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ABSTRACT 
 

The sodium-calcium exchanger (NCX) is a countertransporter of Na+ and Ca2+ 

across membranes of most cell types. It has been identified as an essential component of 

Ca2+ homeostasis in physiological and disease conditions in both cardiovascular and 

neurological settings. The exchanger not only transports Na+ and Ca2+, but is also 

regulated by these ions. Although ionic regulatory profiles differ between NCX isoforms, 

similar regulatory domains have been identified in the large cytoplasmic loop of the 

exchangers.  Previous structure-function studies have determined key residues within 

these domains, particularly in the eXchanger Inhibitory Peptide region (XIP) and the Ca2+ 

binding domains (CBD1/2), which have a direct impact on ionic regulation of the 

outward exchange currents, mediating Ca2+ flux. Recent structural studies of the Ca2+ 

binding domains of NCX1 suggest a mechanism by which Ca2+ binding would not only 

be essential for activation of current but may also influence Na+-dependent inactivation. 

The alternative splice region is located within the Ca2+ binding domain and may play a 

role in mediating these regulatory phenotypes. Alternatively spliced variants of NCX1 are 

often expressed in a tissue-specific manner and differ according to the level of 

development. Previous studies have demonstrated that specific combinations of the 

mutually-exclusive and cassette exons are associated with profound effects on ionic 

regulation in NCX1. While no alternative splicing has been identified for NCX2, the 

region corresponding to the alternative splice region may be a critical determinant of the 

unique ionic regulatory profile exhibited by this exchanger.  This study focuses on 

examining the mechanisms by which specific regulatory domains modulate exchange 

activity in two isoforms, NCX1 and NCX2.  
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To investigate the role of the mutually exclusive exons in NCX1 (A and B), their 

analogous counterpart in NCX2, and their association with the XIP region, chimeric 

exchangers were constructed with single-exon and combination interchanges with the 

XIP regions from NCX1 and NCX2.  Single and double amino acid substitutions were 

also done to determine the role of specific residues within these two regions. Chimaeric 

and mutant constructs were expressed in Xenopus oocytes and outward Na+-Ca2+ 

exchange activity was assessed using the giant, excised patch clamp technique. The Ca2+ 

dependance of Na+-dependent inactivation was analyzed, as well as rate of recovery from 

inactivation. Substitution of the region corresponding to the mutually exclusive exon 

from NCX2 with either exons A or B from NCX1 greatly reduced the rate and extent of 

Na+-dependent inactivation, independently of intracellular Ca2+ concentrations. However, 

replacement of both the region corresponding to the mutually exclusive exon and the XIP 

region from NCX2 with the analogous regions from NCX1.4 re-establishes a wild-type 

NCX2 profile.  Moreover, this construct gains an additional phenotype of NCX1.4, that 

of alleviation of Na+-dependent inactivation at higher [Ca2+
i]. The first mutually 

exclusive exon is therefore critical in determining Na+ and Ca2+-dependent regulatory 

properties in NCXs and appears to interact with other regulatory regions of the 

cytoplasmic loop (i.e. the XIP region) to achieve distinctive regulatory phenotypes.  

Chimaeric exchangers substituting the XIP region of NCX1.4 with the 

corresponding region from NCX2.1 caused an apparent loss of Na+-dependent 

inactivation, whereas a reduction in the extent of inactivation and a 15-fold increase in the 

rate of recovery from this inactivation were observed in the NCX1.3–XIP2 chimaera. 

Similarly, substitution of charged amino acids within the XIP region in NCX1.3 caused a 
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slight increase in the rate of recovery, equivalent to that observed for NCX2.1. Thus non-

conserved residues in the XIP region may be essential in maintaining the structural 

stability of the Na+-dependent inactive state of NCX1. Furthermore, the XIP region may 

interact with other regulatory domains of the protein, such as the mutually exclusive 

exon, thereby contributing to the structure-function relationship as well as the regulatory 

phenotype of each Na+-Ca2+ exchanger variant and isoform. As NCX1 and NCX2 are 

expressed in a cell and tissue specific manner, examination of their ionic regulatory 

domains may help to elucidate the mechanisms by which NCX exchange activity is 

modulated in response to specific cellular environments, both physiologically and 

pathophysiologically, and may provide an explanation for the requirement of specifically 

regulated NCX variants in mammalian systems. 
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1. REVIEW OF THE LITERATURE 
 
 
1.1  Introduction 

 Sodium-calcium exchangers (NCX) are members of the large Ca2+/cation (CaCA) 

antiporter superfamily, whose main function is Ca2+ transport across membranes. These 

counter-transporters have been identified in a variety of organisms, ranging from bacteria 

and yeast to plant and animal species. NCX has been cloned in invertebrates such as the 

common fruit fly and squid as well as members of most classes of vertebrates, such as 

trout, frog, chicken and 16 mammalian species (23; 134; 137). Although sodium-calcium 

transport was first described in the heart (208) and in the squid axon (10) in the late 

1960’s, the actual NCX1 protein was cloned two decades later from canine heart (160). 

The exchanger’s function was initially shown to be in transsarcolemmal Ca2+ efflux, 

allowing for rapid Ca2+ transport during excitation-contraction coupling and restoration 

of cellular Ca2+ homeostasis (22; 66; 116). 

 NCX is present in the plasma membrane of most cells and exchanges three Na+ 

for one Ca2+, making this an electrogenic process (15; 72; 179; 197). The physiological 

role of NCX is primarily Ca2+ efflux from the cell, but as this process is driven by the 

cellular Na+ gradient produced by the Na+/K+ pump, NCX-mediated transport is directly 

affected by changes in the intracellular ionic environment. According to the proposed 

consecutive model for NCX transport under physiological conditions, extracellular Na+ 

binds to the transport site, is internalized and released inside the cell. Ca2+ then binds to 

the same translocation site, is internalized into the membrane and released to the 

extracellular space (63). However, when intracellular Na+ levels increase, as observed 

under pathophysiological conditions such as hypoxia, ischemia/reperfusion injury and 
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heart failure (16; 106; 152; 153; 215; 240), NCX functions more frequently in its reverse 

mode, causing Ca2+ influx. This inward flow of Ca2+ can contribute to calcium overload, 

which may ultimately lead to myocardial damage resulting from arrhythmogenesis (187), 

cellular ultrastructural changes, disruption of membrane integrity and mitochondrial 

dysfunction (13). Dysregulation of cellular Ca2+ homeostasis is also a common feature in 

a variety of neurological disorders, including stroke, epilepsy and trauma, where 

activation of Ca2+-dependent proteases, such as calpains, and activation of nitric oxide 

production lead to excitotoxic neuronal death (6; 106). Inhibition of the reverse mode of 

action of NCX may be useful in maintaining physiological levels of Ca2+ in the cell and 

protecting it from death (118; 136; 138). Investigative efforts have focused on the 

structure, function and regulation of NCX, as it has become a potential therapeutic target 

in cardiovascular and neurological diseases. Herein, the latest findings pertaining to NCX 

transport and ionic regulation, the proposed topological model, the regulatory domains, 

the differences between the three mammalian isoforms and their splice variants, the role 

of NCX in physiological and pathophysiological conditions in both cardiovascular and 

neurological settings, as well as the cardio and neuro-protective effects of NCX inhibition 

will be reviewed.  

 

1.2 NCX transport and ionic regulation 

 NCX has the ability to function in two transport modes (66). The primary mode is 

the forward or inward mode, where Na+ enters the cell in exchange for Ca2+ efflux. This 

mode is essential for the restoration of baseline Ca2+ levels following a muscular 

contraction or neuronal activation. The second mode of transport is the reverse or 
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outward mode, where Ca2+ enters the cell as a consequence of Na+ efflux. The activation 

of a specific mode of exchange is dependent on the membrane potential and on the 

existing Na+ and Ca2+ gradients across the membrane, and therefore is intimately 

regulated by cellular ionic conditions. Furthermore, although NCX’s function is Na+ and 

Ca2+ transport, the exchanger is also regulated by these ions (61; 73; 142; 143). Na+-

dependent inactivation (I1) is a partial inactivation of outward exchange current and 

occurs when Na+ is applied to the intracellular surface of the cell membrane (65). 

Initially, outward currents rapidly achieve a peak level, but a transition to the inactive 

state may occur when the Na+-binding sites on the cytoplasmic side of the protein 

become fully loaded, potentially causing a conformational change rendering the 

exchanger inactive. Although the physiological importance of Na+-dependent inactivation 

is not well understood, it could provide a natural defence mechanism minimizing Ca2+ 

entry via the reverse mode when intracellular Na+ levels are high, as seen during 

ischemia.  

 Calcium-dependent regulation (I2) also plays an important role in the regulation of 

NCX, as it is not only required for activation of exchange activity but also modulation of 

Na+-dependent inactivation (64; 121; 143). I2 inactivation occurs in the absence of 

cytoplasmic Ca2+, but can be reversed by the addition of submicromolar concentrations of 

free Ca2+ intracellularly, as occurs physiologically following depolarization in muscle and 

neural tissues. The binding of regulatory Ca2+ causes a conformational rearrangement, 

allowing for exchange activity and efficient extrusion of Ca2+ (163). High levels of 

cytoplasmic Ca2+ have a secondary effect on outward mode currents, where a decrease in 

the extent of Na+-dependent inactivation is observed in NCX1 variants expressed in 
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excitable tissues (38). For example, at regulatory Ca2+ concentrations ranging from        

1-3 µM, Na+-dependent inactivation causes a significant decrease in outward currents, 

limiting exchange activity and Ca2+ influx. Therefore, at low intracellular Ca2+ 

concentrations, Ca2+-dependent regulation may play a role in reducing unnecessary ion 

transport by limiting Ca2+ binding and efflux via the Ca2+ transport site, but also reducing 

Ca+2 influx via the reverse mode of action by promoting Na+-dependent inactivation 

(143). However, when intracellular Ca2+ concentrations increase to 10-30 µM, peak 

outward currents do not degrade significantly and outward flow of Na+ is maintained, 

leading to further Ca2+ influx. This may contribute to Ca2+ overload and therefore would 

be detrimental to the cell. A physiological role for this particular regulatory phenotype in 

excitable tissues has yet to be determined and may be a consequence of prolonged 

imbalance in the homeostatic cellular environment.  

 

1.3  NCX topology and transmembrane domains 

 Initial molecular studies of NCX1, performed when the exchanger was first 

cloned, suggested an open reading frame of 2910 bases encoding for a 970 amino acid 

protein with a molecular size of 108 kDa (160). Conserved membrane topology, as 

determined by amino acid sequence comparison between NCX isoforms as well as with 

other members of the CaCA superfamily, demonstrate two clusters of transmembrane 

helices joined by a cytoplasmic loop (23). The current topological model, based on 

further hydropathy analysis, cysteine susceptibility analysis, sulfhydryl modification 

experiments, immunolocalization and functional measurements (34; 90; 94; 161; 196), 

proposes a 938 amino acid protein consisting of nine transmembrane segments (TMS) 
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and a large intracellular loop connecting TMS 5 and TMS 6 (Figure 1). Several 

regulatory domains have been identified in the cytoplasmic loop (144) and will be 

discussed in the following sections.  

 The C-terminal end of the protein is located intracellularly, whereas the              

N-terminal is located in the extracellular space and appears to be glycosylated at Asn 9 

(75). Five other possible N-linked glycosylation sites have been identified (160), but 

these do not appear to be involved in NCX function or regulation (75). NCX also encodes 

a cleaved signal sequence originally thought to ensure the correct topological orientation 

of the exchanger in the membrane (36). However, our laboratory and others have 

demonstrated that deletion of the signal sequence has no impact on NCX ability to 

integrate into the cellular membrane and mediate current (de Moissac, D. and Hryshko, 

L.V., unpublished data) (48; 131; 212). More recently, a deletion mutant lacking the last 

seven residues of the exchanger exhibited impaired targeting to the plasma membrane, 

suggesting a possible role for the C-terminal end of the protein in membrane integration 

(172). 

 The transmembrane domains of NCX are highly conserved amongst Ca2+ counter-

transporters and appear to be sufficient to mediate the ion transport process in NCX. This 

has been demonstrated by chymotrypsin digestion or deletion of the large cytoplasmic 

loop by mutagenesis, which does not inhibit exchange activity but rather causes 

deregulation (61; 144). Sulfhydryl group modifications have demonstrated that proper 

folding of the transmembrane regions is also required for exchange activity (182). 

Amongst the nine transmembrane segments of NCX, two internal repeat sequences   
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Figure 1. Topological model of the Na+-Ca2+ exchanger. Schematic representation 

of NCX with 9 transmembrane segments (TMS), the α-repeats (red) and a large 

intracellular loop containing the regulatory domains such as the Ca2+ binding domains 

CBD1 and CBD2 (blue), the alternative splice region (yellow) and the endogenous 

exchange inhibitory peptide (XIP) region (green). (197), with modifications. 
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forming re-entrant loops have been identified (159) and labelled as α-repeats. Because of 

high homology between both α-repeat sequences, it is believed that they are a product of 

a gene duplication event (22). 

 The observation that the α-repeat sequences are conserved amongst all sodium-

calcium exchangers and are the only regions of sequence conservation with NCKX and 

other members of the CaCA superfamily is indicative of their importance in exchange 

activity (158; 228). The α-1 repeat, consisting of TMS 2, the loop joining it to TMS 3 and 

the first half of TMS 3, faces the extracellular surface of the membrane, whereas the α-2 

repeat, located between TMS 7-8, is accessible from the cytoplasmic side (94). Initial 

site-directed mutagenesis studies of the α-1 repeat demonstrated that it was highly 

involved in ion transport activity, as mutations at 10 of 19 sites resulted in non-functional 

exchangers (159). Furthermore, exchange activity was especially sensitive to mutation of 

hydroxyl-containing residues, suggesting that the ion conduction pathway may be lined 

with acidic and hydroxyl-containing residues which neutralize the charges of the 

transported ions (159). Key residues located within the re-entrant loops have also been 

linked to differential sensitivity of exchanger isoforms to inhibition by Ni2+, a 

competitive inhibitor for transport Ca2+ (95). Although some studies have demonstrated 

that highly conserved aspartic residues within the α-repeats may influence Ca2+
o affinity 

(94), this is currently under debate (163; 173). Mutational analysis of TMS2 and TMS3 

demonstrate rather that both transmembrane regions are involved in the ion translocation 

process, with specific residues having an impact on Na+ affinity, cooperativity of Na+-

binding, or creation of an ideal environment for ion translocation (34; 159; 173).  
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 Association between the two α-repeat segments has been elucidated by 

electrophoretic analysis of NCX1 protein (214) and cysteine cross-linking experiments 

(163). Electrophoresis of purified NCX1 protein displays three distinct bands with 

molecular masses of 160, 120, and 70 kDa. The 70-kDa band is likely a proteolytic 

fragment (36; 178), whereas the upper bands are evidence for an intramolecular disulfide 

bond between cysteine residues in different transmembrane segments. Cross-linking 

between the N-terminal and C-terminal halves of the exchanger, resulting in decreased 

mobility on SDS-PAGE (196), has also been determined by mutagenesis and biochemical 

analysis (214).  

 A model for the secondary structure of the intact exchanger with respect to 

transmembrane segment positions has recently been proposed, according to cysteine 

cross-linking studies (Figure 2) (163). It is believed that TMS 1, 2 and 6 are in close 

proximity (202; 203), with associations between TMS 1-6, 2-6, 2-7, 2-8 and 3-7 (163). 

This allows for proximity between the α-repeats, which together may form the 

hydrophilic ion conduction pathway as seen in the aquaporin family of proteins (47; 90; 

163; 196).  

 Recent findings based on intermolecular cysteine cross-linking are suggestive of a 

higher order oligomerization of NCX (Figure 2) (201). Dimerization may occur along a 

face of the protein that includes the α-1 and α-2 repeats, along with TMS 1 and 2, and 

may be involved not only in proper targeting of the protein to the membrane but also 

formation of a multimeric complex (172). Residues thought to be involved in 

dimerization would be located in the α-1 repeat and modelled to be at the extracellular 

surface of TMS2 (94). It has been proposed that these residues exhibit substrate- 
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Figure 2. Models of NCX1 helix packing and dimerization. (A) Helix packing model 

allowing for dimerization between NCX1 monomers at residues 40, 101, or 122. 

Intramolecular cross-links are shown with dotted lines. Residues capable of forming 

intermolecular cross-links are highlighted with gray circles. (B) Dimerization model 

between NCX1 monomers. (201), with permission. 
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dependent changes in accessibility and could interact with residues in TMS 8 in the 

presence of transport Na+, but become more accessible to a nearby NCX molecule in the 

absence of Na+ (201). Although the importance of dimerization has yet to be determined, 

the weak interaction between NCX proteins appears to depend on the conformational 

state of the exchanger, and could therefore contribute to regulation of NCX transport 

activity. 

 

1.4 NCX1 regulatory domains  

1.4.1  The XIP region 

 The eXchanger Inhibitory Peptide (XIP) region is a highly basic and aromatic 

region of 20 amino acids located at the N-terminus of the cytoplasmic loop, immediately 

following TMS 5. Initial studies suggested that this site, distinct from the Na+ transport 

site, was involved in the Na+-dependent inactivation process but not Ca2+-dependent 

regulation (144). Its auto-inhibitory properties characteristic of calmodulin binding sites 

(40; 124; 165) were thought to be through interactions with other regions of the 

exchanger, as  intracellular application of a synthetic peptide, with a sequence identical to 

the endogenous XIP region, caused inhibition of NCX function (124; 144). Sodium 

gradient-dependent 45Ca2+ uptake experiments in the presence of truncated NCX1 XIP 

peptides demonstrate that very few residues from either end of the peptide can be 

removed without influencing inhibition, implying that the conformation of the entire 

peptide is important for inhibitory function (56). Key residues in both the XIP peptide 

and the endogenous XIP region of NCX1 have been identified by mutational analysis as 

essential for the inhibitory properties of the exchanger, specifically affecting the rate and 
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extent of Na+-dependent inactivation (56; 142; 144). The residues which appear to have a 

greater influence are either positively charged or aromatic, suggesting that the XIP 

binding site of the exchanger may have hydrophobic and anionic components. Mutations 

at specific residues within the endogenous XIP region of NCX1 have been shown to 

either accelerate the rate of inactivation (F223E, K225Q, Y226T) or completely inhibit 

inactivation (K229Q, ∆229-232) (142). Furthermore, mutants with an increased rate of 

inactivation also exhibit a decrease in regulatory Ca2+ affinity for activation of outward 

currents and a reduced suppression of Na+-dependent inactivation by Ca2+, whereas 

effects on Ca2+ regulation are minimal in mutants causing loss of inactivation (142). This 

suggests that although the regulatory domains mediating Na+-dependent inactivation are 

distinct from Ca2+-dependent regulatory regions, they nonetheless influence each other 

functionally.  

