II linker. Such a 

mechanism was explored recently in an elegant study by Fang and Colecraft [145] who swapped 

intracellular regions between L-type and T-type calcium channels to examine structural 

determinants of L-type channel membrane expression. Based on the expression of these 

constructs in the absence and the presence of the Cavβ subunit, the authors concluded that the 

ancillary subunit promotes rearrangements of the major intracellular loops of the channel which 

ultimately result in the obfuscation of multiple ER retention motifs contained within these 

linkers. Interestingly, the authors also showed that the domain I-II linker in fact contains an ER-

export motif whose function is compromised by Cavβ subunit coexpression. While the net effect 
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of Cavβ subunit coexpression is an overall enhancement of channel trafficking, this ER export 

motif may perhaps explain the ability of some Cavβ-free channels to escape the ER.  Altogether 

it appears as if the Cavβ subunit is able to overcome intrinsic ER retention properties of at least 

three of the major HVA channel subtypes, albeit perhaps by channel subtype specific 

mechanisms. 

What happens to channels that remain associated with the ER?  We recently showed that 

Cav1.2 channels are tonically ubiquitinated, and that the degree of both mono and poly-

ubiquitination is increased in the absence of  the Cavβ subunit [9]. Furthermore, we were able to 

show that RFP2, an ER associated ubiquitin ligase, was responsible for this effect. We were then 

able to demonstrate that in the absence of the Cavβ subunit, an interaction occurs between the 

channel and p97/Derlin-1, two proteins associated with the ER Associated Protein Degradation 

(ERAD) system. The end result is channel retrotranslocation and proteasomal degradation in the 

cytosol (Figure 1-4) [146, 147].  Consistent with this model, treatment of cells with the 

proteasomal inhibitor MG132 resulted in increased cell surface expression of Cav1.2 channels 

lacking the Cavβ subunit. The proteasomal inhibitor MG132 has also been reported to enhance 

trafficking of N-type calcium channels expressed in sympathetic neurons [148].   

Altogether, these findings suggest that the Cavβ subunit acts as a switch that diverts 

channels away from a proteasomal degradation pathway to allow channel export to the plasma 

membrane via reduced ER retention. In Chapter 4 we describe an updated phenotype for the 

Brugada syndrome mutant A39V (background discussed in Section 1.4) which in the rat brain 

isoform of Cav1.2 traffics normally to the cell surface.  
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1.3.2 Calmodulin/CaM kinase regulation of Cav1.2 trafficking 

Although calmodulin is a ubiquitous calcium sensing protein with numerous cellular functions, 

the fact that it is associated with every type of HVA calcium channel has led to suggestions this 

protein is a de facto calcium channel subunit. In the context of voltage-gated calcium channels 

calmodulin and CaM kinase are recognized mainly for contributions to CDI and CDF which was 

discussed earlier (Section 1.2.5) [124, 149].  

Contribution of CaM and CaM kinase to trafficking of HVA calcium channels is 

controversial. Data from HEK-293 cells suggests CaM has no additive effect to Cavα1.2 surface 

expression in either the presence, or the absence of Cavβ/Cavα2δ subunits [150]. It has also been 

shown in tsA-201 cells that deleting the C-terminal IQ domain and a portion of the pre-IQ 

sequence is sufficient to completely abolish surface expression of Cav1.2 in the presence of β2a 

[151]. It is interesting to note that this pre-IQ region not only binds CaM, but also CaMKII [139] 

implicating that at least one of these proteins may be involved in trafficking of Cav1.2 to the cell 

surface.  

As noted above in Section 1.3.1, our laboratory identified the C-terminal domain of 

Cav1.2 as having multiple ER retention regions [9]. The two retained portions of Cavα1.2 

contain the EF-hand motif as well as a downstream IQ domain. Our observation that this 

downstream region of Cav1.2 spans the CaM binding IQ domain supports literature that suggests 

this region of the channel has a role in surface expression [151]. In COS1 cells which are 

believed to be devoid of all VGCC auxiliary subunits, exogenous CaM increased surface 

expression and recovered activity of Cavα2δ-free, and what were believed to be functionally 

silent Cav1.2/Cavβ2d channel complexes [152].  
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Figure 1-4: Forward trafficking of Cav1 and Cav2 channel complexes. Cavα1 can traffic to 

the surface without auxiliary subunits, but Cavβ and Cavα2δ subunits dramatically and 

additively increase the proportion of channels in the cell membrane. This increased surface 

expression is achieved by promoting ER export and increasing overall channel stability. 

Calmodulin, AKAP79 and GPCRs can augment forward trafficking of calcium channel 

complexes. The Cavβ subunit protects Cav1.2 and Cav2.2 from ER associated proteasomal 

degradation (ERAD). The Cavβ subunit protects Cav1.2 from ERAD by interfering with the 

ubiquitin ligase activity of RFP2. RFP2 ubiquitination leads to Derlin and p97 association with 

the calcium channel complex and retrotranslocation of the poly-ubiquitinated channels. Poly-

ubiquitinated channels in the cytosol move on to the 26S proteasome for degradation. 

Proteasomal inhibitors such as MG132 are able to rescue some of the retrotranslocated channels.   
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Previous studies have also shown that mutations in the C-terminal EF-hand domain of 

Cav1.2 channels can drastically alter current density [121, 153, 154]. While it is possible that 

these mutations affect channel function rather than cell surface targeting [155, 156] it is probable 

that the lack of whole cell currents carried by some of these mutants arises from disruption of a 

CaM, or CaM kinase dependent cell surface trafficking mechanisms. In hippocampal neurons, 

Cav1.2 trafficking to the distal dendrites is accelerated by the presence of Ca
2+

/CaM, but not 

CaM1234 [157]. The idea that CaM can influence the spatial and temporal distribution of 

channels, rather than just cell surface trafficking, is an intriguing possibility that requires further 

exploration.  

In Chapter 5 we show that the N-terminal α-CaMKII site in Cav1.2 may have a role in 

silencing WT-Cav1.2 channels, or at least a significant proportion of them. This feature is absent 

from mutant channels of this site. This N-terminal α-CaMKII site also appears to augment 

forward trafficking of the Cav1.2 channel complexes, which is interesting because it was shown 

previously that removal of the N-terminus increases abundance of channels at the surface of 

COS1 cells [158, 159].  

 

1.4 Cav1.2 pathophysiology and Brugada Syndrome 

1.4.1 Function and general pathophysiology of Cav1.2  

The L-type calcium channel Cav1.2 is important in neuronal tissue at the cellular level for CREB 

mediated transcription and neurite outgrowth, and also for fear conditioned learning as illustrated 

by conditional hippocampus/cortex knockout mice [154, 160, 161]. These mice also demonstrate 

impairment of spatial memory [162] and produces anxiety like behavior [163]. It makes sense 

then, that mild Cav1.2 dysfunction in humans is linked to various psychiatric (i.e. Schizophrenia 
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and major depressive disorder) and learning abnormalities such as autism [164-167]. Moreover, a 

congenital form of Cav1.2 dysfunction called Timothy syndrome produces debilitating disease 

symptoms of which include mental retardation, lethal cardiac arrhythmias, and severe 

developmental abnormalities [168, 169]. Many Timothy syndrome mutations effect the domain 

I-II linker region of Cav1.2 which interferes with both VDI and CDI and abnormally increases 

channel activity [170, 171]. 

Despite the physiological importance of Cav1.2 in the brain, expression of this channel in 

the heart is absolutely critical for life. Cav1.2 null mice die in utero at day 14.5 post coitum as 

this calcium channel subtype is essential for the ventricular action potential (VAP) and therefore 

cardiac muscle contraction [172]. Just as Timothy syndrome patients develop lethal arrhythmias 

because of excessive Cav1.2 conductance [173] diminished Cav1.2 function also produces 

cardiac arrhythmia. In this case however arrhythmia results from reduced depolarizing influence 

and weaker ventricular contraction, manifesting as early repolarization of the VAP. The 

congenital form of this abnormality is called Brugada Syndrome and will be discussed next. 

 

1.4.2 Overview of Brugada Syndrome 

Brugada Syndrome (BS) is an inherited cardiac illness characterized by a defect in repolarization 

of the right ventricular outflow tract, leading to phase 2 (discussed below) reentry and 

polymorphic ventricular tachycardia [174]. Brugada Syndrome has a an estimated prevalence of 

1/10000- 5/10000 in Europe, and 12/10000 in Southeast Asia [175-177]. Men account for 80% 

of BS patients, with most arrhythmic events occurring between the ages of 40-45 years and 

typically after large meals,  in periods of rest, or during sleep [178-180]. BS is responsible for 

4% of all sudden deaths and 20% of sudden deaths in people without structural heart problems 
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[179]. Emerging clinical evidence suggests that sudden unexpected nocturnal death syndrome 

(SUNDS) and sudden infant death syndrome (SIDS) may in fact be an infant forms of BS [181]. 

The most common gene mutated in BS patients is SCN5A (Nav1.5), which is also aberrant in 

several SUNDS and sudden infant death syndrome (SIDS) patients [182, 183].  

Brugada Syndrome was first described by Pedro and Josep Brugada who recognized a 

previously undiagnosed patient population with structurally normal hearts, and who exhibited 

idiopathic ventricular fibrillation [184]. Mutations in several ion channel genes including: 

voltage-gated sodium (SCN5A/SCN1B/SCN3B), potassium (KCND3/KCNE3/MiRP2/KCNJ8), 

hyperpolarization activated cation (HCN4), and voltage-gated calcium channel subunits 

(CACNA1C /CACNB2b/ CACNA2D1) have been linked to BS [61, 185-191]. Pharmacological 

treatment therefore targets some of these channels, but direct block of voltage-dependent calcium 

channels (VGCCs) is contraindicative for BS [192]. Only the implantable cardioverter 

defibrillator (ICD)- an electrical impulse generator designed to detect and correct arrhythmias- is 

considered an effective long term treatment for Brugada Syndrome [193].  

Brugada Syndrome is an electrical disease of the ventricles and therefore it is worth 

revisiting the ventricular action potential (VAP) to understand how ion channels contribute to the 

VAP, and how a VAP is displayed on an electrocardiograph (ECG). Figure 1-5 illustrates the 

five phases of the VAP. An inward rush of sodium through Nav1.5 gives the initial peak of VAP 

depolarization (Phase 0), which is recessed by the exit of potassium through Kv4.3 channels and 

voltage dependent inactivation (VDI) of Nav1.5 (Phase 1) [194, 195]. The plateau (Phase 2) of 

the VAP is maintained by the opening and prolonged influx of calcium through Cav1.2 channels, 

and efflux of potassium by the delayed rectifier hERG (IKr) [195-197]. Cav1.2 conductance 

during the VAP provides the initial influx of calcium necessary to trigger calcium release from 
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the sarcorplasmic reticulum causing muscle fibres in the heart to physically contract, in other 

words excitation-contraction coupling [198] (for reviews see [199, 200]). During repolarization 

of the VAP (Phase 3) Cav1.2 channels close limiting depolarization, while the slow outward 

rectifier KCNQ1 (IKs) opens, driving the membrane potential down toward resting levels [201]. 

The fourth phase of the VAP is the maintenance of resting membrane potential by Kir2.1 (IK1) an 

inward rectifying potassium channel [202].   

The current criteria for diagnosis of BS includes an elevated ST segment of the right 

precordial leads in the presence, or absence of a sodium channel blocker with one of the 

following: ventricular fibrillation (VF), inducibility of VT with programmed electrical 

stimulation,  polymorphic ventricular tachycardia (PVT), a family history of sudden cardiac 

death under the age of 45, or syncope [179]. This lengthy definition for Brugada Syndrome is 

necessary clinically because of related of J-wave syndromes with similar electrical 

characteristics [203]. BS patients can present with one of two types of elevated ST segment 

differentially characterized by shape and degree of elevation. The first type displays a coved ST 

elevation (>2mm) followed by a negative T-wave, the second an elevated ST segment (>1mm) 

with a saddleback appearance and a positive, or bi-phasic T wave [204, 205]. 
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Figure 1-5: Ion channel conductances which contribute to the five phases of the ventricular 

action potential (VAP).  The VAP begins with Phase 0 (red) which is the rapid inward current 

carried by Nav1.5 (INa) leading to immediate depolarization of the ventricles. In Phase 1(purple) 

partial repolarization of the ventricles occurs as Nav1.5 channels close and Kv4.3 (ITO) open, 

permitting potassium to exit. During Phase 2 (green) sustained inward calcium via Cav1.2 (ICa) 

and outward delayed potassium currents through hERG maintain the VAP plateau. Phase 3 

(blue) leads to complete repolarization of the VAP as Cav1.2 channels close, and slow outward 

potassium currents (KCNQ1) activate. Phase 4 (orange) is maintenance of the resting membrane 

potential by inward rectifying Kir2.1 channels.  
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1.4.3 Brugada Syndrome Mutations in Cav1.2 

L-type calcium channels were first found to contribute to BS by Fish and colleagues who showed 

that block of these channels dramatically increased ST segment elevation in dissociated 

ventricular myocytes [7]. The first genetic evidence linking BS to calcium channel subunits came 

four years later when A39V/G490R mutations were identified in Cav1.2 after screening several 

BS patients for polymorphisms [61]. Since that time the number of BS mutations in VGCC 

subunits has increased to nine for Cav1.2, ten for Cavβ2b and four for Cavα2δ1 [185, 206]. 

Figure 1-6 depicts the location of known BS mutations in these channel subunits.  

 Typically BS mutations in Cav1.2 elicit disease phenotype (decreased 

conductance) by reducing surface expression of the channel, or by augmenting channel gating. 

For example, G490R-Cav1.2 (located in domain I-II linker) was characterized as having reduced 

current density in COS cells [61]. Given the location of G490R in the channel, reduced current 

density could reflect decreased surface expression, or alternatively augmented voltage-dependent 

gating– this remains unsolved [145, 207]. Much like G490R-Cav1.2 the mechanism for why a 

duplication of five amino acids in the distal C-terminus of Cav1.2 (E1829_Q1833-dup-Cav1.2)  

produces severely reduced current is unknown [185]. The C-terminus of Cav1.2 contains critical 

trafficking and ER retention motifs in various regions including the residues in and around 

E1829-Q1833 suggesting one possible explanation [9, 145].  As with the domain I-II linker 

however, the C-terminus of Cav1.2 is intimately tied to channel function and so, whether 

E1829_Q1833-Cav1.2 is a BS mutation because of aberrant trafficking or function remains to be 

determined [122, 158, 208].  
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Figure 1-6: The nature and location of BS mutations in VGCC subunits 

The Cav1.2 pore forming subunit (blue) has four domains (DI-IV), each with six transmembrane 

segments (S1-S6). The Cavβ2 subunit is displayed in purple with its SH3 and GK-like domains 

highlighted. The Cavα2δ subunit (green) is cleaved after translation into α2 and δ components, 

which are then disulfide linked (vertical black lines) in the intact protein. All currently known BS 

mutations are shown in this diagram with missense mutations (open circles) and a duplication 

event (dark circle) noted. This figure is modeled after Burashnikov et al (2010) [185] Figure 3. 
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VGCCs preferentially pass calcium because of sequence specific pore loops or calcium 

selectivity filters which are located between S5-S6 of each domain [6, 38]. A single point 

mutation in a p-loop residue for instance can transform a calcium selective channel into one 

which prefers sodium [209]. The BS mutation E1115K-Cav1.2 has reduced calcium flux through 

its pore because of such an aberration [185]. The E1115K mutation does not alter voltage or 

calcium dependent gating of the channel, but strictly reduces single channel conductance of 

calcium tending to prefer monovalent cations. Extrapolating this cellular phenotype to hearts of 

BS patients suggests how a loss of a calcium preference of E1115K-Cav1.2 result in elevated ST 

segments on ECG. 

 The BS mutation of interest in this thesis is A39V, an N-terminal mutation which 

was initially reported to cause Cav1.2 channels to distribute in a peri-nuclear manner, or in other 

words,  prevent Cav1.2 trafficking to the cell surface [61]. Binding of Cavβ auxiliary subunits to 

the domain I-II linker of all HVA calcium channels dramatically increases surface expression, 

yet A39V-Cav1.2 was unique in the fact that an N-terminal mutation could prevent successful 

trafficking of the channel [9, 61, 142]. In a follow up paper however, we were unable to 

duplicate a lack of surface expression for A39V when expressed in the rat brain isoform of 

Cav1.2, thus creating some confusion for the phenotype of this mutant [210]. In Chapter 4 we 

describe a novel means by which Ca
2+

/CaM modulates voltage-dependent activation of Cav1.2 

and how A39V-Cav1.2 channels resist this new form of functional regulation. We believe this 

loss of functional regulation is the true phenotype for patients afflicted with A39V-Cav1.2.  

Brugada syndrome is inherited loss-of-function disease for Cav1.2 channels which 

manifests as early repolarization of the ventricles, arrhythmia and in some cases sudden death.  
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1.5 Thesis Rationale and Hypothesis 

Voltage-gated calcium channels regulate electrical properties and calcium signalling of many 

different cell types. Mutations in calcium channels typically disturb sub-cellular trafficking, or 

channel function, which then typically result in pathology. The L-type calcium channel Cav1.2 

modulates emotional learning and maintains the VAP. A loss of function of Cav1.2- such as in 

the inherited disorder Brugada syndrome- results in early repolarization of the ventricles, which 

can lead to arrhythmia and sudden cardiac death. Understanding the molecular underpinnings of 

Cav1.2 sub-cellular trafficking and function are therefore of the utmost importance. Given the 

recent discovery that the N-terminus of Cav1.2 participates in CDI as well as, the peculiar 

location and phenotype of the Brugada syndrome mutation A39V, I was pertinent to study the N-

terminus of this channel. We therefore hypothesized that the N-terminus contains elements, or 

residues that regulate the  function and sub-cellular trafficking of Cav1.2 channels.  

 

1.5.1 Aim 1: Identify novel N-terminal residues involved in Cav1.2 CDI 

The N-terminus of Cav1.2 was recently shown to participate in global CDI, or in other words, in 

a manner which depends on the low affinity N-lobe of CaM. The first residue attributed to this 

function was W52 and is located mid-way through the N-terminus. With this said, precise 

residues were never identified for a proximal N-terminus region which bound the CaM homolog, 

calcium binding protein (CaBP) [211]. CaBP cannot participate in CDI because two of its 

calcium binding EF hands are inactive, but plausibly this second more proximal region might 

also bind CaM and participate in Cav1.2 CDI. We therefore hypothesized that additional 

residues in the N-terminus of Cav1.2 modulate global CDI. Chapter 3 describes how the N-

terminal residue C106, or the region we term NATE (NSCaTE Associated Transduction 
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Element) biochemically and functionally couples to CaM to modulate global CDI of Cav1.2 

channels. 

 

1.5.2 Aim 2: Decipher the pathophysiological phenotype for A39V-Cav1.2 

The literature initially characterized the Brugada syndrome mutant A39V-Cav1.2 as having a 

surface expression defect which was Cavβ insensitive [61]. This was surprising considering the 

N-terminal location of A39V and fact that Cavβ dependent channel trafficking depends on an 

interaction with the domain I-II linker, and not the N-terminus. We therefore attempted to repeat 

this finding (see Chapter 4) and could not with the rat neuronal isoform, suggesting there could 

be an alternate phenotype for A39V-Cav1.2 in brain. Given our prior interest with the N-

terminus of Cav1.2 and CDI we then hypothesized that A39V-Cav1.2 has augmented calcium 

dependent channel gating which may explain the loss-of-function phenotype. Chapter 4 describes 

how A39V-Cav1.2 channels demonstrate augmented CDI and differentially shifted voltage-

dependence and kinetics of channel activation when expressed with mutant CaM molecules in 

the absence of calcium.  

  

1.5.3 Aim 3: Determine the function of a CaMKII site in the N-terminus of Cav1.2 

The N-terminus was first shown to contain a CaMKII binding site nearly 10 years ago [139], but 

the precise location of the site, and its function were never characterized. While working with 

CaM sepharose pull-downs for Aim 1 it became apparent that a calcium insensitive interaction in 

the proximal N-terminus of Cav1.2 existed, which is not characteristic of most CaM binding 

sites. We therefore hypothesized that the proximal region of the N-terminus contains a CaMKII 

binding site which is involved in trafficking or functional regulation of Cav1.2. Chapter 5 
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describes the offsetting trafficking and functional phenotype of Cav1.2 channels lacking this N-

terminal CaMKII site.  

