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Abstract
The Na+/Ca2+ exchanger, NCX1, is important for Ca2+ homeostasis in many
different tissues. Exchange function is regulated by Ca2+ binding to two cytoplasmic
domains, CBD1 and CBD2, that are subject to tissue-specific alternative splicing. To test if
alternative splicing modulates Ca2+ binding to the CBDs, the isolated domains CBD1,
CBD2, and the tandem construct CBD12 from different NCX1 spliced isoforms were
produced, purified and analyzed for Ca2+ binding in a competition binding assay using
fluorescent Ca2+ indicators. NCX1.4-CBD2 bound two Ca2+ ions while NCX1.3-CBD2 did
not bind Ca2+. CBD1 bound four Ca2+ ions, and some of the CBD1 Ca2+ binding sites in the
CBD12 tandem construct had isoform-specific affinities significantly higher than CBD1
alone. My results confirm that alternative splicing of NCX1 affects regulatory Ca2+ binding
in both CBDs, and thus tailors NCX1 function to suit tissue-specific requirements for Ca2+
homeostasis.
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Chapter 1: Introduction
1.1 Ca2+ Signaling
Calcium is a plentiful element in the human body due to its storage in bones, and
calcium ions (Ca2+) play a central role in physiology. Ca2+ is an extremely versatile signaling
ion and is used in many diverse signaling pathways. Ca2+ signaling is central in heart
contraction, control of blood pressure, learning and memory, the immune response, and
many other fundamental biological processes.
The molecular roles of Ca2+ signaling include both cell- and tissue-specific as well as
universal roles. Specific functions depend on what Ca2+ handling molecules and effectors are
present in a cell that define its particular purpose, e.g., protein hormone secretion in
endocrine cells, contraction in muscle cells, and electrical activity in neurons. General
functions use molecular machinery common in all cells for activities such as cell growth and
survival, regulation of gene expression, and intercellular interactions.
Each Ca2+ signal is uniquely targeted for a particular purpose and is very specific
with respect to timing, localization, intensity and duration. Cellular Ca2+ is normally kept
quite low in the cytoplasm, such that an increase in its concentration can serve as a signal.
Production of the appropriate Ca2+ signal requires specific localization and regulation of
Ca2+ handling molecules responsible for Ca2+ entry, release from cellular Ca2+-stores,
buffering in the cytoplasm and stores, and finally, removal of Ca2+ from the cytoplasm.
Optimal response to each unique Ca2+ signal requires well-timed and precise
activation and inactivation of cellular effectors: enzymes and other proteins that utilize an
array of Ca2+-coordination schemes for binding. Ca2+-binding properties, localization and
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downstream targets of effector molecules determine their activation by a Ca2+ signal, and
thus their physiological roles.
The Ca2+ handling molecules illustrated in Fig. 1.1 can be categorized according to
their cellular function as channels, carriers and exchangers, or buffers and sensors.
1.1.1 Ca2+ Signal Sensor Proteins
There are many targets of Ca2+ signaling—proteins and enzymes that sense and
respond to Ca2+. Ca2+ sensors may be themselves capable of catalyzing a reaction, or may
bind and activate other catalytic molecules to produce a certain physiological effect in a cell
or tissue. Structural motifs in Ca2+ sensor molecules define their interactions with Ca2+ and
other proteins. EF-hand domains and C2 domains are typically capable of binding Ca2+ and
activating other interacting domains or proteins. Ca2+ sensors with various other motifs can
be classified by their unique localization and function, such as sensors involved in plasma
membrane and extracellular functions.
The EF-hand structure is a helix-loop-helix motif, with the two helices positioned
perpendicular to each other reminiscent of the spread thumb and index finger of a hand; the
loop can bind one Ca2+ or Mg2+ ion. Ca2+ binding proteins with EF-hand domains include
calmodulin, troponin C, and S100 proteins1. Calmodulin is a crucial cellular Ca2+ sensor
with multiple protein targets, effecting important cellular processes such as membrane
fusion, ion channel regulation, muscle contraction, cell division and differentiation, gene
transcription, and DNA synthesis. Calmodulin binds Ca2+ in two EF-hand domains,
eliciting substantial conformational changes in the protein structure important for mediating
Ca2+ dependent protein interactions. Troponin C is closely related to calmodulin, and
initiates myocyte contraction upon Ca2+ binding. The S100 Ca2+ binding proteins contain
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Figure 1.1 Ca2+ Signaling: molecules involved in Ca2+ handling. The Ca2+ signal is
initiated by Ca2+ entry and release from Ca2+ stores, and the signal is removed by Ca2+
extrusion and resequestration into cellular stores. Ca2+ entry is facilitaed by store-operated
channels (SOC), voltage-operated channels (VOC), receptor-operated channels (ROC), and
second messenger-operated channels (SMOC). Ca2+ is released from cellular stores through
the Ca2+ channels inositol trisphosphate receptor (IP3R) and ryanodine receptor (RyR), and
the mitochondrial Na+/Ca2+ exchanger (NCX). Ca2+ extrusion and resequestration is
facilitated by the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), plasma membrane
Ca2+-ATPase (PMCA), Na+/Ca2+ exchanger (NCX), Na+/Ca2+-K+ exchanger (NCKX), and
the mitochondrial Ca2+ uniporter (Uni). Ca2+ levels are also modulated by Ca2+-buffers.
Ca2+-sensors mediate most of the effects of Ca2+ signals.
3

EF-hand domains as well as the similar Ca2+-binding motif called “pseudo EF-hand”
domains. S100 proteins associate with multiple targets promoting cell growth and
differentiation, transcription, and cell cycle regulation. S100s also bind other divalent
cations with high affinity at sites distinct from Ca2+ binding, playing a role in toxic metal ion
homeostasis.
The C2 domain motif is an eight-stranded "-sandwich that coordinates two to three
Ca2+ ions in the loops connecting the "-strands. Ca2+ binding proteins with C2 domains
include protein kinase C (PKC), synaptotagmins, phospholipase C (PLC) and
phospholipase A (PLA)1. PLC and PLA bind and cleave phospholipids, generating lipid
second messengers such as inositol-1,4,5-triphosphate (IP3), diacylglycerol (DAG), and
arachidonic acid. PLC generates the second messengers IP3 and DAG by the breakdown of
phosphatidyl-inositol-4,5-bisphosphate. IP3 and DAG are central in cellular Ca2+ signaling.
PKC is activated by Ca2+ and/or DAG, controls protein phosphorylation and is involved
with many intracellular signaling pathways. Synaptotagmins are transmembrane Ca2+
sensors integral in membrane trafficking and exocytosis for neurotransmitter release and
hormone secretion.
Annexins and cadherins have Ca2+ sensing roles in plasma membrane function1.
Annexins are cytosolic proteins involved with vesicle trafficking, membrane scaffolding, and
regulation of ion channel activity, and depend on Ca2+ for membrane and phospholipid
binding. Cadherins are membrane-spanning Ca2+ receptors that are involved with
morphogenesis, synaptogenesis, cell differentiation and carcinogenesis. Cadherins connect
to the cytoskeleton and depend on extracellular Ca2+ for their mechanical integrity and thus
their mechanotransduction capability.
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Extracellular Ca2+ sensors have important roles in the physiological processes of
blood-clotting, complement activation, cell-cell interactions, cell-matrix interactions,
receptor-ligand interactions, Ca2+ transport, and Ca2+ homeostasis1. For example, the Ca2+sensing receptor (CaR) has a vital role in maintaining normal systemic Ca2+ homeostasis.
CaR is a G-protein coupled receptor with an extracellular Ca2+ sensor that regulates the
secretion of parathyroid hormone, which increases serum Ca2+ levels by promoting bone
resorption, calcium reabsorption in the kidney, and calcium absorption in the intestine.
Many Ca2+ binding proteins have both signaling and buffering roles. Buffering
modulates the level of free Ca2+ in a cell available for activating Ca2+ effectors and also
serves to store Ca2+ in certain cellular compartments.
1.1.2 Cellular Ca2+ Stores and Buffers
In cardiac and skeletal muscle cells, an important source of Ca2+ comes from the
sarcoplasmic reticulum (SR) store released via ryanodine receptor (RyR) Ca2+ channels, and
the subsequent cytosolic Ca2+ rise triggers muscle contraction. In many types of nonexcitable cells, agonist-induced signaling culminates in the release of Ca2+ from the
endoplasmic reticulum (ER) store through IP3 receptors (IP3R).
After release of stored Ca2+ for signaling, the major protein responsible to resequester
Ca2+ back into the SR and ER is the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) 2.
SERCA is important not only to clear a Ca2+ signal from the cytosol, but also to counteract
Ca2+ leak from the ER, and is thus important for maintaining cytosolic Ca2+ at low levels.
SERCA activity is also essential for maintaining Ca2+ levels inside the stores.
Ca2+ store levels are essential for normal heart function, RyR activation 3, and
protein folding 1,4. Levels of Ca2+ in the SR/ER stores are sensed by the protein STIM which
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stimulates cellular Ca2+ entry via SOC when levels are low 5. The Ca2+ level in the store is
also controlled by properties of the Ca2+-release channels RyR and IP3R as well as by the
level and type of ER/SR Ca2+ buffers present 3.
Buffering of Ca2+ in the ER and SR stores is critical for maintaining the volume and
availability of this important Ca2+ source. Ca2+ binding proteins in the SR/ER (e.g.,
calreticulin, calsequestrin and calnexin) are high capacity and low Ca2+-affinity allowing for
storage of large amounts of Ca2+ readily available for release 1. Calreticulin is the principal
Ca2+ buffer in the ER, while calsequestrin is important for storage of Ca2+ in skeletal and
cardiac SR 1,3. The ER Ca2+ buffers often have roles in ER protein quality control as protein
chaperones 1,4.
Parvalbumins are cytosolic Ca2+-buffers involved in endocrine regulation, neuronal
activity, renal transport of NaCl and other activities 6. Parvalbumins speed up muscle
relaxation by shuttling Ca2+ from troponin C to the SR, and protect cells from damaging
Ca2+ overload by binding and thus reducing free cytosolic Ca2+ levels.
1.1.3 Ca2+ Channels, ATPases, and Exchangers
Release of stored Ca2+ and influx of extracellular Ca2+ through Ca2+ channels on the
ER/SR and plasma membrane initiates and maintains the cellular Ca2+ signal. Channels are
classified as voltage-operated channels (VOC), second messenger-operated channels
(SMOC), receptor-operated channels (ROC), and store-operated channels (SOC), and are
discussed below with some important functions and examples.
VOC channels are the main facilitators of Ca2+ entry into electrically excitable cells
like nerve and muscle cells, and are activated by membrane depolarization. VOC are
classified according to gating and kinetic properties into L-type, P/Q-type, N-type, R-type,
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and T-type. Ca2+ entry via L-type Ca2+ channels is important for excitation-contraction
coupling in cardiomyocytes 7, and T-type channel activity is critical in epileptic seizures 8.
SMOC channels are activated by cellular second messenger molecules such as IP3,
DAG, and Ca2+ ions. IP3R and RyR are activated by IP3 and Ca2+, respectively 2,9, and
release Ca2+ from the ER/SR stores. DAG activates the transient receptor potential nonselective cation channels TRPC3 and TRPC6 10 that conduct Ca2+ and mostly Na+ current,
triggering depolarization and subsequent activation of voltage-gated Ca2+ channels 11.
ROC channels open upon binding of external ligands such as hormones,
neurotransmitters, antigens, and growth factors. ROC channels are important for
intracellular signaling, cell growth and survival, and activation of immune cells. For
example, extracellular ATP opens the purinergic P2X receptors, non-selective cation
channels involved in sensory neuron signaling, bladder emptying reflex, pain sensing and
many other tissue-specific signaling functions 12. Ionotropic glutamate receptors are a large
group of cation channels activated by glutamate binding responsible for the vast majority of
excitatory neurotransmission in the brain 13.
SOC channels constitute one of the major Ca2+ entry pathways in non-excitable cells
and are key in platelet, T cell, and mast cell activation 14–16. Depletion of ER Ca2+ stores,
often by IP3 signaling, activates cellular Ca2+ entry 9,15. Low ER Ca2+ levels cause the ER
Ca2+ sensor STIM1 to aggregate and bind the plasma membrane Ca2+-channel protein
Orai1, clustering the channels and activating Ca2+ entry 5. TRPC channels may form
complexes with Orai that are recruited by STIM to facilitate store-operated Ca2+ entry 17.
Removal of the Ca2+ signal by extrusion or resequestration is facilitated by
exchangers and Ca2+-ATPases. The SR/ER Ca2+-ATPase SERCA is important for restoring
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Ca2+ released from SR/ER stores, and the plasma membrane Ca2+-ATPase PMCA extrudes
Ca2+. The plasma membrane proteins Na+/Ca2+ exchanger (NCX) and Na+/Ca2+-K+
exchanger (NCKX) extrude cellular Ca2+. The Ca2+-exchangers have a high Ca2+ transport
capacity and play a more significant role than the low capacity but high affinity PMCA in
extruding Ca2+ from cells when Ca2+ levels are very high. Important roles for the exchangers
include cardiac excitation-contraction coupling, neuronal signaling, and renal Ca2+
reabsorption for NCX, and photoreceptor adaptation, synaptic plasticity, and skin
pigmentation for NCKX 18.
1.1.4 Cardiac Ca2+ signaling
In the heart, plasma membrane depolarization caused by Na+ influx activates Ca2+
influx via L-type Ca2+ channels. The rise in cellular Ca2+ activates RyR receptors, which
release Ca2+ from the SR in a process known as Ca2+-induced Ca2+-release (CICR). SR Ca2+
stores provide the majority of Ca2+ for cardiomyocyte contraction. Cytosolic Ca2+ is rapidly
removed by SERCA, NCX1, PMCA, and the mitochondrial Ca2+ uniporter, facilitating
relaxation. The majority of Ca2+ is resequestered into SR by SERCA (70 to 92%) and
extruded by NCX1 (7 to 28%) 2. NCX1 extrusion balances Ca2+ influx to maintain total
cellular Ca2+ levels, affecting Ca2+ store levels.
In cardiac-specific NCX1 KO mice, elevated Ca2+ levels below the plasma membrane
reduced Ca2+ influx through the L-type Ca2+ channel by Ca2+-dependent inactivation of the
channel 19. This showed that NCX1 plays a role in extending L-type Ca2+ current by
extruding Ca2+ and modulating the subsarcolemmal Ca2+ levels, thus regulating excitationcontraction coupling.
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NCX1 works in synergy with the L-type Ca2+ channel facilitating Ca2+ influx
essential for effective and rapid CICR; this Ca2+ influx mode is driven by initial depolarizing
Na+ currents 20–23. However, NCX-mediated Ca2+ entry is a major cause of ischemiareperfusion injury in the heart, demonstrated by the protective effect of NCX1 KO 24.
1.2 Ca2+/Cation Exchanger Superfamily
NCX and NCKX exchangers are members of the Ca2+/cation (CaCA) exchanger
superfamily of plasma membrane transporter proteins. The shared putative topology of the
CaCA exchangers has 5 – 6 #-helical trans-membrane segments (TMS) followed by a
central cytosolic loop, and then another 4 – 7 #-helical TMS 25. Two regions of sequence
similarity, the #-repeats, are conserved among family members and are each located in a
TMS region, oppositely oriented in the membrane.
The CaCA has five major branches defined by phylogenetic analysis 25. Exchangers
representative of each branch include 1) the YRBG protein EcoYRBG from Escherichia coli,
2) the vacuolar Ca2+/H+ exchanger CerVCX from Saccharomyces cerevisiae, 3) the Na+/Ca2+
exchanger NCX1 from Homo sapiens, 4) the Na+/Ca2+-K+ exchanger NCKX1 from Homo
sapiens, and 5) the Na+/Ca2+-Li+ exchanger NCLX from Homo sapiens.
1.3 Na+/Ca2+ Exchangers
The sodium-calcium exchangers are important in Ca2+ homeostasis in multiple
organisms and throughout the human body. Abnormal functioning or dysregulation of
NCX is associated with heart arrhythmias 26–28, essential hypertension 29, ischemic brain
injury 30–32 and neurodegeneration 33 such as multiple sclerosis 34.
Three genes encode the NCX exchangers in Homo sapiens, producing the NCX1,
NCX2 and NCX3 protein products. The three NCX gene products are widely expressed
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throughout the body, although they (and their alternatively spliced variants) tend to be
expressed in specific tissues 35. NCX1 has been extensively studied due to its role in cardiac
function; molecular studies began when NCX1 was cloned 36.
NCX catalyzes the exchange of three Na+ for one Ca2+ ion 37–39, and the imbalance of
charge movement produces an electrogenic current. The direction of transport is readily
reversible depending on Ca2+ and Na+ chemical gradients and the membrane potential, with
typical resting conditions favoring the efflux of Ca2+ 40,41. NCX transport that facilitates Ca2+
efflux is termed forward mode exchange, while Ca2+ influx is termed reverse mode (RM)
exchange. NCX is a fast exchanger and has a high capacity for Ca2+ transport, capable of
exchanging Ca2+ and Na+ with a turnover rate of ~2500/s 42.
1.3.1 NCX Structural Modeling
Recently a high resolution structure of NCX from the Archeon Methanococcus
jannaschii (NCX_Mj) was reported, a homolog of mammalian NCX 43. NCX_Mj contains
10 transmembrane helices, compared to the predicted 9 in NCX1 from Homo sapiens, and
does not contain the cytosolic domains important for regulation of NCX1.
The two #-repeat regions form a binding pocket in the core of NCX_Mj where four
cation-binding sites are located: one specific Ca2+ site and three probable Na+-binding sites.
All residues involved in ion binding are contributed by the #-repeats and are highly
conserved in the NCX family. Two deep cavities penetrate into the ion-binding core of the
protein, providing independent access pathways for Na+ and Ca2+ ions.
The predicted inverted topology of the two halves of NCX (see Fig. 1.2) is confirmed
in the structure of each half of NCX_Mj, although NCX_Mj contains 5 TMS in each
hydrophobic domain, rather than 5 and 4 TMS, as predicted for NCX1. The two halves of
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NCX_Mj have very similar structures. Interestingly, interchanging the conformations of one
half with the other converts the accessibility of the ion binding sites in the structure. This led
to a model where sliding of two helices with respect to the #-repeat core of the hydrophobic
structure is sufficient to change accessibility, closing off the outward-facing ion passageways
while opening up two inward-facing passageways for Na+ and Ca2+.
The structure and proposed mechanism for ion exchange in NCX_Mj give a model
for Na+/Ca2+ exchange that can be applied to eukaryotic NCX to guide further questions
and experiments regarding activation and regulation of exchangers.
1.3.2 Topology and functional domains
NCX1 is predicted to have nine transmembrane segments (TMS), separated between
TMS five and six by a ~500 residue cytosolic loop 44. Two #-repeat regions, one in each
TMS region, form opposing reentrant loops which are critical in an ion translocation
pathway 45, and are central in the NCX_Mj structure 43. In the cytosolic loop, two regions of
sequence similarity, the "-repeats, are regions of Ca2+-regulation 46.
Ion transport function is solely reliant on the TMS domain of NCX, while several
domains in the central cytosolic loop mediate secondary regulation 47. The NCX1 TMS and
regulatory domains are illustrated in Fig. 1.2. A region of the loop termed eXchange
Inhibitory Peptide (XIP) is involved in Na+-dependent inhibition (NDI) 48, and the "-repeats
are composed of Ca2+ Binding Domains CBD1 and CBD2, which mediate Ca2+-dependent
activation of NCX current and alleviation of NDI 49–51. A predicted third domain, the
Catenin-Like Domain (CLD) is proposed to form a compact structure from the loop region
connecting CBD1 to the transmembrane region 52. These points will be discussed in further
detail below.
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Figure 1.2 Model of NCX1 transmembrane topology and cytosolic regulatory domains.
NCX1 consists of nine transmembrane segments (grey cylinders) and a cytosolic central
loop between transmembrane segments 5 and 6, containing the regulatory domains
eXchange Inhibitory Peptide (XIP, blue) and the Ca2+-Binding Domains (CBD1, red, and
CBD2, green) with bound regulatory Ca2+ (pink circles).