 The XIP region is in close proximity to the plasma membrane, and numerous 

studies have demonstrated that NCX is highly dependent on its immediate membrane 

environment. Treatment with phospholipases C and D and exposure to unsaturated fatty 

acids and cholesterol all stimulate NCX exchange activity (114; 177; 180; 181). Initially, 

it was proposed that the increased anionic surface charge and local lipid disorder may be 

responsible for the observed decrease in Ca2+ affinity under these conditions (181). More 

recently, it has been suggested that the XIP region associates with membrane 

phosphatidylinositol 4,5-bisphosphate (PIP2) through electrostatic interactions and 

thereby influences NCX activity by preventing formation of the Na+-dependent inactive 

state (55; 225). Evidence supporting this hypothesis is that elevated ATP levels, causing 

an increase in membrane PIP2 content, lead to activation of NCX exchange activity (62). 
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Binding of the XIP region to PIP2 may therefore activate the exchanger by preventing 

XIP interaction with its binding site. In contrast, binding of Na+ to the transport site may 

induce a conformational change provoking dissociation of XIP from PIP2, allowing 

binding of XIP to its inhibitory site located within the cytoplasmic loop and causing 

inactivation (62). This is supported by findings that exchangers with mutations in the XIP 

region which accelerate the rate of inactivation bind poorly to PIP2 (55). Recently, studies 

of insulin effects on NCX currents have also implicated XIP interaction with PIP2 (246), 

but the precise mechanism by which this occurs has yet to be determined.  

 The inhibitory binding site of XIP has not been precisely identified, but a few 

regions of the cytoplasmic loop have been proposed. Initial analysis of the inhibitory 

effects of XIP on currents mediated by various deletion mutants have shown that deletion 

of amino acids 240-679 or 562-685, which are located within the cytoplasmic loop, cause 

loss of Na+-dependent inactivation (144). Fluorescence titration binding studies initially 

suggested that the XIP region, being positively charged, could associate with a negatively 

charged region from amino acid 445-455 (52). This region has since been identified as a 

Ca2+-binding site in the Ca2+ binding domain 1 and is essential for activation of exchange 

current. According to the proposed 3D model of the CBD1, the negatively charged 

residues are required for direct binding of Ca2+, and therefore it is unlikely that they 

would have the capacity of binding both Ca2+ and the XIP region simultaneously (58). 

More recently, areas within the regulatory Ca2+ binding domains, such as residues 440-

456, 498-510 and 680-685, have demonstrated no effect on XIP-mediated regulation of 

NCX current (135). Stronger evidence supports the proposition that the XIP binding site 

is located in the region corresponding to amino acids 562-679, as deletion of these 
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residues eliminate the XIP-induced inhibition of NCX currents in heterologous 

expression systems and in cardiac myocytes (135; 144). As well, deletion of these 

residues abrogates the insulin effect on NCX currents, as measured by 45Ca2+ uptake 

experiments (246). The alternative splice region is located within the area corresponding 

to amino acids 562-679, and further investigations may demonstrate potential interactions 

between the splice region and the XIP region.   

 

1.4.2 The Ca2+- binding domains  

 The regulatory Ca2+-binding domains, initially identified as the β-repeats, are 

located between residues 371-508 within the intracellular loop and are distinct from the 

Ca2+ transport site (121; 144). Regulatory Ca2+ binds to two highly acidic sequences 

characterized by three consecutive aspartic acid residues located in both Ca2+ binding 

domains, CBD1 and CBD2. Single point mutations at residues D447, D448 and D498 in 

CBD1 cause drastic loss of Ca2+ binding with a direct impact on regulatory Ca2+ affinity 

(143). The Ca2+ binding site mutant which demonstrates the lowest affinity for regulatory 

Ca2+ binding (D447V/D498I) also influences the extent of Na+-dependent inactivation, 

and although there are conflicting reports as to whether Na+-dependent inactivation is 

enhanced or suppressed, these data support the hypothesis that Na+-dependent and Ca2+-

dependent regulation are linked (143; 175).  

 Regulatory Ca2+ binding to the exchanger appears to be a coordinated process. 

Both Ca2+ binding domains are believed to have two separate Ca2+-binding sites which 

demonstrate cooperativity, suggesting that Ca2+ binding to one site causes a 

conformational change, allowing binding of Ca2+ to the second site. These 
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conformational changes were observed using a non-invasive FRET-based technique on 

NCX1 constructs with fluorescent probes flanking the CBD1/2 domains only (174) or 

incorporated into the cytoplasmic loop of an otherwise intact exchanger (172). Binding of 

Ca2+ to the Ca2+ binding domains caused a reduction in FRET efficiency, suggestive of an 

increased distance between the fluorescent probes due to a change in protein 

conformation. Point mutations of the aforementioned critical aspartate residues within the 

Ca2+-binding sites prevented a change in FRET, supporting the role of these negatively 

charged residues in Ca2+ binding. Furthermore, these changes were observed within 

physiological Ca2+ concentrations in actively contracting neonatal myocytes, 

demonstrating that NCX is regulated by Ca2+ on a beat-to-beat basis during excitation-

contraction coupling (174).  

 Recent structural studies of the two Ca2+ binding domains of NCX1, using NMR 

and crystallography, have been instrumental in identifying the secondary structure within 

these domains and the key amino acids determining both structure and ionic regulatory 

properties of the exchanger (17; 35; 59; 99; 164). Hypothetical three dimensional models 

for the intact NCX1 exchanger and for the Ca2+ binding domains specifically have been 

proposed, as illustrated in Figures 3 and 4, respectively. The model for the complete 

exchanger (Figure 3) depicts the Ca2+ binding domains linked via a catenin-like domain 

to the transmembrane region, where ion transport occurs (59). The mutually exclusive 

exon is located within the Ca2+ binding domain 2, and the remaining cassette exons 

forming the alternative splice region are exposed within the cytoplasm. According to this 

model, changes in conformation at high Ca2+ concentrations  
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Figure 3. Model of the intact NCX exchanger based on high resolution NMR 
spectroscopy in the Ca2+ bound form.  CBD1, in red and CBD2, in green, form an 
interface dependent on calcium binding to CBD1. Calcium binding sites are in pink. 
B. This hypothetical model of the intact exchanger consists of CBD1 and CBD2 with a 
catenin-like domain linking them to the transmembrane region where binding of 
transport Ca2+ and Na+ occurs.  The exposed alternative splicing region is in gray, with 
exon A in light gray and exon D in dark gray. C. Schematic outline of exchanger 
operation, demonstrating the differences between exon A and exon B expressing 
splice variants. (59), with permission. 
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Figure 4. Structure of the CBD2 Ca2+-binding site. A. The green spheres represent    

Ca ions and red molecules represent water molecules. Key residues involved in binding 

of the ions are linked to the ions by black dashed lines. B. Ca2+-free structure 

demonstrating possible role for K585 in stabilizing the negatively charged area in the 

absence of bound Ca2+. (17), with permission. 
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differ according to which mutually exclusive exon is expressed (Figure 3C). This will 

obviously have an impact on the NCX regulation and will be discussed shortly. 

 The hypothetical model for the Ca2+ binding domains (Figure 4) proposes that the 

main residues required for Ca2+ binding are the highly acidic residues between D446-

E454 in CBD1 and their analogues D577-E648 in CBD2, with coordination of the two 

Ca2+ binding sites achieved by residues D578 and K585 (17). CBD1, with its higher 

affinity, is the primary Ca2+ sensor which elicits significant structural changes upon 

binding of two Ca2+ ions at its Ca2+ binding sites. In the absence of Ca2+, CBD1 is highly 

unstructured, and prevents ion transport. CBD2, however, has limited structural 

alterations and only binds Ca2+ at elevated concentrations. Together, these two domains 

enable the exchanger to function over a wide range of Ca2+ concentrations. 

 The first Ca2+ binding site of CBD2 (residues D577-E582) is located within the 

mutually exclusive exon and is conserved amongst isoforms. Two key residues in the 

mutually exclusive exon A of NCX1 (D578 and K585) have been identified as critical in 

mediating distinct ionic regulatory properties in NCX1 splice variants expressing this 

exon (35). These residues have also been implicated in the secondary structure of the 

Ca2+ binding domains (59). Briefly, it is believed that D578 coordinates Ca2+ ions in both 

binding sites of CBD2 whereas K585 forms a salt bridge with D552, thus stabilizing the 

surrounding negatively charged residues and preventing the unfolding of CBD2 in the 

absence of bound Ca2+. A possible mechanism of regulation of NCX by the Ca2+ binding 

domains has been proposed, where subsequently to the regulatory Ca2+ binding to CBD1, 

Ca2+ binds to site I of CBD2 by disrupting the salt bridge between K585 and E648, thus 

decreasing accessibility to site II. The salt bridge between K585 and D552 is then broken 
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and the second Ca2+ is free to bind (17). Binding of Ca2+ to CBD2 causes a 

conformational change disrupting the Na+-dependent inactive state, hence outward 

exchange current is no longer inhibited and Ca2+ influx prevails. This demonstrates that 

residues located within the mutually exclusive exon play an essential role in the 

regulation of outward exchange currents mediated by NCX. Differences observed in 

splice variant phenotypes may be linked to specific residues in the alternative splice 

region. 

   

1.4.3 Phosphorylation     

 Phosphorylation of NCX by different protein kinases, including the c-AMP-

dependent kinase, PKA (53; 126; 162), PKC (92), CaMKII (78) and tyrosine kinase (151; 

162) has been demonstrated in the heart (92; 126), in neural tissues (33) and in smooth 

muscle (96). Despite identification of several phosphorylation consensus sites in several 

NCX isoforms (162), the role of phosphorylation in NCX function and regulation 

remains controversial. Whereas some studies (92; 96) demonstrate activation of both 

forward and reverse mode of action of NCX in response to phosphorylation, others have 

failed to observe these effects (27; 64; 141; 162). This may be explained by activation via 

phosphorylation of associated proteins, whereby intermediate signals may mediate NCX 

activation independently of direct phosphorylation (91; 211; 221). The intracellular loop 

of NCX has been shown to associate with other proteins in the cytoplasm, such as kinases 

(PKA and PKC subunits), phosphatases (PP1 and PP2A) and a kinase anchoring protein 

(AKAP) (221). This macromolecular complex would facilitate regulation of NCX by 
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phosphorylation and/or dephosphorylation, as the key players would be in close 

proximity and could provide a specific and subtle control of NCX function. 

 Several studies suggest that the effects of phosphorylation may be isoform 

dependent. For example, ATP depletion appears to inhibit NCX1 and NCX2 but not 

NCX3 function (126), whereas phosphorylation by PKA and PKC has been shown to 

upregulate NCX1 and NCX3 but not NCX2 (54; 91). A potential PKC or cAMP-

dependent kinase site has been identified in the XIP region of NCX2 and NCX3, but not 

NCX1. Also, a tyrosine kinase site has been identified in CBD2, as well as a PKC site in 

the mutually exclusive exon of certain NCX splice variants (162). This suggests that 

phosphorylation may be implicated in mediating differential Na+ and Ca2+-dependent 

regulation of NCX isoforms and splice variants. 

 New studies propose regulation of NCX by phosphorylation in pathophysiological 

settings. Phosphorylation of NCX was shown to activate NCX currents under β-

adrenergic stimulation in failing pig myocytes (254), and calcineurin was shown to 

inhibit NCX activity in PKC-dependent and independent pathways in hypertrophic 

cardiomyocytes (103; 227). These data suggest that phosphorylation of NCX may not be 

essential physiologically, but rather may be involved in disease conditions. 

   

1.5 NCX isoforms and splice variants 

1.5.1 NCX genes 

 Three mammalian NCX isoforms have been cloned to date: NCX1 (160), 

ubiquitously expressed with higher levels in heart, brain, kidney and lung (108; 110), 

NCX2 (123), expressed in neural tissues, and NCX3 (162), expressed in skeletal muscle 

 22



and neuronal tissues. The NCX1 gene is located on the human chromosome 2p21-23 

(226), whereas NCX2 is located on chromosome 19 and NCX3 on chromosome 14q21-

31 (162). The fact that the three exchangers are encoded by three separate genes on 

different chromosomes allows for independent expression of all three isoforms. It should 

be noted that the genes encoding NCX1 and NCX3 are relatively short (316 kb and 126 

kb respectively), whereas NCX2 is encoded by very compact genomic DNA (36 kb) 

(137). Recently, NCX4 has been cloned in zebrafish, with a sequence most similar to 

NCX1 (137). NCX4 appears to regulate left-right patterning in embryological zebrafish 

development (45). 

 NCX1 and NCX3 transcripts undergo alternative splicing, giving rise to several 

splice variants, of which 12 and 3 have been identified, respectively (109; 117; 120; 198). 

The alternative splicing region consists of a variable sequence of 110 amino acids located 

within CBD2 in the C-terminal portion of the intracellular loop (109) and contains one of 

the mutually exclusive exons A or B, followed by a combination of one or more of the 

cassette exons C, D, E and F. NCX1 splice variants expressing the A exon, such as 

NCX1.1 and NCX1.4, are present in excitable tissues such as heart and brain, 

respectively (198). Splice variants containing exon B are expressed in all other tissues, 

such as kidney, endocrine organs, digestive organs and reproductive organs (120; 198). 

NCX1.3, the most studied exchanger in this latter group, is expressed in the kidney and in 

vascular smooth muscle cells (80; 85; 120; 233).  All NCX1 variants express exon D, 

suggesting that this region may be constitutively expressed and is not an authentic 

cassette exon (198). Both NCX2 and NCX3 have a 37 amino acid deletion in the area of 

exons D, E, and F (162).  
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1.5.2 Unique regulatory profiles 

 NCX isoforms and splice variants are not only expressed in different tissues but 

they display unique ionic regulatory profiles (2; 38; 169; 171; 222). For example, 

differential sensitivities to inhibitory agents and divalent cations (93) and to fatty acids 

(2) have been observed between isoforms. Also, NCX1.1 is ubiquitously expressed 

throughout the body. The additional splice variants are restricted to a few tissues, such as 

NCX1.4 in the brain and NCX1.3 in the kidney and the vasculature. This suggests that 

NCX1.1 may play more of a “housekeeping” role and the variants, a more specialized 

function in distinct tissues or cell types (198). Thus, NCX function may be specifically 

tailored to the different cellular environments of the tissues in which it is expressed. 

Unique regulatory and functional properties enable the NCX isoforms to fulfill their 

distinct physiological roles in Ca2+ homeostasis in a tissue specific manner.  

 Interplay between the regulatory regions located within the cytoplasmic loop, 

including the alternative splice region, may have a potential role in modulating the 

distinct phenotypes observed for each exchanger. For example, NCX1.4 and NCX1.3 

differ only in the presence of the mutually exclusive exon, which encodes the first acidic 

segment of the Ca2+ binding site of CBD2. NCX1.4, expressing exon A, exhibits robust 

Na+-dependent inactivation of outward exchange currents at low micromolar 

concentrations of Ca2+
i, which can be alleviated at higher levels of Ca2+

i (38).  In contrast, 

NCX1.3, containing exon B, also exhibits strong Na+-dependent inactivation, but 

increasing Ca2+
i concentrations do not significantly modify the rate or the extent of 

inactivation.  Mutational analysis and structural studies of CBD1/2 of NCX1 suggest that 

two key residues (D578 and K585) located within the mutually exclusive exon sequence 

 24



and involved in stabilization and coordination of Ca+2 ions in the Ca2+-binding sites of 

CBD2, are critical determinants of the distinct phenotypes exhibited by these splice 

variants (35; 59). Exon A contains both aforementioned residues and has the capacity to 

bind Ca2+ at the Ca2+-binding sites of CBD2 when high intracellular Ca2+ concentrations 

occur. This appears to disrupt the secondary structure required for stabilisation of the 

Na+-dependent inactive state. Thus, high Ca2+
i concentrations cause alleviation of Na+-

dependent inactivation of outward exchange currents mediated by exon A expressing 

variants. In contrast, exon B containing splice variants do not express D578 and K585 

and do not appear to bind Ca2+ at the Ca2+-binding sites of CBD2. Consequently, Na+-

dependent inactivation is maintained, independently of elevated intracellular Ca2+ levels. 

This unique mechanism could limit Ca2+ influx under conditions of high intracellular 

Na+, thereby preventing excessive Ca2+ overload in tissues expressing exon B splice 

variants. This suggests that certain exchangers may have protective properties dependent 

on the ionic regulatory phenotype conferred by the alternative splice region. 

 

1.5.3  NCX localization 

 NCX1 has been most extensively studied in cardiac myocytes (160), where it 

appears to be localized in the T-tubules (259). It has been shown that NCX1 is linked to 

the spectrin-actin cytoskeletal network via ankyrin, which may be critical for T-tubular 

targeting of NCX (25; 125; 154). It has also been suggested that NCX1 is in close 

proximity to the ryanodine receptor and L-type channels, ensuring efficient control of 

Ca2+ transport and signalling between the proteins involved in Ca2+-induced Ca2+ release 

(CICR), which is critical in this tissue (28). A sodium-calcium exchange system has also 
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been localized to the mitochondrial membrane, where its role in intramitochondrial Ca2+ 

homeostasis is essential for regulating key enzymes involved in energy metabolism (24). 

 Although NCX1.1 is predominantly expressed in myocytes, it is also present in 

other cell types within the heart. NCX is expressed in ventricular myofibroblasts, where it 

is involved in motility, contraction and proliferation, thus contributing to post myocardial 

infarct wound healing (199). NCX is also expressed in arterial smooth muscle cells (261), 

in vascular smooth muscle and endothelial cells (30; 237), where its role in regulation of 

coronary tone has been described. 

 The brain is the only tissue where all three isoforms are expressed. Differential 

expression of NCX mRNA and proteins has been described for neuronal and glial cells in 

rat cerebral cortex, hippocampus and cerebellum (49; 150; 176; 242). The NCX isoforms 

appear to be selectively expressed, suggesting different functional roles in different parts 

of the central nervous system. Conflicting evidence as to protein expression has been 

noted, possibly due to observations made in cultured and in vivo cell preparations. NCX1 

appears to be expressed in neuronal cell bodies and dendrites, whereas NCX2 appears to 

be more highly expressed in glial cells, and NCX3, in a restricted subpopulation of 

neurons (242). NCX has also been studied in the developing rat brain, where NCX2 

transcripts in the cortex are believed to increase during postnatal development whereas 

NCX1 and NCX3 transcripts decrease (190; 213). 