 

1.5.4 Significance 

 The work in this thesis describes how the N-terminus of Cav1.2 contributes significantly to 

surface expression and gating of the channel. Structure/function analysis of the N-terminus of 

calcium channels has picked up recently and our work adds to this growing body of evidence 

which has far reaching implications for how we understand emotional learning and heart 

function.  
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CHAPTER TWO MATERIALS AND METHODS 

2.1 Molecular Biology 

2.1.1 General methods 

All restriction enzymes used herein were obtained from New England BioLabs. Hot start TAQ 

used for traditional polymerase chain reaction (PCR) was obtained from Agilent Technologies 

while site directed mutagenesis was conducted using the enzyme PFU and the QuickChange 

mutagenesis kit produced by Promega. PCR reactions were conducted in a volume of 50ul in a 

BioRad DNA Engine DYAD thermal cycler. All oligonucleotide primers were generated by 

UCDNA Services DNA/RNA Synthesis Laboratory, while PCR products and other DNA 

fragments of interest were run on agarose gel, and appropriately sized bands extracted using the 

QIAquick Gel Extraction Kit (Qiagen). Ligations were carried out overnight at 4°C in a final 

volume of 20ul using T4 DNA ligase (Promega). All DNA clones were transformed using the 

heat shock method into DH5α cells (Life Technologies). DNA was isolated from transformed 

bacteria using either Qiagen Plasmid Mini, or Maxi kits (Qiagen) and clone fidelity was verified 

by the University of Calgary Genetic Analysis Laboratory.  

 

2.1.2 Donated, purchased and engineered calcium channel constructs 

Wild type (WT) rat calcium channel subunit cDNAs encoding Cav1.2, Cavβ1b, Cavβ2a and 

Cavα2δ1 subunits, as well as the pMT2 vector were generously donated by Dr. Terry Snutch 

(University of British Columbia, Vancouver, BC). Rat brain Cav1.2 has a polymorphism 

(glycine at amino acid position 57) which is not present in the human cardiac isoform. To 

facilitate comparison with previous work [61] we mutated rat Cav1.2 at position 57 to aspartic 
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acid (Table 2-1). We refer to this channel throughout as WT-Cav1.2. A39V-Cav1.2 was created 

by site-directed mutagenesis of WT-Cav1.2. W52A, C106R, W52A-C106R, and Cav1.2-AAAA 

channels were created by cloning their respective synthesized sequences (Genscript) into the 

original clones using ClaI/BsrGI. The HA tagged version of Cav1.2 has been previously 

described [212] and all channel clones mentioned above were constructed in non-tagged and 

extracellularly, HA-tagged versions. The Cavβ2b clone was generously donated by Dr. Henry 

Colecraft (Columbia University, New York, USA). Wild type (CaMWT) and the CaM mutant 

with four mutated EF hands (CaM1234) were a gift from Dr. John Adelman (University of Heath 

and Science, Oregon). CaM mutants with EF hands 3 and 4 mutated (CaM34), or EF hands 1 and 

2 mutated (CaM12) were constructed by swapping homologous domains of CaMWT and CaM1234 

in pcDNA3 via common EcoRI sites. Xpress-CaM was made by PCR from wild type CaM 

which was then cloned downstream of His/Xpress tags in pcDNA3.1HisB (Invitrogen) with 

BamHI/XhoI. Cherry-α-CaMKII was a gift from Dr. Paul De Konnick (Universite of Laval, 

Quebec) and has been previously described [213] GenBank
TM

 accession numbers, or origins of 

the clones used in thesis are as follows: Cav1.2 [M67515], Cavβ1b [NM017346], Cavβ2a [214]  

Cavβ2b [AF423193.1], Cavα2δ1 [AF286488], CaM [NP_114175.1] and α-CaMKII 

[NM_012920.1]. 

2.1.3 Cav1.2 GFP constructs 

All Cav1.2 N-terminal GFP fusion proteins (Figure 2-1), as well as the C-terminal PreIQ-IQ 

segment were cloned into N1-GFP, or N1-mCherry (Clontech) using BamHI/XhoI (Table 2-1). 

PCR of Cav1.2 channels followed by restriction digestion and cloning yielded the following GFP 

fusion constructs: PreIQ-IQ, Nterm, W52A-Nterm, C106R-Nterm, W52A-C106R-Nterm, N1-EX
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Table 2-1: cDNA constructed for experimentation 

cDNA Vector PCR primers/Cloning sites 

WT-Cav1.2 pMT2 GGCAGGCAGCCATCGACGCCGCCCGGCAGGCC/ 

GGCCTGCCGGGCGGCGTCGATGGCTGCCTGCC 

A39V-Cav1.2 pMT2 AATGCAGCTGCAGGACTTGTCCCCGAGCACATCCCTACTCC/ 

GGAGTAGGGATGTGCTCGGGGACAAGTCCTGCAGCTGCATT 

W52A-Cav1.2  pMT2 ClaI/BsrGI 

C106R-Cav1.2 pMT2 ClaI/BsrGI 

W52A-C106R-Cav1.2 pMT2 ClaI/BsrGI 

Cav1.2-AAAA pMT2 ClaI/BsrGI 

His-Express-CaM pcDNA3.1-HisB TTAAGGATCCTATGGCTGACCAACTGAC/  

AATTCTCGAGTCACTTCGCTGTCATCAT 

CaM12 pcDNA3.1 EcoRI 

CaM34 pcDNA3.1 EcoRI 

PreIQ-IQ-GFP N1-GFP ATATCTCGAGATGAACATGCCTCTGAACAG/ 

TATAGGATCCCCGGAGGCAGCAGACACTGC 
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Nterm-GFP, A39V-Nterm-

GFP W52A-Nterm-GFP, 

C106R-Nterm-GFP & W52A-

C106R-Nterm-GFP 

N1-GFP ATATCTCGAGATGGTCAATGAAAACACG/ 

TATAGGATCCCCTTTCCATTCAACAATGC 

N1-GFP, A39V-N1-GFP, 

W52A-N1-GFP 

N1-GFP ATATCTCGAGATGGTCAATGAAAACACG/ 

ATATGGATCCCCCTTGGCCTGCCGGGC 

N1-EX-GFP, A39V-N1-EX-GFP, 

W52A-N1-EX-GFP 

N1-GFP ATATCTCGAGATGGTCAATGAAAACACG/ 

TATAGGATCCCCGGGCGGCCGTGTGGCAGTTGTGC 

N1-MID-mCherry N1-mCherry TCGAGATGGGTTCCAACTATGGGAGCCCACGCCCAGCTCATGCCAACATGAATG

CCAATGCAGCTGCAGGACTTGCCCCCGAGCACATCCCTACTCCAGGGGCAGGG/ 

GATCCCCTGCCCCTGGAGTAGGGATGTGCTCGGGGGCAAGTCCTGCAGCTGCAT

TGGCATTCATGTTGGCATGAGCTGGGCGTGGGCTCCCATAGTTGGAACCCATC 

A39V-N1-MID-mCherry N1-mCherry TCGAGATGGGTTCCAACTATGGGAGCCCACGCCCAGCTCATGCCAACATGAATG

CCAATGCAGCTGCAGGACTTGTCCCCGAGCACATCCCTACTCCAGGGGCAGGG/ 

GATCCCCTGCCCCTGGAGTAGGGATGTGCTCGGGGACAAGTCCTGCAGCTGCAT

TGGCATTCATGTTGGCATGAGCTGGGCGTGGGCTCCCATAGTTGGAACCCATC 

N2-GFP N1-GFP ATATCTCGAGATGTTAATGGGCAGTGCTGG/ 
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TATAGGATCCCCTTTCCATTCAACAATGC 

N2A-GFP N1-GFP ATATCTCGAGATGTTAATGGGCAGTGCTGG/ 

TATACGGTGGATCCCCCTTGGGTTTCCCATACTGC 

N2B-GFP N1-GFP ATATCTCGAGATGAAGCAGGGGGGCACAACTGC/ 

TATAGGATCCCCTTTCCATTCAACAATGC 

N2B-I-GFP N1-GFP ATATCTCGAGATGAAGCAGGGGGGCACAACTGC/ 

TATAGGATCCCCCAGGCAGAGCAGAGCC 

C106R-N2B-I-GFP N1-GFP TCGAGATGAAGCAGGGGGGCACAACTGCCACACGGCCGCCCCGGGCTCCGCCCC

GCCTGGGG/ 

GATCCCCCAGGCGGGGCGGAGCCCGGGGCGGCCGTGTGGCAGTTGTGCCCCCCT

GCTTCATC 

N2B-II-GFP N1-GFP TCGAGATGACTCTGAAGAACCCCATCAGGAGGGCATGCATCAGCATTGTTGAAT

GGAAAGGG/  

GATCCCCTTTCCATTCAACAATGCTGATGCATGCCCTCCTGATGGGGTTCTTCAG

AGTCATC 

N2B-II-R-GFP N1-GFP TCGAGATGACTCTGAAGAACCCCATCAGGAGGGCACGCATCAGCATTGTTGAAT

GGAAAGGG/ 
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GATCCCCTTTCCATTCAACAATGCTGATGCGTGCCCTCCTGATGGGGTTCTTCAG

AGTCATC 

N2B-II-RR-GFP N1-GFP TCGAGATGACTCTGAAGAACCCCATCAGGAGGGCACGCATCCGCATTGTTGAAT

GGAAAGGG/ 

GATCCCCTTTCCATTCAACAATGCGGATGCGTGCCCTCCTGATGGGGTTCTTCAG

AGTCATC 

N2B-II-RARA-GFP N1-GFP TCGAGATGACTCTGAAGAACCCCATCAGGAGGGCACGCGCCCGCGCTGTTGAAT

GGAAAGGG/ 

GATCCCCTTTCCATTCAACAGCGCGGGCGCGTGCCCTCCTGATGGGGTTCTTCAG

AGTCATC 

N2B-II-AAAA-GFP N1-GFP TCGAGATGACTCTGAAGAACCCCATCAGGAGGGCAGCTGCCGCAGCTGTTGAAT

GGAAAGGG/ 

GATCCCCTTTCCATTCAACAGCTGCGGCAGCTGCCCTCCTGATGGGGTTCTTCAG

AGTCATC 
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Figure 2-1: All GFP fusion proteins of the Cav1.2 N-terminus. A) Predicted secondary 

structure (PSIPRED http://bioinf.cs.ucl.aIt c.uk/psipred/) of the Cav1.2 N-terminus. The green 

box highlights the location of the Brugada syndrome mutation (A39V), the purple box a residue 

important for N-lobe CDI of Cav1 channels (W52), while C106 (red box) and the CISI element 

(blue box) are important for binding Ca
2+

/CaM and CaMKII, respectively, and are functionally 

described herein. The residue W52 was NSCaTE by Dick and colleagues (2008) for N-terminal 

Spatial Ca
2+

 Transforming Element. Consequently we later named C106, NATE for NSCaTE 

Associated Transduction Element. B) Map of Cav1.2 N-terminal GFP fusion proteins used in this 

thesis.  
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, A39V-N1-EX, W52A-N1-EX, N1, W52A-N1, N2, N2A, N2B, and N2B-I. Annealing reactions (95 

degrees for 10 mins, followed by cooling to 20 degrees over a 25 min period) of complimentary 

primers (20pmol/primer) followed by cloning (BaMHI/XhoI) were used to generate the 

following Cav1.2 GFP fusion constructs : N1-MID, A39V-N1-MID, C106R-N2B-I, N2B-II, N2B-II-R, 

N2B-II-RR, N2B-II-RARA, and N2B-II-AAAA.   

 

2.2 Tissue culture and transient transfection  

Human embryonic kidney tsA-201 cells were cultured and transiently transfected using the 

calcium phosphate method as described previously [215]. For immunocytochemistry of channel 

GFP/ mCherry fusion proteins, or mCherry-CaMKII, 250ng of each construct was transfected 

per 35 mm dish (MatTek). For immunocytochemistry of HA-tagged calcium channels 500ng 

each of the Cavα, Cavβ and Cavα2δ1 subunits were transfected per 35mm dish. For 

immunoblotting 3ug of each cDNA was transfected per 10 cm plate. For electrophysiology 

experiments 3ug of each Cavα subunit and 3ug of Cavβ and Cavα2δ1 subunits were transfected 

per 10 cm plate. In addition, 125ng of GFP was included in each electrophysiology transfection 

to identify transfected cells. In order to increase current magnitude 6ug of each Cavα subunit 

were transfected for barium/calcium exchange experiments and 750ng of one of CaMWT, CaM12, 

CaM34, or CaM1234. For immunoblot and immunocytochemistry experiments, cells were grown at 

37°C for 48-72 hours (75-85% confluence), while cells for electrophysiology were kept to low 

confluence and were grown for 72 hours at 28°C. 
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 2.3 Electrophysiology 

2.3.1 General methods 

Whole cell patch clamp recordings were performed in voltage-clamp mode using an Axopatch 

200B amplifier (Axon Instruments) linked to a personal computer with pCLAMP software 

version 9.2. Series resistance was compensated by 85%, leak currents were negligible, and the 

data were filtered at 5 kHz. Micro-electrode patch pipettes were pulled and polished using a 

DMZ- Universal Puller (Zeitz Instruments GmbH) to a typical resistance of 3–5 MΩ. All 

electrophysiological data were analyzed using Clampfit version 9.2 (Axon Instruments) and 

plotted in Origin 7/9 (Origin Lab Corporation). Statistical analyses for electrophysiological data 

were carried out using Origin 7/9. 

 

2.3.2 Cav1.2 voltage-clamp recording solutions 

Seventy-two hours post-transfection glass cover slips carrying cells containing WT or mutant 

Cav1.2 channels were transferred to a 1.5ml recording chamber containing an external recording 

solution consisting of 20 mM BaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM Glucose and 136 

mM CsCl (pH 7.4 adjusted with CsOH). For barium/calcium exchange experiments (i.e. CDI) 

20mM BaCl2 was substituted for 20mM CaCl2 in the external solution. The internal pipette 

solution used in the initial A39V-Cav1.2 paper [210] consisted of 110 mM CsCH3SO3, 20 mM 

TEA-Cl, 10 mM EGTA, 2 mM MgCl2 and 10 mM HEPES (pH 7.2 adjusted with CsOH). The 

internal pipette solution used for all experiments afterwards lacked TEA-Cl as this potassium 

channel blocker can affect Cav1.2 channel currents when present intracellularly [112]. The low 

calcium buffering internal pipette solution used throughout this thesis consisted of 141 mM 

CsCH3SO3, 0.5 mM EGTA, 4 mM MgCl2 and 10 mM HEPES (pH 7.2 adjusted with CsOH).  



 

48 

The high calcium buffering internal solution was prepared in the same manner however less 

CsCH3SO3 (131mM) was used to offset the increase in calcium buffer concentration (10 mM 

BAPTA). Added daily to both internal solutions was 5mM Di-Tris-Creatine Phosphate, 2 mM 

Tris-ATP and 0.5mM Na-GTP. 

 

2.3.3 Cav1.2 protocols and current analysis  

Individual pEGFP expressing cells were held at either -100mV before recording. An IV protocol 

was used to for both current density and barium/calcium exchange experiments whereby voltage 

clamped cells were stepped from holding potential to 10mV incremental steps for 1 sec 

beginning at -60mV and ending at +50mV. Individual sweeps were separated by 15 s to allow 

complete channel recovery from VDI. For steady state inactivation curves, we applied 4.5 s 

conditioning depolarizations, followed by a test pulse to +10 mV for 0.5 s. Individual sweeps 

were separated by 15 s once more. All stable cells with detectable inward current at 0 mV were 

used to calculate current density.  

Only those cells whose whole cell current voltage relationships could be fit with the 

modified Boltzmann equation, I = (1/(1 + exp
(−(Va-V)/S))

)*(V-Erev)*Gmax, where ‘I’ is current, ‘Va’ 

is half-activation potential, ‘V’ is membrane potential, ‘Erev’ is reversal potential, S is the slope 

factor, and ‘Gmax’ is slope conductance, were used for determination of voltage-dependent 

properties. As well, only cells whose steady-state inactivation could be fit by the Boltzmann 

equation, I/Imax = A2 + A1/(1 + exp
((V-Vh)/S)

), where ‘I/Imax’ is normalized current, ‘A2’ is the non-

inactivating fraction, ‘A1’ is inactivating fraction, ‘V’ is membrane potential, S is the slope 

factor, and ‘Vh’ is half inactivation potential, were used to calculate voltage-dependent properties 

of steady-state inactivation. 
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For CDI experiments only cells with > 100pA of Ba
2+

 current proceeded to recordings in 

Ca
2+

 this is necessary because Cav1.2 calcium currents are typically 30-60% the magnitude of 

paired barium recordings. In order to quantify CDI we used a previously described method of 

paired analysis [149]. In this method the fraction of current remaining at 300ms (r300) in Ca
2+

 is 

subtracted from the current fraction remaining at 300ms in Ba
2+

. The difference obtained 

between the two charge carriers represents additional inactivation promoted by Ca
2+

 (f300), or 

rather CDI. Because Ca
2+

 conductance in the solutions used was maximal at 10mV, the -100 to 

10mV (1sec) pulse was used for determining degree of CDI.  

 

2.4 Epifluorescence & Confocal Microscopy 

2.4.1 Immunocytochemistry of HA-tagged channels 

Seventy two hours after transfection cells containing WT, or mutant HA-tagged Cav1.2 channels 

were fixed with 4% paraformaldehyde and immunostained with rat anti-HA (1/1000, Roche) or 

mouse anti-HA antibody (1/1000, Covance). Either Alexa Fluor 594-conjugated goat α-rat IgG 

antibody (Molecular Probes, 1/1000) or Alexa Fluor 488- conjugated goat α-mouse IgG antibody 

(Molecular Probes, 1/1000) were used as the secondary antibodies. Cells were imaged using a 

Zeiss LSM-510 Meta confocal microscope with either a 40 × 1.2NA water immersion, or a 63X 

1.4NA oil immersion lens in the inverted position. The AF-594 antibody was visualized by 

excitation with a HeNe laser (543 nm) and emission detected using a 585–615-nm band pass 

filter.  The Alexa Fluor 488 antibody was visualized by excitation with an Argon laser (488 nm) 

and emission detected using a 515-530-nm band pass filter. Image acquisition was performed 

with identical gain, contrast, laser excitation, pinhole aperture (fully open for epiflorescence 
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quantification, or as appropriate for confocal slice), scan size and laser scanning speed for all 

samples. Where necessary, quantification of fluorescent signal was done following offline 

threshold adjustment with Image J. To obtain values for fluorescence/cell the total fluorescence 

per image was divided by the number of cells above threshold in that image. 

 

2.4.2 Live cell imaging of GFP/mCherry fusion constructs 

For live cell imaging of GFP and mCherry fusion proteins, tsA-201 cells were grown for 48 

hours post-transfection, and then placed in HBSS. Images were acquired with a Zeiss LSM-510 

Meta confocal microscope using a 63X 1.4NA oil immersion lens in the inverted position. Co-

localization experiments using GFP and mCherry constructs were performed using dual 

excitation (488 and 543) and emission filters BP505-530 and LP650. Detector gain, pinhole 

aperture, laser excitation and scanning speed were left unchanged from sample to sample unless 

otherwise indicated.  

 

2.4.3 Colocalization analysis 

Colocalization was determined using the ICQ analysis pioneered by Li et al [216]. For all 

colocalization analysis we selected relevant ROIs. To summarize this analysis briefly, the ICQ 

plug-in for Image J determines if fluorescent pixels from one channel (i.e. GFP) exactly overlap 

with pixels from another channel (i.e. mCherry), which if so yields an ICQ value of 0.5 and 

reflects perfect co-localization. Alternatively an ICQ value of -0.5 reflects perfect segregation of 

pixels, and an ICQ value of 0 equates to a random overlap of pixels. 
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2.5 Protein Biochemistry 

2.5.1 General methods 

Cultured tsA-201 cells were transiently transfected as described earlier and were lysed with a 

modified RIPA buffer (in mM; 50 Tris, 130 NaCl, 0.2% triton X-100, 0.2% NP-40, 5 EGTA, or 

0.5 Ca
2+

, pH 7.4). Lysis was carried out on ice for 15 min after which cells were centrifuged at 

13,000 rpm for 5 min at 4°C. Samples were dissolved in loading buffer containing 100mM Tris, 

4% SDS, 0.02% bromophenol blue, 20% glycerol, 100mM 2-mercaptoethanol, pH 6.8 and were 

denatured by heating to either 55, 100ºC for 10 min. All experiments were run on tris-glycine 

denaturing gels and transferred via a wet transfer apparatus to 0.45 polyvinylidene difluoride 

(PVDF) membranes (Millipore). Samples were run through the gel (35-70mA) and proteins were 

transferred on ice at 250mA for 60 min. All membranes were incubated with primary antibody 

dissolved in PBS and 2-5% milk for 1 hour at room temperature. Membranes were washed 3x 15 

min each with PBS/0.1% tween-20 (PBS-T) and incubated with secondary antibody (1/5000 GE-

Healthcare horseradish peroxidase-linked secondary antibodies recognizing rabbit, rat, or mouse) 

in PBS (2-5% milk) for 35 min at room temperature. Membranes were washed 3x 15 min and 

were visualized with ECL reagent or SuperSignal West Dura Chemiluminescent Substrate 

(Thermo Scientific) by exposure of X-ray film (Kodak). Where necessary, Image J (National 

Institute of Health) was used to quantify the integrated density of protein on immunoblots. For 

each blot the background signal was subtracted from experimental integrated densities to obtain 

sample values. 
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2.5.2 Calmodulin sepharose pulldown 

Supernatants prepared as in Section 2.5.1 were transferred to two sets of new tubes with CaM 

Sepharose 4B beads (GE Healthcare Life Sciences) which were used for pull-down assays 

overnight, while tumbling at 4°C. All CaM Sepharose pull-down assays proceeded in 0.5mM 

calcium, until the following morning where one matching set of pull-downs was washed with 

0.5mM calcium and the other with 5mM EGTA lysis buffer. Samples of lysate (2.5%) were also 

run to verify protein expression. Immunoblot of CaM Sepharose pull-downs were performed 

using 1/1000 anti-GFP (Santa-Cruz-8334).  