12

1.3.3 Alternative Splicing and Tissue Expression
Alternative splicing of the NCX1 and NCX3 mRNA transcripts produces multiple
spliced isoforms. Three alternatively spliced variants of NCX3 and at least twelve spliced
isoforms of NCX1 have been found 35. In NCX1, six small exons encoding a region in the
center of CBD2 are alternatively spliced 53, producing spliced isoforms with either of the
mutually exclusive exons A or B, plus exon D and any combination of exons C, E, and F.
NCX1 spliced isoforms are found in specific tissues and cell types 35. Exon Acontaining isoforms are expressed in the electrically excitable tissues, heart, brain and
skeletal muscle. Exon B-containing isoforms are expressed in many nonexcitable tissues
such as the kidney and pancreas, but also in brain and skeletal muscle. Five main isoforms
of NCX1 are produced; NCX1.1 (ACDEF) is dominant in heart and skeletal muscle,
NCX1.4 (AD) and NCX1.5 (ADF) are the majority in brain and eye, and in tissues with
exon-B isoforms, NCX1.3 (BD) and NCX1.7 (BDF) are predominant. Fig. 1.3 illustrates the
six alternatively spliced exons, and the exon arrangements in the five main NCX1
alternatively spliced isoforms.
1.3.4 Ionic Regulation
Ionic regulation of NCX by sodium and calcium ions is mediated by regions separate
from the ion transport mechanism. The location of the regulatory regions in the cytosolic
loop was originally determined by proteolysis of exchanger proteins and deletion mutants 47.
Treatment with intracellular chymotrypsin shifted NCX1 into a highly active state
unregulated by cytosolic Ca2+ and Na+ 54.
Cytosolic Ca2+ is required for NCX activity regardless of exchange mode. This is best
illustrated during RM exchange which is activated by application of cytosolic Na+ and
13