 NCX expression is evident in skeletal muscle, where its role in Ca2+ transport 

would be minimal for contraction, as skeletal muscle does not rely on trans-sarcolemmal 

Ca2+ influx during an action potential and requirements for a high level of Ca2+ extrusion 

have not been described (50; 162). NCX1 mRNA and protein levels peak shortly after 
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birth. Mature protein is expressed as clusters in T-tubular membranes of adult muscle, 

predominantly in oxidative (type 1 and 2A) fibres of both slow and fast twitch muscles 

(46). NCX3 is more uniformly distributed along the sarcolemma and inside the 

myoplasm in fast glycolytic (type 2B) fibers (46).  

 NCX1 is highly expressed in the vascular system. The splice variant present in 

this tissue is NCX1.3, which has been localized in the kidney cortex. It is predominantly 

expressed in the distal convoluted tubules of the nephron, where it is believed to play a 

role in Ca2+ reabsorption (120). NCX1.3 has also been localized in vascular smooth 

muscle cells and appears to be involved in arterial tone control (233). 

 

1.5.4  NCX2  

 The second sodium-calcium exchanger to be discovered was cloned from rat brain 

(123). NCX2 has an open reading frame of 2763 nucleotides encoding for a 921 amino 

acid with 61 % homology with canine NCX1 with regards to the nucleotide sequence and 

65 % homology on the amino acid level.  The amino acid identity is particularly high   

(82 %) in the transmembrane regions involved in ion translocation. The first extracellular 

segment has a glycosylation site at Asn 34, with four other possible N-linked 

glycosylation sites. Several clusters of amino acids with high sequence identity have also 

been identified in the cytoplasmic loop, but overall, the loop showed sequence identity of 

only 60 %. However, the XIP region is well conserved. There are also potential 

phosphorylation sites, possibly for c-AMP and calmodulin-dependent kinases (123).  

 Characterization of NCX2 by our lab and others has demonstrated subtle 

regulatory differences in comparison to NCX1, although generally, both isoforms exhibit 
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similar transport and regulatory properties. These observations have been assessed by ion 

flux and giant excised patch clamp technique in transfected BHK cells, membrane 

vesicles and Xenopus oocytes (126; 171). Na+-dependent inactivation of outward 

exchange currents is present for NCX2, but the extent of inactivation is moderate in 

comparison to what is observed in currents mediated by NCX1. At low Ca2+
i 

concentrations (1 µM), peak outward currents do not decrease significantly in response to 

high Na+
i levels; Na+-dependent inactivation only becomes apparent at higher Ca2+

i 

concentration, such as 3 or 10 µM Ca2+
i. Unlike NCX1, high Ca2+

i does not alleviate Na+-

dependent inactivation of outward currents in NCX2. As well, recovery from the Na+-

dependent inactive state is more rapid for NCX2.1 than for NCX1. These data suggest 

that although high levels of Ca2+ are unable to disrupt the Na+-dependent inactive state of 

NCX2.1, the stability of the inactive state is not as strong as what is observed for NCX1 

(171).  

 NCX2.1 is also regulated by non-transported, intracellular Ca2+, although it 

exhibits a 5-fold decrease in Ca2+ affinity as compared to NCX1.1 (1.5 µM vs 0.3 µM, 

respectively). A decline in outward exchange currents upon removal of regulatory Ca2+ is 

approximately 6 times more rapid for NCX2.1 than NCX1.1, suggesting that NCX2.1 has 

a faster dissociation rate for regulatory Ca2+ than NCX1.1 (171). Non-conserved residues 

located in the regulatory domains of NCX2.1 may be responsible for these phenotypes. 

 

1.5.5 NCX3 

  The third sodium-calcium exchanger to be cloned is NCX3, primarily 

expressed in brain and skeletal muscle (162). NCX3 contains an open reading frame of 
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2784 nucleotides which encode for a 927 amino acid protein. The 5’ untranslated region 

is extremely GC rich (80 %) and has 17 ATG triplets in the region upstream of the 

initiating methionine, suggesting that its translation is highly regulated. Its signal peptide 

appears to be cleaved at amino acid 30. NCX3 has five potential N-linked glycosylation 

sites, although like NCX1, only the first is thought to be glycosylated (Asn45). Overall 

protein sequence identity has been evaluated at 73% with NCX1 and 75% with NCX2, 

but this identity is more prominent in the transmembrane segments. Topologically, NCX3 

is similar to NCX1, with a high homology in the Ca2+ binding sites. However, only the 

first 14 residues of the XIP region are highly conserved (162). Phosphorylation sites have 

been identified for a variety of kinases, such as Ca+2/calmodulin dependent kinase, 

cAMP-dependent kinase, protein kinase C and tyrosine kinase. Potential roles for 

phosphorylation have been proposed, such as residue Thr 113, located near the α-1 

repeat, which could be involved in regulating ion transport (159). Furthermore, NCX3 

does not appear to require ATP to be functional, and may therefore play a greater role in 

ATP-depleted situations (126).  

 Although currents mediated by NCX3 in oocytes are difficult to measure, 

preliminary data demonstrate that peak outward currents are rapidly achieved in the 

presence of regulatory Ca2+, but appear to be almost completely inactivated subsequently 

(140). This suggests that regulatory Ca2+ has both Ca2+-induced activation and 

inactivation properties unique to NCX3. 
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1.5.6 CALX 

 The CALX exchanger, expressed in Drosophila melanogaster, has a unique 

regulatory phenotype: it does not require regulatory Ca2+ to mediate outward exchange 

currents. Rather, the presence of micromolar Ca2+ concentrations inhibits exchange 

activity (37; 74). Differences in regulatory regions of the exchanger, predominantly the 

Ca2+ binding domains, are responsible for these phenotypic variations, as demonstrated 

by chimaeric constructs exchanging CBD between CALX1.1 and NCX1.1 as well as site 

directed mutagenesis (37). These results demonstrate that substitution of entire regulatory 

regions between different Na+-Ca2+ exchangers can generate functional chimaeric 

constructs with regulatory properties transferred from both the parent and donor 

exchanger. Hence, this technique can be used to compare regulatory domains between 

NCX isoforms, as proposed in this study and described shortly. 

 CALX undergoes alternative splicing, and functional differences in ionic 

regulation have been observed in the splice variants (169). CALX1.1 and CALX1.2 differ 

by only five amino acids in the same region where alternative splicing occurs in NCX1 

(210; 223). Increased extent of Na+-dependent inactivation, alleviation of I1 in response 

to Ca2+
i and a 2-3 fold difference in recovery rates were observed for CALX1.2 as 

compared to CALX1.1 (169).  Furthermore, although Ca2+
i has an inhibitory effect on 

both splice variants, the extent of these effects is greatly reduced for CALX1.2, with only 

20-40 % inhibition. Therefore, the alternative splice region plays a significant role in 

mediating the regulatory profile of CALX, similarly to what has been shown for NCX1 

splice variants. 
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1.6 NCX in the heart 

1.6.1 Physiological function  

 It is widely accepted that NCX function in cardiac myocytes is predominantly 

Ca2+ efflux on a beat-to-beat basis, removing the equivalent amount of Ca2+ that has 

entered the cell via the voltage dependent L-type Ca2+ channel upon depolarization of the 

sarcolemmal membrane (Figure 5) (13). This trans-sarcolemmal removal of Ca2+ via 

NCX and the plasma membrane Ca2+-ATPase (PMCA), along with resequestering of 

Ca2+ in the sarcoplamic reticulum via the sarcoplasmic reticulum Ca2+-ATPase 

(SERCA2), is essential for relaxation of the muscle prior to the next contraction. Ca2+ 

extrusion via NCX is ten times greater than by PMCA, as NCX is a low affinity, high 

capacity carrier of Ca2+. PMCA has higher affinity but lower capacity for transport of 

Ca2+, making it the “fine tuner” of intracellular Ca2+ concentrations (13).   

 It has been proposed that NCX current in myocytes is in its outward mode for less 

than 10 ms at the beginning of the action potential, but rapidly converts to its forward 

mode, transporting Ca2+ out of the cell (252). NCX exchange is activated by the high 

Ca2+
i levels detected in the submembrane space, maintaining NCX is its forward mode 

for the majority of the action potential. In this mode, NCX has a depolarizing effect, as it 

maintains Na+ entry into the cell. This contributes to the plateau phase of the action 

potential which is counterbalanced by other channels, such as Iki. When the outward K+ 

current mediated by the delayed rectifier is greater than the inward Ca2+ current mediated 

by the L-type channel, repolarization to the resting membrane potential occurs (7).
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Figure 5. Na+-Ca2+ exchange and excitation-contraction coupling. Proteins 

involved in Ca2+ signalling pathways during contraction of a ventricular myocyte are 

depicted. Briefly, Ca2+ enters the cell via the volgate-gated L-type channels (yellow) 

to initiate systole. This triggers Ca2+ release from the sarcoplasmic reticulum (SR) 

by the ryanodine receptor (RYR). Increased intracellular Ca2+ activates myofilament 

cross-bridge formation and contraction. For diastole, Ca2+ is transported back into 

the sarcoplasmic reticulum by the SR Ca2+ ATPase (SERCA) or is removed from the 

cytosol by NCX, the sarcolemmal Ca2+-ATPase and the mitochondrial Ca2+ 

uniporter. (12), with permission. 
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 Certain cellular conditions will cause NCX to function in its outward mode of 

exchange, causing Na+ efflux. These situations include conditions when intracellular Na+ 

concentrations increase, such as during ischemia, when a decrease in ATP levels and 

cellular pH cause inhibition of the Na+/K+ pump and a reversal of the Na+/H+ exchange 

activity (3; 101; 102; 184). Prolonged action potential duration observed during long QT 

syndrome (149) and lower peak Ca2+ concentrations occurring during heart failure due to 

a decrease in SERCA function also promote NCX outward mode of exchange and inward 

Na+ flow (247). At Na+ concentrations ≥ 10 mmol/L, outward NCX currents during the 

plateau phase of the action potential facilitate repolarization of the membrane and thus 

shortening of the action potential duration (7). This mode of exchange may also 

contribute to increasing cytoplasmic Ca2+ concentrations which, initially, may increase 

the sarcoplasmic reticulum Ca2+ load, the amplitude of systolic Ca2+ transients and hence, 

contractility (245). However, it may eventually lead to decreased Ca2+ entry into the cell 

via the L-type channel, as repolarization inactivates this transporter. This will decrease 

cell and sarcoplasmic reticulum Ca2+ content and thus affect contractility. Furthermore, 

the reverse mode of NCX, by causing Ca2+ influx, may activate the ryanodine receptor 

and contribute to Ca2+ waves or spontaneous release of Ca2+ from the sarcoplasmic 

reticulum, leading to arrhythmogenicity (236). We can therefore appreciate that NCX 

function is intimately linked to ionic concentrations in the cell, which vary according to 

the physiological events occurring and the interplay between the numerous proteins 

involved in Ca2+ transport and ionic homeostasis.  
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1.6.2 NCX1.1 knock-out mice 

 The critical role for NCX in cardiac myocytes is supported by studies of knock-

out mice for NCX1.1, the splice variant highly expressed in this cell type. These mice are 

embryonically lethal at approximately 8.5 days post-conception, presumably due to a 

cardiac defect or apoptotic cell loss (26; 111; 249). The NCX1.1 deficient mice show 

severe disorganization of the myofibrils, with no Z lines and swelling of the mitochondria 

(249). Heterozygous mice grow normally, with no discernable phenotype.  

At a later developmental stage, NCX function does not appear to be as critical. 

Conditional knock-out mice, created using the Cre/loxP technology, cause only a modest 

decrease in cardiac function, allowing these mice to survive to adulthood (57; 193; 206). 

These mice have normal Ca2+ transient magnitude and relaxation kinetics, with no 

evidence of increased protein or transcript levels of other myocardial proteins involved in 

excitation-contraction coupling (PMCA, DHPR, SERCA or calsequestrin) despite a 

decrease in contractility by 20-30 %, as assessed by measures of fractional shortening and 

ejection fraction. However, these animals can not withstand any stress, such as breeding 

or longevity, possibly due to heart failure.  

 To circumvent the absence of NCX and a compromised Ca2+ extrusion pathway in 

the adult mouse heart, it appears that the myocyte limits Ca2+ influx via the L-type 

channel, thus decreasing the need for transsarcolemmal Ca2+ efflux, which is now 

dependent on PMCA (57; 193; 206). The authors hypothesize that trigger Ca2+ is able to 

induce sarcoplasmic reticulum Ca2+ release more efficiently, thereby maintaining an 

equivalent Ca2+ transient despite an 80 % reduction in the flux of Ca2+ across the 

membrane. This represents a gain in the efficiency of excitation-contraction coupling 
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(ECC), as less Ca2+ influx from the extracellular space is required to maintain equivalent 

Ca2+ release from the sarcoplasmic reticulum. There appears, however, to be no increase 

in SR Ca2+ load in these knock-out mice. Possibly, a decrease in NCX protein in the 

dyadic cleft would cause an increase in local Ca2+ concentration, thus activating 

neighboring ryanodine receptors or causing Ca2+-dependent inactivation of L-type 

channels (195).  

 To support these findings, observations were made on NCX-/- heart tubes from 

embryos at day 9.5 post-conception (206). Normal Ca2+ transients were measured, but 

these heart tubes could not withstand any form of stress, such as an increase in 

stimulation frequency, caffeine or isoproterenol. Action potential duration was shorter 

(plateau phase was absent) in NCX-/- heart tubes, with an accelerated repolarization, 

consistent with the concept that normally, L-type channel currents prolong action 

potential duration and the NCX inward currents prolong the plateau phase (219; 236). 

Also, this dramatic action potential shortening appeared to be due to upregulation of the 

outward K+ current (Iko) and an increase in expression of K+ channel subunits (194). 

Inhibition of NCX expression by RNA interference using adenovirally delivered shRNA 

in cultured neonatal rat cardiomyocytes supports the observations that contractile 

function is maintained, but with lower frequency, depressed Ca2+ transient amplitude, 

elevated diastolic Ca2+ concentration and shorter action potentials (76). Furthermore, this 

study observed upregulation of PMCA protein expression, which may be an adaptive 

mechanism assuring adequate Ca2+ efflux. 
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1.6.3 NCX overexpression 

 Overexpression of NCX1.1 gives a mirror image of what is observed in knock-out 

mice (191; 204). In homozygous NCX1.1 overexpressing mice, Ca2+ influx via L-type 

channels increases and is compensated by an equivalent increase in Ca2+ extrusion via the 

exchanger (191). These animals have essentially normal cardiac function but a smaller 

Ca2+ transient and a decrease in ECC gain (191). An increase in NCX expression in the 

dyadic cleft rapidly removes Ca2+ from the microenvironment of L-type channels during 

depolarization, causing a decrease in Ca2+-induced inactivation of ICa or reducing trigger 

Ca2+ flux before the ryanodine receptor senses that Ca2+ (51). This increase in ICa is also 

reflected in the prolonged AP duration due to a prolonged Ca2+ influx during the plateau 

phase (192). Furthermore, these transgenic animals displayed hypertrophic hearts and had 

an increased susceptibility to heart failure in response to stress, probably secondary to 

alterations in excitation-contraction coupling. A threefold increase in NCX expression not 

only caused an increase in forward mode but also reverse mode activity, thus contributing 

to Ca2+ influx and overload during depolarization, overfilling the sarcoplasmic reticulum 

and increasing oscillatory Ca2+ release and arrhythmias (204; 231). 

  

1.6.4 NCX and cardiovascular disease 

 During ischemia reperfusion, NCX activity is perturbed by an ionic imbalance in 

the cell. A restriction in blood flow to the tissues during ischemia causes ATP levels to 

decrease, affecting normal Na+/K+ ATPase and SERCA function, as well as an 

accumulation of H+ ions within the cell (3). This lowering of pH activates the Na+/H+ 

exchanger, leading to further influx of Na+ (101; 102; 184). The increase in Na+
i causes 
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NCX transport to be in the outward mode, and consequently, intracellular Ca2+ levels rise 

(128; 130; 132; 240). In the first few minutes of reoxygenation following reperfusion, 

NCX maintains transport in its outward mode, attempting to normalize Na+
i 

concentrations. Entry of Ca2+ via this mode of NCX triggers Ca2+ release from the 

sarcoplasmic reticulum via the ryanodine receptor (127; 129). Resupply of energy to 

SERCA also activates uptake and release of Ca2+ from the sarcoplasmic reticulum. This 

can lead to oscillations of cytosolic Ca2+, causing extrasystolic arrhythmias (156). 

Furthermore, reperfusion after ischemia can lead to a sudden development of 

hypercontraction of myocytes due to Ca2+ overload, which is a major cause of acute lethal 

cell injury (217). After a few minutes of reperfusion, NCX functions in its inward mode, 

driven by the re-established Na+ gradient and membrane potential, but with prolonged 

ischemic periods, considerable damage may have already compromised cardiac function. 

Activation of Ca2+-dependent proteases may have influenced membrane integrity and 

specific signalling pathways, thereby not only influencing NCX activity directly  (181) 

but also energy metabolism (43) and activation of cell death pathways (68).  

 Recent studies demonstrate that the ionic regulatory profile of the NCX isoform 

expressed in cardiac myocytes promotes Ca2+ overload in response to cardiac glycosides 

and ischemia (77). In contrast, the vascular isoform NCX1.3 exhibits strong Na+-

dependent inactivation of outward exchange mode, thus reducing Ca2+ influx and 

overload. This demonstrates the importance of ionic regulation in controlling NCX 

activity under conditions that enhance Ca2+ overload. Furthermore, as the ionic regulatory 

phenotype specific to the NCX isoform or variant expressed in the tissue undergoing 

ischemia may vary, the response to ischemia will be tissue-specific.  
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 Deregulation of Ca2+ in the heart also contributes to impaired contractility and 

arrhythmias during heart failure and hypertrophy (146; 189; 218; 232), and although the 

role of NCX in such cases remains controversial, two views are held with respect to 

contractile dysfunction. NCX mRNA and protein expression are enhanced in heart 

failure, leading to a potentially two-fold increase in either inward or outward exchanger 

currents (42; 189). As NCX function is determined by intracellular Ca2+ and Na+ 

concentrations as well as membrane potential, its mode of action is modified in disease 

states where ionic homeostasis is compromised. Elevated Na+ levels in failing hearts 

cause NCX to function in its outward mode, promoting Ca2+ influx (31). The first view is 

that NCX-dependent Ca2+ influx contributes to sarcoplasmic reticulum Ca2+ load, but also 

increases susceptibility to overall cellular Ca2+ overload, causing diastolic dysfunction 

(32; 145). High Ca+2 content may subsequently increase NCX forward activity during 

diastole, causing Na+ influx, thus contributing to elongation of the action potential or 

depolarization and generation of extra action potential events (16; 230; 253).  