 

2.5.3 Co-immunoprecipitation assays 

Supernatants prepared as in Section 2.5.1 were transferred to new tubes and solubilized proteins 

were incubated overnight at 4ºC with 1 μg of one of the following antibodies for 

immunoprecipitation: anti-HA (Roche), anti-calmodulin (Epitomics-5197-1), anti-Xpress (Life 

Technologies R910-25), or anti-GFP (Abcam-ab1218). After incubation with antibodies, 50 μl of 

Protein G, or A Sepharose beads (GE Healthcare Life Sciences) were added to the samples and 

incubated at 4°C for one hour. Co-immunoprecipitates were washed with either the 0.5mM 

calcium, or 5mM EGTA lysis buffer, experiment depending. Immunoblot of co-

immunoprecipitation experiments, or inputs were performed using one of the following: 1/1000 

anti-actin (Sigma), 1/1000 anti-GFP (Santa-Cruz-8334), 1/1000 anti-mCherry (Abcam-1C51), 

1/2000 anti-CaM (Epitomics-5197-1) or 1/1000 α-CaMKII (Santa Cruz-9035). Membranes were 

then stripped for 10mins at 55°C in the following buffer in order to re-probe for 

immunoprecipitates: 2.5mM Tris, 2% SDS and 0.78% Beta-mercapto-ethanol.  
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2.5.4 Cell surface biotynlation assay 

Cells transfected with HA-tagged channels were washed and incubated with cold HBSS on ice 

for 20 min to stop trafficking of proteins. Surface proteins were biotinylated with 1 mg/ml EZ-

Link Sulfo-NHS-SS-Biotin (Thermo Scientific) for 1 hour on ice. The biotinylation reaction was 

quenched with cold 100mM glycine in HBSS for 15 min, following that cells were washed with 

HBSS and lysed in modified RIPA buffer (5mM EGTA) for 15 min. Protein concentration of 

lysates was measured using the BioRad protein assay and so 100 μl of Neutravidin beads 

(Thermo Scientific) were added per 1100 μg of lysate. After incubation for 1.5h at 4
o
C, beads 

were washed 4 times with lysis buffer and biotinylated proteins eluted with sample buffer. 

Biotinylated and non-biotinylated fractions as well as lysates were resolved by SDS-PAGE 

followed by western blot analysis.  

 

2.6 General Data and Statistical Analysis 

All electrophysiological data were analyzed using Clampfit version 10.2 (Axon Instruments) and 

fit in Origin 7/9 (Origin Lab Corporation). Statistical analyses for data was carried out using 

Origin 7/9. All sample means are reported +/− SEM. Statistically significant differences between 

means were assessed using student’s t-test, paired t-test, or one-way ANOVA at 95% confidence 

level as appropriate. 
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CHAPTER THREE: A NOVEL CALMODULIN SITE IN THE CAV1.2 N-TERMINUS 

3.1 Background 

Calcium ions are important signaling molecules and regulate a myriad of intracellular processes, 

however excessive calcium entry is cytotoxic to cells. To limit calcium entry during prolonged 

periods of electrical activity, HVA channels undergo two distinct inactivation processes VDI and 

CDI (Section 1.2.4 & 1.2.5, respectively). The type of calcium-dependent inactivation imparted 

by CaM differs across HVA calcium channel families [217]. Cav2 calcium channels exhibit CDI 

in response to a global calcium rise, a feature regulated by the low affinity N-lobe of CaM [149, 

218], whereas Cav1 channels inactivate, predominantly, because of increasing local calcium- this 

process is regulated by the high affinity C-lobe of CaM  [117, 118, 219].  

Much research on CDI of HVA channels has focused on the C-terminal tail of the pore 

forming Cavα1 subunit largely because of the presence of an IQ domain – a CaM binding 

consensus motif that is present in all HVA channel C-termini [118, 220, 221]. This region binds 

the Ca
2+

 free version of CaM, called apoCaM [122, 208, 222], thus anchoring CaM to the 

channel where it is in a prime position to interact with calcium ions and modulate channel 

activity. Several groups have elaborately shown how multiple CaM molecules interact with the 

C-terminus and  how RNA editing modulates the IQ domain, and consequently CDI [84, 86, 

223-226].  The current functional model of CDI proposes that apoCaM associates with both the 

IQ domain and upstream sequences, referred to as the Proximal Calcium Inactivation (PCI) 

domain, at rest. Upon calcium increase, the C-lobe of CaM then migrates further upstream in the 
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PCI region (immediately adjacent the EF-hand) initiating local CDI, which is exclusively a C-

terminal process [133].  

The N-terminus of Cav1 channels has also been implicated in CDI, but N-lobe CDI, as it 

involves the low affinity calcium binding domain of CaM [134]. Dick and colleagues (2008) 

[134] used a chimeric approach to demonstrate that the N-termini of L-type (Cav1.2 & Cav1.3) 

channels could confer L-type calcium channel-like CDI characteristics onto N-type (Cav2.2) 

channels, which otherwise only show global CDI. They went on to demonstrate that a tryptophan 

residue in the N-terminus (W82 in cardiac and W52 in neuronal Cav1.2 splice variants) 

completed a CaM binding site that modulated N-lobe CDI for L-type calcium channels (Figure 

3-1A, green box) [134]. This particular CaM site was named NSCaTE for N-terminal Spatial 

Ca
2+

 Transforming Element- we refer to NSCaTE throughout as W52 for simplicity. What makes 

W52 an ideal CaM site for global CDI is its low affinity for the N-lobe of CaM (approximate Kd 

for Ca
2+

/CaM in the micromolar range) [88]. This is in contrast to the nanomolar CaM affinity of 

the IQ domain [222, 227]. W52 is conserved from invertebrates to humans, and its ability to bind 

CaM has been verified independently, emphasizing its importance in Cav1-related channels 

[228, 229].    

While W52 is clearly important for N-lobe CDI of L-type channels, there is evidence that 

there may be other regions within the Cav1.2 N-terminus that partake in calcium-dependent 

feedback regulation.  First,  a CaM homolog, calcium binding protein (CaBP) [211, 230] was 

found to bind the proximal N-terminus of Cav1.2 (Figure 3-1A, red box) and modulate function 

[230, 231] and second, the N-terminus of Cav1.2 is thought to contain a CaM kinase binding site 

[139] which suggests the possibility of adjacent CaM interaction sites, as has been observed for 

the C-terminus of the channel [232, 233]. We use several biochemical approaches, paired with 
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electrophysiology to show that there is a second N-terminal CaM site which works cooperatively 

with W52 to modulate N-lobe CDI of Cav1.2 channels.
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Figure 3-1: Relevant GFP fusion protein of the Cav1.2 N-terminus. A) Predicted secondary 

structure (PSIPRED http://bioinf.cs.ucl.aIt c.uk/psipred/) of the Cav1.2 N-terminus. Residue 

W52 (in green box) has been previously demonstrated to bind Ca
2+

/CaM and regulate N-lobe 

CDI of Cav1.2. The red box shows the region known to bind CaBP. B) Map of Cav1.2 N-

terminal GFP fusion proteins (GFP is C-terminal to channel sequences).



 

59 

3.2 Results 

3.2.1 Refining a CaM binding site in the N-terminus of Cav1.2 

The distal N-terminus of L-type calcium channels, specifically a tryptophan residue (W82 in 

cardiac and W52 in neuronal Cav1.2 splice variants), has been identified as a CaM binding site. 

W52 functions to inactivate L-type calcium channels in response to a local Ca
2+

 increase and is 

unique to the Cav1 family of calcium channels [134, 229] (Figure 3-1, green box). The current 

model for N-lobe CDI of Cav1.2 depicts CaM bridging the C- and N-termini of the channel 

during inactivation, which is reasonable considering that the two termini are likely in close 

proximity in the holochannel. However, what is not know is how the interaction of the CaM N-

lobe with the Cav1.2 N-terminus alters channel gating, and it is thus possible that there may be a 

CDI transduction element that has not yet been found.  

To scan for candidate CaM binding sites we constructed GFP fusion proteins of the 

Cav1.2 N-terminus (Figure 3-1B) and designed these fusion proteins based on predicted 

secondary structure (PSIPRED http://bioinf.cs.ucl.ac.uk/psipred/) rather than primary sequence. 

Scanning the N-terminus for CaM binding motifs did not identify an obvious consensus 

sequence. We then screened for CaM interactions by pulling down Cav1.2 N-terminal-GFP 

fusion proteins with CaM Sepharose, in calcium (0.5mM) (Figure 3-2). As shown in Figure 3-

2A, the full N-terminus, N2 and N2B portions of Cav1.2 all bound readily to CaM Sepharose in 

calcium, but also unexpectedly, in the absence of free calcium (5mM EGTA) (Figure 3-2B and 

C).  An analogous set of experiments involving 5mM BAPTA washes (Figure 3-3) revealed that 

binding of the N-terminus to CaM Sepharose persisted irrespective of the type of buffer used. 
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Figure 3-2 
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Figure 3-2: Ca
2+

/CaM binding site localized to distal N2B region of N-terminus. A) CaM 

pulldown experiments of N-terminal GFP fusion proteins lysed in 0.5mM Ca
2+

. The PreIQ-IQ 

segment of the Cav1.2 C-terminus was included as a control for Ca
2+

 sensitivity of CaM 

Sepharose. Pull downs of fusion proteins were washed with 0.5mM Ca
2+

, or 5mM EGTA (B), 

and run on SDS-PAGE with corresponding lysates (C) and blotted for GFP. D) Co-

immunoprecipitation experiments of CaM and N-terminal GFP fusion proteins (0.5mM Ca
2+

). 

Immunoprecipitates of Xpress-CaM and controls (antibody (AB) or beads) were run on SDS-

PAGE and blotted for GFP. E) Membranes were then stripped and re-probed for CaM. F) 

Western blot of GFP lysate.  All pulldowns shown in the figure are a representative example of 

at least three experiments, co-IPs were done at least twice by Dr. Ivana Assis-Souza.  
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Figure 3-3
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Figure 3-3: Binding of Nterm-GFP to CaM sepharose persists in 5mM BAPTA. A) CaM 

pulldown experiments of N-term-GFP lysed in 0.5mM Ca
2+

. The PreIQ-IQ segment of the 

Cav1.2 C-terminus was included as a control for Ca
2+

 sensitivity of CaM Sepharose. Pull downs 

of fusion proteins were washed with 0.5mM Ca
2+

, or 5mM EGTA (B), or 5mM BAPTA (C) and 

run on SDS-PAGE with corresponding lysates (D) and blotted for GFP.
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The efficacy of the buffers was also verified using a PreIQ-IQ-GFP construct, which lost 

its ability to interact with CaM beads in the presence of EGTA or BAPTA (Figure 3-2B and 

Figure 3-3 B/C).  Although surprising for CaM, or CaM related proteins, calcium insensitive 

binding has been shown previously in the N2B portion of Cav1.2 which binds CaBP in the 

absence of calcium [211].  

To validate our findings, we performed standard co-immunoprecipitation (co-IP) 

experiments with N-terminal GFP fusion proteins with either wild type CaM, or Xpress tagged 

CaM. Figure 3-2D illustrates a co-IP between Xpress-CaM and Nterm-GFP, as well as N2B-GFP in 

0.5mM Ca
2+

 consistent with our findings obtained with CaM sepharose.  On the other hand, N2-

GFP did not appear to interact with CaM under these conditions in contrast with the CaM 

sepharose pull down.  Furthermore, N1-GFP (containing W52) did not strongly bind to CaM 

Sepharose nor did we detect appreciable immunoprecipitation with CaM (Figure 3-4A). Weaker 

than expected binding between N1 and CaM can be explained by a difference in N-terminal 

fusion proteins used in this study compared with previous work based on FRET measurements 

[134]. Careful comparison suggests that sequences following N1 may increase the fidelity of a 

W52/CaM interaction. Alternatively FRET assays may be more sensitive and preserve more 

delicate interactions with CaM.  

Interestingly, the calcium insensitivity seen with CaM pull downs was not observed in 

CaM co-IP experiments which were never successful in the presence of 5 mM EGTA (Figure 3-

4C). 
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Figure 3-4
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Figure 3-4: N1 binds weakly to Ca
2+

/CaM and N2B region does not bind CaM in 5mM 

EGTA by co-IP. A) Overexposed co-IP blot from Figure 2D showing very weak binding of N1 

segment to CaM (0.5mM Ca
2+

). B) N-terminal-GFP fusion protein lysates from Figure 2F 

duplicated for ease of reference. Red arrows denote expected band size. C) Co-

immunoprecipitation experiments of CaM and N-terminal GFP fusion proteins (5mM EGTA). 

Immunoprecipitates of CaM and controls (antibody (AB) or beads) were run on SDS-PAGE and 

blotted for GFP. D) Membranes were then stripped and re-probed for CaM. E) Western blot of 

GFP lysate.
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A possible reason for this difference is that interactions in live cells may be more 

sensitive than what is reflected by an in vitro pulldown where a very high concentration of CaM 

is presented to target proteins.  Hence, the higher calcium sensitivity in the co-IPs likely presents 

a more physiologically relevant scenario.      

 

3.2.2 N2B-II binds α-CaMKII while C106 is a CaM binding residue in the proximal N-terminus 

of Cav1.2 

Next, we further narrowed down the channel structural determinants of CaM binding by 

separating the beta fold (N2B-I) from the remaining alpha-helix (N2B-II) (see Figure 3-1).  We then 

carried out CaM pull down experiments as described above. As shown in Figure 3-5 (A-C) both 

N2B-I and N2B-II were subject to pull-down with CaM Sepharose.  N2B-I contains a conspicuous 

cysteine residue at position 106 which we targeted.  When replaced with arginine, the co-

immunoprecipitation of the N2B-I region with CaM in 0.5mM Ca
2+

 was ablated (Figure 3-5D). 

This is recapitulated in Figure 3-5A with CaM pull downs. Furthermore, co-IP of CaM with N2B-

I-GFP was reproducibly inhibited by 5mM EGTA washes (data not shown) indicating that Ca
2+

 

is critical for the interaction of N2B-I with CaM.   

At a first glance, our findings shown in Figure 3A-5 would indicate that the proximal N-

terminus of Cav1.2 may contain two separate CaM interaction sites.  However, it is equally 

possible that one or both of these regions may interact with a CaM binding protein rather than 

CaM per se, such as for example, CaMKII.  Indeed, there are examples in the literature in which 

CaM sepharose was used to purify CaM kinase [234] due to its high affinity for CaM [235]. 
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Figure 3-5: C106 residue of N2B-I binds CaM. A) CaM pulldown experiments of N2B-I/II GFP 

fusion proteins lysed in 0.5mM Ca
2+

. The PreIQ-IQ segment of the Cav1.2 C-terminus was 

included as a control for Ca
2+

 sensitivity of CaM Sepharose. Pull downs of fusion proteins were 

washed with 0.5mM Ca
2+

, or 5mM EGTA (B), and run on SDS-PAGE with corresponding 

lysates (C) and blotted for GFP. All pulldowns shown in the Figure are a representative example 

of at least three experiments.  D) Co-immunoprecipitation experiments of N2B-I, or C106R-N2B-I -

GFP with CaM carried out in 0.5mM Ca
2+

. Immunoprecipitates of calmodulin and controls 

(antibody (AB)/beads alone) were run on SDS-PAGE and blotted for GFP. E) Membranes were 

then stripped and re-probed for CaM. (E) Western blot for GFP in lysate (F). Note lysates for IPs 

and controls are from the same sample and not shown in duplicate.  The co-IP is a representative 

example of at least two independent experiments performed by Dr. Ivana Assis Souza. 
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To determine whether this may be the case, we co-expressed a fluorescently tagged α-

CaMKII with N2B-I-GFP and N2B-II-GFP and then examined the subcellular distributions of the 

fluorescence signals. As shown in Figure 3-6A and B, N2B-II-GFP formed large aggregates that 

perfectly co-localized with α-CaMKII-mCherry (ICQ value = 0.34 ± 0.03, n=4 p≤ 0.001 by 

student’s t-test), but not mCherry (ICQ value= -0.21 ± 0.03, n=4). Colocalization was also 

observed with a GFP-tagged version of a known CaMKII interaction motif (i.e., PreIQ-IQ-GFP 

[139], Figure 3-7).  In contrast, no colocalization was observed between α-CaMKII-mCherry and 

either GFP, or the N2B-I-GFP constructs (Figure 3-6C/D).  These data suggest that N2B-II may 

interact with CamKII, and that the pulldown of N2B-II with CaM sepharose may occur indirectly 

via CamKII. A follow up co-IP with α-CaMKII-mCherry in 5mM EGTA verified that N2B-II-GFP 

(Figure 3-6E) co-immunoprecipitated with CaM kinase whereas GFP or N2B-I-GFP did not.  We 

note that N2B-II-GFP formed clusters even in the absence of coexpressed α-CaMKII-mCherry, 

presumably because of the formation of dodecameric complexes of endogenous CamKII (for 

review see [236]), whereas N2B-I-GFP did not (Figure 3-6B/E). Altogether, our data suggest that 

while the N2B-II region appears to form a CaMKII interaction domain, N2B-I may in fact be a bona 

fide CaM interaction site.  Because CDI is linked to CaM [117, 237] rather than CaMKII [223], 

we thus focused further attention on the N2B-I site.  

 

3.2.3 C106 modulates local Ca
2+

 mediated CDI of Cav1.2  

To determine the functional role of the C106 site, we carried out whole cell patch clamp 

recordings. To isolate local Ca
2+

 signaling all experiments in Figure 3-8 were performed in 

10mM BAPTA, which restricts Ca
2+

 signals to the immediate vicinity of the channel, or channel 

nano-domain [238]. 
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Figure 3-6: N2B-II but not N2B-I colocalizes with and binds α-CaMKII. A) Confocal images of 

live tsA-201 cells expressing mCherry-α-CaMKII and N2B-II-GFP, or mCherry and N2B-II-GFP 

(B), or mCherry-α-CaMKII and GFP (C), or mCherry-α-CaMKII and N2B-I-GFP (D). Yellow 

arrows highlight co-localization.  Note that the gain in panels A and D was reduced relative to 

panel C because of the brightness of the aggregates, and hence the dimmer mCherry signal does 

not represent less expression.  E) Co-immunoprecipitation experiments of mCherry-α-CaMKII 

and N2B-I, C106R-N2B-I and N2B-II GFP. Immunoprecipitates of GFP and controls (IgG only & 

beads alone) were run on SDS-PAGE and blotted for α-CaMKII. F) Membranes were then 

stripped and re-probed for GFP. G) Western blot of α-CaMKII in lysate. All co-IPs are 

representative examples of multiple independent experiments performed by Dr. Ivana Assis 

Souza.
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Figure 3-7: PreIQ-IQ-GFP colocalizes in aggregates with α-CaMKII-mCherry. A) Confocal 

images of live tsA-201 cells expressing mCherry and PreIQ-IQ-GFP, or mCherry-α-CaMKII and 

PreIQ-IQ-GFP (B). Yellow arrows highlight co-localization. Images gathered by Dr. Ivana 

Assis-Souza. 
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Figure 3-8
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Figure 3-8: N-terminal C106 residue plays a critical role in global CDI of Cav1.2.  A) 

Representative Ba
2+

 (black) and Ca
2+

 (red) traces of WT-Cav1.2 channels expressed with 

Cavβ2a/Cavα2δ in the presence of high calcium buffering internal solution (10mM BAPTA).  