Figure 1.3 NCX1 alternatively spliced exons. (A) Amino acid sequences encoded by the
NCX1 alternatively spliced mutually exclusive exons A and B, and cassette exons C, D, E,
and F. (B) The arrangement of alternatively spliced exons in the five main spliced isoforms
of NCX1.
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extracellular Ca2+, as observed in electrophysiological experiments in oocytes. Here, Ca2+ is
required on the cytosolic side even when excess Ca2+ is available on the extracellular side for
transport 55. Highly acidic regions in the "-repeat regions of the cytosolic loop were later
determined to be sites of regulatory Ca2+ binding 46,56.
Na+-dependent inactivation (NDI) is a regulatory phenomenon where stimulation of
the exchanger by cytosolic Na+ in the presence of extracellular Ca2+ rapidly activates a peak
outward current which quickly decreases to a steady state level 54. The reduction of peak
current to a reduced steady state is dependent on the concentration of cytosolic Na+, and
this process is mode-specific. Inactivation by Na+ is favored in reverse mode where cytosolic
Na+ is high, and forward mode currents do not tend to inactivate substantially. The
exchanger is modeled to enter into the inactivated state from a conformation with fully
loaded Na+ transport binding sites oriented toward the cytoplasm 57, a state that is more
long-lasting when operating in RM.
Interestingly, Na+ regulation is closely connected with Ca2+ regulation. The decrease
in steady-state outward current introduced with higher cytosolic [Na+], can be alleviated
with higher cytoplasmic [Ca2+] (from 0.1 to 20 µM free Ca2+) 54. Na+ and Ca2+ therefore
produce opposing effects with respect to NDI, although they do not compete with one
another at the regulatory sites 55. The inactive state involves Na+ bound to transport sites 57
and regulatory Ca2+ that alleviates inactivation binds to the cytosolic regulatory loop 50;
these two regions very likely interact to produce their antagonistic effects, involving a third
region, XIP.
1.3.5 XIP-Mediated Regulation
A small region in the NCX1 cytosolic loop was found to inhibit exchange, termed
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exchange inhibitory peptide, XIP (see Fig. 1.2). After determination of the NCX1 amino
acid sequence, a calmodulin-binding motif was identified near the N-terminal end of the
central, large, cytosolic loop. Because such regions are often auto-inhibitory, a synthetic
peptide with the sequence of the XIP region was added to preparations of the full-length
exchanger 58. The peptide potently inhibited NCX1 exchange activity, and mutations in the
XIP region of NCX1 confirmed the auto-inhibitory role of XIP 48. XIP mutations either
increased or abolished NDI, as well as changing the apparent affinity of the exchanger for
regulatory Ca2+. XIP is also involved in acidic phospholipid regulation of NCX function 59.
XIP has a specific binding site on the cytoplasmic side of the exchanger that does not
compete with regulatory Ca2+ or Na+ for binding 58. XIP seems to be intimately involved in
regulation, and may be the mediator of both Ca2+-activation and Na+-dependent
inactivation processes by interacting with ion transport and Ca2+ regulatory mechanisms.
1.4 NCX1 Ca2+ Sensors CBD1 and CBD2
When the amino acid sequence of NCX1 was determined, a few highly acidic
regions were postulated to bind cations 36 and mutational studies localized one region of
regulatory Ca2+ binding 49. Ca2+ binding in the cytosolic loop was revealed by expression of
portions of the loop as fusion proteins and measurements of Ca2+ binding by 45Ca2+ overlay
on a protein blot. Mutation of acidic residues postulated as important for binding reduced
Ca2+-affinity in the 45Ca2+ overlay experiments 56 and also reduced affinity for Ca2+-activation
in the full exchanger 49. These studies characterized the first Ca2+-sensor, CBD1, and the
second Ca2+-sensor, CBD2, was identified by sequence similarity to the first 46; each CBD
domain is encoded by one of the "-repeat regions in the NCX1 cytosolic loop.
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1.4.1 Structural Characterization of CBD1 and CBD2
The CBD1 and CBD2 structures were determined using NMR 46 and
crystallography 50,60. Both domains contain acidic regions critical for binding, and the
mutually exclusive alternatively spliced exons A and B encode an acidic region in the
middle of CBD2. The structure of CBD2 from NCX1.4, which contains exon A, revealed
that most of the residues important for Ca2+ binding are found in the alternatively spliced
exonic sequences 46,50. Non-conserved residues in exon B potentially disrupt the Ca2+binding site. The NMR structure of CBD2 containing exon B was disordered in the region
in which Ca2+ is expected to bind 52.
Structural analysis revealed a Ca2+-binding mechanism that does not involve the
common EF-hand motif, but is similar to C2 domains, forming a new motif, termed the
CALX-" motif 46,60. Each domain has an immunoglobulin-like fold, comprising a "sandwich motif with a Ca2+-binding site formed from the loops connecting the seven "strands at one end of the sandwich. CBD1 coordinates four Ca2+ ions in a tight planar
cluster 60, while CBD2 binds only two Ca2+ ions 50. Ca2+ ions are coordinated in the CBD
domains mainly by the carboxylate moieties of aspartate and glutamate residues.
The CBD1 and CBD2 structures were obtained separately and were initially modeled
together in an antiparallel orientation, although the two-domain (CBD12) structure has until
recently remained elusive. Recent structural data of the Na+/Ca2+ exchanger from
Drosophila, CALX, revealed that CBD12 has a ‘soaring eagle’ conformation, with CBD1
and CBD2 oriented at 111° to 118° to each other 61.
The structure of the NCX1.4-CBD12 E454K mutant was determined recently,
showing CBD1 and CBD2 oriented at 117° to each other, with structural elements very
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similar to CALX-CBD12 62. The H1 #-helix in CALX-CBD12 is the only feature not
observed in the structures from CBD12 E454K, NCX1.4-CBD2 46 or NCX1.3-CBD2 52.
H1 may be present in other isoforms such as NCX1.1 which has more sequence similarity in
the CALX H1 region 61 (i.e., containing exon C). Both NCX1-CBD12 E454K and CALXCBD12 structures do not resolve the CBD2 Ca2+-binding site (i.e., the EF loop most
important in binding is unstructured). To show the likely orientation of NCX1-CBD12, the
canine sequence of NCX1.4-CBD12 was modelled based on the CALX1.1 structure, shown
in Fig. 1.4; the sequence of NCX1.4 was aligned to CALX based on conserved residues.
Without bound Ca2+, CBD1 tends to unfold 46, likely the result of electrostatic
repulsion of many negatively charged residues at the tip of the "-sandwich motif. Ca2+
binding reduces charge repulsion, bringing residues closer together and changing the
domain conformation. CBD2 retains its overall structure due to positively charged lysine585 that coordinates carboxylates in the absence of Ca2+.
The difference in the stability between the Ca2+-bound and free states of CBD1 can
be revealed as a mobility shift in SDS-PAGE in the presence or absence of Ca2+ in the
loading buffer 56. Ca2+-bound CBD1 runs as an apparently smaller-sized protein, but no
changes in size are noticeable for the Ca2+-bound and free states of CBD2. Ca2+-induced
conformational changes could be important for transduction of the Ca2+-binding signal to
TMS regions. However, NCX1-E454K does not have the large structural changes in CBD1
due to lysine-454 providing charge compensation 46, but Ca2+-regulation is unchanged 63.
Ca2+-binding in CBD1 and CBD2 may instead restrict interdomain flexibility64, or the
mechanism may involve an electrostatic switch at the core of Ca2+-regulation 52, discussed in
Section 1.4.4.
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Figure 1.4 Structural model of NCX1-CBD12. NCX1.4-CBD12 (canine sequence) was
modelled on the CALX1.1 structure 61. The structure depicts CBD1 (red), CBD2 (green),
bound Ca2+ ions (pink spheres), residues encoded by the alternatively spliced exons A (blue)
and D (yellow), and the #-helices H1 and H2. Figure created using PyMol software,
prepared by Mark Hilge. Shown below the structure is the amino acid sequence alignment
of CALX1.1-CBD12 (PDB code 3RB5) with NCX1.4-CBD12. Red and black text encodes
CBD1 and CBD2, with the alternatively spliced exons A and D sequences underlined.
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1.4.2 Ca2+ Regulatory Processes
The two Ca2+-binding domains have distinct binding affinities. CBD1 displays
moderately high affinity binding with a KD of ~0.3 µM, while CBD2 binds at a lower
affinity with a KD of ~5 µM, as determined by 45Ca2+ binding and fluorescence-based Ca2+
binding assays using purified CBD1 and CBD2 65. Thus, it is reasonable to suggest that
CBD1 may be responsible for the moderately high apparent affinity of Ca2+-dependent
activation and CBD2 for the low apparent affinity of Ca2+-dependent alleviation of NDI 66.
Ca2+ activates the NCX exchanger and decreases NDI; the relative contributions of
CBD1 and CBD2 in these mechanisms were examined using mutational analysis of the
CBD domains. Single site mutations within acidic regions in CBD1 reduced Ca2+ binding
affinity in the isolated domain 56 and reduced apparent affinity for regulatory Ca2+ in the full
NCX protein 49,51. Mutations affecting residues coordinating Ca2+ in CBD1 significantly
lowered apparent Ca2+ affinity for activation and reduced the extent of NDI 51, confirming
the role of CBD1 mostly in Ca2+-dependent activation but also affecting NDI.
Changing the CBD2 binding sites by alternative splicing alters the effect of regulatory
Ca2+ on NDI . Exon B isoforms exhibit profound inhibition without relief by regulatory
Ca2+, largely due to an acidic to basic residue replacement. Other acidic-to-basic mutants are
also less responsive to Ca2+ for relief of inhibition, although they exhibit reduced NDI 51 in
contrast to the exon B phenotype. Neutralizing mutations of acidic residues important for
Ca2+ binding in CBD2 removed Ca2+ sensitivity altogether but retained NDI 50, although
basic mutations of the same residues retained Ca2+ regulation with essentially the same
sensitivity to activating Ca2+ as the WT exchanger. Thus, CBD2 appears to be central for
Ca2+-mediated relief of NDI and determines the requirement for activating Ca2+.
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1.4.3 Regulatory Differences in NCX1 Spliced Isoforms
The tissue-specific pattern of NCX1 alternatively spliced isoforms suggests a
functional difference between variants, with properties to suit the needs of specific cells and
tissues. In fact, it has been determined that regulation of NCX1 isoforms differs in Ca2+dependent alleviation of NDI and kinetics of activation/inactivation, discussed below.
Alternative splicing of NCX1 influences the Ca2+-dependency of Na+-dependent
inactivation as examined in the comparable isoforms NCX1.4 (containing exons A and D)
and NCX1.3 (containing exons B and D) 66. NCX1.3 displays profound inhibition by Na+
that is not alleviated by regulatory Ca2+, in contrast to NCX1.4 that at high cytosolic Ca2+
shows little NDI. Application of regulatory Ca2+ increases peak current for both isoforms,
and apparent affinity seems to be conserved. Alternative splicing of exon A or B alters the
effect of regulatory Ca2+ on NDI without changing the activation response to Ca2+.
Profound differences in inactivation processes in the spliced isoforms are associated
with inclusion of exon A or B. In order to determine the molecular regulatory mechanism
that differs between isoforms containing exon A or B, mutational analysis was used to
identify the region and residues of importance 67. When aspartate-578 in exon A was
replaced with arginine (the corresponding residue in exon B), NCX1.4 lost Ca2+-mediated
alleviation of NDI. When arginine-578 and cysteine-585 in exon B were replaced with the
corresponding residues from exon A, aspartate and lysine, NCX1.3 gained relief of NDI by
regulatory Ca2+. Thus, mutations of only two residues were both necessary and sufficient to
exchange phenotypes between NCX1.3 and NCX1.4.
Before CBD2 was discovered, Dunn et al 67 proposed that the important residues
might form part of a Ca2+ binding site that interacted with XIP to mediate inactivation.
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Regulatory Ca2+ binding to this site in exon A then would prevent the XIP autoinhibitory
interactions that cause NDI, and Arg-578 and Cys-585 in exon B would disrupt the Ca2+binding site, preventing alleviation of NDI by regulatory Ca2+. Subsequent work detailing
the structure of NCX1.4-CBD2 revealed that the residues Asp-578 and Lys-585 are
important for Ca2+ coordination 46,50. In contrast, the structure of NCX1.3-CBD2 was
disordered at the Ca2+-binding site the presence of high Ca2+, suggesting no Ca2+ actually
binds 52, explaining how regulatory Ca2+ could relieve NDI in NCX1.4 but not NCX1.3.
The XIP region may mediate the inactivation response. Because it is modeled to be
close to the membrane interface (see Fig. 1.2), XIP could interact with the TMS responsible
for exchange activity. It is possible that alternatively spliced CBD2 regions interact with XIP
to produce isoform-specific inactivation, and Ca2+-bound CBD2 could disrupt the
inactivating interaction of XIP with TMS.
Differences in the kinetics of regulation were also observed between spliced isoforms.
NCX1.3 and 1.7 exhibited accelerated RM inactivation compared with NCX1.1 (when
expressed in HEK cells) 59, although a non-significant difference was reported between
NCX1.4 and NCX1.3 when expressed in oocytes 66. NCX1.4 responds more rapidly to
regulatory Ca2+ than NCX1.1 66. NCX1.4 current is inactivated in 0.52 seconds when Ca2+ is
removed, and reactivated in 0.49 seconds on application of cytosolic Ca2+; NCX1.1 takes
about 15 to 20 times longer to respond 49.
NCX1.1 may be slower to make conformational changes in response to regulatory
Ca2+, or binding itself may be slowed. Conformational movements were very slow upon
removal of Ca2+ as measured by FRET in NCX1.1-CBD12 (using FRET pairs on the same
molecule) and in full-length NCX1.1 (using FRET pairs on separate molecules) 68. As well,
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Ca2+ dissociation kinetics were much slower in NCX1.1-CBD12 compared to NCX1.4- or
NCX1.3-CBD12, indicating that the slow response to regulatory Ca2+ may originate in the
binding step.
1.4.4 Interactions of the CBD Domains
Structures for the WT NCX1-CBD domains were separately obtained, but now
structural information of CBD12 from the NCX1.4-E454K mutant and CALX gives a
rational basis for understanding interdomain interactions. It seems that CBD1 and CBD2
influence each other in regulation, as mutations often influence both Ca2+ regulatory
processes 51. Transduction of the CBD1 Ca2+-binding signal to the TMS region for activation
of NCX depends on interactions of CBD1 with CBD2, and insertion of a seven-alanine
linker between the CBD domains decreased activating apparent Ca2+-affinity 69.
CBD2 has a dramatic effect on CBD1 properties, as determined in CBD12. Ca2+dissociation kinetics and Ca2+-dependent conformational changes 68,70 are distinctly different
between CBD12 and CBD1 (or CBD2, or CBD1 plus CBD2). The Ca2+-binding properties
of CBDs measured in CBD12 are more representative of CBDs in the full exchanger than
properties measured in isolated CBD1 or CBD2, and are likely the most relevant to Ca2+activation of the full exchanger.
Hilge et al 52 postulated that the NCX Ca2+-regulation mechanism is a dual
electrostatic switch, similar to how pairs of C2 domains function in proteins such as
synaptotagmin. Ca2+-binding causes membrane association of synaptotagmin and its
interacting partners for exocytosis 71. In the NCX model, regulatory Ca2+ binds to CBD1,
increasing its electrostatic potential, driving CBD1 and CBD2 to reorient into a tighter
conformation. Changes in tension in the regulatory loop are transmitted to the TMS domain
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causing activation. Ca2+ binding to CBD2 drives a further conformational change that
reduces interactions of XIP with TMS, alleviating XIP-mediated NDI. Although this model
has not been extensively tested, it proposes an interesting mechanism that relies on CBD
interactions with each other and other regions of NCX1, and utilizes the electrostatic
potential of multiple Ca2+ ions binding to highly acidic regions in the CBD domains.
The role of CBD2 alternatively spliced exons in NCX activation by regulatory Ca2+ is
so far unclear. The long, alternatively spliced loop in CBD2 may interact with CBD1
binding sites and modulate Ca2+ binding properties. However, as determined in structures of
NCX1.4-E454K CBD12 62 and CALX 61, only the non-spliced region (H2 #-helix) of the
CBD2 long loop interacts directly with CBD1 (see Fig. 1.4). The alternatively spliced region
may interact indirectly with CBD1 through the H2 helix and/or other regions of CBD2, but
structural information is lacking since the NCX1 structures lack resolution in this region,
and mutants would be needed to confirm molecular interactions.
NCX1.4 responds much faster to regulatory Ca2+ than NCX1.1 49,66, which may be
due to the lack of steric constraints to binding and unbinding in CBD1 since NCX1.4 has
fewer alternatively spliced exons and thus a shorter CBD2 loop. It has been implied that
NCX1.1-CBD1 has a higher Ca2+-affinity than NCX1.4-CBD1 52, which would correlate
well with its slower kinetics of inactivation 49 and Ca2+ off-rates 70. However, the deletion of
the exon C-F loop in CBD2 and the equivalent region in CBD1 did not seem to significantly
change Ca2+ regulatory properties of the whole NCX1 molecule 51.
1.5 NCX1 Regulatory Ca2+ Binding: Unanswered Questions
When the structures of CBD1 and CBD2 were determined 46, it was noted that
alternative splicing may be optimally located to modulate Ca2+ regulatory properties via
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both CBD2, where the mutually exculsive exons A and B contribute differently to Ca2+binding, and CBD1, where the cassette exons C, D, E, and F have indirect effects on the
Ca2+-binding sites. As some regulatory properties have been observed to differ among the
alternatively spliced isoforms, the next step is to determine the molecular basis of isoformspecific Ca2+ regulation.
Amino acids that are important in distinguishing the properties of NCX1.3 and 1.4
were resolved 67, revealing that NDI regulatory differences could be related to CBD2
properties, but the effect on Ca2+-binding was not determined. Structures of CBD2 binding
sites in NCX1.3 and 1.4 showed some significant differences, suggesting that Ca2+ binding
was affected 52. Since NCX1.4-CBD2 was shown to bind Ca2+, and NCX1.4 can relieve NDI
with high cellular Ca2+, what is its binding affinity and thus its Ca2+ range of efficacy? How
is Ca2+-binding to CBD2 affected by alternative splicing as measured in NCX1.3 versus
NCX1.4? The CBD2 binding properties of NCX1.4 and 1.3 should be representative of all
exon A- and B-containing isoforms, respectively, since exon A or B determines the CBD2
binding site, and the other exons are unlikely to have a significant effect on CBD2 binding.
These answers will relate to the tissue-specific ability of NCX1 to abolish or retain
NDI in the alternatively spliced isoforms found throughout the body. Cells expressing exon
A-containing NCX1 are more vulnerable to Ca2+ overload, whereas expression of exon Bcontaining NCX1 protects from Ca2+ overload, as measured in response to cardiac
glycosides and ischemic challenges 72. Ca2+ influx via NCX1 RM may contribute to Ca2+
overload in some circumstances, and NDI reduces the duration of RM.
The effects of alternative splicing in CBD1-mediated Ca2+ regulation (i.e., NCX
activation) have not been so obvious. However, the importance of exchange activity in the
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timescale of a heart beat and the slow response time of NCX1.1 to Ca2+ means the affinity of
activation is fairly important: will the exchanger be constantly active or inactive given the
resting level of free Ca2+? The Ca2+-affinity of CBD1 in the other spliced isoforms will
determine the effective Ca2+ range of NCX1 activity. Knowing the affinity of the primary
Ca2+-sensor, CBD1, in the spliced isoforms will lead to understanding the dynamic role of
NCX1 in modulating the tissue-specific cellular Ca2+ signal.
1.6 Hypotheses and Aims of Experiments
The experiments in this thesis test the overall hypothesis that alternative splicing of
NCX1 changes equilibrium Ca2+-binding properties in the Ca2+-binding domains CBD1 and
CBD2.
Alternative splicing of exons A and B in CBD2 directly affects the CBD2 Ca2+
binding sites and determines the ability of CBD2 to bind Ca2+. To test this hypothesis, Ca2+
binding was measured in NCX1.4-CBD2 and NCX1.3-CBD2, alternatively spliced isoforms
which differ in exon A or B only. The cassette exons C, D, E, F and the CBD1 domain are
not expected to affect CBD2 binding because these regions are at the far end of CBD2 and
are not likely to interact with the CBD2 binding sites, although this was not tested.
Alternative splicing of CBD2 indirectly affects CBD1 binding sites through
interactions between the two domains. This hypothesis was tested by measuring Ca2+
binding to CBD12 in five main NCX1 alternatively spliced isoforms (NCX1.1, NCX1.3,
NCX1.4, NCX1.5, and NCX1.7) containing exon A or B and various combinations of
cassette exons C, D, E, and F (see Fig. 1.3 for the exon schematic in each isoform). CBD1
binding in CBD12 was compared with binding in the isolated CBD1 domain.
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Chapter 2: Methods
2.1 Recombinant DNA Constructs of NCX1 CBD Domains
All recombinant work was conducted essentially according to standard procedures
developed earlier in the Lytton laboratory, as described in Current Protocols in Molecular
Biology. Reagents were all analytical or molecular grade or better and obtained from SigmaAldrich or VWR-Canlab, unless indicated otherwise.
Rat NCX1 cDNAs encoding the various major isoforms, NCX1.1, NCX1.3,
NCX1.4, NCX1.5 and NCX1.7, were already available in the Lytton laboratory, and have
been reported previously 67,73,74. The regions of these cDNAs encoding the Ca2+-binding
domains CBD1 or CBD2 or both, CBD12, were amplified using appropriate primer pairs in
a polymerase chain reaction (PCR). Primers contained restriction sites for BamH1 (forward
primer) or Sal1 (reverse primer), enabling ligation into the plasmids pGEX-4T1 or
pET30a(+) so that in-frame GST-CBD fusion proteins or His-tagged-CBD proteins (with
hexa-histidine tags at both the C- and N-termini) could be produced.
The following PCR primers were used in various combinations and with various
templates to produce the different CBD constructs.
CBD1-F