The second view is that sarcoplasmic reticulum Ca2+ content is decreased in heart 

failure due to increased NCX function, decreased SERCA function and increased 

sarcoplasmic reticulum Ca2+ leak, facilitating the occurrence of early afterdepolarizations 

(247). Along with a decrease in SERCA function (147; 188) leading to unloading of the 

sarcoplasmic reticulum, NCX’s enhanced expression would preserve diastolic function 

with normal relaxation but decrease systolic function, as demonstrated in heart failure in 

humans and dogs (166). Inhibition of NCX by adding the XIP peptide normalized 

sarcoplasmic reticulum Ca2+ release and re-uptake, demonstrating that NCX 

overexpression could be an important therapeutic target in heart failure (67). It is unsure 
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if up-regulation of NCX during cardiac hypertrophy and heart failure is an adaptive or 

maladaptive compensatory mechanism (157). This is dependent on which mode of action 

NCX functions. Most probably, NCX’s activity is initially required to compensate for the 

increased contractile demands caused by the inability of the heart to contract fully, 

however the side effects of spontaneous Ca2+ release and prolongation of the action 

potential can be detrimental, as they may lead to arrhythmogenesis (229).  

  

1.7 NCX in neuronal and muscular tissues 

1.71 Physiological function 

 The physiological role of NCX in the brain is not well understood, but it 

has been proposed to be involved in removal of intracellular Ca2+ in parallel fibers (200), 

Purkinje fibers of the cerebellum (41) and synaptic sites of hippocampal neurons (207). 

Some studies suggest that NCX not only functions in reducing intracellular Ca2+ in pre-

synaptic terminals after electrical stimulation, but also is involved in regulation of 

exocytosis of synaptic vesicles (207). In contrast, others propose that minor expression in 

presynaptic neurons would imply that NCX has little to do with neurotransmitter release 

but rather would contribute to rapid emptying of Ca2+ uptake organelles which serve as 

the main line of defence against high free Ca2+ (100). Minelli suggests that perisynaptic 

localization puts NCX in a favourable position for buffering Ca2+ exiting from 

postsynaptic sites, which could have a bearing on synaptic plasticity. An increase in Ca2+
i 

in postsynaptic neurons can occur due to increased neurotransmitter release from pre-

synaptic terminals or delayed Ca2+ clearance from postsynaptic neurons, as seen in 

NCX2-/- mice. Mice deficient for NCX2 exhibit enhanced spatial learning and memory 
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secondary to delayed clearance of elevated Ca2+ following depolarization, favouring long 

term potentiation and enhanced synaptic plasticity (98) and supporting a role for Ca2+ 

removal from neurons. In addition, the presence of NCX in glial cells could also control 

Na+
i concentrations, protecting neurons against Na+-dependent glutamate-induced 

neurotoxicity (150).  

 NCX3, like NCX2, is expressed in the brain, but NCX3 knockout mice display 

features more closely related to neuromuscular transmission and muscular weakness. 

NCX3 is believed to maintain homeostatic levels of Ca2+ in the skeletal muscle in 

situations of fatigue or repetitive exercise, when high and sustained Ca2+ concentrations 

occur (133; 255). This is essential in preventing activation of Ca2+-dependent necrotic 

pathways. Knockout of NCX3 causes impaired neuromuscular transmission, skeletal 

muscle fibre necrosis and cellular infiltrates, leading to muscle weakness and fatigability 

(235). Calcium clearance from motor nerve terminals appears to be dependent upon 

NCX3 and is necessary for timely neurotransmitter release during repetitive nerve 

stimulation. 

  Recently, NCX3 knock-out mice have been used to demonstrate that Ncx3 gene 

suppression leads to a worsening of brain damage after focal ischemia as well as massive 

neuronal death in hippocampal cell cultures and in cortical neurons exposed to oxygen 

and glucose deprivation followed by reoxygenation (155). Thus, suppression of NCX3 

protein expression appears to have a detrimental effect in both neuronal and muscular 

tissues. 
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1.7.2 NCX and neurological conditions 

 During cerebral ischemia, increasing intracellular Na+ levels in neurons and glial 

cells, in combination with cell membrane depolarization, cause NCX to function in its 

outward mode of exchange. This contributes to NMDA induced excitotoxicity by 

promoting Ca2+ influx (104; 105). Excitotoxicity refers to overactivation of the glutamate 

receptors, which are permeable to Na+ and Ca2+. The increase in cellular concentrations 

of these ions lead to neuronal death in a Ca2+ dependent manner, predominantly by 

activation of Ca2+-dependent enzymes such as calpains and caspases (9). Excitotoxicity 

has been linked to several disease states, such as cerebral ischemia (70), traumatic brain 

injury (8), epilepsy (9), and Alzheimers’s disease (148), among others. Therefore, NCX 

function may be involved in these neurological disorders by contributing to 

excitotoxicity. 

 Conflicting evidence of the neuroprotective effects of specific NCX isoforms is 

apparent and may be dependent on the experimental procedure used in the various 

studies. For example, following transient focal cerebral ischemia in rats, mRNA and 

protein levels of NCX1 appear to decrease, whereas NCX2 and NCX3 transcripts do not 

change significantly over time (122). In contrast, during permanent focal brain ischemia, 

NCX3 appears to be upregulated in the periinfarct regions as well as the nonischemic 

regions, whereas NCX2 is down regulated and NCX1 is only upregulated in nonischemic 

zones (18). The authors suggest that NCX1 and NCX3 may be neuroprotective, with 

NCX3 being more resistant than NCX1 following pMCAO.  This is supported by studies 

using antisense oligodeoxynucleotides targeting NCX1 or NCX3, which increase the 

ischemic volume (183). Recently, it has been suggested that NCX1 and NCX3 may be 

 40



targets to the pro-survival Akt-mediated pathway, as NCX1 transcription and NCX3 

translation appear to be induced by Akt activation during chemical hypoxia (44). 

Possibly, NCX3’s neuroprotective properties are related to its ability to function in ATP-

depleted conditions, in contrast to the other two isoforms. NCX3 could be 

neuroprotective in the ischemic core, where ATP levels are low, whereas in the peri-

infarct area, where ATP is present, low intracellular Na+ concentrations would cause 

NCX to function in its inward mode and prevent Ca2+ overload (4).   

 Recent studies suggest that overexpression of NCX2 may be neuroprotective 

during excitotoxicity, possibly linked to the inactivation of NCX3 by calpains (11). 

However, our laboratory has demonstrated that calpains cleave both NCX1 and NCX2 

isoforms, deregulating the exchangers and rendering them constitutively active (170). 

NCX2 may be neuroprotective when functioning in its outward mode if indeed NCX2 is 

expressed in glial cells (242). NCX2 may cause Ca2+ to enter into the glial cells rather 

than into the neurons and thereby protect the functional cells for some time (243). It is 

evident that more studies are required to get a better understanding of the role each NCX 

isoforms plays with respect to normal brain function and survival during 

pathoneurological events. 

 

1.8 NCX in the kidney and the vasculature 

 NCX1.3 is expressed in the kidney, predominantly in the distal convoluted tubules 

of the nephron, where it is believed to play a role in Ca2+ reabsorption (120). Ischemia-

reperfusion-induced renal injury in heterozygous mice deficient in NCX exhibited less 

Ca2+ deposits in medullary epithelial cells and less epithelial cell necrosis as compared to 
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wild-type mice (257). Furthermore, KB-R7943, a specific inhibitor of outward exchange 

currents mediated by NCX1, was protective against this type of renal injury, suggesting 

that NCX outward-mode function, promoting Ca2+ overload during ischemia in the 

kidney, is involved in the pathological process leading to necrosis and acute renal failure 

(257; 258).  

 The NCX1.3 splice variant has been localized in vascular smooth muscle cells and 

appears to be involved in arterial tone control (233). In this tissue, NCX has been shown 

to contribute to Na+-sensitive hypertension, as its pharmacological and genetic inhibition 

is protective, while its overexpression potentiates the effects of high Na+ on arterial tone 

and hypertension (80; 82). The presence of SEA0400, a potent and selective inhibitor of 

NCX, has been protective in salt-sensitive hypertension, vascular hypertrophy and renal 

dysfunction in animal models (89). SEA0400 inhibits NCX1.3 more potently than both 

the cardiac and the neuronal exchangers, possibly because NCX1.3 exhibits a greater 

extent of Na+ inactivation and SEA0400 stabilizes this conformation of the exchanger. It 

has also been demonstrated that angiotensin II significantly enhances NCX activity in 

vascular smooth muscle cells and therefore NCX may be involved in multiple pathways 

during the hypertensive state (241). 

 

1.9 Inhibition of NCX 

1.9.1 Cations 

 The first inhibitors of NCX function to be described were divalent cations such as 

Co2+, Sr2+ and Mg2+ (248), Cd2+, Ba2+ and Mn2+ and trivalent cations, such as La3+, Nd3+, 

Tm3+, Y3+ (244). Nickel, a non-specific inhibitor of NCX, inhibits Na+
i-dependent Ca2+ 
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uptake by competing against Ca2+ at the external transport site (71). Differences in Ni2+ 

sensitivities exist between NCX isoforms, with NCX1 and NCX2 having a ten-fold 

greater affinity than NCX3. It is believed that certain residues within the α-1 and α-2 

repeats are predominantly responsible for these observed differences (95). As these 

inhibitors are not highly specific to NCX and are more effective when other ion 

transporters and ion channels are already blocked, they have limited value as 

experimental tools (79). 

 

1.9.2 KB-R7943 

 The first isothiourea derivative exhibiting inhibitory effects on NCX was 

described in 1996 (97; 251). The 2-(2-[4-(4-nitrobenzyloxy)phenyl]ethyl)-isothiourea 

methane-sulphonate compound, better known as KB-R7943 and developed by Kanebo, is 

a non-competitive inhibitor with respect to Ca2+
o which inhibits the exchanger from the 

external side of intact cells (71). Inhibition of the outward mode occurs at a potency of 

0.3-2.4 µM, in contrast to the inward mode, which requires 10-50 times higher 

concentrations for similar effects (95).  Inhibition of NCX by KB-R7943 has been shown 

to be protective in ischemia-reperfusion in the heart (118), with improved contractile 

function (216; 224), reduced propagation of cardiac hypercontracture (209), decreased 

enzyme release (115; 217), reduced infarct size (136; 139) and reduced incidence of 

arrhythmias (39; 216). KB-R7943’s potential as a therapeutic agent has also been studied 

in the brain (21; 185; 220) and in the kidney (113; 256). However, KB-R7943 reportedly 

blocks ion channels, NMDA receptors and norepinephrine transporters at relatively low 

doses, and therefore may not be as specific as initially proposed (1; 5; 186; 205; 234). 
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1.9.3 SEA0400 

 In 2001, Taisho Pharmaceutical developed SEA0400 (2-(-4-[(2,5-

difluorophenyl)methoxy]phenoxy)-5-ethoxyaniline), a novel isothiourea derivative, 

described as the most potent and selective inhibitor of NCX, with inhibitory potency for 

the outward mode of NCX in the nanomolar range (138). This potency is equivalent to 

thirty times that of KB-R7943 (87). SEA0400 preferentially inhibits the outward mode of 

NCX (86) by stabilizing the Na+-dependent inactive state, as demonstrated by its effects 

on mutant exchangers with altered ionic regulatory properties (19; 87; 119). Its selective 

inhibitory effects for outward NCX currents appear to be strongly dependent on 

intracellular Na+ concentrations (19; 119). This is an important observation, as 

SEA0400’s effects would be minimal at physiological levels of Na+
i, but would strongly 

inhibit NCX under pathophysiological conditions, when Na+
i is high and the outward 

mode of action of NCX is more prominent. Furthermore, at nanomolar concentrations, 

SEA0400 had negligible effects on ion channels, norepinephrine transporters, a variety of 

receptors, the Na+-H+ exchanger, the Na+-K+ pump, Ca-ATPase and store-operated Ca2+ 

entry (138; 239). However, SEA0400 appears to have additional effects on other cellular 

components, as NCX-/- heart tubes exhibited depressed Ca2+ transients when subjected to 

low concentrations of SEA0400 (205), and therefore this compound should be used with 

caution. However, SEA0400 has demonstrated protective effects against in vitro and in 

vivo cerebral ischemia, with decreased infarct volume in the cerebral cortex (138). It has 

also proven to be cardioprotective (136; 238; 260) and protective against acute ischemic 

renal failure (84; 107; 167). 
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 These inhibitors have differential sensitivities to the various NCX isoforms 

currently studied. Whereas KB-R7943 is three-fold more inhibitory for NCX3 than 

NCX1 or NCX2 (88), SEA0400 has maximal inhibitory effect on NCX1, moderate for 

NCX2 and minimal for NCX3 (87). It is believed that the difference in drug sensitivity 

between NCX1 and NCX3 is  dependent on specific residues located in transmembrane 

segment 5, such as F213, which has the greatest impact on the formation of the SEA0400 

receptor (87) and G833, located in the α-2 repeat and believed to be essential for KB-

R7943-mediated inhibition (88). It has been proposed that both inhibitors interact with a 

specific receptor site, blocking ion pore formation and transport (79). 

  

1.9.4 New NCX inhibitors 

 Recently, other inhibitors for NCX have been studied, such as CGP-37157, whose 

extent and potency of inhibition are less than those observed for SEA0400 and KB-

R7943 (168). CGP-37157 has however been proposed as a selective mitochondrial NCX 

inhibitor (185). SN-6, a mode-selective inhibitor derived from KB-R7943, is believed to 

exert its inhibitory properties by its interaction with the XIP region (81) and also acts as 

an oxygen radical scavenger (69). SN-6 is known to be more inhibitory to NCX1 than to 

NCX2 and NCX3 (81). Most recently, YM-244769, a newly synthesized 

benzyloxyphenyl derivative with lower cell toxicity, has demonstrated cardioprotective 

capabilities, preventing ischemia/reperfusion-induced ventricular tachycardia and 

fibrillation (83; 112). Like SN-6, its inhibitory efficacy is dependent on the XIP region 

(250). However, it preferentially inhibits NCX3, and thus may be a potential therapeutic 

agent with neuromuscular protective properties. 
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1.10 Rationale for this study   

 Extensive studies of the Na+-Ca2+ exchanger in the heart have demonstrated that 

while NCX is essential for maintaining homeostatic levels of Ca2+ in myocytes, it also 

has the potential to contribute to Ca2+ overload in cellular conditions when ionic 

imbalances occur. Overexpression of NCX in the heart, either experimentally or in 

disease conditions such as heart failure and hypertrophy, suggests that although normal 

cardiac function is possible, modifications in excitation-contraction coupling increase 

susceptibility to stressful events which can lead to death. Hypercontracture, arrhythmias 

and activation of cell death pathways are only a few of many consequences of Ca+2 

overload, potentially aggravated by activation of NCX in its outward mode. 

Pharmacological inhibition of this specific mode of exchange has proven to be cardio-

protective, rendering NCX a potential therapeutic target for cardiovascular disease. The 

outward mode of exchange is therefore critical and further investigation on its activation 

and regulation is warranted.  

 Mammalian species have the possibility of expressing over 20 different NCX 

variants, in distinct cell types and tissues and at different levels during development. 

Furthermore, these variants are regulated differently by the ions which they transport. 

Thus, as seen in the brain, a potential of three exchanger isoforms are expressed, and 

although their function is similar, their regulatory profiles confer unique roles for each 

one of them. Their distinct localization within the tissue, their response to changes in 

cellular environment and their regulatory profile as it pertains to Na+ and Ca2+ differ 

somewhat, potentially allowing for cell survival to occur in a cell specific manner. 

Structural domains influencing regulation have been identified and assist us in 
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determining the structural and molecular mechanisms mediating regulation and function 

of these exchangers.  

 The rationale for this study is to gain insight into the mechanisms regulating NCX 

exchange activity as modulated by the mutually exclusive exon in the alternative splice 

region, in conjunction with the XIP region. Along with previously characterized 

regulatory regions within the cytoplasmic loop of the exchanger, the alternative splice 

region appears to contribute to the ionic regulation of currents mediated by NCX. It has 

been demonstrated that specific residues in the mutually exclusive exon are involved in 

the structure-function relationship required for regulation of exchange activity for both 

NCX1 and CALX splice variants. I have chosen to investigate the region corresponding 

to the mutually exclusive exon in NCX2.1 to determine if this region has an equivalent 

impact on ionic regulation and if interactions with other regulatory domains are required 

to mediate these properties. Preliminary results suggested that Na+-dependent regulation 

was involved, hence I chose to also investigate the XIP region of NCX2.1, comparing its 

role in Na+-dependent inactivation with what has previously been shown for NCX1. 

Gaining insight into the role played by the mutually exclusive exon of the alternative 

splice region in the structure-function relationship of NCX1 and NCX2 may be beneficial 

in understanding the physiological role of NCX and ion transport mechanisms involved 

in Ca2+ homeostasis in different tissues. 
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2. HYPOTHESIS 
 

The mutually exclusive exon in the alternative splice region of the Na+-Ca2+ 

exchanger is a determinant of ionic regulation, either by direct or indirect 

association with other regulatory regions of the protein, such as the exchanger 

inhibitory peptide region (XIP) and the allosteric Ca2+ binding domains.  