Note that the peak of the Ba
2+

 trace is normalized to that of Ca
2+

 and that average CDI (f300) of 

WT-Cav1.2 is displayed in the graph. B) C106R-Cav1.2 has significantly less CDI than WT-

Cav1.2 (*p≤ 0.05 by one-way ANOVA). For reference the WT-Cav1.2 Ca
2+

 trace is displayed in 

grey. C) W52A-Cav1.2 has significantly less CDI than WT-Cav1.2, but not significantly less 

than C106R-Cav1.2 (**p≤ 0.05 by one-way ANOVA). D) The double mutant W52A-C106R-

Cav1.2 has significantly less CDI than WT-Cav1.2 (# p≤ 0.05 by one-way ANOVA), but not less 

than W52A, or C106R-Cav1.2 channels.  
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Figure 3-8A shows a representative set of paired traces from WT-Cav1.2 channels recorded in 

Ba
2+

 (black) and then Ca
2+

 (red). The Ca
2+

 trace shows significant CDI over the duration of a 1 

second pulse to +10mV, whereas the Ba
2+

 trace shows very little inactivation. Plotted in the 

graph below the traces is the fractional inactivation at 300ms (r300) in Ba
2+

 (black) and Ca
2+

 

(red) across the various test potentials. Subtracting the additional inactivation imposed by Ca
2+

 

on the channel, compared to Ba
2+

at 300 ms, yields an f300 value (black arrow) that is a direct 

reflection of CDI. As shown in Figure 3-8A, WT-Cav1.2 channels demonstrate dramatic CDI 

and as a consequence have a large f300 value of 0.72 ± 0.06. By comparison C106R-Cav1.2 

(Figure 3-8B) has a significantly reduced f300 value of 0.38 ± 0.04 (* p ≤0.05 by ANOVA) when 

compared to WT-Cav1.2.  Similar reductions in CDI are observed with W52A-Cav1.2 (Figure 3-

8C) (f300= 0.42 ± 0.07, * p ≤0.05 by ANOVA) and the double-mutant W52A-C106R-Cav1.2 

(Figure 3-8D) (f300= 0.33 ± 0.07, * p ≤0.05 by ANOVA). The fact that W52A-Cav1.2, C106R-

Cav1.2 and W52A-C106R-Cav1.2 do not have statistically different f300 values, suggests that 

W52 and C106 are likely involved in the same, local CDI process.  

 

3.2.4 C106 as a functional site for Cav1.2 N-lobe CDI  

As C106 appears to contribute to local CDI of Cav1.2 channels, we tested whether mutants of 

CaM deficient for binding Ca
2+

 in their C-lobe (CaM34), could alter N-lobe CDI for C106R-

Cav1.2. All traces in Figure 3-9 were recorded in 0.5mM EGTA in order to provide the N-lobe 

of CaM (in this case CaM34) with the abundance of Ca
2+

 needed to function. Figure 3-9A shows 

that WT-Cav1.2 channels (f300= 0.45 ± 0.07) exhibit significant N-lobe CDI when expressed with 

CaM34 and recorded in Ca
2+

 (red trace), when compared to Ba
2+

 (black trace). 
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Figure 3-9: Both C106 and W52 residues modulate N-lobe CDI of Cav1.2.  A) 

Representative Ba
2+

 (black) and Ca
2+

 (red) traces of WT-Cav1.2 channels expressed with 

Cavβ2a/Cavα2δ in the presence of low calcium buffering (0.5 EGTA).  Note that the peak of the 

Ba
2+

 trace is normalized to that of Ca
2+

 and that average CDI (f300) of WT-Cav1.2 is displayed 

below in the graph. B) C106R-Cav1.2 display significantly less CDI than WT-Cav1.2 (*p≤0.05 

by one-way ANOVA). For reference the WT-Cav1.2 Ca
2+

 trace is displayed in grey. C) W52A-

Cav1.2 has significantly less CDI than WT-Cav1.2 (*p≤0.05 by one-way ANOVA), but not less 

than C106R-Cav1.2. D) The double mutant W52A-C106R-Cav1.2 has significantly less CDI 

than both WT-Cav1.2 and C106R-Cav1.2 (# p≤0.05 by one-way ANOVA), but not W52A-

Cav1.2. 
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Compared with WT-Cav1.2 Ca
2+

 (grey trace), C106R-Cav1.2 (f300=0.23 ± 0.04, *p≤0.05 by 

ANOVA) shows significantly reduced N-lobe CDI, as does W52A-Cav1.2 (f300=0.08 ± 0.04, 

*p≤0.05 by ANOVA) and W52A-C106R-Cav1.2 (f300=0.02 ± 0.03, #p≤0.05 by ANOVA) 

(Figure 3-9B-D). Furthermore the double mutant W52A-C106R-Cav1.2 has significantly less 

CDI than C106R-Cav1.2, but not W52A-Cav1.2. Altogether, these data suggest that W52 is the 

dominant residue involved in Cav1.2 N-lobe CDI, but also that C106 is intimately tied to W52 in 

function. Figure 3-10 verifies that the C-lobe of CaM34 is non-functional in our experiments, as 

10 mM BAPTA suffices to remove any difference in N-lobe CDI for WT-Cav1.2 (f300=0.08 ± 

0.03, p≥0.05 by ANOVA), C106R-Cav1.2 (f300=0.1 ± 0.03, p≥0.05 by ANOVA), W52A-Cav1.2 

(f300=0.07 ± 0.05, p≥0.05 by ANOVA) and W52A-C106R-Cav1.2 (f300=0.02 ± 0.04, p≥0.05 by 

ANOVA).      

 

3.3 Discussion 

CaM is an important functional regulator of CDI and recently the N-terminus of L-type channels 

has been shown to modulate this process [134]. Here, we show that N-lobe CDI for Cav1.2 

channels involves a second N-terminal CaM interaction site at residue C106 that contributes to 

this process. We also identified a CaMKII interaction domain adjacent to this CaM interaction 

site which we did not further explore here. It is however interesting to note that the CaMKII 

interacting peptides formed aggresomal clusters in tsA-201 cells – a property that could 

potentially be exploited as a screen for CaMKII interacting peptides in live cells.  
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Figure 3-10: C106R-Cav1.2 lacks CDI with CaM34 in 10mM BAPTA. A) Representative 

Ba
2+

 (black) and Ca
2+

 (red) traces of WT-Cav1.2 channels expressed with Cavβ2a/Cavα2δ/ 

CaM34 in the presence of high calcium buffering (10mM BAPTA).  Note that the peak of the 

Ba
2+

 trace is normalized to that of Ca
2+

.The average CDI (f300) of WT-Cav1.2 is displayed below 

in the graph. Arrows point to +10mV, r300 values used for f300 calculation. B) C106R-Cav1.2 

displays CDI not significantly different from WT-Cav1.2 (p≥0.05 by one-way ANOVA). For 

reference the WT-Cav1.2 Ca
2+

 trace is displayed in grey. C) W52A-Cav1.2 has CDI not 

significantly different from WT-Cav1.2, as does the double mutant W52A-C106R-Cav1.2 

(p≥0.05 by one-way ANOVA) (D).
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Our biochemical data are consistent with C106 forming a calcium sensitive CaM binding 

site, or alternatively that removing C106 destabilizes CaM binding with neighboring 

hydrophobic leucines (i.e. L104/5) which are considered canonical for CaM binding [239]. CaM 

does not contain a cysteine residue therefore disulfide bonding with C106 is unlikely, yet 

palmitoylation of C106 could sterically or allosterically regulate CaM association: to the best of 

our knowledge we are unaware of such an example in the literature. Furthermore if 

palmitoylation of C106 were to regulate CaM binding we would also expect GFP constructs 

containing palmitoylated C106 to traffic to the cell membrane [240]- as per one of the functions 

of this modification- which they do not appear to do in our hands. Our electrophysiological 

analysis suggests that C106 is an important site for local CDI (without overexpressed CaM), and 

more specifically, N-lobe CDI of Cav1.2 as evident from our results with CaM34. Our data 

indicate that W52 and C106 participate in the same CDI process with W52 dominating N-lobe 

CDI.  That said W52 and C106 mutations reduced CDI compared to WT-Cav1.2, suggesting that 

both residues are functionally important.    

So how do our data fit with current thinking about the mechanisms of Cav1.2 CDI? 

Figure 3-11A shows a cartoon of N-lobe CDI for Cav1.2 channels whereby a C-terminal CaM 

molecule, upon global Ca
2+

 rise, releases its N-lobe from the channel C-terminus. The N-lobe 

then binds N-terminus which inactivates the channel. The observed Ca
2+

/CaM sensitivity of CaM 

binding to W52 and C106 suggests that neither residue is capable of providing an CaM 

anchoring site under resting channel conditions (i.e., under conditions where calcium 

concentration is low). Hence, pre-association of apo-CaM is unlikely to occur in the N-terminus, 

and instead requires the C-terminal region of the channel [122, 133, 208] (i.e. PCI-2-IQ) and so 

therefore this aspect remains essential to the model. The addition of C106 to this model suggests 
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that the N-terminus must be folded during CDI such that both W52 and C106 can bind the N-

lobe of CaM. The N-terminus has been previously shown to regulate channel gating [158, 241], 

and it is thus possible that e function of the region near C106 is to transmit, or transduce CDI 

from the dominant CaM binding residue W52 through to domain I.  In such a model, the region 

near C106 would act as an NSCaTE Associated Transduction Element (NATE) that transduces 

the binding of CaM into a change in channel function. 
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Figure 3-11: Working model for N-lobe CDI of Cav1.2. A) The working model of N-lobe CDI 

for Cav1.2 channels whereby CaM bridges the C and N-termini in response to global calcium 

increase and inactivates the channel. At rest CaM is anchored on the C-terminus at the IQ 

domain and PCI-2.  Note also that the N-lobe lacks calcium (white circles) at rest. Upon a global 

calcium increase the N-lobe binds two Ca
2+

 ions (black circles) and forms a tripartite  N-terminal 

association with both W52 (NSCaTE) and C106 (NATE). The C-lobe of CaM remains 

associated with the C-terminus, but shifts from PCI-2 to PCI-1. B) A hypothetical cartoon for the 

association of NSCaTE and NATE with the N-lobe of CaM during CDI. The N-lobe of CaM 

(grey) interacts with W52 (red) which is located in the NSCaTE alpha helix via its own EF-hand 

alpha helix. Note both EF-hands are occupied with calcium (black circles). This then creates an 

interaction site for C106 (green) within the NATE beta fold, which allosterically modulates 

channel gating.  
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Given that some CDI is observed for C106R-Cav1.2 with CaM34, but virtually none is 

with W52A-Cav1.2 or W52A-C106R-Cav1.2 under the same condition we propose that W52 

may be the sensor for N-lobe CDI and C106 the transducer of that signal.  

Figure 3-11B illustrates how the NATE sequence may interact with NSCaTE. NSCaTE 

resides in an alpha-helical structure and interacts favorably with an EF-hand helix in the N-lobe 

of CaM [242]. NATE conversely is predicted to be part of a β-fold structure (Figure 3-1). Most 

CaM binding interactions with ion channels involve alpha helices [84, 85] (and for review see 

[243]) but CaM has also been shown to bind beta strands [244]. Hence, we suggest that the low 

affinity N-lobe of CaM interacts with NSCaTE as proposed by Liu and colleagues [88].   We 

envision that the NATE motif would then associate with this CaM/NSCaTE complex, thus 

transducing the NSCaTE/CaM binding into a change in channel function.  Mutations in either 

residue W52 or C106 would disrupt the overall N-lobe CDI mechanism.  

Such intra-region interactions are seen with other parts of L-type channels. For example, 

the PCI-2 region and IQ domain are separated by over 70 amino acids and yet come close 

enough to support apoCaM binding at rest. Functionally, PCI-1 (adjacent EF-hand motif) and the 

IQ domain have been shown to work in concert and transduce CDI signals up the C-terminus to 

the channel [121, 221], which is not unlike what we are proposing for NSCaTE and NATE.  The 

C-terminus of Cav1.4 channels illustrates another example of intra-linker interaction which 

effect CDI. For Cav1.4 channels the very distal C-terminus is able to fold back and interact with 

the PCI-1 region of the channel (over 440a.a. of separation), thus preventing successful 

transduction of CDI [127, 245] and a sustained conductance needed in the retina.  These 

examples of intra-linker interactions suggest that NSCaTE and NATE could be interacting 

similarly with CaM to promote global CDI of Cav1.2.  
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In conclusion, our data expand current thinking about the mechanism of N-lobe CDI for 

L-type calcium channels. We have shown that C106 is an important residue in this process and 

that functionally NSCaTE and NATE cooperatively regulate N-lobe CDI of Cav1.2 channels. It 

appears then, that N-lobe CDI of Cav1.2 is more complicated and involves a larger portion of the 

N-terminus than previously thought.   

 

 

 

 

 

 

 

 

 

 

 

 



 

89 

CHAPTER FOUR: THE BRUGADA SYNDROME MUTATION A39V DOES NOT 

AFFECT TRAFFICKING BUT DOES AUGMENT CAV1.2 CDI AND ACTIVATION 

GATING BY CAM MUTANTS 

 

4.1 Background 

Extensive alternate splicing of Cav1.2 channels between neuronal and cardiac backgrounds alters 

channel structure and function, as does the type of Cavβ subunit that is expressed in a given 

tissue [60, 246-248]. A loss of Cav1.2 function can give rise to a heart specific disorder termed 

Brugada syndrome whose phenotype consists of a shortened Q-T interval, ventricular fibrillation 

and sudden cardiac death (SCD) [174]. How exactly reduced Cav1.2 function selectively affects 

the heart and not the brain is unknown, but may be explained by tissue-specific splice isoforms 

of the channel. Recent reports of splice isoform specific effects of mutations in Cav2 and Cav3 

VGCCs [249, 250] suggest that the tissue selective effect of Brugada syndrome mutations could 

be related to Cav1.2 channel sequences which are specific to the heart.  

Recently a point mutation in the N-terminus of Cav1.2 (A39V) was identified in a patient 

with Brugada syndrome. This mutation resulted in a striking loss-of-function by way of disabled 

surface trafficking of the L-type channel complex [61]. The defective surface expression of 

A39V-Cav1.2 persisted upon coexpression of the cardiac Cavβ2b subunit, indicating that the 

effects of the mutation dominated over the well documented protective effect of Cavβ. This may 

be due to the possibility that intracellular linkers other than the I-II linker modulate surface 

expression of Cav1.2 and alternate splicing in the amino terminus of the channel can alter cell 

surface trafficking  [145, 158, 246]. In addition an N-terminal splice variant specific to the heart 

termed the ‘long variant’, imparts PKC regulation upon the channel, while another shorter 

variant found in both heart and brain does not [241, 251]. What is more important is that this 
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second N-terminal variant is common to both the brain isoform used in our study and the cardiac 

channel used to test A39V-Cav1.2 previously. Other key sequence differences between cardiac 

and neuronal Cav1.2 variants do exist however, as do differences between human and rat 

channels, which are approximately 95% homologous (Figure 4-1). 

The fact remains that the patient carrying A39V-Cav1.2 did not present with neurological 

symptoms raising the possibility that this mutation does not affect the sub-cellular trafficking of 

neuronal Cav1.2 channels. To test this hypothesis we introduced the A39V mutation into rat 

brain Cav1.2 channels and examined its functional consequences in tsA-201 cells. Unlike in 

previous work with cardiac Cav1.2, we show that neuronal A39V-Cav1.2 retains Cavβ2b-

dependent increases in surface expression, as well as total expression.  

With trafficking ruled out as a phenotypical explanation for A39V-Cav1.2 we turned to 

electrophysiology to probe for changes in channel function. As shown in Chapter 3,  excessive 

calcium influx through wild type Cav1.2 (WT-Cav1.2) channels is limited by the ubiquitous 

calcium sensing protein calmodulin (CaM), which promotes calcium-dependent inactivation 

(CDI) [117, 118, 220]. Deciphering Ca
2+

/CaM dependent gating of various ion channels [95, 

252-254], including the complexities of Cav1.2 CDI [133-136, 255] and trafficking [49],  has 

benefited greatly from the use of CaM molecules with mutated low-affinity (N-lobe), or high 

affinity (C-lobe) calcium binding sites. To reiterate, each lobe of CaM has two EF-hand motifs 

which when mutated (CaM12 is the N-lobe mutant and CaM34 is the C-lobe mutant) prevent the 

binding of calcium. What is interesting to note now is that CaM mutants unable to bind calcium 

have different structural properties [39, 97] from those of wild type  CaM molecules [89-92], 

suggesting that these conformational changes might affect channel gating independently of their 

ability, or inability to bind calcium.
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Human Z34815        MVNENTRMYIPEENHQGSNYGSPRPAHANMNANAAAGLAPEHIPTPGAALSWQAAIDAARQAKLMG

Human AJ224873      MVNENTRMYIPEENHQGSNYGSPRPAHANMNANAAAGLAPEHIPTPGAALSWQAAIDAARQAKLMG

Rat   M67515        MVNENTRMYVPEENHQGSNYGSPRPAHANMNANAAAGLAPEHIPTPGAALSWQAAIGAARQAKLMG                             

*********X**********************************************X*********

Human Z34815        SAGNATISTVSSTQRKRQQYGKPKKQGSTTATRPPRALLCLTLKNPIRRACISIVEWK

Human AJ224873      SAGNATISTVSSTQRKRQQYGKPKKQGSTTATRPPRALLCLTLKNPIRRACISIVEWK

Rat   M67515        SAGNATISTVSSTQRKRQQYGKPKKQGGTTATRPPRALLCLTLKNPIRRACISIVEWK                                               

***************************X****************************** 

A

B
Human Z34815   (8a)     VNDAVGRDWPWIYFVTLIII

Human AJ224873 (8)      MQDAMGYELPWVYFVSLVIF

Rat   M67515   (8)      MQDAMGYELPWVYFVSLVIF

XX**X*XXX**X***X*X*X

C
Human Z34815        IAVDNLADAESLTSAQKEEEEEKERKKLAR---TASPEKKQELVEKPAVGESKEEKIELKSITADG

Human AJ224873      IAVDNLADAESLTSAQKEEEEEKERKKLAR---TASPEKKQELVEKPAVGESKEEKIELKSITADG

Rat   M67515        IAVDNLADAESLTSAQKEEEEEKERKKLARPARTASPEKKQEVMEKPAVEESKEEKIELKSITADG                            

******************************   *********XX*****X**************** 

D
Human Z34815 LSPAIRVQEVAWKLSSNRCHSRESQAAMAGQEETSQDETYEVKMNHDTEACSEPSLLSTEMLSYQD 

Human AJ224873 LSPAIRVQEVAWKLSSNRCHSRESQAAMAGQEETSQDETYEVKMNHDTEACSEPSLLSTEMLSYQD 

Rat   M67515 LSPAVRVQEAAWKLSSKRCHSRESQGATVSQDMFPDETRSSVRLSEEVEYCSEPSLLSTDILSYQD 

****X****X******X********X*XXX*XXXXXXXXXX*XXXXXX*X*********XX*****

 

Figure 4-1
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Figure 4-1: Sequence variation between human and rat Cav1.2 channels. A) Sequence 

alignment of the N-terminus of the two human A39V-Cav1.2 variants used in previous work [61] 

(accessions Z34815 & AJ224873)  and the rat short N-terminus used in this study (M67515). 

Polymorphisms between rat and human channels are denoted by an ‘X’ below the amino acid 

position. Note however that the polymorphism (in red) present in the rat clone was mutated back 

to aspartic acid to match the human channels (Section 2.1.2). Both studies used short N-terminal 

splice variants of Cav1.2, which incorporate exon 1b. B) Sequence alignment of the exon 8/8a 

segment of Cav1.2 used in each study. Note that YFP-containing exon 8a Cav1.2 was used for 

trafficking experiments in previous work [61], while exon 8 containing Cav1.2 was used in our 

study. Exon 8 (in red) is identical between human and rat. Polymorphisms detected between 

exon 8/8a are denoted by an ‘X’ below the amino acid position. C) Sequence alignment of a 

portion of the II-III intracellular linker of the two human variants used in previous work [61] and 

the rat Cav1.2 channel used in our work. Note the inclusion of an inserted sequence in the rat 

channel which has been previously reported [256]. D) Sequence alignment of the most divergent 

portion of the C-terminus of the two human cardiac sequences used in previous work [61] and 

the rat brain isoform used in our study.  
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While investigating effects on global CDI for a Cav1.2 N-terminal point mutant (A39V) 

linked to Brugada syndrome [61, 210] we observed that CaMWT differentially affected the 

kinetics and voltage-dependence of activation for Cav1.2 when compared to CaM lobe mutants. 

We also show that these effects occur in the absence of calcium and that they can be modulated 

by the N-terminal A39V mutation, indicating that the N-terminus of the channel can be involved 

in CaM-dependent modulation of Cav1.2 activation. 