CTGGGATCCG TCAGTAAGGT CTTCTTTGAG

CBD1-R

GCGGTCGACT TCCTCGAAAG TAAAGATGCC

CBD2-F

CTGGGATCCC ACGCGGGCAT CTTTATCTT

CBD2-R

GCGGTCGACG TCCACAGTGC TCTTGAATTC

Primer pairs CBD1-F and CBD1-R were used to make CBD1; CBD2-F and CBD2-R to
make CBD2; and CBD1-F and CBD2-R to make CBD12. Amplification followed standard
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procedures using 30 cycles with an annealing temperature of 53°C and an extension
temperature of 72°C with High Fidelity Taq polymerase from Roche BioSciences.
The two CBD domains are illustrated in context of NCX1 in Fig. 1.2, and the
sequences of the CBD domains used in this study are outlined in Fig. 2.1. The CBD
domains correspond to the identical regions in NMR structural studies . For CBD1, this
corresponds to amino acids 371 to 509; for CBD2 from NCX1.3, 501 to 656; for CBD2 from
NCX1.4, 501 to 657; for CBD12 from NCX1.1, 371 to 692; for CBD12 from NCX1.3, 371
to 656; for CBD12 from NCX1.4, 371 to 657; for CBD12 from NCX1.5, 371 to 680; for
CBD12 from NCX1.7, 371 to 679.
The amplified cDNA fragments were gel purified, digested with BamHI and SalI,
and ligated into similarly digested relevant vectors. Following transformation into E. coli,
colonies were screened for inserts by restriction digestion. Each constructed plasmid was
sequenced in both directions to confirm the reading frame and the absence of any PCR
errors.
2.2 Protein Production and Purification
2.2.1 Protein Production
GST-CBD proteins were expressed in transformed Escherichia coli DH5# or BL21
(DE3) cells containing the desired pGEX plasmid. Frozen glycerol stocks of transformed E.
coli cells were plated onto LB ampicillin agar plates and incubated ~18 h at 37°C. 2.5 ml
2!YT media with 100 µg/ml ampicillin (2!YTA) was inoculated with a few E. coli colonies
and incubated at 37°C with 300 rpm rotational shaking ~18 h then diluted 1:100 into 250 –
500 ml fresh 2!YTA. Incubation was continued at 37°C with 250 rpm rotational shaking
until optical density at 600 nm reached 0.5 – 0.8, about 2 – 3 h. Expression was induced by
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Figure 2.1 Amino acid sequences of CBD proteins used in this study. NCX1-CBD1,
NCX1.3-CBD2 and NCX1.1-CBD12 proteins, with the CBD1 and CBD2 regions and exons
within CBD2 labeled. NCX1.3-CBD2 is identical to NCX1.4-CBD2 but exon B is
interchanged for exon A (exon A sequence shown in NCX1.1-CBD12). Isoforms of NCX1CBD12 not shown are identical to NCX1.1-CBD12 but contain different alternatively
spliced exons: NCX1.3-CBD12 exons BD, NCX1.4-CBD12 exons AD, NCX1.5-CBD12
exons ADF, and NCX1.7-CBD12 exons BDF.
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adding 0.1 – 0.5 mM IPTG and incubation was continued at reduced temperature, 28-32°C
for 2 – 4 h.
His-tagged CBD1 protein was expressed in transformed Escherichia coli BL21 (DE3)
cells containing the pET30a-CBD1 plasmid. Frozen glycerol stocks of transformed E. coli
cells were plated onto LB kanamycin agar plates and incubated for ~18 h at 37°C. 2 ml LB
media with 35 µg/ml kanamycin was inoculated with a few E. coli colonies and incubated at
37°C with 300 rpm rotational shaking for ~18 h then diluted 1:75 into 300 ml fresh LB
media with kanamycin. Incubation was continued at 37°C with 250 rpm rotational shaking
until optical density reached 0.9, about 2.5 h. Expression was induced by adding 0.2 – 0.5
mM IPTG and incubation was continued at reduced temperature, 26 – 30°C for 5 h.
Cultured cells were harvested by centrifugation at 7750 ! g for 10 min at 4°C, then
the cell pellet was weighed and frozen at -20oC. For cell lysis, the cell pellet was thawed and
resuspended in 4 ml per g cell pellet of B-PER lysis solution (B-PER reagent (Thermo
Scientific) supplemented with either 1 Complete Mini tablet (EGTA-free protease inhibitor
cocktail from Roche) per 10 ml reagent or 10 µl Halt (100! EGTA-free protease inhibitor
cocktail from Thermo Scientific) per ml reagent, plus 50 – 100 µg/ml DNaseI and 100 – 250
µg/ml lysozyme) and incubated at room temperature for 10 – 15 min with gentle shaking.
This extract was centrifuged at 13000 ! g for 10 min at 4oC to separate the insoluble cell
pellet from the soluble protein supernatant. This supernatant was then taken for further
purification of the desired protein.
Laemmli SDS-PAGE was used to monitor protein expression; growth and induction
conditions were optimized for each fusion protein.
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2.2.2 Purification of GST-fusion proteins
GST-CBD fusion proteins were affinity purified using glutathione-linked agarose
beads, using procedures from the GE Healthcare GST Gene Fusion System Handbook.
0.5 – 3 ml of 50% slurry of Glutathione Sepharose 4B (GE Healthcare) in PBS
(phosphate-buffered saline; 130 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 2 mM KH2PO4,
pH 7.2) was added to the lysis supernatant (5 – 10 ml) and was incubated for 0.5 – 1 h at
room temperature with end-over-end rotation (and additional incubation at 4°C for 1 h to
overnight for some samples).
After incubation, the mixture was applied to a 10 ml disposable chromatography
column (BioRad) at 4°C to drain the flow-through and the Glutathione Sepharose beads
were washed with cold PBS (30 times the bed volume, i.e., 8 – 45 ml PBS) at 4°C. To elute
GST-fusion proteins, 1 ml of GST elution buffer (50 mM Tris-HCl, pH 8.0, 10 – 20 mM
reduced glutathione, 0 – 10% glycerol) per ml bed volume (i.e., 0.25 – 1.5 ml) was added to
the beads, incubated for 10 – 15 minutes at room temperature and collected. This was
repeated 1 to 4 times, with each elution collected in separate aliquots.
2.2.3 Purification of Histidine-tagged CBD1
His-tagged CBD1 protein was affinity purified using nickel-linked agarose beads. The
lysis supernatant (7 – 10 ml) was added to an equal volume of imidazole buffer (50 mM
Na2HPO4, 300 mM NaCl, 20 mM imidazole, 1% glycerol, pH 8.0), mixed and centrifuged
at 15000 ! g for 10 min at 4°C to remove the precipitate which formed upon dilution. 1 –
1.5 ml of Ni Sepharose (GE Healthcare) was added to the soluble supernatant, and the
mixture was incubated for 6 – 16 h at 4°C with end-over-end rotation.
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After incubation, the mixture was applied to a 10 ml disposable chromatography
column (BioRad) at 4°C to drain the flow-through and the Ni Sepharose beads were washed
at 4°C with 40 – 100 ml imidazole buffer (50 mM Na2HPO4, 300 mM NaCl, 20 – 40 mM
imidazole, 1% glycerol, pH 8.0). Three independent His-CBD1 protein samples were
produced; elutions were more pure for sample 2 when 100 ml 40 mM imidazole buffer was
used to wash the beads, although protein recovered may have been lower.
To elute, 1 ml of elution buffer (50 mM Na2HPO4, 300 mM NaCl, 0.25 – 0.75 M
imidazole, 10% glycerol, pH 8.0) per ml bed volume (i.e., 1 – 1.5 ml) was added to the
beads, incubated for 10 – 15 min at room temperature and collected. This was repeated up
to 5 times, with each elution collected in separate aliquots and analyzed on SDS PAGE. For
His-CBD1 sample 1, 250 mM imidazole elution buffer was used for two elutions and 500
mM imidazole elution buffer was used for four elutions; for sample 2, 500 mM imidazole
elution buffer was used for three elutions; for sample 3, 750 mM imidazole elution buffer
was used for three elutions. The sample 2 elutions were pooled and used, and for samples 1
and 3, elution number 2 was used in binding experiments.
2.3 Preparation of Protein Samples for Assay
2.3.1 Removal of Ca2+ from assay buffer
1.0 L assay buffer (100 mM KCl, 30 mM MOPS (3- (N-morpholino) propanesulfonic
acid)) was made without pH adjustment, ~10 g Chelex-100 (Sigma) and KOH were added
to pH 8 – 10, and the slurry was stirred for at least 24 hours.
Buffer was collected by pouring the slurry through a disposable 30 ml BioRad
column into plastic bottles that had been previously rinsed with 1 mM HCl followed by
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three deionized water washes. Then the buffer was adjusted to pH 7.20 with HCl. Using this
method, total Ca2+ was reduced to about 0.1 µM, as measured by Fluo-3.
2.3.2 Removal of Ca2+ from protein samples, concentration, and changing buffers
Eluted protein samples were added to 0.5 ml capacity Amicon Ultra-3k (3 kDa size
cut off) centrifugal filter units (Millipore) and centrifuged at 12000 to 14000 ! g for 20 to 40
min. EGTA was mixed in (0.1 – 1 mM), cold decalcified assay buffer (100 mM KCl, 30 mM
MOPS, pH 7.20) was added to capacity, the solution was mixed and centrifuged as above.
Cold assay buffer was added and mixed in then the solution was centrifuged, and this was
repeated 5 to 7 more times until EGTA was less than 3 nM. Protein was collected from
Ultra-0.5 filter units by inverting the filters and centrifuging at 1000 ! g for 2 minutes into
new tubes that had been previously rinsed with 1 mM HCl followed by three deionized
water washes.
2.3.3 Determination of Protein Concentration
Prepared protein samples were diluted in water or assay buffer to about 5 µM (so
that maximum absorbance was between 0.2 to 0.5), and absorbance spectra were measured
from 260 nm to 500 nm (the absorbance pathlength was 1.0 cm). Absorbance was measured
at 280 nm (A280) with the baseline measured at 320 nm (A320) subtracted. To determine
molar concentration of protein from absorbance, the formula c = A ÷ ! was used, where A
is corrected protein absorbance (A280 – A320), ! is extinction coefficient, and c is
concentration of protein sample. Protein extinction coefficients that were determined
theoretically were used in assay calculations (see Table 2.1). (ExPASy SIB Bioinformatics
Resource Portal; http://web.expasy.org/protparam/)
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2.4 Amino Acid Analysis
Amino acid analysis (AAA) was used to experimentally determine protein extinction
coefficients. Protein samples (concentrated in assay buffer) were diluted in water to ~5 µM
in 500 µl. 300 µl was used to measure absorbance spectra to give the corrected protein
absorbance (A = A280 – A320), and 100 µl was sent for AAA (Advanced Protein Technology
Centre, Hospital for Sick Children, Toronto). The protein samples used for AAA were run
on Laemmli SDS-PAGE and stained with Coomassie Blue, as shown in Fig. 2.2.
AAA results were given as pmol of amino acid in a 50 µl protein sample. Wellrecovered amino acids are, typically, aspartate-asparagine, glutamate-glutamine, alanine,
leucine, phenylalanine, lysine, and arginine 75,76. The amounts of these amino acids were
divided by the number of each in the appropriate CBD amino acid sequence, averaged, and
divided by 50 µl to determine the original concentration of CBD protein (c). The sample
protein absorbance (A) was used to determine ! (! = A ÷ c).
Extinction coefficients that were determined theoretically are compared with
experimentally determined values in Table 2.1. The theoretical coefficients were used in
data analysis since the experimental values were so different from expected values.
Extinction coefficients are additive parameters, and yet, the difference between GST and
GST-CBD1 coefficients is very small (implying the extinction coefficient for CBD1 in GSTCBD1 is only 50 M-1cm-1 rather than 2980 M-1cm-1 as determined from theoretical
calculations). The determination of unexpectedly low coefficients by AAA was unexplained
and might be due to experimental error either in protein determination or in absorbance
measurements.
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The use of the theoretical extinction coefficients results in sensible binding capacity
values for CBD1 and CBD2 (4 and 2 Ca2+ ions bound, respectively), close to whole number
values and the expected numbers of Ca2+ binding to each domain. Using the experimentally
determined extinction coefficients would reduce binding capacity substantially, for example,
reducing GST-CBD1 binding capacity from 3.8 to 2.6 Ca2+ ions. This possibility could be
explained by pure protein that is not well folded and therefore cannot bind Ca2+, or for some
other reason does not bind Ca2+ to all of its binding sites.
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Figure 2.2 SDS PAGE of protein samples used for amino acid analysis. The indicated
NCX1 CBD domains were produced as GST-fusion proteins in Escherichia coli DH5# cells
or BL21 (DE3) cells, affinity purified and Ca2+ removed as outlined in Methods. Aliquots of
the protein samples that were sent for amino acid analysis were run on 10.5% (CBD12
samples) or 15% (GST, CBD1 and CBD2 samples) Laemmli SDS-PAGE and stained with
Coomassie Blue. Lane labels indicate the protein identity and sample number, or standard
protein markers (M) with sizes shown in kilodaltons (kDa).
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GST-fusion protein

No. of amino acids

Theoretical !
-1

-1

Experimental !

(M cm )

(M-1cm-1)

NCX1-CBD1

373

45840

31000

NCX1.3-CBD2

390

54320

46500

NCX1.4-CBD2

391

48820

31150

NCX1.3-CBD12

520

57300

51600

NCX1.4-CBD12

521

51800

40550

GST

237

42860

30950

Table 2.1 Extinction coefficients (!) of GST-CBD proteins. Protein extinction coefficients
that were determined theoretically (ExPASy SIB Bioinformatics Resource Portal;
http://web.expasy.org/protparam/) and experimentally from amino acid analysis.
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Chapter 3: Development of Fluorescent Ca2+-Binding Assays
3.1 Ca2+-Binding Methods
To measure Ca2+ binding to CBD domains of NCX1, an assay was sought that
allowed equilibrium measurements to be made using relatively small amounts of protein
without a separation step that could influence kinetically-rapid dissociation step(s). There
are a number of methods used to measure Ca2+-binding to proteins. Direct binding assays
may utilize radioligands such as 45Ca2+ and binding is induced by adding the ligand stepwise
to a protein solution 65,70. A way to separate protein from solution is required for a sensitive
assay; it is possible to use equilibrium dialysis, but sensitivity is limited unless high
concentration of protein is available.
Protein properties that are affected by Ca2+ binding can be measured to characterize
some Ca2+-binding properties of a protein, but such methods rely on indirect readouts
secondary to Ca2+-binding. FRET using fluorescent labeling of the protein can be used to
monitor Ca2+-dependent conformational changes 68,77; intrinsic protein fluorescence (e.g.
tryptophan fluorescence) can be used in a similar manner, and tryptophan residues can be
introduced to examine specific regions of a protein 78–80. However, these fluorescence
methods rely upon a secondary conformational change of uncertain connection with the
binding event. Isothermal titration calorimetery is used to measure Ca2+-dependent energy
changes in the protein sample 46, and circular dichroism spectroscopy can be used to
monitor protein structural conformation in response to various Ca2+ levels 80. Affinity
capillary electrophoresis can be used to monitor Ca2+-dependent protein changes by
measuring protein electrophoretic mobility; ligands and biomolecules do not require
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labeling, but determinations for each concentration of Ca2+ require a separate experimental
run 81. Surface plasmon resonance can be used for determining kinetic and equilibrium
parameters of Ca2+ binding by detecting changes in biophysical properties in real-time as
precise solutions of Ca2+ are injected over immobilized protein 82,83.
In many binding methods, protein and ligand concentrations must be quite low for
accurate determination of dissociation constants, depending on how high the affinity is, and
unfortunately, total Ca2+ concentration is hard to reduce to sub-micromolar levels in buffers.
Ca2+-buffered solutions using EGTA or BAPTA are not very precise; calculations of free
Ca2+ rely on accurate concentrations of chelator and total Ca2+. These methods cannot
characterize certain Ca2+-binding properties such as the number of Ca2+ ions bound.
Competition Ca2+-binding assays use a fluorescent or absorbent Ca2+-indicator that
changes properties based on the state of its binding 84,85. The Ca2+-binding assay is
technically simple; fluorescence (or absorbance) is monitored in the protein solution during
sequential additions of Ca2+. Separation steps are not nessessary to separate bound from free
Ca2+ so equilibrium binding can be measured without fear of fast kinetic steps compromising
the results. Fluorescent indicators are very sensitive to free Ca2+, which is measured directly
during the Ca2+-titration.
3.2 Fluorescent Ca2+-Binding Assay
To characterize Ca2+ binding to the CBD domains of NCX1, a simple binding assay
using fluorescent Ca2+-binding indicators was chosen in which the only two Ca2+ binding
components are the CBD domain and the fluorescent indicator. Free Ca2+ is measured with
the fluorescent indicator, and the competition for Ca2+ between indicator and protein
binding domain can then be used to calculate the binding properties of the latter. This
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method as described previously 84,86 was extensively adapted for the specific requirements of
the experiments reported in this thesis.
The assay is essentially a Ca2+-titration that starts with buffers and protein solutions
that contain as little Ca2+ as possible. Fluorescence of the indicator solution was measured at
the start, and then after the addition of protein (if added), and after each addition of CaCl2,
until adding Ca2+ no longer caused an increase in fluorescence, when the Ca2+-binding
indicator was saturated. EDTA or EGTA was added at the end of the titration to chelate all
Ca2+, and the minimum fluorescence was measured. Fluorescence of the Ca2+-binding
indicators was excited by light at ~500 nm, which does not excite protein fluorescence.
The fluorescent indicators used in this study, including Fluo-3, increased from
virtually no fluorescence when unbound to highly fluorescent when Ca2+-bound (Fluo-3
fluorescence increased ~200 times). An excitation spectrum was measured to determine the
peak wavelength used to excite the maximum amount of fluorescence, and emission spectra
were measured for each data point, with fluorescence measured at the wavelength of
maximum fluorescence. Peak wavelengths of excitation and emission did not change
appreciably during the course of a titration (less than 5 nm).
Fluorescence was measured in a spectrofluorometer (AB2 Luminescence
Spectrometer Version 5.30, Thermo Spectronic) with samples in polystyrene or
methacrylate cuvettes, sized for pathlengths 10 mm ! 10 mm (for low indicator
concentration), and 10 mm ! 4 mm or 10 mm ! 2 mm (for high indicator concentration).
Solutions in 10 mm ! 10 mm cuvettes were stirred with a magnetic stir bar, and in the
smaller cuvettes, solutions were mixed by pipetting. The temperature was maintained at
22.0°C.
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3.2.1 Calibration Equations
Fluorescent indicators are often highly sensitive to precise conditions of pH, ionic
strength and the chemical nature of various cations, and so were calibrated to determine
their dissociation constant in assay buffer in the conditions of these experiments. In
calibration assays, the indicator fluorescence is used to determine bound fraction of
indicator (BF):
BF = (F − F0) ÷ (Fm − F0)
where F = fluorescence measured for particular conditions of free [Ca2+]
F0 = minimum fluorescence, measured by chelating all free Ca2+ with EGTA
Fm = maximum fluorescence, measured at saturating [Ca2+] levels
Free Ca2+ concentration is determined by EGTA in Ca2+-buffered solutions (see below).
BF is plotted against free Ca2+ concentration and fitted to a binding equation to determine
the dissociation constant (KD), a measure of apparent binding affinity for the indicator.
Fluorescent indicators like Fluo-3 contribute one Ca2+ binding site per molecule and do not
cooperatively bind, so a simple binding equation was used for the best fit model:
BF = [Ca2+]/(KD + [Ca2+])
Maximum BF is defined as 1.0 and [Ca2+] here is the concentration of free Ca2+.
When the indicator such as Oregon Green is calibrated using the Ca2+ titration
method (where CaCl2 is added stepwise to the solution), free Ca2+ concentration is
calculated by:
[Ca2+]free = [Ca2+]total – [Ca-F]
where [Ca2+]total = [Ca2+]add + [Ca2+]residual
and