 

 

The main objective of this thesis is to investigate the mechanisms modulating ionic 

regulation of the Na+-Ca2+ exchanger isoforms, NCX1 and NCX2, by examining: 

 

1. the role of the mutually exclusive exons A and B in NCX1 and their analogous 

counterpart in NCX2 with respect to ionic regulation of the exchanger 

2. whether contextual issues, such as the presence of other regulatory regions in the 

cytoplasmic loop, in combination with the mutually exclusive exons A or B in 

NCX1 or their analogous counterpart in NCX2, are needed to achieve the 

observed phenotypes  

3. the XIP regions of NCX1 and NCX2 and how they affect NCX function and ionic 

regulation 
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3. MATERIALS AND METHODS 
  

3.1 Construction of chimaeric exchangers 

 Chimaeric constructs were produced by PCR overlap extension, with NCX1.3, 

NCX1.4 and NCX2 as templates, using methods similar to those previously described 

(35). Three sets of primers were designed for each primer and synthesized by either 

Cortec Inc or Invitrogen. As illustrated in Figure 6, three DNA fragments were amplified: 

the first fragment (A) and the last fragment (C) coming from the parent exchanger, and 

the middle fragment (B) coming from the replacement exon. Fragment A was produced 

with a primer (P1) complementary with the nucleotide sequence slightly upstream of the 

restriction enzyme site which was used for subcloning and a random sequence allowing 

for further amplification of this fragment. The reverse primer (P2) matched the nucleotide 

sequence corresponding to the parent exchanger at the first site of chimerism with a 5’ 

tail corresponding to the replacement exon sequence. Fragment B was produced using a 

primer (P3) with complementary sequence to P2 and a reverse primer (P4) with the 

nucleotide sequence coding for the 3’ end of the exon of interest flanking a 5’ overhang 

matching the parent exchanger at the second site of chimerism. Fragment C was produced 

using a primer (P5) complementary to P4 and an outermost reverse primer (P6) with 

sequence matching the parent exchanger at a site downstream of the subcloning site and a 

random sequence allowing for further amplification of the PCR-generated fragment. 

These fragments were amplified individually by PCR, using Deep Vent DNA Polymerase 

(New England Biolabs) and size and purity were assessed by gel electrophoresis. 

Following gel purification of the fragments A and B using Qiaquick PCR Cleaning kit  
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Figure 6. Representation of splicing protocol for chimaeric construction. Black lines 

represent sequences from receiving DNA, whereas red lines represent sequences from 

donor DNA. P1 to P6 represent primers designed for PCR amplification, and wavy ends 

on primers P1 and P6 represent non-complementary, random sequences. RE represents 

restriction enzyme site of digestion used for subsequent subcloning. 

 

RE 
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(Qiagen), these were annealed, extended and amplified by PCR using primers P1 and P4 

and assessed for size and purity by gel electrophoresis. Following purification of the 

combined fragments A-B, the latter were annealed to fragment C, extended and amplified 

as done previously, using the two outermost primers (P1 and P6) mentioned above.  

 All constructs were subcloned into the parent NCX, which had been previously 

subcloned into the pBluescript II SK (+) plasmid, using Bgl II/EcoRI restriction sites 

(insert size 833bp) for NCX1.3 and NCX1.4 and Xma I/Xho I restriction sites (insert size 

612 bp) for NCX2. All restriction enzymes were purchased from New England Biolabs. 

Briefly, both vector and insert were digested with the aforementioned restriction enzymes 

for 3 hours at 37°. The vector was subsequently dephosphorylated to prevent its 

recircularisation in the event of incomplete digestion. Following electrophoresis, both 

fragments were isolated from a 1 % agarose gel and purified using Qiaquick PCR 

Cleaning kit (Qiagen). Ligation of the insert containing the mutation and the wild-type 

vector was done using the Rapid DNA Ligation Kit (Roche). Following transformation 

into XL-1 Blue Ultra Competent Cells (Stratagene), DNA from six possible clones was 

purified and analysed for the presence of the subcloning sites. Two clones were selected 

and sequenced (Cortec) to assure correct nucleotide sequence at junction sites and 

throughout the insert created by PCR.  

 A similar protocol was followed to construct the XIP chimaeras in NCX1 and 

NCX2. These constructs were then subcloned into the parent NCX1 and the exon 

chimaera NCX1-2A using the Age I/ Mfe I restriction sites (insert size 740 bp). For 

NCX2.1 and its exon chimaeras NCX2-1A and NCX2-1B, the subcloning sites were the 

Bam I/Xma I restriction sites (insert size 1383 bp). The nomenclature used for these 
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constructs is depicted in Figure 7, with the first part of the name representing the parent 

exchanger and the second part representing the exchanger supplying the replacement 

exon and/or XIP region. 

 

3.2 Site-directed mutagenesis  

 Single point mutations at residue 605 in the region corresponding to the mutually 

exclusive exon of NCX2.1 and at positions 233 to 237 in the XIP region of NCX1.3 were 

produced using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). 

Complementary primers containing the mutation as well as an indicator restriction site, 

allowing detection of mutant transformants, were used to generate a mutated plasmid by 

PCR. The indicator sites were Apo I for NCX2.1 and loss of NgoM IV for NCX1.3. 

Following digestion of the parental dsDNA with Dpn I, the vector containing the desired 

mutation was transformed into XL-I Blue Ultra Competent Cells (Stratagene). A 

screening process, assessing the indicator restriction site as well as the preservation of the 

subcloning sites, was used to determine potential mutants. The subcloning sites for 

NCX2.1 were Pml I/Xho I, with insert size of 321 base pairs. For NCX1.3, the subcloning 

sites were Age I/ Mfe I, with insert size of 740 base pairs. Following subcloning of the 

mutant insert into the parent NCX2.1 or NCX1.3- pBluescript II SK (+), the constructs 

were confirmed by sequencing (Cortec Inc.) to ascertain the presence of the mutation and 

the absence of other changes in the upstream and downstream regions adjacent to the 

mutation.  
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3.3 cRNA synthesis 

 Complementary DNAs encoding for the various chimaeric constructs residing in 

pBluescript II SK (+) (Stratagene) were linearized with HindIII and purified using the 

Qiaquick PCR Cleaning kit (Qiagen). cRNA was synthesized using T3 mMessage 

mMachine in vitro transcription kit (Ambion) according to the manufacturer’s 

instructions. More specifically, following a capped transcription reaction in the presence 

of RNA Polymerase Enzyme Mix and NTP/CAP mix at 37°C for 1 hour, template DNA 

was removed by DNase treatment before proceeding to RNA purification via lithium 

chloride precipitation and washing with 70 % ethanol. The RNA was resuspended in 

nuclease-free water (Ambion) and stored at -20°C.  

 

3.4 Preparation and injection of Xenopus laevis oocytes  

 Xenopus laevis oocytes were prepared and stored as previously described (39). 

Briefly, X. laevis were anesthetized in 250 mg/l ethyl p-aminobenzoate (Sigma) in 

deionized ice water for 30 min. Oocytes were surgically removed and washed in solution 

A, containing (in mM) 88 NaCl, 15 HEPES, 2.4 NaHCO3, 1.0 KCl, and 0.82 MgSO4, pH 

7.6 at room temperature (RT). The follicles were teased apart, and the oocytes were 

transferred to 5 ml of solution A containing ~3,500 U/ml collagenase (type II, 

Worthington) and incubated at RT for 45-60 min with gentle agitation. The oocytes were 

then washed several times in solution B, which contained (in mM) 88 NaCl, 15 HEPES, 

2.4 NaHCO3, 1.0 KCl, 0.82 MgSO4, 0.41 mM CaCl2, 0.3 mM Ca(NO3)2, and 1 mg/ml 

BSA (Fraction V, Sigma), pH 7.6 at RT, and were transferred to 5 ml of 100 mM 

K2HPO4, pH 6.5 at RT, containing 1 mg/ml BSA. After incubation at RT for 12 min with 
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gentle agitation, the oocytes were washed in solution B at RT. Defolliculated stage V-VI 

oocytes were selected and incubated at 18°C in solution B (without BSA) until injection 

the following day. Following injection with 25-30 ng of cRNA encoding NCX1 or NCX2 

chimaeric or point mutation constructs, oocytes were maintained at 18°C and 

electrophysiological measurements were obtained from 4 to 14 days post-injection. 

 

3.5 Measurement of Na+/Ca2+ exchange activity using giant, excised patch clamp 

technique  

 Na+-Ca2+ exchange current measurements were obtained using the giant, excised 

patch-clamp technique (60), as previously described (39). Briefly, borosilicate glass 

pipettes were pulled and polished to a final diameter of 20-30 µM and coated with a 

ParafilmTM:mineral oil mixture to enhance patch stability and reduce electrical noise. The 

vitellin layer was removed by dissection and the oocytes were placed in a solution 

containing (in mM): 100 KOH, 100 MES, 20 HEPES, 5 EGTA, and 5-10 MgCl2, pH 7.0 

at room temperature (with MES). Gigaohm seals were formed by suction and membrane 

patches (inside-out configuration) were excised by progressive movements of the pipette 

tip. Rapid solution change was accomplished using a computer-controlled, 8-channel 

solution switcher.  

 For outward (reverse) Na+-Ca2+ exchange current measurements, pipette (i.e., 

extracellular) solutions contained (in mM): 100 N-methyl-D-glucamine-MES, 30 HEPES, 

30 TEA-OH, 16 sulfamic acid, 8.0 CaCO3, 6 KOH, 0.25 ouabain, 0.1 niflumic acid, and 

0.1 flufenamic acid, pH 7.0 at room temperature (with MES). Outward currents were 

elicited by switching from Li+- to Na+-based bath solutions containing (in mM): 100 [Na+ 
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or Li+]-aspartate, 20 CsOH, 20 HEPES , 20 TEA-OH, 10 EGTA, 0 to 9.91 CaCO3, and 

1.0-1.5 Mg(OH)2, pH 7.0 at 30°C (with MES or LiOH). Solution changes were 

completed in ~200 ms and all experiments were conducted at 30°C. A holding potential 

of 0 mV was employed for all current measurements. 

 Paired-pulse experiments were performed to determine the rate of recovery from 

inactivation (65). Outward currents were measured for 32 secs, followed by a solution 

change removing Na+
i from the intracellular side of the patch to terminate current. At 

timed intervals ranging from 400 ms to 32 s following the first pulse, a second pulse was 

activated by solution change to 100 mM Na+
i.  Rapid solution change was accomplished 

using a computer-controlled, 8-channel solution switcher. 

 

3.6 Inhibition of NCX by SEA0400 

 SEA0400 (generously provided by Taisho Pharmaceutical Co., Ltd. (Tokyo, 

Japan)) was prepared as a 10 mM stock solution in dimethylsulfoxide and used at a final 

concentration of 0.1 µM. The final concentration of dimethylsulfoxide was therefore  

0.01 % and did not influence our results. SEA0400 was applied to the cytoplasmic 

surface of the patch for all experiments. Outward currents were measured as described 

above. 

 

3.7 Analysis of data 

 Axon Instruments hardware (Axopatch® 200A) and software (AxoTape®) were 

used for data acquisition and analysis, and Origin® software was used for curve-fitting 

and statistical analyses. The values of steady-state currents were obtained by curve-
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fitting, whereas peak currents were determined by visual inspection. When peak was not 

clearly expressed, the value of the current monitored 1 s after the onset of current was 

acquired as a “peak” value. Fss, the fractional steady-state current, was calculated from 

the ratio of theoretical current level at infinite time, obtained from fitting current traces to 

a single exponential decay function, to the initial peak current. Rate of recovery was 

determined by calculating the ratio of the initial peak current with the peak current 

achieved on the second pulse. Pooled data is expressed in mean ± SEM format. Student’s 

t-test was used to determine statistical significance, with P ≤ 0.05 being considered 

statistically significant. 
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4. RESULTS 

  

 The main objective of this study is to investigate the mechanisms modulating 

ionic regulation of the Na+-Ca2+ exchanger isoforms, NCX1 and NCX2.1. The regulatory 

domains of NCX are predominantly located within the large cytoplasmic loop of the 

protein, and are known to influence each other. This study focuses on the area 

corresponding to the mutually exclusive exon in the alternative splice region, specifically 

examining how this region influences distinct Na+ and Ca2+-dependent regulatory 

phenotypes, either independently or in concert with other regulatory domains of the 

exchanger.  

 Ionic regulatory profiles of NCX1 splice variants expressing either the mutually 

exclusive exon A or exon B have previously been described and demonstrate that this 

region is responsible for subtle differences in exchanger activity (38). Structural and site-

directed mutational analysis studies have identified key residues within the mutually 

exclusive exon A which appear to be involved in coordination of regulatory Ca2+ binding 

and stabilization of the exchanger, allowing for activation of current (17; 35; 59; 99; 

164). As structural studies have been limited to the Ca2+-binding domains, which contain 

the alternative splice region but not the other regulatory or transport regions of the 

exchanger, it may be of interest to study the mutually exclusive exon in its usual 

conformation, within the complete protein. Thus, this study will assist us in gaining 

insight into possible molecular mechanisms by which the region corresponding to the 

mutually exclusive exon, in combination with other regulatory regions, mediates ionic 

regulation in the intact exchanger. 
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4.1 Comparison of the mutually exclusive exon region in NCX1 and NCX2 

 To date, NCX2.1 is believed to be the only mammalian isoform that does not 

undergo alternative splicing. However, the region corresponding to the mutually 

exclusive exon is maintained, with conservation of key residues involved in Ca2+ binding. 

Amino acid sequence comparison between exons A and B of NCX1 and the 

corresponding region in NCX2 is shown in Figure 7A (boxed letters). High variability is 

evident across the region, other than the small conserved acidic region and a few aromatic 

or charged residues. Although conserved glutamate residues have been shown to assist in 

structural stability of the Ca+2-binding domain 2 (CBD2) in NCX1, other key residues 

essential for unique regulatory properties differentiating NCX1 exon A and exon B 

phenotypes, such as D578 and K585 (Figure 7A, underlined letters), are not thoroughly 

conserved in NCX2.1. The importance of non-conserved residues in mediating ionic 

regulation of the exchangers has been examined more closely by way of chimaeric 

constructs and site-directed mutational analysis. 

 Exchange of the region corresponding to the mutually exclusive exon between 

NCX1 splice variants expressing exon A (NCX1.4) and exon B (NCX1.3) and NCX2.1 

created functional chimaeric constructs in all cases (the nomenclature used for the 

chimaeric constructs is explained in Figure 7C). To study the impact of these 

substitutions on ionic regulation, the giant, excised patch-clamp technique was used to 

measure currents mediated by these mutant constructs. As the ionic regulatory effects 

mediated by Ca2+ are more easily observed on outward exchange currents, where 

transport and regulatory Ca2+ are on opposite sides of the membrane, observations are 

limited to this mode of exchange. Ca2+-dependence of outward peak and steady state  
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B

NCX 1 219 R  R  L  L  F  Y  K  Y  V  Y  K  R  Y  R  A  G  K  Q  R  G

NCX 1.4 Exon A 569 K T I S V K V I D  D E   E   Y   E  K  N
NCX 1.3 Exon B 569 K I I T I R I F D  R E   E   Y   E  K  E
NCX 2.1 Equivalent 589 K T L Q V K I V D   D E   E   Y   E  K  K

NCX 2 248 K  R  L  L  F  Y  K  Y  V  Y  K  R  Y  R  T   D  P  R  S  G

585 K T   F   F   L   E   I   G   E   P   R   L   V   E   M   S   E K   K
585    C S   F   S   L   V   L  E   E   P   K   W  I   R   R   G        M  K
605 D N   F   F   I    E   L  G   Q  P   Q   W  L  K   R   G        I    S

CB 

A 

    

 

 

  
C 

Chimaera Parent exchanger XIP region Exon region 

NCX1-2A NCX1.4 NCX1 NCX2.1 

NCX2-1A NCX2.1 NCX2.1 NCX1.4 (A exon) 

NCX2-1B NCX2.1 NCX2.1 NCX1.3 (B exon) 

NCX2-1A-XIP1 NCX2.1 NCX1 NCX1.4 (A exon) 

NCX2-1B-XIP1 NCX2.1 NCX1 NCX1.3 (B exon) 

NCX2-XIP1 NCX2.1 NCX1 NCX2.1 

NCX1.4-XIP2 NCX1.4 NCX2.1 NCX1.4 (A exon) 

NCX1.3-XIP2 NCX1.3 NCX2.1 NCX1.3 (B exon) 

 
 
Figure 7. Sequence comparison and nomenclature for chimaeric constructs. A. Sequence 
comparison of the region corresponding to the mutually exclusive exons of NCX1.4, NCX1.3 and 
NCX2.1. Single-letter amino acid code is used and identities are boxed. Underlined residues 
illustrate the two critical residues distinguishing between NCX1 splice variant phenotypes. B. 
Sequence comparison of the XIP region of NCX1 and NCX2.  C. Nomenclature used for 
chimaeric constructs, demonstrating origin of the regulatory regions for each construct. 
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currents were analyzed. Furthermore, the fractional steady state, a measure of the extent 

of Na+-dependent inactivation of outward exchange currents, was measured for currents 

mediated by the chimaeric exchangers. 

 To appreciate subtle differences in ionic regulation of exchange currents mediated 

by the chimaeric constructs, it is essential that the regulatory phenotype for the parent 

exchanger be known. The unique regulatory profiles of outward exchange currents 

mediated by NCX1 splice variants expressing either exon A (NCX1.4) or exon B 

(NCX1.3) have previously been described by our lab (38) and are depicted by 

representative traces in Figures 8A and 8B. At 1 µM regulatory Ca2+, outward exchange 

currents peak rapidly but gradually decline to a steady state level in response to high Na+ 

on the intracellular side of the patch. This Na+-dependent inactivation (I1) at low Ca2+
i 

concentrations can be alleviated at higher levels of Ca2+
i, such as observed with NCX1.4 

(Figure 8A). At 10 µM Ca2+
i, peak currents do not degrade significantly and little 

inactivation occurs. In contrast, NCX1.3 exhibits robust I1, which is maintained 

independently of intracellular Ca2+ concentrations (Figure 8B). Normalized peak currents 

are at their highest level at 1 µM Ca2+
i, and then decrease as Ca2+

i concentrations 

increase. Normalized steady state currents remain stable. 

 Substitution of the mutually exclusive exon of NCX1 with the corresponding 

region from NCX2.1 (chimaera NCX1-2A) appears to have minimal effects on outward 

exchange currents, as observed in Figure 8C. The rate and extent of Na+-dependent 

inactivation are unchanged as compared to what is observed with native NCX1 currents. 