Altogether our work with the Brugada syndrome mutation A39V demonstrate that this 

residue does not promote the loss of trafficking of neuronal Cav1.2 channels to the cell surface, 

but does reduce the amount of global CDI. A39V-Cav1.2 does however affect how these 

channels open in a CaM mutant dependent fashion. 

 

4.2 Results 

4.2.1 The Brugada syndrome mutation A39V does not prevent surface expression of neuronal 

Cav1.2 channels  

It was shown previously that a point mutation (A39V) in the N-terminus of a cardiac isoform of 

Cav1.2 severely limited membrane expression of the channel even upon coexpression of the 

ancillary Cavβ2b subunit [61]. This is unexpected considering that the Cavβ subunit promotes 

ER export and surface trafficking of the channel by binding the intracellular linker connecting 

domains I and II of the calcium channel Cavα1 subunit  [142, 145].  Given that Brugada 

syndrome does not involve compromised brain function, we wondered if the A39V mutation 

might trigger a similar loss-of-trafficking phenotype in neuronal Cav1.2 channels. 

We first examined whether cell surface expression of A39V-Cav1.2 was different from 

that of WT-Cav1.2 by staining for an external HA epitope on the channel in non-permeablized 
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tsA-201 cells. We found that in the rat brain channel, surface expression of A39V-Cav1.2-HA 

(Figure 4-2A) was visible and that Cavβ2b significantly increased surface expression. 

Quantification of A39V-Cav1.2-HA fluorescence determined that the signal per cell (i.e., the 

surface pool of channels per cell), was significantly increased upon co-expression of a Cavβ 

subunit (Figure 4-2B). We found that WT-Cav1.2-HA and A39V-Cav1.2-HA were not 

differentially expressed at the cell surface (7064 ± 1211 and 6298 ± 785 ALUs, respectively). 

Coexpression of Cavβ2b significantly increased the surface pools of both WT-Cav1.2-HA 

(13087 ± 964 ALUs, p ≤ 0.05 ANOVA) and A39V-Cav1.2-HA (12715 ± 1291 ALUs p ≤ 0.05 

ANOVA). Cavβ1b was able to significantly increase the surface pool of WT-Cav1.2-HA (10145 

± 790 ALUs, p=<0.05 ANOVA), and there was a strong trend towards increased surface 

expression of A39V-Cav1.2 (10109 ± 842 ALUs), however, this effect did not reach statistical 

significance (also see Supplementary Figure 1). Altogether, Figure 4-2A and B show that A39V-

Cav1.2 is able to traffic to the cell membrane as well as WT-Cav1.2, and that the cardiac Cavβ2b 

subunit significantly increases surface expression of A39V-Cav1.2 in a neuronal background.  

Since previous work showed that Cavβ2b was unable to traffic the cardiac isoform of A39V-

Cav1.2 to the cell membrane [61], the robust Cavβ-dependent trafficking observed in our 

experiments implies isoform specific effects for the A39V mutation. Splice variants of the 

Cav1.2 N-terminus have been shown to regulate cell surface expression of Cav1.2 in smooth 

muscle cells, indicating that this region of the channel may be involved in subcellular trafficking 

[246]. 
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Figure 4-2: Surface trafficking and total expression are the same for A39V-Cav1.2-HA and 

WT-Cav1.2-HA in the presence of cardiac Cavβ2b.  A) Cavβ2b significantly increases the 

surface trafficking of A39V-Cav1.2-HA and WT-Cav1.2-HA in nonpermeablized tsA-201 cells. 

B) Quantification of HA surface pool displayed as fluorescence per cell (arbitrary light units). 

Cavβ2b and Cavβ1b (Figure 4-3A) significantly increase the fluorescence per cell of WT-

Cav1.2-HA, while only Cavβ2b significantly increased the surface fluorescence of A39V-

Cav1.2-HA (* p ≤ 0.05 and # p ≤ 0.05 by one-way ANOVA). Cavβ1b does not significantly 

increase the fluorescence per cell of A39V-Cav1.2 (p ≥ 0.05 by one-way ANOVA). C) Total 

protein expression of A39V-Cav1.2-HA and WT-Cav1.2-HA from tsA-201 cell lysates 

expressed with and without Cavβ2b. D) Quantification of A39V-Cav1.2-HA and WT-Cav1.2-

HA total expression (integrated density units) with and without Cavβ2b/β1b (Figure 4-3B). The 

data is expressed as a ratio of HA/α-actin. Both Cavβ2b and Cavβ1b significantly increase the 

expression of A39V-Cav1.2 (*p ≤ 0.05 by one-way ANOVA). A39V-Cav1.2 shows less 

expression than WT-Cav1.2 in the absence of Cavβ (# p = 0.04 student’s t-test). 
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Figure 4-3: Surface trafficking and total expression are similar for A39V-Cav1.2-HA and 

WT-Cav1.2-HA in the presence of neuronal Cavβ1b. A) Cavβ1b increases the fluorescence 

per cell of WT-Cav1.2-HA (p ≤ 0.05 by one-way ANOVA), but not A39V-Cav1.2-HA (p ≤ 0.05 

by one-way ANOVA). B) Cavβ1b significantly increases the total protein expression of A39V-

Cav1.2-HA (p ≤ 0.05 by ANOVA), but not WT-Cav1.2-HA.
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The Cavβ subunit has been shown to increase total expression of Cav1.2 by binding to 

the I-II intracellular linker of the channel and preventing ER associated degradation (ERAD) [9]. 

We therefore tested whether A39V-Cav1.2-HA total protein was increased upon coexpression of 

Cavβ2b and whether A39V-Cav1.2-HA expressed like WT-Cav1.2-HA without a Cavβ subunit 

(Figure 4-2C). Immunoprecipitation of the channels combined with semi-quantification against 

alpha-actin yield demonstrated that, in the absence of a Cavβ subunit, the integrated density of 

A39V-Cav1.2-HA (2.56 ± 0.48 IDUs) was significantly less than WT-Cav1.2-HA (4.33 ± 0.66 

IDUs, p = 0.04 by students t-test) (Figure 4-2D). Therefore, A39V-Cav1.2 is either produced to a 

lesser extent, or degraded more effectively than WT-Cav1.2. Since both Cav1.2 constructs were 

transfected identically and driven by the same constitutive promoter, the latter of these two 

possibilities appears more likely. Our data also reveal that coexpression of either Cavβ2b (5.20 ± 

0.25 IDUs) (Figure 4-2C) or Cavβ1b (5.69 ± 0.62 IDUs) (Figure 4-3B), results in a significant 

increase in A39V-Cav1.2-HA protein levels (p ≤ 0.05 by ANOVA) (Figure 4-2D). This confirms 

that the protective role of the Cavβ subunit is maintained in the A39V-Cav1.2 channel. 

Interestingly, total WT-Cav1.2-HA protein levels were increased upon coexpression of Cavβ1b 

(5.05 ± 0.79 IDUs), but to a lesser degree than described by our lab previously for a Cav1.2. We 

attribute this to a different amino acid sequence in the N-terminus of the channel [9], perhaps 

suggesting that the N-terminus is involved in regulating Cav1.2 channel stability. 

 

4.2.2 A39V-Cav1.2 channels show normal voltage-dependent function with either cardiac or 

neuronal Cavβ subunits 

We next evaluated whether the A39V mutation could alter the functional properties of the 

neuronal Cav1.2 isoform.
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Figure 4-4
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Figure 4-4: The current voltage relation and steady-state inactivation of A39V-Cav1.2 is 

not significantly different from WT-Cav1.2 in the presence of Cavβ2b. A) The IV 

relationships of WT and A39V-Cav1.2 with and without Cavβ2b. There is no significant 

difference in current density, or voltage-dependent properties when comparing WT-Cav1.2 

(grey) and A39V-Cav1.2 (light green); or WT-Cav1.2 (black) and A39V-Cav1.2 (dark green) 

with Cavβ2b. Cavβ2b does significantly increase the current density of both WT and A39V-

Cav1.2 (p ≤ 0.05 by one-way ANOVA). Cavβ1b also significantly increased current density of 

A39V-Cav1.2 (p ≤ 0.05 by one-way ANOVA) (Figure 4-5). B) Steady-state inactivation plots of 

WT and A39V-Cav1.2 with and without Cavβ2b. There is no significant difference in the steady-

state of inactivation between WT-Cav1.2 and A39V-Cav1.2 in the presence of Cavβ2b or 

Cavβ1b (Figure 4-5). The slope of steady state inactivation is increased for A39V-Cav1.2 when 

compared to WT-Cav1.2 in the absence of the Cavβ subunit which significantly reduces the 

percentage of channels available at marked voltages (*) when compared to WT (p = 0.05 by 

students t-test). (C) Voltage clamp protocol for inactivation curves, and sample traces of WT-

Cav1.2 and A39V-Cav1.2 with Cavβ2b.  Normalized traces of WT-Cav1.2 (black) and A39V-

Cav1.2 (dark green) with Cavβ2b illustrating no significant difference in the time course of 

inactivation. Currents were evoked from a holding potential of -100mV to various 4.5 s long 

conditioning potentials (ranging from -60mV through +60mV in 10mV increments), followed by 

a test pulse to +10mV, for 0.5 seconds.  
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In the absence of the Cavβ subunit WT-Cav1.2 exhibits a peak current density of -4.4 ± 0.5, 

pA/pF at a test potential of 0 mV. As expected, co-expression of either Cavβ2b (-9.1 ± 1.4 

pA/pF, p ≤ 0.05 ANOVA), or Cavβ1b (-10.6 ± 1.1 pA/pF, p ≤ 0.05 ANOVA) significantly 

increases the peak current density of WT-Cav1.2. The current-voltage relationship of A39V-

Cav1.2 is not statistically different from WT-Cav1.2 in the presence of either Cavβ2b (Figure 4-

4A), or Cavβ1b (see Figure 4-5A). The A39V-Cav1.2 construct shows a peak current density of -

3.3 ± 0.5, pA/pF which does not differ from that of the WT channel and which is increased upon 

coexpression of Cavβ2b (-9.5 ±1.6 pA/pF, p ≤ 0.05 by ANOVA), or Cavβ1b (-8.3 ± 1.0 pA/pF, p 

≤ 0.05 by ANOVA).  Altogether, these data fit with our biochemical analysis in Figure 4-2. 

Moreover, the time course of inactivation (Figure 4-4C) was not statistically different between 

A39V-Cav1.2 and WT-Cav1.2, with or without Cavβ subunit co-expression at all potentials 

tested between -10mV and +30mV (data not shown).  

It has been demonstrated that mutations in the cardiac Cavβ2b subunit can affect 

inactivation of Cav1.2 in order to produce a Brugada phenotype [206]. Furthermore, the N-

terminus of Cav1.2 has been shown to affect inactivation of the channel in a manner dependent 

on the Cavβ subunit [158].  We therefore tested whether the steady-state inactivation properties 

of A39V-Cav1.2 were different from those of WT-Cav1.2 in the presence of a Cavβ subunit. In 

the presence of either Cavβ2b (Figure 4-4B), or Cavβ1b (Figure 4-5B) the steady-state 

inactivation properties of A39V-Cav1.2 were not significantly different from WT-Cav1.2. 

However, in the absence of the Cavβ subunit, A39V-Cav1.2 displays a significant increase in the 

slope of the inactivation curve (11.8 ± 1.4 mV) which is significant when compared to WT-

Cav1.2 (6.9 ± 0.6 mV, p = 0.01 students t-test).  
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Figure 4-5: The current voltage relation and steady-state inactivation of A39V-Cav1.2 is 

not significantly different from WT-Cav1.2 in the presence of Cavβ1b A) Cavβ1b 

significantly increases current density of WT and A39V-Cav1.2 (p ≤ 0.05 one-way ANOVA). 

(D). Steady-state inactivation properties of A39V-Cav1.2 are the same as WT in the presence of 

Cavβ1b. 
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Furthermore, the A39V-Cav1.2 channel underwent a greater extent of total inactivation 

compared to the WT channel as denoted by red asterisks in Figure 4-4B (test potentials of -20,-

10, +10, and +30mV, p ≤ 0.05 by students t-test). This behavior of A39V-Cav1.2 could in 

principle be interpreted as a loss-of-function; however, as this occurs only in the absence of 

Cavβ, this effect will not likely manifest itself in native cells.  

Our results indicate that in the neuronal channel background A39V does not impart a 

Cavβ dependent trafficking defect onto Cav1.2, nor does the point mutation dramatically effect 

overall expression and function of the channel in the presence of neuronal or cardiac Cavβ 

subunits.   

 

4.2.3 The Brugada syndrome mutant A39V disrupts N-lobe CDI of Cav1.2 channels but not 

CaM binding to the channel N-terminus 

We have shown in the previous section that the Cav1.2 point mutant A39V linked to Brugada 

syndrome, does not elicit a trafficking defect in the neuronal isoform of the channel or major 

effects on voltage-dependent activation and inactivation in the presence of Cavβ [210]. Recently 

Dick and colleagues [134] and our group (Chapter 3) [135] have shown that the N-terminus of L-

type calcium channels participates in a type of CDI which occurs when intracellular levels of 

calcium elevate globally – it is therefore termed global CDI.  

Because of the documented role of the Cav1.2 N-terminus in CDI, we tested whether the 

Brugada syndrome mutant A39Vmay affect this process. 
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Figure 4-6: The Brugada syndrome mutation A39V disrupts N-lobe CDI of Cav1.2 

channels. A) Representative Ba
2+

 (black) and Ca
2+

 (red) traces of WT and A39V-Cav1.2 

channels (B) expressed with Cavβ2a/Cavα2δ in the presence of low calcium buffering (0.5mM 

EGTA) and CaM34. Note that the peak of the Ba
2+

 trace is normalized to that in the presence of 

Ca
2+

. For reference the WT-Cav1.2 Ca
2+

 trace is displayed in grey in (B).  The plots shown 

below the current traces reflect average CDI (f300) which is quantified by the fraction of current 

remaining after 300ms (r300) in calcium, and is then subtracted from the fraction of current 

remaining in barium at the same time point. The f300 value at 10mV (arrows) is significantly less 

for A39V, than WT-Cav1.2 (# p ≤ 0.04 by student’s t-test). The inset bar graph displays 

additional f300 values over a potential range from -10mV to +30mV. A significant difference is 

observed in the f300 values between WT-Cav1.2 and A39V-Cav1.2 at -10, 0 and +10mV (p ≤ 

0.05 by student’s t-test), but not at +20 (p = 0.28 by student’s t-test) or +30mV (p = 0.26 by 

student’s t-test). C) Under high calcium buffering (10mM BAPTA) conditions WT-Cav1.2 

channels expressed as in (A) no longer exhibit N-lobe CDI. D) A39V-Cav1.2 does not show 

significant N-lobe CDI compared to WT-Cav1.2 in high calcium buffering at +10mV (arrows). 

For reference the WT-Cav1.2 Ca
2+

 trace (C) is displayed in grey.
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This was done by overexpressing CaM34 and buffering intracellular calcium with 0.5mM EGTA. 

Figure 4-6A shows that WT-Cav1.2 channels show little voltage-dependent inactivation (VDI) in 

barium (black trace) but significant N-lobe CDI upon exposure to calcium (red trace), in 

agreement with our previous work [135]. A +10mV test depolarization was used for comparison 

in Figure 1 because this test potential corresponds to the peak of the IV curve in 20mM external 

barium. Quantification of the amount of N-lobe CDI is reflected in the f300 value (i.e. the fraction 

of channels which are inactivated after 300 ms) at +10mV, which equals 0.18 ± 0.03 (n=14) for 

WT-Cav1.2 and CaM34. Figure 4-6B shows that A39V-Cav1.2 channels have significantly 

reduced N-lobe CDI at +10mV (f300 = 0.09 ± 0.02, n=13, # p ≤0.04 by student’s t-test) with 

CaM34 compared to WT-Cav1.2 channels under the same conditions. To facilitate comparison 

the WT-Cav1.2 calcium trace is shown in grey in Figure 4-6B. The inset bar graph in Figure 1 

shows that in addition to +10mV, A39V-Cav1.2 shows significantly less CDI than WT-Cav1.2 at 

-10 and 0mV (p ≤ 0.05 by student’s t-test).  A similar trend was seen +20 and +30mV, but did 

not reach statistical significance (p = 0.28 and p = 0.26 by student’s t-test, respectively), 

presumably because there is an increasing contribution of VDI at these potentials. To facilitate 

comparison the WT-Cav1.2 calcium trace is shown in grey in Figure 4-6B. Repeating the 

experiment with 10 mM BAPTA intracellularly to significantly increase calcium buffering 

verified that both WT-Cav1.2 (f300 = -0.06 ± 0.16, n=9) (Figure 4-6C) and A39V-Cav1.2 (f300 = 

0.06 ± 0.06, n=11) (Figure 4-6D) channels were indeed undergoing N-lobe CDI, which is also 

supported by the flattened red traces in Figures 4-6C/D.  

We next tested whether A39V-Cav1.2 channels exhibited augmented C-lobe CDI by 

expressing the channels with CaM12. 
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Figure 4-7: The Brugada syndrome mutation A39V does not affect C-lobe CDI of Cav1.2 

channels. A) Representative Ba
2+

 (black) and Ca
2+

 (red) traces of WT-Cav1.2 channels 

expressed with Cavβ2a/Cavα2δ and CaM12 in the presence of high calcium buffering (10 mM 

BAPTA).  Note that the peak of the Ba
2+

 trace is normalized to that in the presence of Ca
2+

 and 

that average CDI (f300) of WT-Cav1.2 is displayed below in the graph. B) A39V-Cav1.2 

channels expressed with Cavβ2a/Cavα2δ and CaM12 in the presence of high calcium buffering 

(10mM BAPTA). Inset graphs show average CDI (f300) which is not statistically different (p ≤ 

0.55 by student’s t-test), between the two channel types. 
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Figure 4-8
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Figure 4-8: The Brugada mutation A39V does not alter N-terminal binding to CaM. A) 

CaM sepharose pull-down experiments of N1-EX, A39V-N1-EX and N1 GFP fusion proteins in 

0.5mM Ca
2+

, or 5mM EGTA (B) run on SDS-PAGE with corresponding lysates (C) and blotted 

for GFP. Black lines mark where the gel picture was cut and irrelevant samples removed. These 

experiments were performed twice each.  
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Figure 4-7A shows that WT-Cav1.2 channels show substantial C-lobe CDI in the 

presence of calcium (f300 = 0.34 ± 0.08, n=9) which agrees with the literature [124, 134]. Figure 

4-7B shows also that A39V-Cav1.2 also exhibits considerable C-lobe CDI (f300 = 0.28 ± 0.06, 

n=9) which is not statistically different from WT-Cav1.2 channels. Overall, our data reveal a 

reduction in N-lobe CDI for A39V-Cav1.2, which implies a gain of function effect of this 

mutation. This is unexpected as Brugada syndrome is considered a loss-of-function disorder in 

the context of Cav1.2 channels [61, 179]. 

As N-lobe CDI was affected in the A39V mutant, we tested whether this was due to 

altered binding of CaM to the Cav1.2 N-terminus. We used CaM sepharose pulldowns to test 

whether CaM could differentially bind to fusion proteins of the distal N-terminus (methionine 1 

to proline 101) of the channel. Figure 4-8A shows that both N1-EX and A39V-N1-EX GFP fusion 

proteins bound readily to CaM sepharose in 0.5mM calcium. This binding was completely 

removed with 5 mM EGTA washes (Figure 4-8B). The smaller N1-GFP fusion protein 

(methonine 1 to lysine 63) did not bind CaM and agrees with our previous findings [135]. 

Altogether, these biochemical measurements show that A39V does not change the binding of 

CaM to the distal portion of the N-terminus. It is therefore unlikely that differential CaM binding 

explains the changes in N-lobe CDI observed for A39V-Cav1.2 channels.  