[Ca-F] = [F] ! BF
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[F] = concentration of indicator, calculated by measuring the absorbance (A) of an indicator
sample, and using the extinction coefficient (!) for the particular indicator and wavelength:
[Fluo-3] = A ÷ !.
[Ca-F] = concentration of indicator-bound Ca2+; [Ca2+]total = total Ca2+ concentration, the
sum of all Ca2+ in solution, free and bound to indicator; [Ca2+]add = concentration of added
Ca2+ calculated from known stock solution of CaCl2; and [Ca2+]residual = Ca2+ concentration in
the assay solution before CaCl2 is added. Fluo-3 was used to determine [Ca2+]residual for the
Oregon Green calibration titrations. Residual Ca2+ concentration in the assay solution is
determined before CaCl2 or CBD protein is added, using the calculation:
[Ca2+]residual = [Ca2+]free + [Ca-F]
Stock solutions of CaCl2 were prepared very carefully using new CaCl2 (to avoid H2O
contamination since it is somewhat hygroscopic) and analytical measurements of CaCl2
weight and solution volume.
3.2.2 Ca2+ Binding Equations
When the indicator KD is calibrated, the indicator fluorescence is used to calculate
free Ca2+ concentrations in the Ca2+ titration (CaCl2 is added to the solution):
[Ca2+]free = KD ! (F ! F0) ÷ (Fm ! F)
When Ca2+-binding protein (CBD) is introduced to create an equilibrium competition, and
added CaCl2 is titrated into the mixture, Ca2+ bound to CBD is calculated as follows:
[Ca2+]total =[Ca-CBD] + [Ca-F] + [Ca2+]free
[Ca2+]total = total Ca2+ concentration, the sum of all Ca2+ in solution, free and bound to
indicator and protein, and [Ca-CBD] = concentration of CBD-bound Ca2+.
Combining these equations, rearranging and substituting:
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[Ca-CBD] = [Ca2+]add + [Ca2+]residual ! [Ca2+]free ! [Ca-F]
[Ca-CBD] can then be calculated readily because [Ca2+]add and [F] are known and
[Ca2+]residual , [Ca2+]free and [Ca-F] are all calculated from fluorescent measurements as
described above. Then,
Bound Ca2+/CBD = [Ca-CBD] ÷ [CBD] (moles Ca2+/mole protein)
[CBD] = concentration of CBD protein in assay solution (discussed in Methods).
Bound Ca2+/CBD gives the number of Ca2+ ions bound per protein molecule, and is used to
generate the binding curves for analysis of data. (See Section 3.3.1 Hill equation)
The titration protocol introduces a dilution step at each CaCl2 addition step. This is
accommodated in the calculations by calculating the diluted concentration of added Ca2+,
Fluo-3, and CBD protein for each point using the actual assay volume:
[Ca2+]add = vCaCl2 ! [CaCl2] ÷ v
[Fluo-3]total = [Fluo-3]0 ! v0 ÷ v
[CBD] = vCBD ! [CBD]0 ÷ v
where [Ca2+]add = concentration of added Ca2+
vCaCl2 = added volume of stock CaCl2 (cumulative)
[CaCl2] = concentration of stock CaCl2
v = volume of assay solution at each addition
[Fluo-3]0 = Fluo-3 concentration at start, measured as noted previously
v0 = start volume of assay solution
[CBD] = CBD protein concentration
vCBD = volume of CBD stock concentrated protein solution
[CBD]0 = CBD stock solution concentration
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Measured fluorescence is also adjusted, accounting for dilution of fluorescence
intensity at each volume addition:
F = f ! v ÷ v0
where F = volume-adjusted fluorescence
f = measured fluorescence at each point of additional Ca2+
Volume-adjusted fluorescence (F) is used in the previously outlined calculations to
determine free [Ca2+] and bound fraction (BF).
3.3 Data Analysis
3.3.1 The Hill equation
The Hill equation 87 was used to generate a non-linear binding curve where binding
(e.g., bound Ca2+/CBD) is a function of [Ca2+]free:
x = [Ca2+]free and y = B = Bmax ! [Ca2+]freen/(KDn + [Ca2+]freen)
Where B = specific Ca2+-binding; Bmax = maximum specific Ca2+-binding (i.e., binding
capacity); [Ca2+]free = concentration of free Ca2+; KD = overall or ‘apparent’ dissociation
constant; and n = Hill coefficient or ‘Hill slope’ (nH is used throughout this thesis). The
parameters Bmax, nH, and KD define the curve: maximum y value (Bmax), [Ca2+]free at half
maximum binding (KD), and slope (nH). These parameters were iteratively adjusted to
achieve the best-fit curve to the data for each titration (this was done by hand in Excel).
The Hill equation is used to describe binding that displays cooperativity; multiple
binding sites with positive cooperativity of binding display a Hill coefficient > 1.0. In the
NCX Ca2+ binding domains, the acidic amino acid residues glutamate and aspartate bind
Ca2+, and many of the residues coordinate more than one Ca2+ (bidentate ligands). It would
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be expected that binding of one Ca2+ ion would then affect neighboring Ca2+-binding sites
through interacting with these bidentate ligands, producing a high degree of cooperativity.
3.3.2 Statistical Analysis
Ca2+-binding results are reported as mean ± standard error of the mean (s.e.m.).
Significant difference between two means was calculated using the Student’s t test
(unpaired, two-tailed). Differences were considered significant at 95% or greater confidence
level, i.e., p " 0.05. In calculations of standard deviation, n numbers were the number of
independent protein samples used (typically 3 or 4).
Comparisons between multiple groups of data, such as the CBD12 Ca2+-binding
results, would ideally be analyzed using analysis of variance but the condition that all
variances be approximately equal is not met for the CBD12 groups of data.
3.4 Calibrations
3.4.1 Determination of Ca2+ in protein solutions
In most cases, removal of Ca2+ from protein solutions using EGTA and rinsing with
decalcified assay buffer resulted in no extra Ca2+ added to assays when protein was added.
However, some protein samples (e.g., CBD1 protein) still contained residual Ca2+, so
titrations did not start at zero Ca2+ bound; titrations using these samples were generally not
included in results (samples with lower Ca2+ were used instead). CBD12 protein solutions
often contained more Ca2+ than was ideal since the affinity of binding was rather high;
methods to remove Ca2+ were explored, as discussed in Section 3.4.
Residual Ca2+ in protein samples was determined when protein was added using
fluorescent measurements and calculated the same way as for determining residual Ca2+ in
assay buffer. An increase in total Ca2+ when protein is added is due to addition of Ca2+ from
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the protein sample, and a decrease in Ca2+ is attributed to initial Ca2+ binding to the protein.
When the total Ca2+ does not change, then the concentration of Ca2+ in protein solutions
must be the same as in the buffer solutions.
The fluorescent competition binding assay cannot determine the extent of initial Ca2+
binding to a protein (i.e., pre-bound before the titration start), but Ca2+ in the protein sample
can be quantified by other methods. Denaturing the Ca2+-binding protein can facilitate Ca2+
removal for measuring residual Ca2+ or simply to prepare the protein sample for binding
analysis (the protein and chemical denaturant solution is then diluted in the assay or by
dialysis and allowed to refold in the absence of Ca2+)85. As well, atomic absorption
spectroscopy can be used to quantify Ca2+ in biological samples, but accurate Ca2+ standards
are essential, and this method may not be as sensitive as required for quantifying
micromolar to nanomolar amounts of contaminating Ca2+.
Fluo-3 can be used to measure Ca2+ by increasing the ratio of Fluo-3 to protein in
order to chelate free Ca2+ and cause bound Ca2+ to dissociate into solution, providing a
minimal estimate of bound Ca2+. In titrations with CBD12, Fluo-3 was substantially
increased to remove bound Ca2+. The determination of Ca2+ in NCX1.1-CBD12 samples
required both an increase of Fluo-3 (to 100 µM) and a decrease of protein (20 times dilution
to ~0.3 µM). Under these conditions, free Ca2+ levels are brought down to sufficiently low
levels that Ca2+ is unloaded from protein binding sites with even nanomolar affinities. For
the NCX1.5-CBD12 sample analyzed with 5 µM Fluo-3, a separate experiment using 100
µM Fluo-3 was used to determine the residual Ca2+ present in the protein sample. Titrations
with these samples did not start at zero Ca2+ bound. Results are outlined in Chapter 6.
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3.4.2 Calibration of Fluo-3
Fluo-3 (the pentapotassium salt from Molecular Probes) was calibrated using the
calcium calibration kit (#1) from Molecular Probes for high-affinity fluorescent Ca2+indicators. Buffers with either 10 mM K2EGTA or 10 mM CaEGTA in 100 mM KCl and
30 mM MOPS, pH 7.2, each containing ~6 µM Fluo-3, were mixed in different proportions
to generate solutions having free [Ca2+] ranging from less than 0.1 nM to 39 µM, according
to the experimental protocols for calcium calibration buffer kit #1:
[Ca2+]free = KDEGTA ! [CaEGTA]/[K2EGTA]
Using the kit buffers, KDEGTA is 150.5 nM.
Fluo-3 was also calibrated using Ca2+ titrations; fluorescence was measured at 505
nm excitation and ~529 nm emission. Solutions of 3 to 4 nM Fluo-3 in decalcified assay
buffer (100 mM KCl and 30 mM MOPS, pH 7.20) were titrated from low Ca2+ levels to Ca2+
saturation by adding increasing amounts of concentrated CaCl2, and adding EGTA at the
end for zero binding. 4 nM Fluo-3 is used because it is ~100 times less than the KD, where
the amount of Ca2+ binding to Fluo-3, [Ca-F], is so low as to be negligable. Then the KD of
Fluo-3 does not affect the determination of free [Ca2+], because the equation
[Ca2+]free = [Ca2+]total – [Ca-F] is reduced to
[Ca2+]free = [Ca2+]total
This method only relies on accurate [Ca2+]total for determination of accurate Fluo-3 KD.
Ca2+-calibration results were plotted as fraction of Ca2+-bound Fluo-3 (BF) against
free Ca2+ concentration, as shown in Fig 3.1. The data from each calibration were fit to the
simple binding equation mentioned previously to determine the Fluo-3 KD for Ca2+:
BF = [Ca2+]/(KD + [Ca2+])
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Figure 3.1 Calibration of Fluo-3 using Ca2+-titrations and Ca2+-calibration kit with
EGTA. Average Ca2+-affinity is 0.47 µM from eight calibrations: three CaEGTA
calibrations (triangles) and five Ca2+-titrations (circles). 3 nM Fluo-3 solutions in decalcified
assay buffer (100 mM KCl and 30 mM MOPS, pH 7.20) were titrated from low Ca2+ levels
to Ca2+ saturation by adding concentrated CaCl2. The Ca2+-calibration kit used 10 mM
EGTA (in 100 mM KCl and 30 mM MOPS, pH 7.2) to set free Ca2+ levels from <0.1 nM to
39 µM to determine Fluo-3 Ca2+-binding (6 µM Fluo-3). Calibration results are plotted as
fraction of Ca2+-bound Fluo-3 against free Ca2+ concentration, and a simple binding curve
equation was fit to the data to determine the KD from each calibration.
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Average KD values were 425 nM for Ca2+-titrations (using ~4 nM Fluo-3), and 547
nM for CaEGTA calibrations (using ~6 µM Fluo-3), giving an overall average of 0.47 µM.
Fluo-3 is reported to have a KD (for Ca2+-binding) of 0.39 µM 88, which was determined with
the same buffer and pH used in assay buffers in experiments here, so this value was used as
the Fluo-3 KD for calculating free Ca2+.
Since the KD for Fluo-3 was close to the KD of 0.3 µM reported for CBD1 65, Fluo-3
was used for measuring Ca2+-binding to CBD1. Fluo-3 was also used to measure Ca2+binding to CBD1 in CBD12 tandem constructs, although with some unexpected results and
limitations, discussed later in this chapter. Fluo-3 is limited to measuring free [Ca2+] below
about 4 µM, so it could not be used to accurately determine Ca2+ binding to CBD2, which
has a reported KD of about 5 µM 65 to 9 µM 46 in NCX1.4.
3.4.3 Calibration of Oregon Green
The measurement of Ca2+ binding to CBD2 using the fluorescent competition Ca2+binding assay required a relatively low affinity indicator. Several were tested in the assay,
including BTC, Fluo-4FF, and Oregon Green BAPTA-5N (with KDs of 7.0 µM, 9.7 µM,
and 19 µM respectively 88). BTC fluorescence was not well behaved and generated nonsensible results; Fluo-4FF was found to be unpredictable at high [Ca2+] (although highly
variable, the data for Ca2+ binding to CBD2 were consistent with those obtained with
Oregon Green), and Oregon Green produced the most reliable data, and so was selected for
further use.
Oregon Green was calibrated using Ca2+ titrations as outlined previously;
fluorescence was measured at 493 nm excitation and ~529 nm emission. Solutions of 1 –
2.5 µM Oregon Green in decalcified assay buffer (100 mM KCl, 30 mM MOPS, pH 7.20)
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were titrated from low Ca2+ levels to Ca2+ saturation by adding increasing amounts of
concentrated CaCl2, and adding EGTA at the end for zero binding.
Calibration Ca2+-binding results were plotted as fraction of Ca2+-bound Oregon
Green against free Ca2+ concentration, and a simple binding equation (as used for Fluo-3)
was fit to the data to determine the KD from each calibration. Fig. 3.2 shows the results from
one calibration titration with its fit binding curve, all results are compiled in Fig. 3.3, and
Table 3.1 summarizes the KD values of Oregon Green determined from each calibration.
Calibration Ca2+ binding titrations for Oregon Green were performed each day of
CBD2 assays since the binding affinity affected CBD2 Ca2+-binding results (by changing the
shape and Bmax of the binding curve), and the KD varied enough from one day to the next to
shift CBD2 binding curves substantially. The KD for Oregon Green determined from each
calibration was used in the CBD2 Ca2+-binding assays from the same day (CBD2 Results
Table 4.1 lists each CBD2 sample with the Oregon Green KD for Ca2+ that was used).
3.5 CBD12 Ca2+-Binding Assay with High Fluo-3
3.5.1 Initial CBD12 results
Ca2+ binding in CBD12 domain constructs was initially analyzed in the binding assay
using low Fluo-3 concentrations, and revealed a biphasic binding curve suggesting two
distinct binding components, with the appearance of a higher affinity Ca2+ binding
component not seen in CBD1 alone, shown in Fig. 3.5. The high affinity site appeared to
bind only 0.11 moles Ca2+ per mole protein with a KD of about 20 nM, while the other site
bound 0.87 moles Ca2+ per mole protein with Hill coefficient of 2.1 and a KD of 0.46 µM.
These low maximum binding values (compared to the expected capacity of about 4 Ca2+), as
well as the high affinity of binding, suggested tight binding of Ca2+ to the CBD12 protein,
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Figure 3.2 Calibration of Oregon Green: Ca2+ titration 5. For calibrations, solutions of
Oregon Green in decalcified assay buffer (100 mM KCl, 30 mM MOPS, pH 7.20) were
titrated from low Ca2+ levels to Ca2+ saturation by adding CaCl2. Ca2+-binding results were
plotted as fraction of Ca2+-bound Oregon Green against free Ca2+ concentration. A simple
binding curve equation was fit to the data to determine the KD. For this titration, the Oregon
Green KD for Ca2+ is 23.5 µM.
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Figure 3.3 Oregon Green Ca2+ binding titrations used for calibration. Oregon Green was
calibrated as detailed in the Fig. 3.3 legend. Seven calibration titrations are shown here, and
the values obtained for the Oregon Green KD are listed in Table 3.1.
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Titration

1

2

3

4

5

6

7

KD (µM)