This phenotype is maintained independently of regulatory Ca2+ concentrations, as seen 

for NCX1.3-mediated outward currents (compare Figures 8B and 8C).  The extent of 
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Figure 8. Ca2+
i-dependence of NCX1-mediated

outward currents. Overlapping representative outward
exchange current transients at 0, 1 and 10 µM Ca2+

i for
A. NCX1.4, B.NCX1.3 and C. NCX1-2A, the NCX1
chimaeric construct with the mutually exclusive exon
substituted with the corresponding region from
NCX2.1. Outward currents were measured in the
presence of 100 mM Na+ and increasing µM levels of
Ca2+ on the intracellular side of the patch. Pooled data
for normalized peak and steady state currents are at the
right, demonstrating activation of outward currents with
increasing levels of Ca2+. D. Comparison of extent of
Na+-dependent inactivation, exhibited as fractional
steady state current (Fss) for NCX1.4, NCX1.3 and
NCX1-2A (n≥4).    
B

C
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Na+-dependent inactivation can be calculated by the ratio of steady state to peak outward 

currents, and is known as the fractional steady state current (Fss). In comparison to Fss 

values for both NCX1 splice variants, NCX1-2A chimaera behaves similarly to NCX1.3, 

maintaining Fss values lower than 0.25 at all Ca2+
i concentrations assayed (Figure 8D). 

This reflects the stabilized inactive state of the exchanger, which is maintained at high 

Ca2+
i concentrations.  

 Amino acid sequence variability between the mutually exclusive exons of NCX1 

and the analogous region in NCX2.1 is high, yet conserved residues appear to be 

sufficient to maintain the Na+- and Ca2+-dependent regulatory phenotypes of NCX1 in the 

NCX1-2A chimaera. Similarities in the outward exchange currents mediated by the 

NCX1-2A chimaera and NCX1.3, pertaining to stabilization of the Na+-dependent 

inactive state at high Ca2+
i concentrations, are evident. This suggests that in contrast to 

exon A (NCX1.4), residues in exon B (NCX1.3) and the corresponding region in NCX2.1 

are essential in mediating this property.  

 

4.2 Stability of Na+-dependent inactive state at high Ca2+
i concentrations in 

NCX2.1 

 Examination of the amino acid sequence of the region corresponding to the 

mutually exclusive exon of NCX2.1, particularly around the conserved acidic cluster, 

reveals that the two residues previously identified by Dunn et al (35), primarily 

responsible for the phenotypic differences between NCX1.4 and NCX1.3, are not 

completely conserved (Figure 7A underlined letters): D578 is maintained in NCX1.4 and 

NCX2.1 whereas NCX1.3 expresses an arginine, and K585 in NCX1.4 corresponds to a 
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cysteine in NCX1.3 and an aspartate in NCX2.1. To determine if the presence of the two 

charged amino acids at positions 578 and 585 are required for alleviation of I1 at high 

Ca2+ concentrations in NCX2.1, as seen with NCX1.4, site directed mutagenesis was 

performed. As the aspartate residue at position 578 in NCX1.4 is conserved in NCX2.1, 

only the negatively charged aspartate at position 605 in NCX2.1 was exchanged for a 

positively charged lysine, thus replicating the charge found at the corresponding position 

in NCX1.4 (K585).  

 Our data demonstrates that the presence of a charged residue at position 605 in 

NCX2.1 modifies its native ionic regulatory phenotype. Comparison of outward 

exchange current traces mediated by native NCX2.1 and its D605K mutant reveals 

differences in regulatory profile (Figures 9A and 9B). Wild type NCX2.1-mediated 

outward currents have minimal Na+-dependent inactivation at low Ca2+
i concentrations  

(1 µM). As Ca2+
i concentrations increase into the 3 to 30 µM range, Na+-dependent 

inactivation becomes moderate and remains stable (Figure 9A). NCX2.1 D605K has 

stronger I1 at 3 µM Ca2+, which decreases significantly at 30 µM Ca2+ (Figure 9B).  

 Comparison of fractional steady state currents (Fss) for NCX2.1, NCX2.1D605K 

and NCX1.4 is illustrated in Figure 9C. At low Ca2+
i concentrations (3 µM), Fss values 

for NCX1.4 and NCX2.1D605K are very similar, whereas NCX2.1 displays a higher 

value. Although the differences are not statistically significant (p=0.06), the trend 

demonstrates that Na+-dependent inactivation is not as prominent in NCX2.1. However, 

as Ca2+
i concentrations increase to 30 µM Ca2+, Fss values for NCX2.1 decrease whereas 

they increase significantly for both NCX1.4 and NCX2.1D605K, corresponding to 

alleviation of I1. Thus, the presence of charged residues in proximity to the acidic  
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Figure 9. Ca2+
i-dependence of NCX2-

mediated outward currents. Overlapping
representative current transients at various µM
[Ca2+

i] for A. NCX2.1 and B. the NCX2
D605K mutant, mimicking exon A residues
shown to be responsible for alleviation of I1 in
NCX1.4. Pooled data for normalized peak and
steady state currents are at the right,
demonstrating activation of outward currents
by Ca2+. C. Fractional steady state comparison
between NCX2.1, its D605K mutant and
NCX1.4, with respect to low (3µM) and high
(30 µM) intracellular Ca2+ (n ≥5). Statistical
significance determined by Student t test,
p<0.05 indicated by an asterisk; number sign
shows differences which are not statistically
significant (P=0.06) but demonstrate a trend. 
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segment in the region corresponding to the mutually exclusive exon can influence 

regulation of the Na+-dependent inactivation in response to regulatory Ca2+ in both NCX1 

and NCX2.1 isoforms. 

 

4.3 The role of the region corresponding to the mutually exclusive exon on     

Na+-dependent inactivation in NCX2.1 

 As our initial results demonstrate, replacement of the mutually exclusive exon 

region in NCX1 with its counterpart from NCX2.1 (chimaera NCX1-2A) appears to have 

little influence on the basic function of the exchanger and its ionic regulation. To explore 

further, we performed the reverse experiment, substituting the analogous region in 

NCX2.1 with either the A or B exon from NCX1, creating the chimaeras NCX2-1A 

(containing exon A from NCX1.4) and NCX2-1B (containing exon B from NCX1.3). As 

shown by representative traces in Figures 10A and 10B, it is clearly evident that for both 

chimaeras, Na+-dependent inactivation is limited, at all Ca2+
i concentrations assayed. 

Peak currents do not degrade significantly and elevated steady state levels are maintained 

in the presence of elevated intracellular Na+. Although wild-type NCX2.1 exhibits only 

moderate I1, especially at higher Ca2+
i concentrations (Figure 9A), it is obvious that both 

NCX2-1A and NCX2-1B chimaeras exhibit less. This is clearly depicted in Figure 10C, 

with comparison of fractional steady states for the three exchangers. The difference is 

most noticeable for NCX2-1B, where Fss values of 1 at low Ca2+
i concentrations represent 

no inactivation. Furthermore, both chimaeras are less responsive to elevations of 

regulatory Ca2+
i levels, as can be determined by minimal changes in Fss values as Ca2+

i
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Figure 10. Ca2+
i-dependence of NCX2.1 chimaera-mediated outward currents. Overlapping 

representative current transients at 0, 1, 3 and 10 µM Ca2+
i for NCX2.1 chimaeric constructs with 

either A. exon A or B. exon B substitution from NCX1. Pooled data for normalized peak and 
steady state currents at increasing Ca2+ concentrations (n ≥5) are at the right. C. Ca2+ dependence 
of fractional steady state current (Fss) for NCX2.1 and its exon chimaeras. A shift in Na+-
dependent inactivation for exon A and B chimaeras is observed, with decreased inactivation and 
responsiveness to elevations of regulatory Ca2+

i levels as compared to native NCX2.1 (n≥5).  
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concentrations increase, in contrast to NCX2.1, where Fss values decrease by 40 %, from 

0.75 ± 0.05 at 1 µM Ca2+
i to 0.47 ± 0.03 at 30 µM Ca2+

i.  

 To test if the reduction in Na+-dependent inactivation observed for 

NCX2.1 chimaeras is due to their inability to enter into the Na+-dependent inactive state, 

outward exchange currents were measured in the presence of the inhibitor SEA0400. This 

pharmacological agent preferentially blocks the outward mode of exchange mediated by 

NCX in the presence of elevated Na+
i levels by promoting and stabilizing the inactive 

state of the exchanger (119). If the inactive state is unable to form, the presence of the 

inhibitor should not influence the outward exchange current profile. However, if the 

inactive state is possible but not stable, the inhibitor may assist is maintaining the 

structure required to keep the exchanger in its inactive form. 

Representative traces of outward exchange currents mediated by NCX2.1 

and its chimaeras in the presence of 0.1 µM SEA0400 applied to the cytoplasmic side of 

the patch are depicted in Figures 11A-11C. The SEA0400 concentration used for all 

experiments has been shown to achieve maximal inhibitory effect without becoming toxic 

to the oocytes (119). Outward currents were measured on the second or third pulse 

following inhibitor application, when the maximal inhibitory effect is observed. Although 

peak currents in the presence of SEA0400 were only inhibited by approximately           

20-40 %, steady state currents decreased by 60 % for NCX2.1 and 78 % for both NCX2 

chimaeras (Figure 11D, bar graph). This suggests that these chimaeras maintain their 

ability to enter the Na+-dependent inactive state, which can only be observed in the 

presence of the inhibitor SEA0400. These chimaeras may therefore be lacking 

appropriately interacting residues necessary for forming and maintaining the secondary  
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Figure 11. Inhibition of outward exchange currents in the presence of SEA0400. 
Representative traces of outward current mediated by A. NCX2.1, B. NCX2-1A and C. NCX2-1B 
chimaeras before and 2-3 pulses following application of 0.1 µM SEA0400. D. Pooled data for 
SEA0400-mediated inhibition of peak and steady state currents for above-mentioned exchangers 
(n≥4). Statistical significance determined by Student t test, p<0.05 indicated by an asterisk. 
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structure required for stability of the inactive state. 

 The phenotypes exhibited by chimaeras NCX2-1A and NCX2-1B suggest that the 

region analogous to the mutually exclusive exon in NCX2.1 plays a greater role in ionic 

regulation of outward exchange currents, particularly in Na+-dependent inactivation, in 

comparison to the mutually exclusive exons in the NCX1 isoform. Alternatively, it is also 

plausible that the exons A and B in NCX1 require interactions with other key residues in 

their own native sequence to mediate Na+-dependent inactivation. To test the hypothesis 

that a link between the mutually exclusive exon and other regulatory regions of the 

exchanger may exist, double chimaeras were constructed. As the extent of Na+-dependent 

inactivation was significantly modified in the NCX2.1 exon chimaeras, interactions with 

the XIP region, essential for Na+-dependent inactivation (56; 142; 144), could potentially 

be affected. I therefore chose to create double chimaeras substituting the region 

analogous to the mutually exclusive exon, in combination with the XIP region, between 

the two NCX isoforms, NCX1 and NCX2.1  

 

4.4 Interaction between the mutually exclusive exon and the XIP region from 

 NCX1 

 Key aromatic and positively charged residues in the XIP region of NCX are 

highly conserved amongst the two isoforms used in this study. Comparison between 

NCX1 and NCX2.1 amino acid sequences highlight only five amino acids at the            

C-terminal end of the XIP region which are non-homologous (Figure 7B). The first 

residue in the XIP region of NCX1 is R219, and with its positively charged side chain, it 

is comparable to the lysine found at the corresponding position in NCX2.1. In the non-
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conserved section of the C-terminal end of the XIP region, the first amino acid is 

maintained as an uncharged polar residue, with an alanine in NCX1 and a threonine in 

NCX2.1. However, the following residues differ significantly between NCX1 and 

NCX2.1. Whereas NCX1 has two positively charged residues in this region, NCX2.1 has 

a negatively charged aspartate, a proline, whose conformational constraint imposed by its 

cyclic nature may cause a change in the secondary structure of the entire XIP region, a 

positively charged arginine and a serine, with its polar hydroxyl side chain and potential 

phosphorylation site. Hence, the differences in charge and structure imposed by these 

residues distinguishing between NCX1 and NCX2.1 XIP regions may influence not only 

the secondary structure of the region, but also possible interactions with other residues in 

the cytoplasmic loop. This is evidenced by their respective regulatory profiles, as 

generally, NCX1 splice variants have a strong Na+-dependent inactivation, whereas 

NCX2.1 displays only moderate I1.  

 To determine the importance of the non-conserved residues in the XIP region on 

ionic regulation, single chimaeric exchangers were constructed, substituting the entire 

XIP region from NCX1 into NCX2.1 and vice versa into both NCX1.4 and NCX1.3. 

Furthermore, to establish if the mutually exclusive exon in NCX1 and its corresponding 

region in NCX2.1 influences the regulatory profile exhibited by the XIP region from the 

same isoform, we created double chimaeras, substituting both regions from one isoform 

into the other. We then measured outward exchange currents mediated by these 

constructs to determine if substitution of the XIP region, alone or in combination with the 

region corresponding to the mutually exclusive exon, modifies ionic regulation.  
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 As shown in Figure 12A, substituting the XIP region in NCX2.1 with its 

counterpart from NCX1 (chimaera N2-XIP1) has little impact on ionic regulation of 

outward currents when compared to the ionic profile for native NCX2.1 (Figure 9A). 

Ca2+-dependence curves of normalized peak and steady state currents are very similar. 

The extent of Na+-dependent inactivation, as determined by the Fss values, is greater as 

Ca2+
i concentrations increase, but remain at moderate levels for both exchangers (Figure 

13A, NCX2.1 in white bars, NCX2-XIP1 in grey bars). Taken together, these data 

demonstrate that substitution of the XIP region in NCX2.1 with its homologue from 

NCX1 does not cause significant changes in NCX2.1 ionic regulatory profile.  

 The presence of both the mutually exclusive exon A and the XIP region from 

NCX1 in an NCX2.1 background causes changes in ionic regulation of outward exchange 

currents as compared to wild type NCX2.1 and its single chimaeric constructs, NCX2-1A 

and NCX2-XIP1. Currents mediated by the NCX2-1A-XIP1 chimaera exhibit moderate 

Na+-dependent inactivation at low regulatory Ca2+ levels (1 and 3µM), but this 

inactivation is suppressed at 10 µM Ca2+ (Figure 12B and Figure 13A, NCX2-1A-XIP1 

in striped bars). Thus, Na+-dependent inactivation is moderate, such as observed in native 

NCX2.1, and is alleviated at higher Ca2+
i concentrations, as observed for NCX1.4. This 

chimaeric construct therefore displays a regulatory phenotype with properties from both 

the parent and the donor exchangers. In comparison with the chimaeric construct NCX2-

1A, where Na+-dependent inactivation is limited over the range of Ca2+ concentrations 

assayed (Figure 13A, NCX2-1A in black bars), it would appear that the presence of the 

XIP region from NCX1.4 is also required for Na+-dependent inactivation to occur. 

Potentially, an interaction between residues in the mutually exclusive exon A and the XIP 
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Figure 12. Ca2+

i-dependence of NCX2 double chimaeras for outward exchange currents. 
Overlapping representative current transients at 0, 1, 3 and 10 µM Ca2+

i for A. NCX2.1-XIP1,    
B. NCX2-1A-XIP1 and C. NCX2-1B-XIP1 chimaeric constructs. Pooled data for normalized 
peak and steady state currents (n ≥5) are depicted at the right. 
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Figure 13. Ca2+
i-dependence of Fss for NCX2 double chimaeras. A. Ca2+ dependence 

of the fractional steady state current (Fss) for NCX2.1 and its exon/XIP chimaeras at 1, 3 
and 10 µM Ca2+

i (n≥4). B. Ca2+ dependence of the fractional steady state current (Fss) for 
NCX2.1 and its exon B/XIP chimaeras at 1, 3 and 10 µM Ca2+

i (n≥4). Statistical 
significance determined by Student t test; p<0.05 indicated by an asterisk. 
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region is required for the Na+-dependent inactive conformation to occur or to become 

stable. 

 Substitution of the region corresponding to the mutually exclusive exon in 

NCX2.1 with exon B from NCX1.3 does not follow the same trend as what has been 

demonstrated with exon A from NCX1.4. Minimal Na+-dependent inactivation is 

observed with the NCX2-1B chimaera (Figure 10B), and substitution of both the exon B 

and XIP region from NCX1.3 give a similar response, where Na+-dependent inactivation 

is not as strong as what is observed for either NCX2.1 or NCX1.3 (Figures 12C and 

13B). Surprisingly, Fss values are higher for the NCX2-1B-XIP1 chimaera than what is 

observed for NCX2-1B (Figure 13B). Thus, the mutually exclusive exons A and B of 

NCX1 do not necessarily interact with the XIP region in a similar fashion, suggesting that 

they may also associate with other regions of the protein to mediate a specific regulatory 

effect. 

 

4.5 Characterization of the XIP region from NCX2.1 

 Differences between amino acid sequence of the XIP regions from NCX1 and 

NCX2.1 are few, yet their impact on Na+-dependent inactivation is evident, as I1 is 

greater in outward exchange currents mediated by the NCX1 splice variants in 

comparison to NCX2.1. To gain insight into the possible mechanism influencing this 

regulatory phenotype, chimaeric constructs substituting the XIP region in both NCX1.3 

and NCX1.4 with the corresponding region from NCX2.1 were constructed. Figure 14 

depicts representative traces of outward exchange currents at increasing Ca2+
i 

concentrations for native NCX1.4 (Figure 14A) and its NCX1.4-XIP2 chimaera  
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Figure 14. Ca2+
i-dependence of NCX1.4 and its XIP2 chimaera for outward exchange 

currents and Fss. Overlapping representative current transients at 0, 1, 3 and 10 µM Ca2+
i for   

A. wild-type NCX1.4 and B. NCX1.4-XIP2 chimaeric construct. C. Pooled data for normalized 
peak for NCX1.4 and its XIP2 chimaera. D. Pooled data for normalized steady state currents for 
NCX1.4 and its XIP2 chimaera (n ≥5). E. Ca2+ dependence of the fractional steady state current 
(Fss) comparing NCX1.4 and its XIP2 chimaera at 0, 1, 3, 10 and 30 µM Ca2+

i (n≥4). Statistical 
significance determined by Student t test. 
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(Figure 14B). Loss of Na+-dependent inactivation is observed in the NCX1.4-XIP2 

chimaera, independently of intracellular Ca2+ concentration assayed. Comparison of 

normalized peak (Figure 14C) and steady state curves (Figure 14D) between the native 

and chimaeric construct demonstrates that peak currents are very similar, but steady state 

currents differ significantly. Steady state currents mediated by native NCX1.4 increase 

considerably as Ca2+ concentrations increase, whereas they remain at a low level for 

NCX1.4-XIP2 mediated currents. The Ca2+ dependence of Fss representing the extent of                  

Na+-dependent inactivation curve for the NCX1.4-XIP2 chimaera shows that above         

1 µM Ca2+
i, the extent of inactivation is negligible and does not change significantly as 

the Ca2+ concentration increases to 30 µM, in contrast to the profile for NCX1.4 mediated 

currents, where I1 is strong at low Ca2+ concentrations and inhibited at higher Ca2+ 

concentrations (Figure 14E). Therefore, substitution of the XIP region in NCX1.4 with its 

corresponding region from NCX2.1 causes a significant decrease in Na+-dependent 

inactivation. This suggests that the five non-conserved residues at the C-terminal end of 

the XIP region of NCX1 are required for formation or stability of the Na+-dependent 

inactive state. 