 

4.2.4 CaM mutants differentially affect the voltage-dependence and kinetics of activation for 

A39V and WT-Cav1.2 channels 

During the course of our experiments, we noticed that CaM lobe mutants affected the voltage-

dependence of activation of Cav1.2 channels when bathed in extracellular barium solution. 
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Figure 4-9



 

115 

Figure 4-9: CaM lobe mutants differentially shift the voltage dependence of activation for 

WT and A39V-Cav1.2 channels. A) Current voltage relationships for WT-Cav1.2 channels 

expressed transiently in tsA-201 cells with Cavβ2a/Cavα2δ and recorded in barium with one of 

four CaM conditions: CaMWT, CaM12, CaM34, or CaM1234. All experiments were recorded with 

high calcium buffering intracellularly (10mM BAPTA). B) Current-voltage relationships for 

A39V-Cav1.2 channels expressed as in (A) with one of four CaM conditions: CaMWT, CaM12, 

CaM34, or CaM1234. C) A bar graph displaying the half activation potentials for Cav1.2 channels 

recorded in barium. WT-Cav1.2 channels recorded with any CaM mutant have a significant 

leftward shift in the voltage-dependence of activation in barium compared to CaMWT (*p≤ 0.05 

by one-way ANOVA). D) A bar graph displaying the voltage dependence of activation for 

A39V-Cav1.2 channels recorded in barium. A39V-Cav1.2 channels recorded with CaM12 have a 

significant leftward shift in the voltage-dependence of activation in barium compared to CaMWT 

(*p≤ 0.05 by one-way ANOVA), and CaM1234 (# p≤ 0.05 by one-way ANOVA). 
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Figure 4-10: Calmodulin lobe mutants differentially affect the kinetics of activation for WT 

and A39V-Cav1.2 channels in the absence of calcium. A) Plot illustrating the time to 

maximum activation (Tau) at various voltages for WT-Cav1.2 channels expressed transiently in 

tsA-201 cells with Cavβ2a/Cavα2δ and recorded in barium with one of CaMWT, CaM12, CaM34 

or CaM1234 and with 10mM BAPTA intracellular. Voltages for which all mutant CaMs differ 

significantly from the CaMWT condition (* p ≤ 0.05 by one-way ANOVA), and where CaM34 and 

CaM1234 differ from CaMWT condition (# p ≤ 0.05 by one-way ANOVA). B) Plot for the kinetics 

of activation of A39V-Cav1.2 channels expressed as in (A). Voltages for which CaM1234 differs 

significantly from the CaMWT condition ($ p ≤ 0.05 by one-way ANOVA), and where CaM12 and 

CaM1234 differ from CaMWT condition (& p ≤ 0.05 by one-way ANOVA).  C) Sample traces of 

WT-Cav1.2 channels expressed with CaMWT and CaM1234 at 10mV. Note that the CaM1234 trace 

has been normalized to that of CaMWT and that the arrows denote peak of activation for WT-

Cav1.2 with either CaMWT (black) or CaM1234 (grey). D) Sample traces of A39V-Cav1.2 

channels expressed with CaMWT and CaM1234 at 10mV. Note that the CaM1234 trace has been 

normalized to that of CaMWT and that the arrows denote peak of activation for A39V-Cav1.2 

with either CaMWT (black) or CaM1234 (grey). 
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Figure 4-9A displays current-voltage (IV) relationships for WT-Cav1.2 channels expressed with 

Cavβ2a/Cavα2δ and either CaMWT, or one of CaM12, CaM34, or CaM1234. WT-Cav1.2 channels 

expressed with CaMWT display a right-shifted IV relationship compared to all CaM mutants. 

Figure 4-9B displays the IV relationship for A39V-Cav1.2 under the same conditions, but in this 

instance, only the CaM12 condition shows an appreciable leftward shift relative to CaMWT. The 

bar graph in Figure 4-9C displays the half-activation potential (Va) for WT-Cav1.2 channels and 

reveals that all CaM mutants show a hyperpolarizing shift in the voltage-dependence of 

activation relative to the CaMWT condition (p≤ 0.05 by one-way ANOVA).  

For A39V-Cav1.2 only CaM12 shows a hyperpolarizing shift in Va compared to CaMWT 

(p≤ 0.05, one-way ANOVA) (Figure 4-9D). Altogether, these data indicate that alterations in 

CaM structure due to the functional elimination of either the N- or C-lobe EF hand motifs 

produce direct effects on Cav1.2 channel gating. These effects are present in the absence of 

calcium and can be modulated by the N-terminus of the channel as the A39V-Cav1.2 data 

indicates. We next examined whether the kinetics of Cav1.2 activation was affected by CaM 

mutants. Figure 4-10A shows that WT-Cav1.2 channels recorded with Cavβ2a/Cavα2δ and 

CaMWT reach peak current amplitude  much more slowly than all CaM mutants at 10 mV (p ≤ 

0.05 by one-way ANOVA), and slower than CaM34 and CaM1234 at 0, 20 and 30 mV (p ≤ 0.05 by 

one-way ANOVA). This data indicates that mutating the C-lobe of CaM causes WT-Cav1.2 

channels to open much quicker than they would otherwise at physiological depolarizations. 

Throughout our analysis we used a single exponential equation to fit the rapid rising phase of 

channel activation.  In rare occasions, (1 cell out of 9 at +10mV, for WT-Cav1.2), a second 

slower activation component was observed, but only in conditions with WT channels and 

CaMWT. We focused on our analysis only on the fast activation time constant.  
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As with the voltage-dependence of activation data, A39V-Cav1.2 channels behave 

differently than wild type channels with regards to their kinetics of activation in the presence of 

CaM mutants (Figure 4-10B). Specifically, at depolarized potentials A39V-Cav1.2 channels 

have similar kinetics of activation in the presence of wild type or mutant CaMs (p ≥ 0.05 by one-

way ANOVA). This is also illustrated in the form of whole cell current traces depicted in Figures 

5-10C and D at a test depolarization of +10 mV.   

 Altogether, the results of this section reveal a previously unrecognized functional effect 

of CaM lobe mutants on Cav1.2 channel activation that can involve the N-terminus of the 

channel.   

 

4.3 Discussion 

We have identified a novel effect of the pathophysiological mutation (A39V) through its 

reduction of N-lobe CDI of Cav1.2.  Furthermore, our data reveal that mutant CaM molecules 

change activation gating of the channel in the absence of calcium, and that A39V does not affect 

Cavβ-dependent trafficking of neuronal Cav1.2 channels. The concept of channel isoform-

dependent effects of disease causing mutations is not without precedent [249, 250] and in the 

case of the Brugada mutation A39V may perhaps explain why patients afflicted with this 

mutation do not exhibit a neuronal phenotype. 

Contrary to previous work on the cardiac isoform of Cav1.2 showing a loss of cell 

surface trafficking of A39V-Cav1.2 in the presence of Cavβ2b, we find that both cardiac Cavβ2b 

and neuronal Cavβ1b equally regulate the neuronal forms of mutant and WT Cav1.2 channels, 

and that the mutation does not alter the behavior of the neuronal channel in the absence of the 

Cavβ subunit. The N-terminus of the Cav1.2 isoform used herein has the same exon1b/2 
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composition as the channel construct used  in previous work with A39V-Cav1.2 [61], and hence 

N-terminal variations cannot account for the observed differences between our findings and 

those reported previously. Several sequence differences between brain and cardiac isoforms do 

exist, however, one of which is a sequence insertion in the II-III intracellular linker of the brain 

isoform that has been hypothesized to augment protein binding in this region of the channel 

[256] (see Figure 4-1).  Moreover, the study by Antzelevitch and colleagues [61] utilized YFP 

tagged Cav1.2 channels containing exon 8a, whereas the Cav1.2 channels used in our 

experiments contained exon 8.  It is possible that such splice isoform specific differences, or the 

attachment of a large YFP epitope could contribute to the observed differences in our findings 

compared to those reported previously. In our hands, A39V-Cav1.2 was able to traffic to the cell 

membrane as well as WT-Cav1.2, and the cardiac Cavβ2b subunit significantly increased surface 

expression of A39V-Cav1.2 in tsA-201 cells.   

 The observation that the A39V mutation reduced N-lobe CDI of Cav1.2 is surprising 

because Brugada syndrome is thought to involve a loss-of-function of these channels [61, 179], 

rather than the gain of function observed here. To reiterate cDNA construct used in our studies 

corresponds to the neuronal form of the channel, and it is possible that the observed gain of 

function is specific to neuronal channels. Importantly, A39V is only thirteen residues away from 

a key amino acid residue that has been implicated in N-lobe CDI (W52). Indeed, Dick and 

colleagues [134] suggested that during N-lobe CDI, CaM leaves a C-terminal anchoring site 

upon calcium elevation to then interact directly with the N-terminal residue W52, which in turn 

promotes CDI. Our recent work (Chapter 3) has expanded this idea so that CaM binds W52 and a 

second more proximal residue C106, which then transduces the CDI signal into domain I of the 

channel, promoting closure. The observation that A39V does not affect CaM binding to the N-
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terminus of Cav1.2 (Figure 4-8) suggests that this residue may somehow be allosterically 

coupled to the CDI process. This could perhaps occur by partial immobilization of the N-

terminus of Cav1.2, or by promoting additional intramolecular interactions within the N-

terminus, or channel regions. For example, the N-terminus of Cav2.2 channels is capable of 

binding both the intracellular I-II linker and C-terminus [257]. As hydrophobic residues are often 

the anchor points for protein-protein interactions, it is possible that the A39V mutation may 

create a potential hydrophobic anchor.  

How CaM molecules that are deficient in their ability to bind calcium affect Cav1.2 

activation, is particularly interesting. Figure 4-10 shows that the kinetics of Cav1.2 activation is 

altered by mutant CaMs. The immediacy of this kinetic change suggests that CaMs which 

participate in this process must be pre-bound to the channel. Because all of our experiments were 

performed in barium and with 10mM BAPTA to buffer intracellular calcium, it is very unlikely 

that calcium has any role whatsoever in this effect. There is substantial evidence in the literature 

that in the absence of calcium CaM is tethered, or anchored to the C-terminus of VGCCs, 

specifically to the IQ domain [117, 118] and upstream PCI region [133]. It is known that CaMWT 

is capable of many conformations, most of which are calcium sensitive [89-92]. Conversely, 

CaM1234 (and potentially CaM12 and CaM34) display a different set of basic conformations [39, 

97] that may differ from calcium-free CaMWT.  It is thus possible that the voltage-dependence 

and kinetics of Cav1.2 activation may be exquisitely sensitive to subtle changes in CaM 

structure. It is interesting to note that Cav1.2 channels have an EF-hand motif in the proximal C-

terminus which has been proposed to be involved in the transduction of CDI signals in the holo 

channel  [121, 221, 258]. Immediately downstream of the EF-hand region is the PCI region 

which anchors the N-lobe of CaM in the absence of calcium [133]. The EF-hand of Cav1.2 has 
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also been shown to modulate the voltage-dependence of activation with changing magnesium 

concentrations, a process which occurs also in the absence of calcium [155, 156]. We propose 

that the inherent conformational differences of CaM mutants leverage the EF-hand region 

differently than CaMWT and perhaps in a manner analogous to magnesium occupancy. The 

observation that this effect was abrogated in the A39V mutant may then indicate that this region 

may be functionally coupled to the C-terminus/CaM complex.   

However, irrespective of the underlying molecular mechanisms, our data reveal that 

widely used CaM mutant constructs may exert effects on ion channel function that are 

independent of the inability of these proteins to bind calcium. This should be taken into 

consideration when interpreting data that rely on these CaM mutants.  
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CHAPTER FIVE: THE CAV1.2 N-TERMINUS CONTAINS A CAM KINASE SITE 

IMPORTANT FOR CHANNEL EXPRESSION AND FUNCTION 

 

5.1 Background 

Cav1.2 is essential for emotional learning through its activity in the amygdala and anterior 

cingulated cortex [161, 259]. Not dissimilar from Cav1.2 channels, the calcium activated cascade 

comprising calmodulin kinase (CaMK) and calmodulin kinase kinase (CaMKK) participates in 

emotional learning [260, 261].  

 At the molecular level neuronal Cav1.2 channels and CaMKII regulate CREB activation 

following brief depolarizations in a manner which is intimately tied to open probability of the 

channel [4]. For the Cav2 family of voltage-gated calcium channels calmodulin (CaM) and CaM 

kinase modulate a process known as calcium dependent facilitation (CDF), which functions to 

upregulate channel conductance in low intracellular calcium, but which is in competition with 

calcium dependent inactivation (CDI) when levels of calcium rise [136, 262]. For L-type calcium 

channels two different types of CDI are evident [134, 226, 259] and although CaMK is involved 

in facilitating these channels, CDF is only possible when the C-terminal IQ region of the channel 

is mutated [118]. Nevertheless, in the presence of the IQ mutation, removal of CaMKII binding 

from the neighboring PreIQ-IQ region quells frequency dependent facilitation of Cav1.2 

channels in calcium, thus suggesting that under certain conditions CaMKII may modulate Cav1.2 

CDF [139]. It is from the work of Hudmon and colleagues (2005) that the presence of an N-

terminal CaMKII site in Cav1.2 was first demonstrated through the use of GST pulldowns, 

although no function was ever described [139]. While exploring CDI of Cav1.2 channels in a 
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recent study, we narrowed the site of CaMKII interaction to the proximal N-terminus of the 

channel. Here using a combination of biochemistry, immunocytochemistry and 

electrophysiology we identify the precise location of this N-terminal CaMKII site and describe 

its effects on sub-cellular trafficking and function of the Cav1.2 channel.  

5.2 Results 

5.2.1 A proximal CISI sequence in the N-terminus of Cav1.2 forms the α-CaMKII binding site 

Several intracellular linkers including the N-terminus of Cav1.2 have been shown to bind 

CaMKII with unknown functional consequence [139]. In previous work (Chapter 3) we 

narrowed the site of α-CaMKII binding to the proximal N-terminus of Cav1.2, but did not 

explore this interaction further [135]. Because CaMK is important for CDF of Cav2 [136, 137], 

and CREB dependent gene transcription of both Cav1 [263] and Cav2 channels [4, 264], we 

focused on further understating the physiological role of this novel CaMKII site.  

Using coimmunoprecipitation experiments and live cell imaging of GFP fusion proteins 

of the Cav1.2 N-terminus (Figure 5-1) we first verified the existence of the proximal N-terminus 

α-CaMKII interaction site. Figure 5-2A-C show that all N-terminal constructs containing the 

proximal N2B portion (i.e. Nterm, N2 and N2B) of Cav1.2 coimmunoprecipitate mCherry- α-

CaMKII, as does the positive control PreIQ-IQ-GFP. Live cell imaging in tsA-201 cells (Figures 

5-2D-H) shows that N2B containing GFP fusion proteins (i.e. Nterm and N2B) form aggregates, 

while all other N-terminal fusion proteins do not. Our previous work [135] has attributed this 

aggregation of N-terminal fusion proteins to an association with CaMK, thus providing a useful 

assay to examine CaMK interactions in live cells.  
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Figure 5-1: Relevant Cav1.2 N-terminal GFP fusion proteins A) Cartoon of the four domain 

Cav1.2 structure highlighting N-terminal GFP fusion proteins used. GFP is C-terminal to channel 

sequence in these constructs. B) The primary amino acid sequence of the N2B-II portion of the 

Cav1.2 N-terminus. The hatched box denotes the approximate location of the α-CaMKII 

interaction site mapped by our previous work. Bolded residues highlight the α-CaMKII 

interaction site identified here. 
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Figure 5-2: α-CaMKII binding occurs within the N2B region of the Cav1.2 N-terminus and 

causes aggregate formation in tsA-201 cells A) Co-immunoprecipitation experiments of 

mCherry-α-CaMKII and N-terminal GFP fusion proteins or PreIQ-IQ positive control. 

Immunoprecipitates of GFP and controls (nontransfected/beads alone) were run on SDS-PAGE 

and blotted for α-CaMKII. B) Membranes were then stripped and re-probed for GFP. C) Western 

blot of α-CaMKII in lysate. D) Confocal images of live tsA-201 cells expressing GFP, Nterm-

GFP (E), N1-GFP (F), N2A-GFP (G) and N2B-GFP (H). Each experiment is representative of 

three successful attempts and yellow arrows highlight co-localization. Images and co-IPs 

performed by Dr. Ivana Assis Souza.
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We next focused on pinpointing the exact residues by which α-CaMKII binds the 

proximal N-terminus of Cav1.2. Figure 5-3 demonstrates that replacing four sequential residues 

cysteine-isoleucine-serine-isoleucine (CISI, 117-120a.a.) with alanines, prevents binding of N2B-

II-GFP to mCherry-α-CaMKII. A single mutant C117R or double mutant C117R/S119R version 

of N2B-II-GFP both retain binding to α-CaMKII, necessitating mutation of the adjacent 

isoleucines (Figure 5-4). It is interesting to note that disruption of α-CaMKII binding to the 

PreIQ-IQ region of the C-terminus of Cav1.2 also requires multiple mutations (TVGKFY-

AAAAAA), suggesting that channel interactions with α-CaMKII are inherently resilient [139]. 

Nevertheless, given the loss of mCherry-α-CaMKII binding to N2B-II-AAAA-GFP we expected that 

the latter fusion protein would no longer aggregate in live tsA-201 cells. Indeed, as shown in 

Figure 5-5B, N2B-II-GFP aggregates and co-localizes with mCherry-α-CaMKII in live cells 

whereas N2B-II-AAAA-GFP does not (Figure 5-5D). Altogether, our biochemical and 

immunocytochemical results illustrate that four residues in the proximal N-terminus of Cav1.2 

bind and promote co-localization with α-CaMKII. 

5.2.2 Cav1.2 channels lacking an N-terminal α-CaMKII binding site have reduced surface 

expression but not reduced function  

In order to determine the function of the α-CaMKII site in the N-terminus of Cav1.2 we applied 

a combination of surface protein biotinylation, confocal imaging and electrophysiological 

analysis. Figure 5-6A shows that externally tagged WT-Cav1.2 channels, in the presence of 

auxiliary subunits, express well both at the cell surface and intracellularly (Figure 5-7A). 
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Figure 5-3: Mutagenesis of N2B-II identifies four residues (CISI) important for binding α-

CaMKII A) Co-immunoprecipitation experiments of mCherry (mCh), or mCherry-α-CaMKII 

with one of N2B-II-GFP, or N2B-II-AAAA-GFP (AAAA). Immunoprecipitates of GFP constructs and 

controls (nontransfected, or antibody [AB]) were run on SDS-PAGE and blotted for mCherry. B) 

Membranes were then stripped and re-probed for GFP. C) Western blot of α-CaMKII in lysate. 

This experiment is representative of two successful experiments. 
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Figure 5-4: All four residues (CISI) must be mutated to prevent co-IP with α-CaMKII A) 

Co-immunoprecipitation experiments of mCherry-α-CaMKII and either GFP, or N2B-II-GFP 

fusion proteins with the following point mutations: N2B-II-R (C117R), N2B-II-RR (C117R/S119R) 

and N2B-II-RARA (C117R/I118A/S119R/I120A). Immunoprecipitates of GFP or nontransfected 

control were run on SDS-PAGE and blotted for α-CaMKII. B) Membranes were then stripped 

and re-probed for GFP. C) Western blot of α-CaMKII in lysate. This experiment is representative 

of two successful experiments performed by Dr. Ivana Assis Souza.
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Figure 5-5: mCherry-α-CaMKII requires CISI sequence for co-localization with N2B-II  in 

tsA-201 cells A) Confocal images of live tsA-201 cells expressing mCherry and N2B-II-GFP,  

mCherry-α-CaMKII and N2B-II-GFP (B),  mCherry and N2B-II-AAAA-GFP (C),  mCherry-α-

CaMKII and N2B-II-AAAA-GFP (D). Yellow arrows highlight co-localization. This experiment is 

representative of two successful experiments which were performed by Dr. Ivana Assis Souza.
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Figure 5-6: Eliminating the CISI sequence from Cav1.2 channels reduces surface 

expression but not current density. A) Non-permeabilzed tsA-201 cells expressing 

Cavβ1b/Cavα2δ with externally tagged HA-Cav1.2 (Alexa 594) or HA-Cav1.2-AAAA channels 

(B). C) Biotinylation of HA tagged Cav1.2 (WT) and Cav1.2-AAAA channels (AAAA) expressed 

with Cavβ1b/α2δ in transfected tsA-201 cells and below, the same biotinylation stripped and 

reprobed for Na
+
/K

+
 ATPase. Controls are non-transfected and beads only. The third blot shows 

100ug of lysates probed for HA and below this, the same blot stripped and reprobed for Na
+
/K

+
 

ATPase. D)  Normalized quantification of biotinylated channels from (C) which shows that 

Cav1.2-AAAA channels express significantly less (0.46 ± 0.17, *p = 0.02 by students t-test) at the 

cell surface compared to WT-Cav1.2. E) A bar graph displaying peak current density of non-

tagged Cav1.2 and Cav1.2-AAAA channels transiently expressed in tsA-201 cells with either 

Cavβ1b, or Cavβ2a and Cavα2δ. There is no significant difference in the current density of WT-

Cav1.2 (-14.3 ± 3.9 pA/pF) and Cav1.2-AAAA (-17.8 ± 2.4 pA/pF) channels with Cavβ1b, or 

between WT-Cav1.2 (-10.9 ± 2.2 pA/pF), and Cav1.2-AAAA (-10.6 ± 2.4 pA/pF) with Cavβ2a. 