17.20

16.00

28.80

23.26

23.49

17.20

20.20

Table 3.1 Summary of Oregon Green binding dissociation constants determined from
Ca2+ titrations. Oregon Green was calibrated as detailed in the Fig. 3.3 legend. A simple
binding curve equation was fit to the data from each calibration to determine the KD.
Oregon Green calibration titrations were performed each day of CBD2 Ca2+ binding assays,
and the KD values are summarized for the seven calibration titrations.
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Figure 3.4 Ca2+-binding to CBD1 in NCX1.1-CBD12 measured in Fluo-3 competition
Ca2+-binding assay. Solutions of 1 – 15 µM Fluo-3 and 2 – 13 µM NCX1.1-CBD12 in
decalcified assay buffer (100 mM KCl and 30 mM MOPS, pH 7.20) were titrated from low
Ca2+ levels to Ca2+ saturation by adding increasing amounts of CaCl2. Ca2+-binding to CBD1
was determined using competition for Ca2+ between Fluo-3 and CBD12 (Ca2+ binding to the
CBD2 component of CBD12 is of much lower affinity, and so it is not significant until free
[Ca2+] is above 10 µM). Calculated Ca2+-binding results are plotted as Ca2+ bound to CBD12
against free Ca2+ concentration, and a sum of two Hill equations were fit to the biphasic
binding data from each titration. The average Hill binding curve parameters: Bmax1 = 0.11
moles Ca2+/moles CBD12, nH1 = 3.1, KD1 = 20 nM, Bmax2 = 0.87 moles Ca2+/moles
CBD12, nH2 = 2.1, and KD2 = 0.46 µM.
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such that Ca2+ could not be fully removed to facilitate a full Ca2+ titration. Indeed,
previously published data had also shown that CBD12 binds Ca2+ very tightly 52.
3.5.2 Removal of CBD12-bound Ca2+
In order to titrate NCX1.1-CBD12 from zero Ca2+ bound to fully saturated, a way to
remove Ca2+ completely from high affinity CBD1 sites was required. Protein samples were
treated with EGTA to remove Ca2+ but in order to remove EGTA (since the competitive
Ca2+-binding assay calculations cannot accommodate high concentrations of another Ca2+binding species like EGTA), the samples were rinsed multiple times with assay buffer that
was ‘decalcified’ but still contained ~0.5 µM total Ca2+ (as determined by Fluo-3; at that
time buffer Ca2+ was not reduced as much as it was later, i.e., 0.1 µM). When comparing
this amount of Ca2+ to the NCX1.1-CBD12 high Ca2+-affinity of 0.02 µM, it was clear that
the protein would likely have Ca2+ bound.
Additional methods to remove more Ca2+ from the assay buffer and protein solutions
were investigated and attempted. EGTA-linked agarose would be ideal since EGTA would
not need to be removed from assay solutions, but this product was not commercially
available. The Chelex method to remove calcium was improved so that buffer Ca2+ was
reduced to about 0.1 µM (from ~2 µM contaminating Ca2+ common in buffer salts). None
of the methods attempted could reduce [Ca2+] to levels sufficiently low to measure Ca2+
binding to the high affinity sites of CBD12. Therefore, a better assay method was needed.
As mentioned above, use of sufficient EGTA to reduce [Ca2+] to the low levels
needed is not compatible with a competitive assay, since the high EGTA levels compared to
protein levels introduce too much error into the calculations. By increasing the
concentration of Fluo-3 (and thus Fluo-3-bound Ca2+), the indicator can be used as both a
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Ca2+ buffer and a precise measuring tool, so that free Ca2+ can be reduced without
compromising the accuracy of the competitive assay.
100 µM Fluo-3 was used in assays to reduce free [Ca2+] to nanomolar levels at the
start of the Ca2+-titration, which should cause CBD12 to release essentially all the originally
bound Ca2+. After a few blank and CBD1 titrations (negative and positive controls), it
became apparent that the Ca2+-binding results were not the same as results from assays with
1 µM Fluo-3. Blank titration results are shown in Fig. 3.5, where Ca2+-binding is not zero
although zero binding is expected (there is no Ca2+-binding entity present besides Fluo-3).
These data indicate that, when used at higher concentrations, measured Fluo-3 fluorescence
no longer corresponds to Ca2+-binding as described in the previous equations. Adjustments
were therefore needed so higher Fluo-3 concentrations could be used in the competitive
Ca2+-binding assay.
3.5.3 Fluorescence Theory
In conditions of high fluorophore concentration, there is deviation from the normal
linear relationship between concentration and absorbance or fluorescence. Fluorescence
corrections depend on the geometry of the cuvette (and fluorimeter), as well as properties of
the fluorophore.
The main cause for the deviation from linearity when using high concentrations of
fluorophore is the so-called primary inner-filter effect, as depicted in Fig. 3.6. Fluo-3 is
excited by incoming light (intensity Iex), becomes fluorescent, and the light emitted (intensity
Iem) is collected by the fluorimeter. Excitation light is diminished in intensity upon passing
through the Fluo-3 solution according to Iex!10-Al where A = Fluo-3 absorbance (which
increases with increasing Fluo-3 concentration) and l = length of the cuvette. In the central
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Figure 3.5 Blank Ca2+ titrations in 100 µM Fluo-3. 100 µM Fluo-3 solutions in decalcified
assay buffer (100 mM KCl, 30 mM MOPS, pH 7.20), without protein (circles) or with GST
protein (triangles), were titrated from low Ca2+ levels to Ca2+ saturation by adding increasing
amounts of CaCl2. To plot results in terms of Ca2+-binding to protein, 5 µM theoretical
protein (at the titration start) was used in calculations. Ca2+-binding results are plotted as
Ca2+ bound to CBD1 (moles Ca2+/moles protein) against free Ca2+ concentration.
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Figure 3.6 Schematic of fluorimeter cuvettes containing Fluo-3 solutions. Fluo-3 is
excited by incoming light (intensity Iex), becomes fluorescent (green as shown), and the light
emitted (intensity Iem) is collected by the fluorimeter. The dotted lines depict the boundaries
of the central region from which emission light is collected. (A) Low [Fluo-3] solution in a
cuvette 1 cm ! 1 cm in dimensions. (B) High [Fluo-3] solution in a cuvette 1 cm ! 1 cm. (C)
High [Fluo-3] solution in a cuvette 1 cm ! 0.4 cm.
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region from where emission light is collected, the amount of excitation light is calculated by
Iex!10-Al /2.
To look at the impact of fluorophore concentration, compare Fig. 3.6A and B. In a
low Fluo-3 solution (i.e. 1 µM) in a cuvette 1 cm ! 1 cm, the cuvette is fully fluorescent
since the excitation light is not appreciably absorbed as it passes through, and so it excites
all of the Fluo-3 solution. In a high Fluo-3 solution (i.e. 20 µM or higher) in a cuvette 1 cm
! 1 cm, the cuvette is not fully fluorescent since the incoming light is highly absorbed as it
enters the solution, so only the Fluo-3 on one side of the cuvette is excited. Thus the
measured emitted light does not represent the full potential fluorescence if all the Fluo-3 was
excited throughout the cuvette.
To see the interplay between geometry and measured fluorescence, compare Fig
3.6B and C. In the high Fluo-3 solution in a cuvette 1 cm ! 1 cm, the Fluo-3 is not fully
fluorescent in the region where the emission light is measured, so the measured value is
reduced. In the same high Fluo-3 solution in a cuvette 1 cm ! 0.4 cm, the incoming light is
highly absorbed but has a shorter distance to pass through, and Fluo-3 is highly fluorescent
in the region where the emission light is measured (the measured value may still be reduced
depending on the Fluo-3 concentration).
Excitation of Fluo-3 also depends upon the wavelength of the incoming light. At low
concentrations, Fluo-3 is excited most efficiently, and hence has the highest emission
intensity at the absorbance maximum, seen at 506 nm in the left-hand curve of Fig. 3.7. In a
high concentration solution of Fluo-3, however, the light available to excite the fluorophore
is reduced near the absorbance maximum, so that the measured emission intensity is
reduced and thus in a 100 µM Fluo-3 solution, the excitation peak shifts to ~469 nm.
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Figure 3.7 Absorbance and fluorescence emission spectra of Ca2+-saturated Fluo-3. The
absorption maximum is at ~506 nm (left-hand curve), and the fluorescence emission
maximum is at ~530 nm (right-hand curve). The overlap of absorbance and fluorescence
emission spectra is shaded grey.
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Exciting Fluo-3 at 469 nm increases transmittance of exciting light into the interior of the
sample solution, thereby enhancing fluorescent emission.
Note in Fig. 3.7 where the absorbance and emission spectra overlap (shaded grey).
Secondary filter is the reabsorbance of emitted fluorescence where the spectra overlap so it is
not measured. Thus emitted light is reduced toward the blue end of the spectrum and the
emission peak is observed to be red shifted. In a 100 µM Fluo-3 solution, the emission peak
shifts from ~530 nm to ~536 nm, and the accompanying reduction in fluorescence needs to
be accounted for.
3.5.4 Fluorescence Corrections
Therefore, to calculate the reduction in fluorescence, Fluo-3 absorbance at both
exciting (Aex) and emitting (Aem) light wavelengths must be determined. Absorbance varies
with wavelength (as shown in Fig. 3.7), Fluo-3 concentration (linearly), and Fluo-3 Ca2+binding status (since the peak shifts from Ca2+-bound at 506 nm to Ca2+-free at 502 nm).
Whereas it is possible to measure absorbance directly in certain fluorimeters, in this case,
absorbance needed to be calculated.
Absorbance was measured in a spectrometer for Ca2+-saturated and Ca2+-free (with
EGTA) solutions at the exciting and emitting wavelengths. This was used to calculate
unique extinction coefficients for each condition using A = !bc, where A = absorbance, ! =
extinction coefficient, b = pathlength (usually 1.00 cm), and c = Fluo-3 concentration.
Calculated extinction coefficients for absorption at 468 nm (excitation) and 536 nm
(emission) were: !ex(Ca) = 26100 M-1cm-1, !ex(EGTA) = 30300 M-1cm-1, !em(Ca) = 1900
M-1cm-1, and !em(EGTA) = 2000 M-1cm-1. Fluo-3 concentration was calculated using ! =
92000 M-1cm-1 88, measuring absorbance at ~502 nm with EGTA to remove Ca2+.
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Absorbance (Aex and Aem) values were calculated using Ca2+-bound fraction of Fluo-3
(BF), extinction coefficients (above), cuvette length (l , in cm) or width (w, in cm), and
concentration of Fluo-3, [Fluo-3]:
Aex = [Fluo-3] ! [!ex(Ca) ! BF + !ex(EGTA) ! (1 – BF)] ! l
Aem = [Fluo-3] ! [!em(Ca) ! BF + !em(EGTA) ! (1 – BF)] ! w
Corrected fluorescence (FC ) was then calculated using measured fluorescence (F):
FC = F ! 10(Aex+Aem)/2
It is important to note that the correction factor changes as free Ca2+ concentrations,
and hence BF, change. Thus, different corrections are applied across a titration binding
curve. Corrected fluorescence values were used in place of measured (raw) fluorescence
values in the calculations as described above to obtain Ca2+-binding results.
Control ‘blank’ Ca2+ titration experiments with 100 µM Fluo-3 and no added protein
were corrected using the above treatment, and the results are presented in Fig. 3.8. In
comparison with the uncorrected data of Fig. 3.5, this correction improved the data quality
at low [Ca2+]. However, Ca2+-binding was still not zero as expected, indicating that further
adjustment of the calculations was needed.
3.5.5 Further Adjustments
The calculations resulted in negative Ca2+ binding at higher free [Ca2+], which could
be explained if the effective Fluo-3 concentration was lower than anticipated. This situation
could arise if the Fluo-3 had degraded slowly while sitting at room temperature before or
during the course of an experiment; if Fluo-3 was oxidized through over-mixing; or if Fluo-3
was photobleached by exciting light.
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Figure 3.8 Blank Ca2+ titrations in 100 µM Fluo-3 with fluorescent corrections for inner
filter. 100 µM Fluo-3 solutions in decalcified assay buffer (100 mM KCl, 30 mM MOPS,
pH 7.20), without protein (circles) or with GST protein (triangles), were titrated from low
Ca2+ levels to Ca2+ saturation by adding increasing amounts of CaCl2. To plot results in
terms of Ca2+-binding to protein, 5 µM theoretical protein (at the start of titrations) was used
in calculations. Ca2+-binding results are plotted as Ca2+ bound to CBD1 (moles Ca2+/moles
protein) against free Ca2+ concentration. Corrected fluorescent measurements were used for
these results; see text for details.
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Calculations of Fluo-3 concentration depend on an accurately determined extinction
coefficient, which reportedly varied ~14% (101000 ± 7000 M-1cm-1 as reported in the
certificate of analysis for one lot). Under the assumption that the true Fluo-3 concentration
present in the titration assays was actually lower than originally anticipated, the Fluo-3
concentration used in calculations was reduced by increasing the extinction coefficient.
Conditions that caused the reduction in effective Fluo-3 concentration may have
changed the absorbance properties of Fluo-3, leading to unexpected results. Thus, values for
Fluo-3 extinction coefficient (denoted !502(EGTA), used to calculate [Fluo-3] using
absorbance at ~502 nm with EGTA), as well as the extinction coefficients used to determine
excitation and emission absorbances (!ex(Ca), !ex(EGTA), !em(Ca), and !em(EGTA) noted
above) were adjusted slightly for each blank until zero binding was achieved. Adjustments
made to the Fluo-3 extinction coefficients determined from the blank and GST titrations,
were averaged according to the Fluo-3 batch, and are shown in Table 3.2. The averaged
batch values were applied to each high Fluo-3 assay according to which batch of Fluo-3 was
used. Blank results calculated using all adjustments are shown in Fig. 3.9 with the average
CBD1 Ca2+-binding curve (from Chapter 4).
3.5.6 CBD1 Ca2+-Binding Results
Ca2+ binding to CBD1 was well characterized in the low Fluo-3 Ca2+ binding assays
(1-10 µM fluo-3; see CBD1 results in Chapter 4). CBD1 was therefore used as a positive
control in the high Fluo-3 assays (100 µM) with the fluorescent and Fluo-3 concentration
adjustments described in the previous sections. Similar results for Ca2+ binding to CBD1
under both conditions would validate the high Fluo-3 assay with the fluorescent adjustments
used to calculate Ca2+ binding results.
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Fluo-3 Batch

1

1

1

2

2

3

! 502 (EGTA)

148000

150000

155000

135000

115000

118600

! ex (EGTA)

34000

36000

31600

32000

31600

31600

! ex (Ca)

16000

14000

17200

15500

17200

17200

! em (EGTA)

2000

2000

2000

2000

2000

2000

! em (Ca)

1900

1900

1900

1900

1900

1900

Fluo-3 Batch

4

4

5

5

5

5

! 502 (EGTA)

126425

114000

130000

121000

107000

109500

! ex (EGTA)

32000

32000

32000

32000

31600

31600

! ex (Ca)

16200

16000

15000

18500

19000

17200

! em (EGTA)

2000

2000

2000

2000

2000

2000

! em (Ca)

1900

1900

1900

1900

1900

1900

Table 3.2 Fluo-3 extinction coefficients (!) used for calculating fluorescent corrections.
Extinction coefficient values (units in M-1cm-1) used in correcting the individual blank
calibrations of Fluo-3 are listed by the batch number. The extinction coefficient !502 (EGTA)
was used to calculate the concentration of Fluo-3 in assays. The other extinction coefficients
were used to calculate the absorbance of high Fluo-3 solutions for calculating corrections of
fluorescent measurements in Ca2+-binding assays, as described in the text.
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Figure 3.9 Blank Ca2+ titrations in 100 µM Fluo-3 with all fluorescent corrections. 100
µM Fluo-3 solutions in decalcified assay buffer (100 mM KCl, 30 mM MOPS, pH 7.20),
without protein (circles) or with GST protein (triangles), were titrated from low Ca2+ levels
to Ca2+ saturation by adding increasing amounts of CaCl2. To plot results in terms of Ca2+binding to protein, 5 µM theoretical protein was used in calculations. Ca2+-binding results
are plotted as Ca2+ bound to CBD1 (moles Ca2+ per mole protein) against free Ca2+
concentration. Corrected fluorescent measurements and Fluo-3 concentrations were used
for these results; see text for details.
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Three independently isolated samples of GST-tagged NCX1 CBD1 were produced
and prepared as described in Methods and aliquots were run on Laemmli SDS-PAGE and
stained with Coomassie Blue, shown in Figure 3.10. These CBD1 samples were of similar
high purity (~95%) as those used for the data presented in Chapter 4 CBD1 results.
Solutions of 100 µM Fluo-3 and 3 – 17 µM GST-CBD1 in decalcified assay buffer (100 mM
KCl and 30 mM MOPS, pH 7.20) were titrated from low Ca2+ levels to Ca2+ saturation by
adding increasing amounts of CaCl2.
To determine Ca2+-binding to CBD1, Ca2+-binding results were calculated using
fluorescent and Fluo-3 concentration adjustments and plotted as Ca2+ bound to CBD1
(moles Ca2+/moles protein) against free Ca2+ concentration. The Hill equation was fit to the
Ca2+-binding results from each titration to determine the Ca2+-binding parameters:
dissociation constant (KD), Hill coefficient (nH), and binding maximum (Bmax, moles Ca2+
per mole protein). To illustrate the variance of Ca2+-binding to CBD1, two titrations of the
same sample performed on different days are shown in Fig. 3.11.
CBD1 Ca2+-binding results are compiled and illustrated in Fig. 3.12 with the overall
average Ca2+-binding curve determined from the average of each sample’s average binding
curve, and results are summarized in Table 3.3. In Ca2+-binding assays with high Fluo-3,
CBD1 binds 3.5 ± 0.2 moles Ca2+ per mole of CBD1 with a Hill coefficient of 2.4 ± 0.5 and
a KD of 0.33 ± 0.05 µM.
GST-CBD1 Ca2+-binding results from low and high Fluo-3 Ca2+ binding assays are
compared in Fig. 3.13. There is no significant difference between the averaged results from
each assay method for Bmax (p > 0.2), nH (p > 0.2), or KD (p > 0.2). Ca2+-binding to CBD1 is
not significantly different in Ca2+ binding assays using high Fluo-3 (with fluorescence and
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Figure 3.10 SDS PAGE of CBD1-GST samples used in high Fluo-3 Ca2+ binding assays.
CBD1 was produced in Escherichia coli DH5# cells as a GST-fusion protein, affinity purified,
and Ca2+ removed as outlined in Methods. Aliquots of the CBD1 samples that were used in
assays were run on 12% Laemmli SDS-PAGE and stained with Coomassie Blue. Lane
labels indicate the CBD1 sample numbers or standard protein markers (M) with sizes
indicated to the left in kilodaltons (kDa).
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Figure 3.11 CBD1 Ca2+-binding results from high Fluo-3 competition Ca2+-binding assay
using all corrections: GST-CBD1 sample 1, titrations 1 and 2. Ca2+-binding to CBD1 was
determined in an assay using competition for Ca2+ between 100 µM Fluo-3 and GSTCBD1. Solutions of Fluo-3 and CBD1 in decalcified assay buffer (100 mM KCl, 30 mM
MOPS, pH 7.20) were titrated from low Ca2+ levels to Ca2+ saturation by adding increasing
amounts of CaCl2. Calculated Ca2+-binding results are plotted as Ca2+ bound to CBD1
(moles Ca2+/mole protein) against free Ca2+ concentration, and a Hill equation was fit to the
binding data from each titration. For the titrations shown here, CBD1 binds 3.6 moles
Ca2+/mole CBD1 with a Hill coefficient of 2.1 and a KD of 0.40 µM (averaged from the two
titrations’ values). See Table 3.3 for all CBD1 Ca2+-binding results from high Fluo-3 assays.
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Figure 3.12 CBD1 Ca2+-binding results from high Fluo-3 competition Ca2+-binding
assay: three samples of GST-CBD1, five titrations. Ca2+-binding to CBD1 was determined
in a high Fluo-3 competition Ca2+-binding assay, as described in the Fig. 3.11 legend. CBD1
binds 3.5 ± 0.2 moles Ca2+/mole CBD1 with a Hill coefficient of 2.4 ± 0.5 and a KD of 0.33
± 0.05 µM (determined from the average of the three samples’ average Hill binding curve
parameters). See Table 3.3 for all CBD1 Ca2+-binding results from high Fluo-3 assays used
to determine the average ± s.e.m.
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A
CBD1 Sample