 The regulatory profiles for NCX1.3 and its chimaeric construct, exchanging its 

XIP region with the analogous region from NCX2.1, are illustrated in Figures 15A-15D. 

Comparison of the representative traces and Ca2+ dependence curves for Fss (Figure 15E) 

suggests that although Na+-dependent inactivation is not as strong for the NCX1.3-XIP2 

chimaera as it is for the native NCX1.3, different Ca2+ concentrations do not alter this 

phenotype significantly. Normalized peak currents profiles are very similar, whereas 

steady state currents are more stable for NCX1.3 with respect to Ca2+
i concentrations. 
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For the NCX1.3-XIP2 chimaera, peak and steady state currents are highest at 3 µM Ca2+ 

and stabilize between 10 and 30 µM Ca2+. Nonetheless, the Na+-dependent inactive state 

can be formed and maintained independently of the intracellular Ca2+ concentration. 

 The presence of the mutually exclusive exon in combination with the XIP region 

from the same exchanger may influence the exchanger’s specific ionic regulatory profile, 

as previously described for the NCX2-1A-XIP1 chimaera (Figure 13A). To determine if 

this is also the case for the corresponding regulatory regions from NCX2.1, the NCX1-

2A-XIP2 chimaera was constructed, where the region corresponding to the mutually 

exclusive exon and the XIP region from NCX2.1 were used to substitute the 

corresponding regions in the NCX1 parent exchanger. As shown in Figure 8C, 

substituting only the region corresponding to the mutually exclusive exon into NCX1 had 

no significant impact on the ionic regulatory profile. The N1-2A chimaeric construct had 

a very similar profile to NCX1.3, with strong Na+-dependent inactivation which remains 

evident at higher Ca2+
i concentrations.  

 As shown in Figure 16, the presence of both regions corresponding to the 

mutually exclusive exon and the XIP region from NCX2.1 into an NCX1 background 

does modify ionic regulation of outward exchange currents as compared to the N1-2A 

chimaera. Although normalized peak and steady state current curves appear similar for 

NCX1-2A and NCX1-2A-XIP2 (Figures 16C and 16D), the difference is striking upon 

observation of the representative traces of outward exchange currents and the              

Ca2+-dependence curve for the fractional steady state currents. Whereas NCX1-2A 

chimaera has strong Na+-dependent inactivation at all Ca2+ concentrations assayed, the 

presence of the XIP2 region in this context causes alleviation of I1 at higher Ca2+ levels.  
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Figure 16. Ca2+
i-dependence of NCX1-2A and N1-2A-XIP2 chimaeras for outward exchange 

currents and Fss. Overlapping representative current transients at 0, 1, 3, 10 and 30 µM Ca2+
i for   

A. NCX1-2A and B. NCX1-2A-XIP2 chimaeric constructs. C. Pooled data for normalized peak, 
comparing NCX1-2A and its XIP2 chimaera. D. Pooled data for normalized steady state currents, 
comparing NCX1-2A and its XIP2 chimaera (n ≥5). E. Ca2+ dependence of the fractional steady 
state current (Fss) comparing NCX1-2A and its XIP2 chimaera at 0, 1, 3, 10 and 30 µM Ca2+

i 
(n≥4). Statistical significance determined by Student t test. 
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Comparison of the extent of Na+-dependent inactivation with respect to regulatory Ca2+ 

concentration (Figure 16E) clearly shows that the presence of both regions allows for a 

Ca2+-dependent regulation of I1, where Na+-dependent inactivation is alleviated as Ca2+
i 

concentrations increase. As this phenotype is not typical of NCX2.1, which displays only 

moderate I1, even at high Ca2+, it is possible that another region in the NCX1 exchanger, 

in association with the XIP2 region, is required to mediate this effect. 

 

4.6  Recovery from Na+-dependent inactivation 

 It is evident that differences in amino acid sequence of the XIP regions of NCX1 

and NCX2.1 impart an effect predominantly on Na+-dependent inactivation, depending 

on which mutually exclusive exon is present. For NCX1.3, which normally exhibits the 

highest level of inactivation, fractional steady state values double when the XIP region is 

substituted with the XIP region from NCX2.1, demonstrating a weakened Na+-dependent 

inactive state. For NCX1.4, the effect is even more noticeable, as I1 becomes negligible in 

the NCX1.4-XIP2 chimaera. To test the stability of the Na+-dependent inactive state of 

the NCX1-XIP2 chimaeric constructs, paired-pulse experiments were performed. The rate 

of recovery from inactivation was calculated using the ratio of initial peak current level 

following application of 100 mM Na+
i with the peak current level achieved on the second 

pulse of 100 mM Na+
i. The second pulse was activated at timed intervals ranging from 4 

ms to 32 s following the first pulse. The magnitude of the second peak reflects the extent 

of recovery from Na+
i-induced inactivation of the entire exchanger population (65). 

Paired-pulse experiments were also used to evaluate recovery rate from inactivation for 
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NCX1.3 mutants of the non-conserved residues at the C-terminal portion of the XIP 

region, substituting for the corresponding amino acids in NCX2.1.  

 Figure 17 illustrates recovery from inactivation of outward exchange currents 

mediated by wild type NCX1.3 and NCX2.1 in comparison to the NCX1.3-XIP2 

chimaeric construct and the point mutation at position 235 in the XIP region, substituting 

a lysine for a proline. As shown for NCX1.3, the Na+-dependent inactive state appears to 

be quite stable, as peak currents obtained at short intervals following formation of the 

inactive state only increase slightly as compared to the steady state of current at pulse 1. 

For NCX2.1, as the extent of I1 is approximately 50 % at 3 µM Ca2+, the inactive state is 

possibly not as stable. This is evidenced by the high level of peak current achieved on the 

second pulse, 6.4 s following the initial pulse. Thus, the XIP region in NCX2.1 appears to 

confer a less stable conformation during Na+-dependent inactivation. This phenotype is 

more evident when the XIP2 region from NCX2.1 is found in an NCX1.3 background. 

Recovery from inactivation for the NCX1.3- XIP2 chimaeric construct is significantly 

quicker. Even at 1.6 s, peak currents at pulse 2 are almost equivalent to peak currents on 

pulse 1. At 6.4 s, total recovery from inactivation is achieved.  

 To determine which residue may be involved in the secondary structure needed 

for stability of the inactive state, we tested the point mutants of all five non-conserved 

residues at the C-terminal end of the XIP region, replacing NCX1.3 residues with their 

analogue from the NCX2.1 XIP sequence. The representative trace of outward exchange 

current at 3 µM Ca2+ for NCX1.3 K235P depicts the mutant with the greatest effect on 

the rate of recovery, with a profile very similar to NCX2.1 (Figure 17). Analysis of 

recovery rates (β recovery) for all point mutants are represented in the bar graph             
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Figure 17. Recovery from Na+-dependent inactivation. Representative traces demonstrating 
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Figure 18. Comparison of recovery rates from inactivation for NCX1.3 chimaeric and point 
mutation constructs. Rate of recovery for NCX1.3-XIP2, and double or single amino acid 
mutants of the non-conserved residues in the XIP2 region (n≥4).  
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Table I. Values for fractional steady state (Fss) and rate of recovery for NCX isoforms, 
NCX1 chimaeric and point mutation constructs. Data were calculated for outward exchange 
currents at 3 µM Ca2+

i (n≥4).  
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in Figure 18, with values for Fss and rate of recovery in Table I. The rate of recovery is 

approximately three-fold greater for NCX2.1 as compared to NCX1.3, and is almost 

equivalent to the value obtained for the point mutation NCX1.3-K235P and the double 

mutant NCX1.3 G234D- K235P. However, the rate of recovery is at its highest for the 

NCX1.3-XIP2 and the NCX1-2A-XIP2 chimaeras, with values reaching 1.2 ± 0.1 sec-1 

and 1.4 ± 0.2 sec-1, respectively. No single point mutation or double mutation of the 

charged residues is sufficient to reproduce this effect, suggesting that the combination of 

all five residues confers a specific conformation rendering the inactive state unstable. 

This effect appears to be dependent on the mutually exclusive exon, as NCX1.4-XIP2’s 

inactive state is unstable to the point that it appears to have no detectable I1. With 

NCX1.3-XIP2, Fss values are higher and recovery rates from inactivation are quicker 

than those observed for wild-type NCX1.3, supporting the proposition that a structural 

modification provoked by the residues in the XIP2 region may prevent the formation of a 

strong Na+-dependent inactive state.  
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5. DISCUSSION 

  

 The Na+-Ca2+ exchanger plays an important role in Ca2+ homeostasis in several 

tissues of the body and in a variety of organisms. Located in the plasma membrane of 

most cells, it has the ability to countertransport Na+ and Ca2+. Depending on the 

membrane potential and the electrochemical gradient across the membrane, the exchanger 

functions either in the inward mode, causing Ca2+ efflux, or in the outward mode, leading 

to Ca2+ influx. This versatility in mode of exchange has its advantages and disadvantages. 

On the positive side, it allows for rapid movement of Ca2+ in response to ionic 

fluctuations in the intracellular space, such as in cardiac muscle, where the exchanger 

responds to Ca2+ flux on a beat to beat basis and is essential for relaxation to occur prior 

to the next contraction (14; 174). However, when cellular ionic homeostasis is 

compromised and intracellular Na+ levels rise above normal, the exchanger responds by 

promoting Na+ efflux, thereby causing Ca2+ entry into the cell. As Ca2+ is an important 

signalling molecule involved in a multitude of mechanisms including apoptotic and 

necrotic cell death pathways, it would be preferable that the exchanger remain inactive in 

this instance. This is unfortunately not the case, hence the interest in gaining insight into 

NCX regulation and inhibition, leading to the development of pharmacological agents 

targeting this mode of action to prevent cellular demise.  

 Interestingly, nature has endowed mammals with not only one exchanger, but 

with three isoforms which are expressed independently, as each is encoded on separate 

genes and on different chromosomes. Additional diversity is achieved by alternative 

splicing of transcripts in two of these isoforms, NCX1 and NCX3. The body therefore has 
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the possibility of expressing over 20 different exchangers. Of the exchangers which have 

been cloned and characterized, all appear to have essentially the same function, but each 

exhibits unique regulatory profiles and is expressed in specific tissues. Furthermore, 

mRNA and protein expression are dependent on the developmental stage of the organism, 

and may also be influenced by the cellular environment in health and under duress. Thus, 

it is highly probable that differential expression of NCX isoforms and splice variants 

throughout the body reflects the Ca2+ homeostatic requirements specific to the tissue in 

which it is expressed and at a time when it is required, adding to the versatility of this 

protein. Subtle differences in regulation of these exchangers may be important 

physiologically and may influence the response to intracellular ionic fluctuations 

necessary for cells to remain functional and healthy. 

 Among the three mammalian isoforms identified to date, NCX1 is the most 

extensively expressed and has been the most thoroughly studied. NCX1.1 is ubiquitously 

expressed, whereas the additional splice variants are restricted to a few tissues. Splicing 

patterns are noticeable, with exon A-expressing variants found only in excitable tissues 

such as heart, brain and skeletal muscle. These exchangers have a particular ionic 

regulatory phenotype, where high intracellular Na+ levels cause inactivation of outward 

currents, preventing excessive Ca2+ entry. This is an important feature, as timely 

regulation of rapid Ca2+ transient fluxes are essential in muscular and neuronal tissues. 

Furthermore, high intracellular Ca2+ concentrations can alleviate the Na+-dependent 

inactivation, possibly by modifying the secondary structure of the Ca2+-binding domains 

and destabilizing the inactive state. Therefore, depending on intracellular Na+ and Ca2+ 
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levels, the exchanger’s secondary structure may change and thus modulate exchange 

activity. 

 The ionic regulation of the exchanger is dependent on specific domains located 

within the cytoplasmic loop. The alternative splice region, located in the Ca2+-binding 

domain 2, is one of the regions which may influence ionic regulation. Because of 

alternative splicing, only certain exons are included in the amino acid sequence of the 

mature exchanger. Interactions between residues within these exons and other regions in 

the cytoplasmic loop may be required for the secondary structure of the protein, allowing 

for activation or inactivation of exchange activity as it pertains to the cellular ionic 

environment. The exclusion of these same exons in other splice variants may also have an 

impact on the secondary structure of the exchanger, as has been observed in the 

differential regulatory responses exhibited on the outward exchange currents mediated by 

various splice variants.  The alternative splice region therefore plays an important role in 

ionic regulation of the exchanger, and exploring its structure is essential in understanding 

the subtle differences in NCX variant functions.  

 This study focuses on the area corresponding to the mutually exclusive exon in 

the alternative splice region of the Na+-Ca2+ exchangers, NCX1 and NCX2, specifically 

examining the influence of the exon on ionic regulation of outward exchange currents. As 

the mutually exclusive exon is located within the Ca2+-binding domain, it is feasible that 

it is involved in the secondary structure of this region essential to binding of regulatory 

Ca2+. The 3-dimensional structure of the Ca2+-binding domains proposed by NMR and 

crystallography studies, along with mutational analysis of key residues in this region, 

illustrate a possible role for residues within the mutually exclusive exon in stability of the 
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domain in the absence of Ca2+ and binding of regulatory Ca2+, thus mediating exchange 

activity (17; 35; 59; 99; 164). Alternatively, the exon region may also influence Na+-

dependent regulation, as previously studied mutants in the Ca2+-binding sites, which 

exhibit low affinity for regulatory Ca2+ binding, also display modifications in Na+-

dependent inactivation (142; 175). Previous studies by our laboratory, exploring 

differences in ionic regulatory properties between Drosophila’s alternative splice 

variants, CALX1.1 and CALX1.2, have demonstrated that a five amino acid sequence 

difference in the alternative splice region can cause significant differences in both Na+ 

and Ca2+-dependent regulatory profiles (169). Thus, there is evidence that the alternative 

splice region in NCX1 is required for Ca2+-dependent regulation, and also influences 

Na+-dependent inactivation. The actual mechanism by which this occurs has yet to be 

determined and will be the main objective of this study. 

 The method proposed for this structure-function study is measurement of 

chimaeric NCX-mediated currents in Xenopus oocytes using the giant, excised-patch 

clamp technique. Although this system is highly artificial and does not reflect actual 

physiological cellular conditions in mammals, it nonetheless has several advantages. 

Firstly, overexpression of NCX in oocytes is a relatively simple procedure, where cRNA 

is injected into the egg. The oocyte’s internal machinery then proceeds to synthesize the 

protein and integrate it into the membrane (29). This procedure has limited toxic effects 

on the oocyte and therefore does not hinder their maintenance in culture. Secondly, as 

other ionic channels or transporters are either not naturally expressed in oocytes or are 

inhibited in the experimental bath solutions, this technique allows for measurement of 

currents mediated solely by the overexpressed exchanger (39; 60). Thirdly, analysis of 
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isoform specific ionic regulation is possible, as our system allows for control of ionic 

concentrations in the bath solutions on either side of the membrane. Hence, examination 

of forward and outward mode of exchange is possible (60). Lastly, comparison of 

currents produced by different isoforms normally expressed in different tissues is more 

easily achieved in a system where conditions are similar and constant. Thus, although the 

cellular environment is important, it will have the same impact on all overexpressed 

exchangers in this common membrane environment.  

 To determine the importance of the first exon in the alternative splice region in 

mediating ionic regulation of the exchanger, single chimaeras were constructed, 

exchanging the mutually exclusive exons from NCX1 with the corresponding region from 

NCX2.1. For clarity and simplicity, the corresponding region in NCX2.1 was arbitrarily 

labelled exon 2A. Although the name suggests that this exon is mutually exclusive, the 

author fully realizes that this is not the case, as no findings to date demonstrate that 

NCX2.1 is alternatively spliced. The rationale for creating chimaeras rather than deleting 

the region of interest is that substitution of the same number of residues, with a natural 

conservation of several amino acids, should cause less disruption and maintain the 

general secondary structure of the protein. This is important, as relative alignment 

between regulatory regions in different locations of the protein may still be preserved, 

allowing for interactions to occur. Also, comparing amino acid sequences between NCX1 

and NCX2 in a restricted region facilitates the identification of key residues conferring a 

specific regulatory phenotype. Previous studies using chimaeric constructs substituting 

the Ca2+-binding domain from NCX1.1 into the Drosophila CALX yielded functional 

proteins, as long as both transmembrane domains were from the same parent exchanger 
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(37). Furthermore, these CALX chimaeric constructs exhibited Ca2+-dependent 

regulatory properties transferred from the donor exchanger, NCX1.1, demonstrating that 

the regulatory domains can retain function despite being in a different parent exchanger. 

Thus, the proposed model of investigation is feasible, as it is supported by previous 

experience acquired by our laboratory.  

 

5.1 Similarities between NCX2.1 and NCX1.3 regulatory profiles conferred by 

residues in the region corresponding to the mutually exclusive exon 

 To determine the mechanism by which the mutually exclusive exon mediates Na+ 

and Ca2+-dependent regulation, chimaeric exchange of the mutually exclusive exon in 

NCX1, replacing it with the corresponding region from NCX2.1 (chimaera N1-2A), was 

performed and outward currents mediated by this chimaera were analyzed. This 

substitution confers a regulatory profile similar to what is observed with NCX1.3 

mediated outward exchange currents as it pertains to Ca2+’s ability to modulate Na+-

dependent inactivation. These findings are somewhat expected, given the regulatory 

profiles of these two exchangers. NCX1.3 exhibits very strong Na+-dependent 

inactivation (I1) of outward currents which is not influenced by high regulatory Ca2+
i 

concentrations. Similarly, high Ca2+
i levels do not lessen Na+-dependent inactivation of 

outward currents mediated by NCX2.1, but rather maintain it. In contrast to NCX1.3, 

Na+-dependent inactivation is only moderate for NCX2.1, and becomes apparent only at 

higher Ca2+
i. This is possibly due to a reduced affinity for regulatory Ca2+ by NCX2.1 and 

suggests that for this isoform, regulatory Ca2+ is required to stabilize the Na+-dependent 

inactive state (171). Nonetheless, high Ca2+ does not alleviate I1 for either NCX1.3 or 

 90



NCX2.1, and the N1-2A chimaera demonstrates that the region corresponding to the 

mutually exclusive exon in NCX2.1 has a very similar function as exon B in NCX1.3 in 

mediating this phenotype.  