Biotynlation performed by Dr. Ivana Assis Souza. 
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Figure 5-7: Permeabilized tsA-201 cells have similar amounts of WT-Cav1.2 and Cav1.2-

AAAA channels expressed. A) Permeabilized tsA-201 cells expressing Cavβ1b/Cavα2δ with 

externally tagged HA-Cav1.2 (Alexa 594) or HA-Cav1.2-AAAA channels (B). Images gathered by 

Dr. Ivana Assis Souza.
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Externally tagged HA-Cav1.2-AAAA channels on the other hand, have much lower surface 

expression under the same conditions (non permeabilized cells, Figure 5-6B), but show robust 

total protein expression (permeabilized cells, Figure 5-7B). Surface protein biotinylation studies 

support these observations and demonstrate that Cav1.2-AAAA expresses much less than WT-

Cav1.2 channels in the surface pool (Figure 5-6C). Normalized quantification of channel 

biotinylations illustrates that Cav1.2-AAAA (0.46 ± 0.17, *p = 0.02 by students t-test) expresses 

significantly less at the cell surface compared to WT-Cav1.2 channels. This data strongly suggest 

that α-CaMKII may regulate the sub-cellular trafficking of Cav1.2 channels.  

We next used electrophysiology to test whether Cav1.2-AAAA whole cell current density 

was altered by the reduction in the surface pool of channels. Unexpectedly, Cav1.2-AAAA current 

density was not statistically different from WT-Cav1.2 channels in the presence of either 

Cavβ1b, or Cavβ2a auxiliary subunits (Figure 5-6E). This surprising result suggests that Cav1.2-

AAAA channels exhibit augmented single channel function which offsets their poor surface 

expression.  

5.2.3 Cav1.2 channels lacking an N-terminal α-CaMKII binding site can be facilitated by 

BayK 8644 

The observation that whole cell current densities of the quadruple alanine mutant were not 

different from those of wild type channels suggest that Cav1.2-AAAA channels either have an 

augmented single channel amplitude, or alternatively an increased open probability. The former 

possibility is highly unlikely given that the CaMK site is located far from the selectivity filter, 

leaving an increase in maximum open probability as a more likely scenario. To further explore 
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the gating behavior of the mutant channels, we examined their facilitation by either voltage, or 

BayK 8644. As CaM kinase is linked to voltage-dependent facilitation (VDF) of L-type calcium 

channels [262], we first considered the possibility that Cav1.2-AAAA channels might be tonically 

facilitated. Figure 5-8A shows that Cavβ2a promotes a minimal 20% increase in VDF of WT 

channels which is consistent with previous reports [265, 266].  Mutant channels showed voltage 

facilitation that was indistinguishable from that of WT with Cavβ2a.  In contrast,  Cavβ1b 

prevented facilitation of both channels in our hands, in contrast with previous studies [267, 268]. 

Altogether, the results in Figure 5-8A indicate that Cav1.2-AAAA is not in a tonically facilitated 

state.  

Next we tested whether Cav1.2-AAAA could be facilitated by application of  BayK 8644 

which is known to increases the open probability of L-type calcium channels [269-271]. Indeed, 

exogenous calcium insensitive CaMKII has also been shown to promote increased open 

probability of L-type calcium channels in ventricular myocytes, in analogy with the effects of 

BayK 8644 [264]. Figure 5-8B displays the current-voltage relationship for WT-Cav1.2 and 

Cav1.2-AAAA channels treated with 1µM BayK 8644. Although both channels displayed increased 

whole cell current density upon treatment, Cav1.2-AAAA showed a much greater BayK 8644 -

mediated increase (239 ±  28 % at peak, *p = 0.04 by student’s t-test) in current density 

compared to WT-Cav1.2 channels (139 ± 16%).  These data suggest that the inability of the 

mutant channel to bind CaMKII renders the channel more susceptible to the effects of BayK-

8644, suggesting that CaMKII deficient channels can be opened more effectively. 
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Figure 5-8: Cav1.2-AAAA channels can be facilitated by BayK 8644 but not voltage. A) A bar 

graph displaying percent change for voltage-dependent facilitation of non-tagged Cav1.2 and 

Cav1.2-AAAA channels transiently expressed in tsA-201 cells with Cavα2δ and either Cavβ1b or 

Cavβ2a. There is no significant difference in the percent facilitation by voltage for WT, or 

Cav1.2-AAAA channels with either Cavβ subunit. B) Current voltage relationships of non-tagged 

Cav1.2, or Cav1.2-AAAA channels expressed with Cavβ1b/ Cavα2δ with and without 1uM ± 

BayK-8644. Cav1.2-AAAA channels show significantly more facilitation of peak current (red 

asterisks) by ± BayK-8644 (239 ± 28%, * p ≤ 0.04 by student’s t-test) compared to WT-Cav1.2 

channels (139 ± 16%). 
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 5.3 Discussion 

Cav1.2 and CaM kinase are important components of neuronal calcium signaling pathways.  

CaM kinase can associate with the C-terminus of Cav1.2 and modulate CDF [139], but only 

when the IQ domain which anchors CaM is ablated [118]. We recently narrowed the position of 

an N-terminal CaMKII site in Cav1.2 [135] and in this work, have localized it to four residues 

(CISI) proximal to domain I of the channel. Strictly speaking we are unable to conclude whether 

removing CISI from the N-terminus, or replacing CISI with four alanine residues- propensity to 

induce α-helices and alter secondary structure- ablates binding to CaM kinase. It also remains 

possible that by performing this mutation CaMKII binding may have been lost via a competitive 

gain-of-binding of another protein. Nevertheless, full length channels lacking this CISI element 

(Cav1.2-AAAA) display a significant reduction in surface expression, yet as well, an unexpected 

increase in function which offsets the trafficking defect. To our knowledge there is no prior 

evidence in the literature for a role of CaM kinase in calcium channel trafficking, however it is 

worth noting that CaMKII does regulate trafficking of potassium channels to the cell membrane 

[272-274]. Also, removal of the Cav1.2 N-terminus has been shown to increase surface 

expression of these channels in Xenopus oocytes indicating this region of the channel can 

participate in subcellular trafficking [159].  

The compensatory increase we observe in the functional properties of Cav1.2-AAAA could 

in principle be due to two mechanisms. On the one hand it is possible that Cav1.2-AAAA channels 

have a larger single channel conductance than WT-Cav1.2. However, given that the pool of 

Cav1.2-AAAA channels in the membrane is less than half of that of WT-Cav1.2 (Figure 5-6D) this 

would imply that the single channel conductance of the Cav1.2-AAAA would need to double to 
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account for the reduction in surface expression. This seems unlikely given that only the p-loops 

and outer vestibules of the pore (i.e. membrane spanning regions S5-S6 regions) have been 

shown to strongly impact selectivity [38] and permeation [46, 192, 275], whereas the N-terminal 

region, and more specifically, the CISI site we describe, is far from these loci.  

The possibility of an increase in maximum open probability of Cav1.2-AAAA is therefore 

the more likely scenario, and is supported by a number of considerations:  First, we have 

previously measured the open probability of Cav1.2 channels at the single channel level and 

found it to be 0.07 at the peak of the current–voltage relation 0 mV [44], leaving considerable 

room for increase in the open probability of mutant channels. Second, deletion of the first 46 

amino acids in the N-terminus of the cardiac Cav1.2 channel have been previously shown to 

affect maximum open probability without affecting the voltage-dependence of gating (note that 

the voltage-dependence of activation was not visibly affected by the alanine substitutions, see 

Figure 5-8B) [241], suggesting the possibility that this stretch of residues might perhaps 

functionally interact with the newly identified CaMKII site.  Finally, it is worth noting that a 

portion of the Cav1.2 C-terminus which contains the C-terminal CaMKII site has been shown to 

regulate both channel trafficking and single channel open probability [276]. Although voltage-

dependent facilitation was not different between the mutant and WT channels, BayK8644 

appeared to more effectively augment the CaMKII binding deficient mutant channel. This 

implies that Cav1.2-AAAA may be susceptible to even greater increases in maximum open 

probability compared to wild type channels. Altogether our results suggest that the N-terminal 

CaMKII site is linked allosterically to the activation gating machinery of the channel.  
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At this point it is unclear whether CaMKII modulation of native channels parallels our 

observations in tsA-201 cells, although it is tempting to speculate about the physiological 

significance of offsetting effects on channel trafficking and function. The resultant effect of 

course is the same net Cav1.2 whole cell current. One key function of neuronal Cav1.2 channels 

is the activation of calcium-dependent gene transcription events that are dependent on CaM 

interactions with the channel and downstream activation of CaMKII [264]. Importantly, this 

process is critically dependent on the open probability of individual channels [4]. A switch to 

fewer channels with increased open probability would therefore result in more effective 

excitation transcription coupling, without producing a net rise in calcium influx, and thus in 

increased risk of calcium toxicity [1].  In this regard CaMKII could act as a negative feedback 

regulator that reduces open probability upon association with the channel. This possibility will 

need to be explored experimentally in future studies.  

Altogether, our data reveal a CaMKII site in the N-terminus of Cav1.2 is formed by four 

proximal residues (CISI). In the full length Cav1.2 channel removal of CISI results in a decrease 

in surface expression, but an offsetting functional increase presumably due to an increase in 

maximum open probability. These data thus implicate a role for CaMKII in both channel 

trafficking and function.  
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CHAPTER SIX: GENERAL DISCUSSION AND FUTURE DIRECTIONS 

 

This thesis focuses on how the N-terminus of Cav1.2 regulates channel trafficking, expression 

and function. We chose to study the N-terminus of Cav1.2 because of a surprising lack of surface 

expression reported for the Brugada syndrome mutation A39V in cardiac Cav1.2 channels [61]. 

We show here that this was a tissue specific effect, as A39V has no such trafficking defect in 

neuronal Cav1.2 channels and that A39V can functionally regulate the channel in a CaM 

dependent fashion. Because A39V is proximal to a residue (W52) recently shown to modulate 

Cav1.2 global CDI [134], we investigated whether other N-terminal CaM binding sites were 

involved in this process, indeed we found A39V does alter CDI, but not CaM binding. We also 

show that the Cav1.2 N-terminus has two proximal channel sequences (N2B-I and N2B-II)  which 

bind CaM and α-CaMKII, respectively. N2B-I contains the residue C106 which binds CaM and 

works in cooperation with W52 to regulate global CDI of Cav1.2 channels. N2B-II contains four 

residues (C117, I118, S119 and I120) that anchor α-CaMKII, and which regulate surface 

expression and functional silencing of Cav1.2 channels in an offsetting manner. We believe our 

contribution to the field of Cav1.2 structure/function to be substantial and yet with every answer 

comes further questions. The following sections address potential future directions for the field. 

We conclude by proposing how the Brugada mutation A39V integrates into the model of global 

CDI proposed in Chapter 3.  

 

6.1 Calmodulin binding and CDI of VGCCs 

We were able to show by two seperate biochemical methods that CaM binds the N-terminus of 

Cav1.2 at C106, and that this binding regulates global CDI. Much like the NMR work recently 
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reported for the CaM binding residue W52 [88], it would be interesting to know exactly how 

CaM associates with C106, or rather how CaM can participate in binding of both W52 and C106. 

Studying such interactions by NMR or crystallography, would compliment the various crystal 

structures already gathered for C-terminal/CaM interactions [84-87] and extend our 

understanding of VGCC CDI.  

 Recall Figure 4-1A and the sequence alignment of human and rat clones of Cav1.2. In 

order to better match the human sequences, we mutated G57 to aspartic acid in the rat clone. 

During this thesis we worked for a period of time on a epigenetics project which implicated 

codon 57 in age and tissue dependent RNA editing. We do not present the data here because it is 

incomplete, but it appeared that in younger rats (p0-p18) this codon was edited to produce a 

glycine a position 57 in brain, but not heart tissue. Moreover in adult rats (4 months) RNA 

editing had ceased at this position, thus constituitvely producing aspartic acid. It is conspicuous 

that G57 exists only five residues away from the critical CDI residue W52, and is present in the 

same alpha-helical region called NSCaTE (see Figure 3-11). We do not have evidence yet that 

this potential RNA edit impacts global CDI, but recent papers have shown that RNA editing of 

the C-terminal IQ domain alters local CDI [225, 226]. It would be interesting to uncover if 

glycine at position 57 is an RNA edit specifically designed to tune Cav1.2 conductance in fetal 

brain tissue.  

 A domain I-II linker CaM binding site has been reported multiple times for Cav1.2, but 

never functionally characterized [221, 277]. Considering that the domain I-II linker and Cavβ 

subunit compose a portion of the channel inactivation machinery [105], it seems plausible that a 

domain I-II linker/CaM interaction exists to modulate CDI of Cav1.2 channels, perhaps acting as 

a focal point for N-terminal and C-terminal CDI processes. Given that Cav2.2 channels can 
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partake in intralinker binding (i.e. N-terminus can bind I-II linker, or C-terminus) [257] it seems 

plausible that a domain I-II linker CaM interaction may exist for Cav1.2 channels in order to 

consolidate spatially distinct CDI proceses into a unified channel closing mechanism.  

 

6.2 Effects of Brugada syndrome mutations on Cav1.2 trafficking and function 

We have shown that the Brugada syndrome mutation A39V does not produce a trafficking defect 

in the neuronal isoform of Cav1.2. As discussed briefly in Section 4.3 the N-terminus of Cav1.2 

channels has three, tissue specific, first exons (1a, 1b, 1c). Our cDNA of Cav1.2 contains the 

brain splice variant (exon 1b) [256], whereas cardiac tissue contains (exon 1a) [278] and smooth 

arterial myocytes (exon 1c) [279]. It remains to be tested whether A39V produces trafficking or 

CDI defects in Cav1.2 channels possessing exon 1a. Why is this the case? The group that screens 

patients and reports Brugada syndrome mutations in CACNA1C [61, 185] functionally analyzes 

their clones in a mixed cDNA background (see Figure 4-1) which does not include the cardiac 

specific exon 1a. It seems pertinent then that A39V be functionally studied in an pure cardiac 

Cav1.2 channel in order to compliment the neuronal studies we have done here. Moreover, many 

Brugada syndrome mutations in VGCC subunits [185] have not been functionally characterized, 

and so a wealth of work awaits in this field. 

 

6.3 CaMKII as a regulator of VGCC trafficking 

This thesis concludes with a chapter that identifies a α-CaMKII site in the proximal N-terminus 

of Cav1.2. We identified this site because of calcium insensitive pulldowns of N-terminal 

proteins on CaM sepharose beads. We also noted that GFP fusion proteins containing these 

calcium insensitive sites formed aggregates in cells, which vanished when co-IP with α-CaMKII, 
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or pulldown on CaM sepharose ceased. What we have identified therefore,  is a means of quickly 

screening for α-CaMKII binding sites in proteins of interest, which of course must later be 

verified by co-IP with the kinase. The advantage to our screening method is that co-IPs are often 

finiky and unreliable, whereas CaM sepharose pulldowns and fluorsecent aggregates in cells are 

immediately apparent. With this in mind Hudmon and colleagues showed that all Cav1.2 

intracellular linkers can associate with α-CaMKII, but the exact binding sites were not identifed, 

that is, with the exception of the C-terminal IQ domain site [139] and the N-terminal site we 

have characterized. These other intracellular sites can now be easily identified using our CaM 

sepharose pulldown/ live cell aggregate assay. 

 In Appendix B we use this very technique to pinpoint a probable α-CaMKII binding site 

in the N-terminus of Cav2.1. Because this thesis focuses on Cav1.2 we did not include this data 

in previous chapters yet the data in Appendix B shed light on what may be conservered CaM 

binding sites in the N-terminus of all HVA VGCCs.   

 

6.4 A model incorporating A39V and Cav1.2 global CDI 

In Chapter 3 we expand on the model of global CDI and propose that the inactivation signal 

imparted by CaM binding toW52 (NSCaTE) and C106 (NATE) propagates through these motifs 

and into domain I of the channel, promoting closure (Figure 3-11). In Chapter 4 we describe how 

the Brugada syndrome mutation A39V augments the activation of Cav1.2 and as well, global 

CDI of the channel in a manner which does not effect N-terminal CaM binding. How can the 

model of global CDI described in Chapter 3 incorporate this new data?  

Figure 6-1A shows WT-Cav1.2 channels in three states: closed, open and during global 

CDI (inactivated). In Figure 6-1A CaM does not associate (closed and open states) with the N-



 

151 

terminus at W52 and C106 until calcium rises sufficiently to induce global CDI (inactivated) of 

the channel. The red arrow in Figure 6-1A illustrates that in the WT condition all of the global 

CDI signal produced by CaM binding to NSCaTE/NATE is transduced into domain I of the 

channel. Figure 6-1B proposes that an abberant intralinker binding event occurs between the N-

terminus and proximal C-terminus of the channel near the PCI 1 region. This of course is a result 

of the Brugada mutation A39V. Although we have not tested this scenario biochemically, several 

lines of functional data support this idea. First, in the absence of calcium A39V augments both 

the voltage-dependence (Figure 4-9) and kinetics (4-10) of Cav1.2 activation differently than 

WT-Cav1.2 channels expressed with either CaMWT, or CaM1234. As discussed in the introduction 

the only channel linker known to possess a calcium free CaM binding site is the C-terminus (i.e. 

PCI2 and IQ regions). If we assume all CaMs (CaMWT, CaM1234 etc) are tethered to the C-

terminus in the absence of calcium, then the fact that A39V immediately affects channel 

activation kinetics suggests that the N-terminus of Cav1.2 is impeding function of the C-terminus 

where the tethered CaMs reside. 
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Figure 6-1: A model incorporating A39V and Cav1.2 global CDI. A) WT-Cav1.2 channels in 

closed, open and inactivated (global CDI) states. When the channel is closed, and until calcium 

levels rise sufficiently once open, CaM is anchored to the C-terminus of Cav1.2 at the IQ domain 

and PCI-2 region. Note also that the N-lobe of CaM (grey) lacks calcium (white circles) while 

the channel is closed and before calcium rises sufficiently. Upon a global calcium increase of 

ample concentration the N-lobe of CaM binds two Ca
2+

 ions (black circles) and forms a tripartite  

N-terminal association with both W52 (NSCaTE) and C106 (NATE). The maximum amount of 

global CDI signal (red arrow) is therefore transduced into domain I of Cav1.2, promoting 

channel closure. The C-lobe of CaM remains associated with the C-terminus during global CDI, 

but shifts from PCI-2 to PCI-1. B) A39V-Cav1.2 channels in closed, open and inactivated states. 

Note that the Brugada mutation (purple X) has caused aberrant intralinker binding between the 

N-terminus and proximal C-terminus. Following a sufficient increase in calcium some 

NSCaTE/NATE/CaM binding and therefore global CDI persists for A39V-Cav1.2, but it is less 

efficient (bidirectional red arrow) than for WT-Cav1.2. We propose that the reduction in global 

CDI caused by A39V occurs because this mutation has either disrupted C-terminal CaM 

interactions which then affect N-terminal CaM interactions and N-lobe CDI, or because 

transduction of the global CDI signal is reduced by N-terminal immobilization.  
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Second, A39V disrupts global CDI (Figure 4-6) in a manner which does not alter N-

terminal CaM binding (Figure 4-8). Therefore, we must assume that W52 and C106 retain CaM 

binding in the intact A39V-Cav1.2 channel, yet the transduction of global CDI is incomplete. 

This is represented by the bidirectional red arrow in Figure 6-1B which shows that because the 

N-terminus is anchored to a C-terminal portion of the channel, it is unable to transduce global 

CDI as effectively to domain I. Note that this model does not eliminate the possibility that A39V 

could be disrupting a C-terminal CaM interaction, which then affects global CDI at the channel 

N-terminus. Regardless of whether A39V disrupts C-terminal CaM binding, or successful global 

CDI signal transduction in the N-terminus, or both, it seems plausible that A39V augments 

Cav1.2 function by aberrant intralinker binding.    

 

6.5 Closing statement 

We have made significant contributions to the structure/function literature of neuronal Cav1.2 

channels. We show that the N-terminus of this channel contributes to various aspects of function, 

as well as surface and total channel expression. Bottom line: L-type calcium channels are 

important. 
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APPENDIX B: THE AMINO TERMINUS OF HIGH VOLTAGE ACTIVATED 

CALCIUM CHANNELS: CAM YOU OR CAN’T YOU? 