1

1

2

3

3

Titration

1

2

1

1

2

KD (µM)

0.43

0.37

0.28

0.31

0.30

nH

1.9

2.3

2.1

2.6

3.3

Bmax

3.7

3.5

3.5

3.2

3.6

CBD1 Sample

1

2

3

Overall Average

CBD1 (low Fluo-3)

KD (µM)

0.40

0.28

0.31

0.33 ± 0.05

0.31 ± 0.03

nH

2.1

2.1

3.0

2.4 ± 0.5

2.6 ± 0.2

Bmax

3.6

3.5

3.4

3.5 ± 0.2

3.8 ± 0.2

B

Table 3.3 Summary of GST-CBD1 Ca2+-binding values determined in the competition
Ca2+-binding assay with high Fluo-3 using all corrections. (A) CBD1 Ca2+-binding
parameters from the best fit to the Hill equation for each titration performed. (B) The
average Ca2+-binding parameters for three independent protein samples (determined from
the average values of each sample’s individual titrations), and the overall average Ca2+binding parameters for GST-CBD1 with s.e.m. (determined from the average parameter
values of the three independent samples). Ca2+-binding parameters for GST-CBD1 in low
[Fluo-3] are from Table 4.1.

71

Figure 3.13 Ca2+-binding to CBD1: overall results from Fluo-3 competition Ca2+-binding
assay with low and high Fluo-3 concentrations. In low Fluo-3 assays, CBD1 binds 3.8 ±
0.2 moles Ca2+/mole CBD1 with a Hill coefficient of 2.6 ± 0.2, and a KD of 0.31 ± 0.03 µM.
In high Fluo-3 assays, CBD1 binds 3.5 ± 0.2 moles Ca2+/mole CBD1 with a Hill coefficient
of 2.4 ± 0.5 and a KD of 0.33 ± 0.05 µM. There is no significant difference between the
averaged results from each assay method for Bmax (p > 0.2), nH (p > 0.2), or KD (p > 0.2).

72

Fluo-3 concentration corrections) from assays using low Fluo-3 (from Table 4.1). This
validates the use of the high Fluo-3 assays, using the same method and fluorescence
corrections described here for determining Ca2+-binding to CBD1 in CBD12 (CBD2 binding
is of much lower affinity so it cannot be measured with the range of Ca2+ concentrations
used in the Fluo-3 assay).

73

Chapter 4: Ca2+ binding to the CBD1 domain
4.1 Previous Work
Mutational studies suggest that Ca2+-dependent activation of NCX1 is largely due to
CBD1 Ca2+-binding 51. The Ca2+ dependence of NCX1.1 activation has been measured using
various methods and conditions, resulting in values for apparent Ca2+ affinity from 22 nM to
0.86 µM 49,51,55,89,90.
Isolated NCX1-CBD1 has been studied using FRET to measure Ca2+-dependent
protein movements, isothermal titration calorimetry (ITC) to determine dissociation
constants (KD), and direct Ca2+-binding measurements using Fluo-3 and 45Ca2+-binding. A
50% change in FRET ratio was elicited by 140 nM free Ca2+ with a Hill coefficient of 2.9 in
one study 77 and 190 nM free Ca2+ in another FRET study 68; the Hill coefficient implicates
~3 or more Ca2+ ions binding but the number of bound Ca2+ could not be determined using
this method. Analysis of CBD1 using ITC gave KD values of 120 and 240 nM 46. Direct
measurements of Ca2+-binding in CBD1 resulted in KD values of 1.1 and 0.09 µM (from the
Adair equation) or a KD of 0.3 µM (from the Hill equation, with a Hill coefficient of 1.8)
and both equations gave a binding capacity of 2.4 65, substantially lower than the four Ca2+
ion binding sites seen in the crystal structure of CBD1 60. Direct Ca2+-binding measurements
so far have resulted in highly variable and incomplete results often lacking Ca2+-saturation
and zero Ca2+ binding in titrations of CBD proteins 65,70,91.
Equilibrium Ca2+ binding measurements in a competition assay optimized for
studying CBD domains, with well-chosen fluorescent Ca2+ indicators, starting with low Ca2+
levels in assay solutions, and using reliable measurements of protein concentration, have
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enabled improved, high-quality characterization of CBD1 in this study. Directly measuring
Ca2+-binding to CBD1 allowed us to characterize the initial binding event that causes
conformational changes in full-length NCX and leads to activation of exchange.
4.2 NCX1 CBD1 Ca2+ Binding Experiments
CBD1 was produced as a GST-fusion protein (GST-CBD1) since GST-fusion
proteins are easy to produce and purify, and GST fusions tend to improve the solubility and
stability of their fusion partners 92. To prepare isolated CBD1 for Ca2+-binding assays,
thrombin cleavage to remove the GST tag was attempted many times, but cleavage was very
inefficient. The possibility of using GST-CBD1 in Ca2+ binding assays was examined.
To test for any affect the GST tag might have on CBD1 Ca2+ binding, such as
changing the Ca2+ binding affinity, CBD1 was also produced and purified with hexahistidine tags at either end of the protein (His-CBD1) for comparison. One would not expect
the large GST- and small His-tags to induce the same artifactual shift in Ca2+-binding
properties in CBD1. If Ca2+ binding to GST-CBD1 appeared the same as Ca2+ binding to
His-CBD1, this would suggest neither tag was interfering with the actual Ca2+-binding
properties of CBD1. Therefore, it would be appropriate to express the other CBD domains
as GST-fusion proteins and use them in Ca2+ binding assays.
GST-tagged NCX1 CBD1 was efficiently expressed in Escherichia coli DH5# cells, but
E. coli BL21 (DE3) cells were needed to express His-tagged NCX1 CBD1 (these cells have
been genetically modified to optimally produce protein). Proteins were affinity purified and
Ca2+ was removed as outlined in Methods. CBD1 samples that were used in Ca2+-binding
assays were run on Laemmli SDS-PAGE and stained with Coomassie Blue, shown in Fig.
4.1. The major protein band in each sample lane represents the CBD1 protein of interest,
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Figure 4.1 SDS-PAGE of CBD1 samples used in Ca2+-binding assays with Fluo-3.
(A) GST-tagged NCX1-CBD1 and (B) His-tagged NCX1-CBD1. GST-CBD1 was produced
in Escherichia coli DH5" cells and His-CBD1 was produced in E. coli BL21 (DE3) cells,
proteins were affinity purified and Ca2+ was removed as outlined in Methods. Aliquots of
the CBD1 samples that were used in Ca2+ binding assays were run on 10 or 12% Laemmli
SDS-PAGE and stained with Coomassie Blue. Lane labels indicate CBD1 sample numbers
or standard protein markers (M) with sizes shown on the right in kilodaltons (kDa).
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with few minor bands below the major one for GST-CBD1 (more visible for highly loaded
lanes, samples 3 and 4), indicating high purity (~90%) of the samples. CBD1-His has one
minor protein band below the major one, which may be a CBD1 degradation product (the
band increased after centrifugal concentration; this may be because His-CBD1 has reduced
stability compared to GST-CBD1). The minor protein component may also be a protein that
was co-purified with His-CBD1, confounding the determination of CBD1 concentration.
The protein could be identified by observing a Ca2+-induced gel mobility shift, which would
show if the protein binds Ca2+, and would likely be CBD1. This was attempted twice but
even the major protein component did not shift size (which has occurred once with GSTCBD1 protein as well). This limits the ability to confidently analyze binding capacity in Histagged CBD1.
Ca2+ binding to CBD1 was determined in a competition Ca2+-binding assay with
Fluo-3 as the Ca2+-binding fluorescent indicator. Fluo-3 was chosen since its reported Ca2+
affinity (0.39 µM 88) is close to that of CBD1. The method of measuring Ca2+ binding to
CBD proteins in the Ca2+-binding assay, calibration of Fluo-3, and Ca2+-binding calculations
were those outlined in Chapter 3.
To show a negative control for Fluo-3 titrations, Ca2+-binding results were
determined for the GST protein. Three independently isolated samples were analyzed using
one titration each. Solutions of 1 µM Fluo-3 with 0.5 – 4 µM GST in decalcified assay
buffer were titrated by adding CaCl2. Ca2+-binding results are shown in Fig. 4.2 compared
with the average GST-CBD1 Hill equation binding curve (from Fig. 4.4).
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Figure 4.2 GST Ca2+ binding results with Fluo-3. Ca2+ binding to GST was determined in
an assay using competition for Ca2+ between Fluo-3 and GST. Solutions of 1 µM Fluo-3
with 0.5 – 4 µM GST protein in decalcified assay buffer (100 mM KCl and 30 mM MOPS,
pH 7.20) were titrated from low Ca2+ levels to Ca2+ saturation by adding CaCl2. Three
titrations of GST are shown here compared to the average GST-CBD1 Hill equation
binding curve (shown in Fig. 4.4).
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4.2.1 GST-CBD1 Ca2+-Binding Results
To determine Ca2+ binding to GST-CBD1, four independently isolated samples were
each analyzed using one to four titrations per sample. In the Ca2+-binding assay using
competition with Fluo-3, solutions of 0.5 – 10 µM Fluo-3 and 5 – 10 µM GST-CBD1 in
decalcified assay buffer (100 mM KCl and 30 mM MOPS, pH 7.20) were titrated from low
Ca2+ levels to Ca2+ saturation by adding CaCl2. Ca2+-binding results were plotted as Ca2+
bound to CBD1 (moles Ca2+ per mole protein) against free Ca2+ concentration. The Ca2+binding data from each titration were fit to the Hill equation to determine the Ca2+-binding
parameters dissociation constant (KD), Hill coefficient (nH), and binding maximum (Bmax, in
moles Ca2+ per mole CBD1).
The Ca2+-binding results for four titrations of one GST-CBD1 sample with the
average Hill equation binding curve are shown in Fig. 4.3 to demonstrate reproducibility of
results. GST-CBD1 Ca2+-binding results are compiled and illustrated in Fig. 4.4 and
summarized in Table 4.1 with the overall average Ca2+-binding parameters determined from
the average of each sample’s averaged values. GST-CBD1 bound 3.8 ± 0.2 moles Ca2+ per
mole of CBD1 with a Hill coefficient of 2.6 ± 0.2 and a KD of 0.31 ± 0.03 µM.
4.2.2 His-CBD1 Ca2+-Binding Results
To determine Ca2+-binding to His-CBD1, three independently isolated samples of
His-CBD1 were each analyzed using two titrations per sample. In the Ca2+-binding assay
using competition with Fluo-3, solutions of 0.5 – 1 µM Fluo-3 and 10 – 14 µM His-CBD1
were used in titrations as described above. To illustrate the variance of Ca2+ binding, two
titrations of the same sample performed on the same day are shown in Fig. 4.5 with the
sample’s average Hill equation binding curve. His-CBD1 Ca2+-binding results are compiled
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Figure 4.3 NCX1-CBD1 Ca2+-binding results from Fluo-3 competition Ca2+-binding
assay: GST-CBD1 sample 1, four titrations. Ca2+ binding to CBD1 was determined in an
assay using competition for Ca2+ between Fluo-3 and GST-CBD1. Solutions of Fluo-3 and
CBD1 in decalcified assay buffer (100 mM KCl, 30 mM MOPS, pH 7.20) were titrated by
adding CaCl2. The Ca2+-binding data from each titration were fit to the Hill equation to
determine the Ca2+-binding parameters, and the average Ca2+-binding parameters were
determined from the average of the fitted parameters from the four individual titrations. For
GST-CBD1 sample 1, Bmax = 3.6, nH = 2.7, and KD = 0.34 µM. See Table 4.1 for results of
similar GST-CBD1 Ca2+-binding titrations using four independent samples.
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Figure 4.4 NCX1-CBD1 Ca2+-binding results from Fluo-3 competition Ca2+-binding
assay: GST-CBD1 four samples, nine titrations. Ca2+ binding to GST-CBD1 was
determined in an assay using competition for Ca2+ between Fluo-3 and CBD1, as outlined in
the Fig. 4.3 legend. Four independently isolated samples were each analyzed using one to
four titrations per sample. The overall average Ca2+-binding parameters were determined
from the average of the parameters averaged from the four samples’ individual titrations.
GST-CBD1 bound 3.8 ± 0.2 moles Ca2+ per mole of CBD1 with a Hill coefficient of 2.6 ±
0.2 and a KD of 0.31 ± 0.03 µM. See Table 4.1 for results of each GST-CBD1 Ca2+-binding
titration, used to determine the average ± s.e.m.
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A
CBD1 Sample

1

1

1

1

2

3

3

4

4

Titration

1

2

3

4

1

1

2

1

2

KD (µM)

0.37

0.33

0.32

0.35

0.35

0.29

0.28

0.28

0.26

nH

2.7

2.7

2.7

2.8

2.9

2.7

2.7

2.4

2.1

Bmax

3.8

3.6

3.7

3.4

3.6

4.2

4.1

3.7

3.7

B
CBD1 Sample

1

2

3

4

Overall Average

KD (µM)

0.34

0.35

0.28

0.27

0.31 ± 0.03

nH

2.7

2.9

2.7

2.3

2.6 ± 0.2

Bmax

3.6

3.6

4.1

3.7

3.8 ± 0.2

Table 4.1 Summary of GST-CBD1 Ca2+-binding values determined from Fluo-3
competition Ca2+-binding assay. (A) GST-CBD1 Ca2+-binding parameters determined from
the best fit of each Ca2+-binding titration to the Hill binding equation. (B) Average Ca2+
binding parameters for each of four GST-CBD1 samples, determined by averaging the
values from each titration. The overall average Ca2+-binding parameters for GST-CBD1,
shown with s.e.m., were determined from the average of the four samples average binding
parameters.
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and illustrated in Fig. 4.6 and summarized in Table 4.2 with the overall average Ca2+binding parameters determined from the average of each sample’s averaged values. HisCBD1 bound 3.3 ± 0.3 moles Ca2+ per mole of CBD1 with a Hill coefficient of 3.1 ± 0.1 and
a KD of 0.29 ± 0.2 µM.
4.2.3 Conclusions
Ca2+-binding results for GST-CBD1 and His-CBD1 are compared in Fig. 4.7. The
Ca2+-binding parameters of His-CBD1 were not significantly different from those of GSTCBD1 for Bmax (p > 0.1), nH (p > 0.05), or KD (p > 0.2). Therefore, it appears that GST had
no effect on Ca2+-binding to CBD1, so GST-fusion CBD proteins were produced and used
in subsequent assays.
Measurements of Ca2+-binding to CBD1 gave results fairly consistent with previous
observations of CBD1 apparent affinity and Hill coefficient 46,65,68,77, revealing the
moderately high Ca2+-affinity and relatively high cooperativity of all four Ca2+-binding sites
seen in the high resolution crystal structure of CBD1 60. This is somewhat different from
previous Ca2+-binding assay results showing only ~3 Ca2+ sites in CBD1 with moderately
high affinity 65,70. These results will provide further insight into CBD1 Ca2+ binding and
activation of NCX exchange.
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Figure 4.5 NCX1-CBD1 Ca2+-binding results from Fluo-3 competition Ca2+-binding
assay: His-CBD1 sample 3, two titrations. Ca2+ binding to His-CBD1 was determined in
an assay using competition for Ca2+ between Fluo-3 and CBD1, as described in the Fig. 4.3
legend. For His-CBD1 sample 3, Bmax = 3.6 moles Ca2+ per mole of CBD1, nH = 3.1, KD =
0.27 µM. See Table 4.2 for results and averages of His-CBD1 Ca2+-binding titrations using
three independently isolated samples.