 Comparison of the amino acid sequence of the region corresponding to the 

mutually exclusive exon of NCX1.3 and NCX2.1 may explain the similarity in the 

observed regulatory profiles. The exon region in NCX1 has been studied extensively by 

mutagenesis analysis, and key residues involved in Ca2+’s ability to destabilize the Na+-

dependent inactive state have been identified (35). The negatively charged aspartate 

residue at position 578 and the positively charged lysine at position 585 in exon A of 

NCX1.4 are required for alleviation of I1 at high Ca2+
i, as shown by mutations of these 

residues and supported by the 3-dimensional structural model proposed by Hilge (59). It 

would appear that D578 coordinates Ca2+ ions in both binding sites of CBD2 whereas 

K585 forms a salt bridge with the adjacent D552, located in the second Ca2+ binding site 

of CBD2, thus stabilizing the surrounding negatively charged residues, such as D578, 

E579 and E580, and preventing the unfolding of CBD2 in the absence of bound Ca2+ (see 

Figure 4). In exon B-expressing exchangers, the presence of a positively charged residue 

at position 578 and an uncharged residue at position 585 causes instability in this Ca2+ 

binding domain, and high Ca2+
i concentrations do not bring about a conformational 

change disrupting the Na+-dependent inactive state. This has been demonstrated by the 

NCX1 K585E mutant, which led to electrostatic repulsion and unfolding of CBD2, 

suggesting a key role for this residue in the structural stability of this region (59). The 

unfolding of CBD2 results in a rearrangement of the Ca2+ binding sites that could alter 
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the interaction with other regulatory regions of the exchanger and prevent overcoming 

Na+-dependent inactivation, as observed with NCX1.3.  

 Findings from this study demonstrate that the charged residues within the 

mutually exclusive exon may have the same function in an NCX2.1 context, where the 

acidic cluster forming the Ca2+ binding site is equally conserved but specific residues 

surrounding the cluster are not. The presence of a negatively charged aspartate residue at 

position 605 in NCX2.1, comparable to the cysteine at the corresponding position in 

NCX1.3 and in contrast to K585 in NCX1.4, may destabilize the Ca2+-binding domain 2. 

Site directed mutagenesis, substituting the aspartate for a positively charged lysine at 

position 605 in NCX2.1, thus replicating K585 in the NCX1.4 amino acid sequence, 

causes the mutant exchanger to mediate outward currents with strong Na+-dependent 

inactivation at low Ca2+ and its alleviation as Ca2+ concentrations increase. This mimics 

the NCX1.4 phenotype and contrasts with what is observed for currents mediated by 

native NCX2.1. Although I1 is not completely overcome at 30 µM Ca2+ in the NCX2.1 

D605K mutant as it is with NCX1.4, it is possible that a higher Ca2+ concentration may 

be required for this to occur, as native NCX2.1 has a lower regulatory Ca2+ affinity than 

NCX1.4 (171). Exchange currents were, however, not measured at a Ca2+
i concentration 

higher than 30 µM, as this would create competition for the transport site and complicate 

analysis of our observed results. Nonetheless, the absence of two charged residues at 

specific positions (578 and 585 in exon B of NCX1) confers the same regulatory 

phenotype in both an NCX1.3 and NCX2.1 context. This suggests that the region 

corresponding to the mutually exclusive exon in NCX2.1 plays a similar role as exon B in 

NCX1.3 in destabilizing the secondary structure of CBD2, resulting in a rearrangement of 
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its Ca2+ binding sites and possibly stabilizing an interaction with the XIP region, as Na+-

dependent inactivation is maintained in outward currents mediated by these exchangers. 

Therefore, the region corresponding to the mutually exclusive exon may mediate Na+-

dependent regulation indirectly by influencing Ca2+ binding to CBD2. 

 

5.2 Role of the region corresponding to the mutually exclusive exon in NCX2.1 in 

maintaining Na+-dependent inactivation  

 Our findings demonstrate that the region corresponding to the mutually exclusive 

exon in NCX1 and NCX2.1 play an important role in modulating Na+-dependent 

inactivation in a Ca2+-dependent manner. This region in NCX2.1 also appears to have a 

greater role in Na+-dependent regulation, independently of Ca2+
i. Substitution with either 

exon A or exon B from NCX1 into an NCX2.1 background causes a distinct phenotypic 

alteration. In both cases, Na+-dependent inactivation is limited as compared to native 

NCX2.1, and is minimally influenced by intracellular Ca2+ levels. Outward currents peak 

rapidly, but do not degrade significantly in the presence of elevated Na+
i. Formation of 

the inactive state may be dependent on specific residues located in the region 

corresponding to the mutually exclusive exon in NCX2.1, which may not be conserved in 

exons A or B of NCX1. This suggests that the XIP region in NCX2.1 alone is not 

sufficient to form or maintain the inactive state. Another possibility is that the region 

corresponding to the mutually exclusive exon may be part of the XIP binding site, and 

would therefore be required for interaction with the XIP region to achieve the inactive 

state.  
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 The NCX2.1 chimaeric exchangers maintain their ability to form the inactive 

state, but require external assistance to do so. This has been observed in the presence of 

the pharmacological inhibitor SEA0400, which is known to stabilize the Na+-dependent 

inactive state. Outward exchange currents measured before and after application of 

SEA0400 demonstrate that the chimaeric exchangers N2-1A and N2-1B are able to 

achieve the conformational change required for formation of the inactive state, but only 

in the presence of the inhibitor. Therefore, it would appear that residues located within 

the region corresponding to the mutually exclusive exon in native NCX2.1 are not 

essential, but rather facilitate the formation or the stabilisation of the Na+-dependent 

inactive state. This may be achieved by involvement in the secondary structure of the 

protein or structural interactions with other regions of the exchanger. 

 

5.3 Interaction between the XIP region and the region corresponding to the 

 mutually exclusive exon in NCX1 required for Na+-dependent inactivation 

 The 3-dimensional structural model of NCX1 proposed by Hilge et al (2006) 

suggests that CBD2 is in close proximity to a third domain called the catenin-like domain 

(CLD, see Figure 3). This region, comprised of most of the regulatory loop, excluding the 

Ca2+-binding domains, corresponds to residues 217-370 and 651-705. The CLD therefore 

contains the XIP region, suggested to be responsible for Na+-dependent inactivation (59). 

The proximity between the alternative splice region within CBD2 and the XIP region is 

therefore possible, and residues in the mutually exclusive exon may be involved in XIP 

binding, either by a direct association with the XIP region or by conferring a specific 

conformation required for the XIP region to bind to its binding site and form the inactive 
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state. Alternatively, residues located in other regions of the exhanger may assist in 

formation of the inactive state, and may be required for stabilisation of the conformation 

leading to inactivation. To determine if this is the case with NCX1, double chimaeric 

exchangers were constructed, where both the XIP region in combination with the 

mutually exclusive region from NCX1 are expressed in an NCX2.1 parent exchanger. 

  Results obtained with the double chimaeras in NCX2.1 suggest that indeed, 

conformational stability is enhanced in the presence of both the mutually exclusive exon 

and the XIP region from NCX1 in the same exchanger. However, this is dependent on the 

substituting exon: in the presence of exon A and the XIP region from NCX1 in an 

NCX2.1 background, Na+-dependent inactivation is re-established to similar levels as 

native NCX2.1, suggesting that both regions are required for formation and stability of 

the Na+-dependent inactive form. However, the combination of exon B and the XIP 

region from NCX1 is not sufficient to achieve the Na+-dependent inactive state, 

irrespective of the intracellular Ca2+ concentration. Therefore, this implies a new role for 

the mutually exclusive exon in NCX1, as well as a distinction between exon A and exon 

B. It appears that residues in exon A, in association with the XIP region in NCX1, are 

sufficient to achieve a specific conformation of the exchanger allowing for the Na+-

dependent inactive state to occur, but exchangers expressing exon B require more than 

the XIP region to achieve this conformation. The mutually exclusive exon therefore plays 

an important role in stabilizing the Na+-dependent inactive state and works in concert 

with not only the XIP region but other parts of the exchanger to mediate this phenotype. 

 The actual localization of the XIP binding site within the exchanger has yet to be 

determined, but, it has been proposed to be located between residues 562 and 679 in 
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NCX1 (135; 144). This region covers the alternative splice region, in combination with a 

short sequence downstream of exon F, which has no counterpart in CBD1. This unique 

sequence, from residues 610-625, is comprised of a highly acidic cluster which may be 

involved in electrostatic interactions with the basic residues in the XIP region. 

Alternatively, the mutually exclusive exon may have some impact on the structural 

conformation required for access to this site and thus influence Na+-dependent regulation 

indirectly.  

  

5.4 The XIP region and Na+-dependent inactivation in NCX2.1  

 Ionic regulatory profiles of outward exchange currents mediated by NCX2.1 

illustrate that Na+-dependent inactivation is only moderate as compared to what is 

observed in NCX1. Peak currents measured by giant excised patch-clamp technique in 

oocytes overexpressing the exchanger degrade to steady state currents by approximately 

50 %, demonstrating that only half of the exchangers are active during steady state 

currents (171). Although the amino acid sequence comparison between the XIP region 

from NCX1 and NCX2.1 has high homology, the five non-conserved residues at the      

C-terminal end of this region may confer a specific conformation in the structure of the 

XIP region and destabilize the Na+-dependent inactive state.  

 Secondary to our observations with the XIP chimaeric constructs in NCX2.1, with 

substitution of the XIP region with its equivalent from NCX1 (chimaera NCX2-XIP1), it 

appears that the non-conserved residues within the XIP region have little influence on 

NCX2.1 ionic regulatory profile. However, the reverse substitution, where the XIP region 

from NCX1 is exchanged for the equivalent sequence from NCX2.1 (chimaera NCX1.4-
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XIP2, NCX1.3-XIP2), a definite trend toward instability of the Na+-dependent inactive 

state is observed. The chimaeric construct NCX1.4-XIP2 demonstrates significant loss of 

Na+-dependent inactivation. In comparison, NCX1.3-XIP2 chimaera displays moderate 

I1, as compared to native NCX1.3. However, rapid recovery rate from inactivation for this 

chimaeric exchanger supports the idea that the Na+-dependent inactive state is less stable.  

 Five residues in the C-terminal end of the XIP region are not conserved between 

NCX1 and NCX2, therefore it is highly probable that those residues are involved in the 

secondary structure of the XIP region and influence binding of the XIP region to its 

binding site located elsewhere in the cytoplasmic loop. As no single amino acid mutant 

was able to reproduce the effect mediated by the NCX1.3-XIP2 chimaeric construct, it is 

highly probable that the combination of all five residues causes a specific conformation 

needed to prevent binding of the XIP region and inactivation. Previously studied 

truncated mutations of the XIP region from NCX1 have demonstrated that very few 

residues can be removed from either end without influencing inhibition, and that the total 

length may be required for the proper structure of this region for inhibitory action (56). 

Also, basic or aromatic residue substitutions within the XIP region were shown to have 

the greatest effects on XIP potency and may also influence its conformation. Lastly, a 

potential cAMP-dependent kinase or protein kinase C phosphorylation site has been 

proposed in the NCX2.1 XIP region and not in NCX1. The additional negative charge 

brought about by phosphorylation may assist in attracting the XIP region, which is highly 

basic, thus facilitating an interaction between the XIP region and its binding site (162).  

 The 3-dimensional structural model proposed by Hilge et al suggests that cassette 

exons C to F are located directly opposite the CBD1 Ca2+ binding sites, enabling splice 
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variants to modulate Ca2+ binding directly and affect NCX activity (59). NCX2.1 does 

not express exons D, E and F. Possibly, the last three exons in the alternative splice 

region may by involved in binding of Ca2+ at CBD1, and this could explain why NCX2.1 

has a reduced affinity for regulatory Ca2+. Furthermore, these exons may be required for 

formation or stabilisation of the Na+-dependent inactive state. This may be the 

explanation to why NCX2.1 mediated outward currents exhibit only moderate Na+-

dependent inactivation, as exons D, E and F are not expressed in NCX2.1. All NCX1 

splice variants express exon D (198), and therefore this region may be involved in Na+-

dependent regulation in this isoform. 

 

5.5 NCX2.1 regulatory profile confers neuroprotective properties 

 NCX2.1 is the predominant isoform expressed in the adult brain (49; 213) and 

appears to be involved in restoring baseline Ca2+ levels in presynaptic terminals after 

electrical stimulation (207), allowing for proper control of the neurotransmission in 

hippocampal neurons (20). This is supported by findings in NCX2.1 knockout mice, 

which exhibit delayed clearance of elevated Ca2+ following depolarization, thus 

increasing long term potentiation as evidenced by enhanced memory and spatial learning 

(98). Furthermore, NCX2.1 mRNA and protein levels do not change significantly 

following transient focal cerebral ischemia in rats (122), suggesting a neuroprotective 

role equally observed with NCX2.1 overexpression during excitotoxicity (11). This may 

partially be linked to NCX2.1’s high expression in glial cells, where NCX function in its 

outward mode may be neuroprotective. Ca2+ entry into the glial cells rather than into the 

neurons may protect the latter from Ca2+ overload for some time (243). It has also been 
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proposed that NCX2 be neuroprotective during excitotoxicity due to its resistance to 

calpain cleavage (11). Although still controversial, much evidence suggests that NCX2 

function in neuropathological conditions is beneficial. 

 There may be a link between NCX2.1’s regulatory profile and its neuroprotective 

properties. Although Na+-dependent inactivation is moderate for NCX2.1, this phenotype 

is maintained at high Ca2+ concentrations. This limits Ca2+ influx, even when high Na+
i 

concentrations prevail, as during ischemia-reperfusion injury. In comparison, neuronal 

cells expressing NCX1.4 are not protected from Ca2+ overload under these ionic cellular 

conditions, as Na+-dependent inactivation is not achieved at high Ca2+ concentrations. 

Therefore, these cells are vulnerable to high Na+
i and Ca2+

i levels, as the Ca2+ influx 

mode prevails and is not restricted by inactivation of the exchanger. As our studies 

demonstrate, the region corresponding to the mutually exclusive exon is responsible for 

this phenotype, and specific residues have been identified as key in mediating structural 

changes required for the inactive state to be maintained. Overexpression of the mutant 

form of NCX2 (D605K) which demonstrates alleviation of inactivation at high Ca2+
i 

levels, could be studied under ischemic conditions to determine if NCX2’s regulatory 

profile is indeed responsible for its neuroprotective effects.  
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6. FUTURE STUDIES 

 

Since the cloning of the first Na+-Ca2+ exchanger in 1990, much has been 

discovered with respect to NCX structure, function and regulation and the impact on Ca2+ 

transport under both physiological and pathological conditions. Future studies could be 

undertaken to clarify the importance of phosphorylation of specific sites within the 

exchanger and the mechanism by which phosphorylation modifies the protein’s structure 

and function. Two potential phosphorylation sites in the non-conserved residues of the 

XIP region of NCX2 may play a role in destabilizing the inactive state and allow for 

rapid recovery of the exchanger. Determining if these residues are phosphorylated and by 

which kinase would be of interest, as different kinases may be activated under different 

disease conditions and in different tissues and may therefore be critical determinants of 

activation of NCX exchange activity.  

The other NCX isoform which is alternatively spliced but poorly characterized is 

NCX3. Preliminary data suggests that this isoform has a unique regulatory profile, with 

regulatory Ca2+-induced activation and inactivation (140). NCX3 is essential for Ca2+ 

homeostasis in neuromuscular transmission and skeletal muscle function (235) and is 

believed to be neuroprotective (155; 183). As NCX3 exhibits different affinities to 

inhibitors (87; 88; 95) and is resistant to ATP depletion (126), examination of its 

structure-function relationship would be beneficial in gaining insight into regulation of 

NCX exchange activity. A similar study of outward exchange currents mediated by 

chimaeric NCX3 exchangers may help elucidate the role of the mutually exclusive exon 

and its interaction with other regulatory regions of the exchanger, such as the XIP region. 
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A three-dimensional model of the entire cytoplasmic loop of NCX would be 

beneficial in determining the potential interaction between the XIP region and the region 

corresponding to the mutually exclusive exon. Furthermore, structural differences 

between exon A and exon B expressing exchangers could be examined with respect to 

both the Na+-dependent inactive state and the regulatory Ca2+-binding domains. The yet 

unidentified regulatory regions, the XIP binding site, and the role of the cassette exons 

could also be determined. These structural discoveries could assist us in gaining insight 

into the structure-function relationship of the many regulatory regions of the exchanger 

which are essential in regulating NCX exchange activity in response to intracellular ionic 

conditions. This could assist us in determining isoform-specific roles in physiology and 

in disease states and may also provide an explanation for the expression of a wide variety 

of NCX variants in the mammalian systems. 
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7. CONCLUSION 

 

 This study proposes a potential role for the region corresponding to the mutually 

exclusive exon in the alternative splice region of the Na+-Ca2+ exchangers, NCX1 and 

NCX2. In the NCX1 isoform, key residues in the mutually exclusive exons A and B have 

previously been identified as critical determinants regulating Ca2+’s ability to modulate 

Na+-dependent inactivation. In NCX2.1, I have been able to demonstrate, by measuring 

outward exchange currents mediated by chimaeric constructs and single amino acid 

substitutions, that the region corresponding to the mutually exclusive exon also plays this 

role, and key residues are required for destabilizing CBD2 secondary structure, allowing 

the Na+-dependent inactive state to be maintained despite increases in intracellular Ca2+ 

levels. The ensuing effects of reduced Ca2+ entry may be linked to the neuroprotective 

effects imparted by NCX2.1 during ischemic injury. 

 A new role has been identified for the region corresponding to the mutually 

exclusive exon, involving stabilization of the Na+-dependent inactive state independently 

of Ca2+-binding. This requires interaction with different regions of the exchanger, such as 

the XIP region, which is required for Na+-dependent inactivation to occur. The mutually 

exclusive exons impart a structural conformation facilitating the formation or 

stabilization of the Na+-dependent inactive state. Moreover, depending on which 

mutually exclusive exon is expressed, this structural stability is dependent not only on 

interaction between the mutually exclusive exon and the XIP region, but also on yet to be 

identified residues elsewhere in the exchanger. The alternative splice region is key in 

mediating both Na+ and Ca2+-dependent regulation of NCX isoforms, NCX1 and NCX2. 
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