 

 

Abstract 

Voltage-gated calcium channels (VGCCs), calmodulin (CaM) and calmodulin kinase II 

(CaMKII) are essential for various physiological processes in the nervous system. CaM and 

CaMKII differentially regulate calcium dependent facilitation (CDF) and calcium dependent 

inactivation (CDI) of the Cav1 and Cav2 families of VGCCs. It is generally accepted that 

conserved structures in the C-terminus of these channels regulate CDF and CDI, and yet recent 

evidence indicates that other intracellular regions may be involved. We recently discovered that 

N-terminal sequences in Cav1.2 bind CaM and CaMKII and function to regulate CDI, as well as 

surface expression and open probability, respectively. Cav1 and Cav2 share significant portions 

of N-terminal sequence and therefore we explored whether homologous binding sites might exist 

in Cav2.1. Here, we show that like the proximal N-terminus of Cav1.2, the homologous region of 

Cav2.1 contains sequences which interact either directly or indirectly with CaM. 
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Results & Discussion 

 

Voltage gated calcium channels (VGCCs) regulate diverse neuronal processes including synaptic 

vesicle release, differentiation,  gene transcription, and excitability [280]. Dysfunction of the 

high voltage activated (HVA) Cav2.1 channel has been associated with disorders such as 

cerebellar ataxia, migraine, and epilepsy [280-282]. At the molecular level Cav2 channels are 

important for promoting neurotransmitter release [6, 283] and CREB transcription [4, 5]. These 

principal functions of Cav2 channels are modulated by G proteins [48, 284-287], calmodulin 

(CaM) [85, 288, 289], CaM related proteins [233, 290] and CaM kinase [138, 233, 291, 292]. 

CaM regulates two competing functional processes for Cav2.1 channels via C-terminal 

interactions with an IQ motif and downstream calcium binding domain (CBD) [85, 137]. The 

high affinity C-lobe of CaM increases Cav2.1 conductance when calcium levels are low by a 

process termed calcium dependent facilitation (CDF) [137], while the low affinity N-lobe of 

CaM reduces channel conductance by calcium dependent inactivation (CDI) when global 

calcium levels rise [119, 293]. CDF of Cav2.1 critically depends on the IQ motif, whereas CDI 

involves the IQ and CBD motifs. Cav2.2 and Cav2.3 channels also undergo N-lobe CDI, but not 

CDF, suggesting critical sequence variation must exist to explain this disparity[124].  

 

 Unlike Cav2, Cav1 channels show two different types of CDI: one type is regulated by 

the N-lobe of CaM and involves the Cav1 N- and C-terminus regions [134],  and the other type is 

mediated by the C-lobe of CaM and depends on several subregions of the C-terminus [117, 226]. 

CaMKII modulates CDF of Cav1 channels [139], but only in channel constructs that contain 

substantial mutations in the IQ region [118], thus calling into question whether CDF is 
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physiologically relevant for these channels. In recent work we identified a CaM binding site in 

the N-terminus of  Cav1.2 at cysteine 106 [135] which contributes to N-lobe CDI, and four 

successive residues (cysteine 117, isoleucine 118, serine 119 and isoleucine 120) downstream of 

the CaM site that are responsible for binding α-CaMKII [294]. We were able to show by 

functional analysis that the CaM binding site formed by C106 of Cav1.2 is critical for N-lobe 

CDI [135], while the N-terminal α-CaMKII site serves to increase the surface expression of the 

channel (plus an offsetting decrease in open probability)[294]. We also discovered that a point 

mutation (A39V) linked to Brugada syndrome reduces N-lobe CDI in the brain isoform of 

Cav1.2[295]. Given the importance of the N-terminus in calcium regulation of Cav1.2 we 

examined whether the N-terminus of other VGCCs might also possess CaM binding sites. We 

focused on the Cav2.1 N-terminus because of well documented calmodulin regulation of this 

channel subtype.  

 

The CDI literature for VGCCs suggests that a functional CaM site does not exist in the 

N-terminus of Cav2 channels [134].  However close examination of the Cav2.1 N-terminus 

reveals that residue C71 is homologous to C106 of Cav1.2 (Appendix B Figure 1), and both 

residues are part of a β-fold structure [135].  To explore whether CaM can interact biochemically 

with the N-terminus of Cav2.1, we created a GFP-tagged fusion protein of this region and 

performed a a pulldown experiment using CaM sepharose beads.  As shown in Appendix B 

Figure 2A-C, the full length N-terminus region was unable to interact with CaM in agreement 

with previous studies [134]. It is possible, however, that the Cav2.1 N-terminus may contain an 

autoinhibitory domain that prevents that association of CaM with a putative CaM interaction 

domain near residue C71. 
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Cav2.1

Cav1.2
A

B
Cav2.3(brain)      -------------------------------------------------

Cav2.3             MARFGEAVVARPGSGDGDSDQ-----SRNRQGTP-VPASG-QAAA---Y

Cav2.1             MARFGDEMPARYGGGGSGAAAGVVVGSGGGRGAGGSRQGG-QPGAQRMY

Cav2.2             MVRFGDELGGRYGGPGGGERAR----GGGAGGAGGPGPGGLQPGQRVLY

1       10        20        30        40                  

Cav2.3(brain)      ----------MALYNPIPVRQNCFTVNRSLFIFGEDNIVRKYAKKLIDW-

Cav2.3             KQTKAQRARTMALYNPIPVRQNCFTVNRSLFIFGEDNIVRKYAKKLIDWP

Cav2.1             KQSMAQRARTMALYNPIPVRQNCLTVNRSLFLFSEDNVVRKYAKKITEWP

Cav2.2             KQSIAQRARTMALYNPIPVKQNCFTVNRSLFVFSEDNVVRKYAKRITEWP

50        60        70        80        90                 

90                    100                 110                   120

70                       80                      90              

 

Appendix B-Figure 1
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Appendix B-Figure 1: Conservation of a proximal cysteine residue in Cav1.2 and Cav2.1 

N2B regions, and alignment of Cav2 sequences A) Predicted secondary structure (PSIPRED 

http://bioinf.cs.ucl.aIt c.uk/psipred/) of the Cav1.2 proximal N-terminus. The blue box highlights 

the residue C106 shown previously by our group [135] to regulate N-lobe CDI of Cav1.2 

channels. The red box highlights residues (C117, I118, S119 and I120) shown previously by our 

group [294] to bind α-CaMKII. Below Cav1.2 is the predicted secondary structure of Cav2.1 

proximal N-terminus for which the blue box highlights C71, which is homologous to Cav1.2 

C106. B) A sequence alignment of the short (brain) and long isoforms of Cav2.3, as well as 

Cav2.1 and Cav2.2. Blue residues signify sequence conservation, green residues conserved 

charge or hydrophobicity and black residues a lack of homology. Underlined residues in the 

Cav2.2 sequence (45-55 a.a.) have been shown to bind Gβγ [257] while the brain isoform of 

Cav2.3[33] starts at residue 61 (bolded) of the Cav2.1 sequence. Sequence alignment was 

constructed using CLUSTALW and numbering corresponds to the Cav2.1 sequence. 
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Appendix B-Figure 2
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Appendix B-Figure 2: Truncating the first 42 residues permits binding of the Cav2.1 N-

terminus to CaM sepharose in the absence of calcium. A) CaM sepharose pulldowns of GFP 

fusion proteins (0.5mM calcium washes) of the Cav2.1 N-terminus including Nterm, UUN2B, 

Trunc-1, Trunc-2 and N2B. B) Paired CaM sepharose pulldowns washed with 5mM EGTA, and 

corresponding lysates (C). This experiment is one of two repetitions. D) Predicted secondary 

structure (PSIPRED http://bioinf.cs.ucl.aIt c.uk/psipred/) of the Cav2.1 N-terminus and map of 

Cav1.2 N-terminal GFP fusion proteins used. 
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We thus created a series of truncation mutants that lacked various portions of the N-terminus 

region and tested their ability to interact with CaM beads. The truncation points were selected 

based on the functions of homologous regions in Cav2.2 and Cav2.3 calcium channels. The first 

truncation mutant (Trunc-1) includes an α-helical region that corresponds to a known Gβγ 

interaction site in Cav2.2 channels (Appendix B Figure 1B, 2D). [257, 296, 297]  The second 

truncation (Trunc-2) construct was designed to align with a short N-terminal isoform of Cav2.3 

that exists in rat brain [33] (Appendix B Figure 1B, 2D).  The N2B fusion protein corresponds to 

an analogous region in Cav1.2 channels that was shown to interact with CaM in our recent work 

[135].  Finally, UUN2B includes the N-terminus sequence up to the beginning of the N2B 

construct (Appendix B Figure. 2D).   

 

When we examined these GFP fusion proteins for pulldown on CaM sepharose we found 

that N2B, Trunc-1 and Trunc-2 bound readily to CaM sepharose in both calcium and in the 

absence of calcium (i.e. 5mM EGTA washes), while UUN2B did not bind at all (Appendix B 

Figure 2A-C). This calcium insensitivity of binding observed for N2B and the two Trunc 

constructs is similar to our observation with the N2B region of Cav1.2 which also bound readily 

to CaM sepharose in the absence of calcium, but which we later discovered to be mediated 

indirectly via CaMKII association [135, 294].  Hence, our results with Cav2.1 N2B indicate the 

presence of a either a calcium insensitive CaM (i.e. apoCaM) binding site, or alternatively an α-

CaMKII binding site. Successful pulldown of both Trunc-1 and Trunc-2 indicate that the portion 

of the Cav2.1 N-terminus which prevents association with CaM sepharose in the full length N-

terminus is located upstream of the first α-helical region (Appendix B Figure 2D). Altogether, 

these data suggest that sequences in the distal N-terminus of Cav2.1 act as an autohibitory 
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domain for CaM binding sequences located more proximally. Examples of autoinhibitory 

domains which disrupt CaM interaction have been described in other VGCCs including Cav1.4,  

for which the distal C-terminus acts to disrupt interactions between CaM and upstream C-

terminal sequences, which functionally ablates CDI [127, 128].      

To refine the portion of the Cav2.1 N-terminus that binds CaM sepharose we further 

divided the N2B region into four sub-regions of differing structural composition (Appendix B 

Figure 3A). Appendix B Figure 3B shows that N2B-I, N2B-II and N2B-III, but not N2B-IV are pulled 

down on CaM sepharose in the presence of calcium. With EGTA washes (Appendix B Figure 

3C) binding of N2B-I was abolished which fits with the notion that C71 is a calcium sensitive 

CaM interaction site, at least when isolated from adjacent CaM binding regions. In contrast, 

CaM binding to the N2B-II region was maintained upon removel of calcium (Appendix B Figure 

3), suggesting that very much like in Cav1.2 channels, the N2B-II region contains the necessary 

elements for calcium-independent CaM interactions [135]. Altogether, these data indicate that 

N2B-I contains a calcium sensitive CaM interaction site, while the downstream N2B-II  region 

contains an additional locus that permits CaM sepharose interactions even in the absence of 

calcium (and perhaps indirectly via CamKII interactions like in Cav1.2 channels).      

 

We next used site directed mutagenesis to pinpoint the exact residues which participate in 

this interaction. We focused on N2B-III as it contains the necessary elements for calcium sensitive 

and insensitive binding. Appendix B Figure 4A-C shows that in order to remove all pulldown by 

CaM sepharose five residues must be mutated in N2B-III (C71, T73, S77, F79 and S82) such that 

the mutant construct N2B-III-RARAR can non longer bind to CaM sepharose. 
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Appendix B-Figure 3
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Appendix B-Figure 3: The N2B-I, N2B-II and N2B-III portions of the Cav2.1 N-terminus 

pulldown on CaM sepharose. A) Predicted secondary structure (PSIPRED 

http://bioinf.cs.ucl.aIt c.uk/psipred/) of the Cav2.1 N2B and map of N2B sub-fragments. B) CaM 

sepharose pulldowns of GFP fusion proteins (0.5mM calcium washes) of the Cav2.1 N2B region 

including N2B, N2B-I, N2B-II, N2B-III and N2B-IV. The PreIQ-IQ region of the Cav1.2 C-terminus is 

included as a control. C) Paired CaM sepharose pulldowns washed with 5mM EGTA, and 

corresponding lysates (D). 
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Appendix B-Figure 4: Five residues in the proximal N-terminus of Cav2.1 are required for 

binding to CaM sepharose A) CaM sepharose pulldowns of Cav2.1 N-terminal GFP fusion 

proteins (0.5mM calcium washes) of N2B-III and the mutants, N2B-III-RRR and N2B-III-RARAR, as well 

as the control construct from Cav1.2, PreIQ-IQ-GFP. B) Paired CaM sepharose pulldowns 

washed with 5mM EGTA, and corresponding lysates (C). D) CaM sepharose pulldowns of GFP 

fusion proteins (0.5mM calcium washes) of the Cav2.1 N-terminus including Nterm, UU-N2B, 

N2B, N2B-RARAR and the control construct from Cav1.2 PreIQ-IQ. E) Paired CaM sepharose 

pulldowns washed with 5mM EGTA, and corresponding lysates (F). 
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Appendix B Figure 4D-F verifies that this same sequence of mutations eliminates binding 

for the entire N2B region as well, suggesting that discruption of CaM interactions with the N2B 

region are sufficient to abolish all N-terminus CaM interactions including the calcium insensitve 

interaction in the N2B-II region.   

 

How do our data with Cav2.1 fit with the literature? It may be possible for the N-

terminus of Cav2 channels to participate in N-lobe CDI  despite the absence of a region that 

corresponds to the Cav1 specific, NSCaTE element [134].  Like with Cav1 channels, CaM is 

anchored to the Cav2.1 C-terminus (i.e. IQ and possibly CBD domain) at rest and upon calcium 

rise changes comformation to induce N-lobe CDI. Current literature suggests that this is an 

exclusively C-terminal process for Cav2.1 channels. However, if the β-fold structure (i.e. N2B-I) 

which contains C71 were to function as a Ca
2+

/CaM binding site in the holochannel, it is possible 

that this residue may serve as an interaction site for the N-lobe of CaM during CDI.  If so, the 

cysteine residues present in Cav1.2 (C106), Cav1.3 (C136), Cav2.1 (C71) and other HVA 

VGCCs,  could potentially function to regulate N-lobe CDI in a similar fashion, while the 

upstream tryptophan residues present in the N-terminus of Cav1 channels, (i.e.W52 for Cav1.2 

and W82 for Cav1.3) combined with differential C-terminal sequences [133, 137, 237, 277], 

CaM stoichiometry (i.e. 2:1 for Cav1 channels) and orientation [84, 87, 123], may give NSCaTE 

its Cav1 specific function[134].   Hence, it is possible that N-lobe CDI of Cav2.1 may involve 

the N-terminus like it does in Cav1.2 channels, but this will need to be explored at the functional 

level.  
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 Much like for CaM, the CaMKII/Cav2.1 literature describes C-terminal, but not N-

terminal associations with the channel. Jiang and colleagues showed that ablating either the IQ or 

CBD domains of Cav2.1 is sufficient to prevent binding to CaMKII, the functional consequence 

of which is an accelaration in the rate of inactivation and a shift in the voltage dependence of 

inactivation [233]. This C-terminal association with CaMKII was later shown to modulate short 

term synaptic plasticity in superior cervical ganglion neurons illustrating its physiological 

relevance [291]. Here, we observe calcium insensitive pulldown of the Cav2.1 N2B  region 

(Appendix B Figure 2, 3B-D & 4D-F), which may be consistent with the exitence of a CaM 

kinase site in the amino terminus of Cav2.1. Hudmon and colleagues found that all intracellular 

domain linkers of Cav1.2 could bind α-CaMKII in the presence of Ca
2+

/CaM, and it is thus 

conceivable that Cav2.1 channels may also contain CaMKII interaction sites in more than one 

intracellular region [139].  

 

In summary, we show that CaM sepharose can bind proximal regions of the Cav2.1 N-

terminus in both calcium sensitive and insensitive manners. Five residues (C71, T73, S77, F79 & 

S82)  are important for these associations, all of which are conserved in Cav2.2, and four of 

which are conserved in Cav2.3 channels (see Appendix B Figure 1B). Truncation of the Cav2.1 

N-terminus demonstrates that binding to CaM sepharose is regulated by distal N-terminus 

sequences.  Overall our data suggest that conserved sequence in the proximal N-terminus of 

Cav2 channels interact with CaM, and either apoCaM, or CaMKII. The functions of these novel 

interaction sites remain to be determined, and whether autoinhibtion of CaM binding to the N-

terminus can be dynamically regulated in intact channels needs to be explored. 
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Methods 

cDNA Constructs 

Wild type (WT) rat calcium channel subunit cDNAs encoding Cavβ2a and Cavα2δ1 subunits 

were donated by Dr. Terry Snutch (University of British Columbia, Vancouver, BC). The WT 

human calcium channel subunit cDNA encoding Cav2.1-HA was a gift from Dr. Philippe Lory 

(University of Montpellier, France). The origins of the clones used or GenBank
TM

 accession 

numbers where available are as follows: Cavβ2a [214], Cavα2δ1 [AF286488], and Cav2.1-

HA[298].  Cav2.1-RARAR channels were created by cloning their respective synthesized sequences 

(Genscript) into NheI/NotI. The Cav1.2 PreIQ-IQ GFP fusion protein has been previously 

described [135]. Cav2.1 N-terminal GFP fusion proteins were constructed by PCR, or annealing 

reaction (described previously [135] ) followed by cloning into N1-GFP (Clontech) using 

BamHI/XhoI included (primers used):  

Nterm 

(ATACTCGAGATGGCCCGCTTCGG/TATAGGATCCCCGGCGTATTTTCTCACCACG),  

Up-Until-N2B or UUN2B 

(ATATCTCGAGATGGCCCGCTTCGG/TATAGGATCCCCGGGGTTGTAGAGTGC),  

N2B  

(ATATCTCGAGATGATCCCCGTCC/ TATAGGATCCCCGGCGTATTTTCTCACC),  

N2B-RARAR 

(TCGAGATGATCCCCGTCCGACAGAACCGCCTCGCGGTTAACCGGCGTCTCGCCCTC

TTCAGGGAAGACAACGTGGTGAGAAAATACGCCGGG/GATCCCCGGCGTATTTTCTC
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ACCACGTTGTCTTCCCTGAAGAGGGCGAGACGCCGGTTAACCGCGAGGCGGTTCTGT

CGGACGGGGATCATC),  

N2B-I 

(TCGAGATGATCCCCGTCCGACAGAACTGCCTCACGGTTAACGGG/GATCCCCGTTAA

CCGTGAGGCAGTTCTGTCGGACGGGGATCATC) 

N2B-II 

(TCGAGATGCGGTCTCTCTTCCTCTTCAGCGAAGACAACGTGGTGAGAAAATACGCC

GGG/GATCCCCGGCGTATTTTCTCACCACGTTGTCTTCGCTGAAGAGGAAGAGAGAC

CGCATC) 

N2B-III 

(TCGAGATGATCCCCGTCCGACAGAACTGCCTCACGGTTAACCGGTCTCTCTTCCTCT

TCAGCGGG/GATCCCCGCTGAAGAGGAAGAGAGACCGGTTAACCGTGAGGCAGTTCT

GTCGGACGGGGATCATC),  

N2B-III-RRR 

(TCGAGATGATCCCCGTCCGACAGAACCGCCTCACGGTTAACCGGCGTCTCTTCCTCT

TCAGGGGG/GATCCCCCCTGAAGAGGAAGAGACGCCGGTTAACCGTGAGGCGGTTCT

GTCGGACGGGGATCATC), 

N2B-III-RARAR 

(TCGAGATGATCCCCGTCCGACAGAACCGCCTCGCGGTTAACCGGCGTCTCGCCCTC

TTCAGGGGG/GATCCCCCCTGAAGAGGGCGAGACGCCGGTTAACCGCGAGGCGGTTC

TGTCGGACGGGGATCATC).  

N2B-IV  
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(TCGAGATGGAAGACAACGTGGTGAGAAAATACGCCGGG/GATCCCCGGCGTATTTT

CTCACCACGTTGTCTTCCATC) 

All cDNAs were sequenced after cloning to verify fidelity.  

Tissue culture and transient transfection of tsA-201 cells 

Human embryonic kidney tsA-201 cells were cultured and transiently transfected using the 

calcium phosphate method as described previously [215]. For CaM pulldown experiments 3ug of 

each GFP fusion protein construct was transfected in 100mm plates. Cells were grown at 37°C 

for 48h after transfection to 75-85% confluence. 

CaM sepharose pulldown and western blotting 

Cultured tsA-201 cells were transiently transfected as described above and were lysed with a 

modified RIPA buffer (in mM; 50 Tris, 130 NaCl, 0.2% triton X-100, 0.2% NP-40, 0.5 Ca
2+

, pH 

7.4). For conditions without calcium, 5mM EGTA was substituted. Detailed methods for cell 

preparation, CaM sepharose pulldowns and immunoblots have been described previously [135]. 

Western blot analysis was performed using 1/1000 anti-GFP (Santa-Cruz-8334) followed by 

1/5000 GE Healthcare horseradish peroxidase-linked secondary antibody (rabbit).  