84

Figure 4.6 NCX1-CBD1 Ca2+-binding results from Fluo-3 competition Ca2+-binding
assay: His-CBD1 three samples, six titrations. Ca2+ binding to His-CBD1 was determined
in an assay using competition for Ca2+ between Fluo-3 and CBD1, as described in the Fig.
4.3 legend. Three independently isolated samples were each analyzed using two titrations
per sample. The overall average Ca2+-binding parameters were determined from the average
of the parameters averaged from the three samples’ individual titrations. His-CBD1 bound
3.3 ± 0.3 moles Ca2+ per mole of CBD1 with a Hill coefficient of 3.1 ± 0.1 and a KD of 0.29
± 0.2 µM. See Table 4.2 for results of each His-CBD1 Ca2+-binding titration, used to
determine the average ± s.e.m.
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A
CBD1 Sample

1

1

2

2

3

3

Titration

1

2

1

2

1

2

KD (µM)

0.31

0.30

0.28

0.30

0.28

0.27

nH

3.0

3.0

3.3

3.2

3.2

3.1

Bmax

3.0

3.0

3.3

3.2

3.6

3.7

B
CBD1 Sample

1

2

3

Overall Average

KD (µM)

0.31

0.29

0.27

0.29 ± 0.2

nH

3.0

3.2

3.1

3.1 ± 0.1

Bmax

3.0

3.3

3.6

3.3 ± 0.3

Table 4.2 Summary of His-CBD1 Ca2+-binding values determined from Fluo-3
competition Ca2+-binding assay. (A) His-CBD1 Ca2+ binding parameters determined from
the best fit of each Ca2+-binding titration to a Hill binding equation. (B) Average Ca2+
binding parameters for each of three His-CBD1 samples, determined by averaging the
values from each titration. The overall average Ca2+-binding parameters for His-CBD1,
shown with s.e.m., were determined from the average of the three samples average binding
parameters.
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Figure 4.7 NCX1-CBD1 Ca2+-binding results from Fluo-3 competition Ca2+-binding
assay: GST-CBD1 and His-CBD1 individual Ca2+-binding results with their average Hill
binding curves. Ca2+ binding to His-CBD1 and GST-CBD1 was determined in an assay
using competition for Ca2+ between Fluo-3 and CBD1, as described in the Fig. 4.3 legend.
Ca2+ binding parameters were determined from the best fit of each Ca2+-binding titration to a
Hill binding equation; average parameters ± s.e.m. for His-CBD1 are: Bmax = 3.3 ± 0.3, nH =
3.1 ± 0.1, KD = 0.29 ± 0.02 µM; and for GST-CBD1 are: Bmax = 3.8 ± 0.2, nH = 2.6 ± 0.2,
KD = 0.31 ± 0.03 µM. Ca2+ binding parameters are not significantly different between the
CBD1 proteins for Bmax (p > 0.1), nH (p > 0.05), or KD (p > 0.2).
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Chapter 5: Ca2+ binding to alternatively spliced CBD2 domains
5.1 Previous Work
Alternative splicing of NCX1 is known to change regulation of exchanger activity by
Ca2+ and Na+. NDI is very prominent in NCX1.3 and is not relieved by elevating [Ca2+],
whereas in NCX1.1 and 1.4, high cellular [Ca2+] is able to relieve NDI 54,66. These functional
differences are presumably due to the presence of exon A in NCX1.1 and 1.4, and exon B in
NCX1.3. Note that NCX1.3 and 1.4 are otherwise identical in sequence.
Exon A and B are essential and mutually exclusive in NCX1 alternatively spliced
isoforms. Fig. 5.1 compares the aligned amino acid sequences encoded by exons A and B,
which are ~63% similar.
Dunn et al 67 determined that only two amino acid residues in exon A (D578 and
K585, that differ in exon B), confer the ability to relieve NDI by cellular Ca2+. The single
mutation D578R prevented Ca2+-relief of NDI in NCX1.4, while the double mutation
(R578D/C585K) in NCX1.3 was required to produce Ca2+-dependent relief of NDI.
It was postulated that this region in exon A is part of a Ca2+-binding site that
interferes with the NDI mechanism when Ca2+-bound. In this binding site, the change from
aspartate to arginine would disrupt Ca2+ binding in NCX1.4, and two amino acid changes
would be required to constitute Ca2+ binding in NCX1.3. When the structure of NCX1.4CBD2 was determined, the residues responsible for the functional difference between
isoforms (D578 and K585) were shown to be crucial in forming the Ca2+-binding site 46.
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Figure 5.1 Alignment of the amino acid sequences encoded by alternatively spliced exons
A and B. The residues in bold are the determinants of Ca2+ regulatory differences in exon Aand exon B-containing NCX1 splice isoforms 67.
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5.2 NCX1-CBD2 Ca2+ Binding Experiments
To test the hypothesis that substantial differences in Ca2+ binding to exon A- or exon
B-containing alternatively spliced isoforms are responsible for ionic regulatory differences,
Ca2+ binding to NCX1.3-CBD2 (exons B, D) and NCX1.4-CBD2 (exons A, D) was
measured and compared.
NCX1.4-CBD2 and NCX1.3-CBD2 were produced in Escherichia coli DH5" cells as
GST-fusion proteins, affinity purified, and Ca2+ was removed as described in Methods.
GST-CBD2 samples that were used in Ca2+ binding assays were resolved by Laemmli SDSPAGE and stained with Coomassie Blue, shown in Fig. 5.2. The major protein band in each
sample lane represents the GST-CBD2 fusion protein of interest, with only a few minor
bands below the major one, indicating high purity of the samples (~95% for NCX1.4-CBD2
and >70% for NCX1.3-CBD2).
Ca2+ binding to CBD2 was determined in a competition Ca2+-binding assay with
Oregon Green BAPTA-5N as the fluorescent Ca2+-indicator. The Ca2+-binding assay,
Oregon Green calibrations, and calculations are described in Chapter 3. Oregon Green was
calibrated each day of CBD2 assays and the values of Oregon Green KD used in calculations
are listed in Table 5.1.
‘Blank’ Ca2+-binding results were calculated from the Oregon Green calibration
titrations. Protein was not present in the calibration but in calculations the protein
concentration of NCX1.4-CBD2 (in the CBD2 Ca2+-binding assay from the same day as the
calibration) was used to give blank Ca2+-binding results in moles Ca2+ bound per mole
protein. This served as a negative control for CBD2 assays.
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A

B

Figure 5.2 SDS PAGE of CBD2 protein samples used in Ca2+-binding assays with
Oregon Green. (A) NCX1.4-CBD2 and (B) NCX1.3-CBD2 protein samples. NCX1.4CBD2 and NCX1.3-CBD2 were produced in Escherichia coli DH5# cells as GST-fusion
proteins, affinity purified, and Ca2+ was removed as described in Methods. Aliquots of the
CBD2 samples that were used in Ca2+ binding assays were run on 10 or 12% Laemmli SDSPAGE and stained with Coomassie Blue. Lane labels indicate the CBD2 sample numbers or
standard protein markers (M) with sizes shown on the left in kilodaltons (kDa).
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NCX1.4 CBD2 Sample

1

2

2

3

3

Titration

1

1

2

1

2

Oregon Green KD (µM)

17.20

16.00

23.49

28.80

23.26

NCX1.3 CBD2 Sample

1

2

3

Oregon Green KD (µM)

16.00

23.49

18.70

Table 5.1 Oregon Green dissociation constants used in competition Ca2+-binding assays
with NCX1.4-CBD2 and NCX1.3-CBD2. Oregon Green was calibrated each day of the
CBD2 assays to determine its KD used for CBD2 Ca2+-binding calculations as described in
Chapter 3.

92

5.2.1 NCX1.4-CBD2 Ca2+-Binding Results
To determine Ca2+ binding to NCX1.4-CBD2, three independently isolated samples
were each analyzed using one to two titrations per sample. Solutions of 1 – 3 µM Oregon
Green and 4 – 20 µM NCX1.4-CBD2 in decalcified assay buffer (100 mM KCl and 30 mM
MOPS, pH 7.20) were titrated from low Ca2+ levels to Ca2+ saturation by adding CaCl2.
Ca2+-binding results were plotted as Ca2+ bound to CBD2 (moles Ca2+ per mole protein)
against free Ca2+ concentration. The Ca2+-binding data from each titration were fit to the
Hill equation to determine the Ca2+-binding parameters dissociation constant (KD), Hill
coefficient (nH), and binding maximum (Bmax, moles Ca2+ per mole protein). The binding
parameters from each titration were averaged to yield the overall average results. Ca2+binding results are shown for one titration of NCX1.4-CBD2 with the best fit Hill equation
binding curve in Fig. 5.3.
NCX1.4-CBD2 Ca2+-binding results are compiled and illustrated in Fig. 5.4 and
summarized in Table 5.2 with the overall average Ca2+-binding parameters determined from
the average of each sample’s averaged values. NCX1.4-CBD2 bound 1.9 ± 0.1 moles Ca2+
per mole of CBD2 with a Hill coefficient of 1.50 ± 0.09 and a KD of 11 ± 3 µM.
5.2.2 NCX1.3 CBD2 Ca2+-Binding Results
To determine Ca2+-binding to NCX1.3-CBD2, three independently isolated samples
of NCX1.3-CBD2 were analyzed with one titration each. Solutions of 1 – 3 µM Oregon
Green and 3 – 4 µM NCX1.3-CBD2 were used in titrations as described above. NCX1.3CBD2 Ca2+-binding results were compared with blank results, calculated from the Oregon
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Figure 5.3 CBD2 Ca2+-binding results from Oregon Green competition Ca2+-binding
assay: NCX1.4-CBD2 sample 2, titration 2. Ca2+ binding to NCX1.4-CBD2 was
determined in an assay using competition for Ca2+ between Oregon Green and CBD2, as
described in Chapter 3. Solutions of Oregon Green and CBD2 in decalcified assay buffer
(100 mM KCl, 30 mM MOPS, pH 7.20) were titrated by adding CaCl2. Ca2+-binding results
are shown as Ca2+ bound to CBD2 (moles Ca2+/mole protein) against free Ca2+
concentration, and the binding data were fit to the Hill binding equation to determine the
Ca2+-binding parameters Bmax = 1.9 moles Ca2+/moles CBD2, nH = 1.3, and KD = 15 µM.
See Table 5.2 for results from five similar NCX1.4-CBD2 Ca2+-binding assays using three
independent samples.
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Green calibration titrations in the absence of fusion protein. NCX1.3-CBD2 Ca2+-binding
results are compiled and compared with blanks and NCX1.4-CBD2 results in Fig. 5.5.
NCX1.3-CBD2 Ca2+-binding results were no different from blanks, but were significantly
different from NCX1.4-CBD2 Ca2+-binding results (p < 0.001).
5.2.3 Conclusion
NCX1.3 CBD2 did not bind Ca2+ even up to a free Ca2+ concentration of 100 µM; in
contrast, NCX1.4 CBD2 bound about 2 moles Ca2+ per mole of protein with a dissociation
constant of about 11 µM. These results are consistent with NCX1.4-CBD2 structural data of
2 Ca2+ bound and the Ca2+-dissociation constant of 9 µM measured by ITC 46,50, and the
expectation of altered Ca2+-binding in NCX1.3-CBD2.
The CBD2 Ca2+-binding results explain the regulatory differences between NCX1.3
and NCX1.4 66,67 and the differences observed between the two CBD2 structures 52. Ca2+
binding in CBD2 is critical for relief of NDI in full-length NCX1.4, in contrast to NCX1.3
that can neither bind Ca2+ in CBD2 nor relieve NDI with Ca2+.
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Figure 5.4 NCX1.4-CBD2 Ca2+-binding results from Oregon Green competition Ca2+binding assay: three samples, five titrations. Ca2+-binding to NCX1.4-CBD2 was
determined in an assay using competition for Ca2+ between Oregon Green and CBD2, as
described in the Fig. 5.3 legend. Three independently isolated samples were each analyzed
using one to two titrations per sample. The overall average Ca2+-binding parameters were
determined from the average of the parameters averaged from the three samples’ individual
titrations. NCX1.4-CBD2 bound 1.9 ± 0.1 moles Ca2+/moles CBD2 with a Hill coefficient
of 1.50 ± 0.09 and a KD of 11 ± 3 µM. Table 5.2 lists the parameters of all NCX1.4-CBD2
Ca2+-binding titrations, used to determine the average ± s.e.m.
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A
NCX1.4 CBD2 Sample

1

2

2

3

3

Titration

1

1

2

1

2

KD (µM)

8.3

7.6

15.3

11.8

13.8

nH

1.6

1.5

1.3

1.5

1.4

Bmax

2.0

1.8

1.9

1.6

1.9

NCX1.4 CBD2 Sample

1

2

3

Overall Average

KD (µM)

8.3

11.4

12.8

11 ± 3

nH

1.6

1.4

1.5

1.50 ± 0.09

Bmax

2.0

1.8

1.8

1.9 ± 0.1

B

Table 5.2 Summary of NCX1.4-CBD2 Ca2+-binding values determined from Oregon
Green competition Ca2+-binding assay. (A) Ca2+-binding parameters determined from the
best fit of each NCX1.4-CBD2 Ca2+-binding titration to the Hill equation. (B) The Ca2+
binding parameters for each independent NCX1.4-CBD2 sample, determined by averaging
the values from each titration. The overall average Ca2+-binding parameters were
determined from the average of the three samples average binding parameters, shown with
s.e.m.
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Figure 5.5 NCX1.3-CBD2 and NCX1.4-CBD2 Ca2+-binding results from Oregon Green
competition Ca2+-binding assay. Ca2+-binding to NCX1.4-CBD2 and to NCX1.3-CBD2
was determined in an assay using competition for Ca2+ between Oregon Green and CBD2,
as described in the Fig. 5.3 legend. Three independently isolated NCX1.3-CBD2 samples
were analyzed using one titration each. Blank values were derived from Oregon Green
calibrations performed in the absence of fusion protein. NCX1.4-CBD2 Ca2+-binding results
with the average Hill equation binding curve are shown for comparison (from Fig. 5.4).
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Chapter 6: Ca2+ binding to CBD1 in alternatively spliced CBD12
6.1 Previous Work
CBD1 and CBD2 are configured head to tail with only a short linker between them
(see Figs. 1.2 and 1.4). The CBD1 binding site faces toward the linking region, the CBD2
binding site faces away, and a long loop in the CBD2 tail containing part of the alternative
splicing region is directed toward the CBD1 binding site. Due to its proximity, the
alternatively spliced loop could interact with CBD1 Ca2+-binding sites and affect binding
properties. Recent work with the CBD12 construct has shown that CBD2 has significant
effects on CBD1 Ca2+-binding properties 70,91 and Ca2+-dependent protein movements 68. If
CBD2, and particularly the alternatively spliced region, can interact with the CBD1 Ca2+binding site, then there should be a shift in CBD1 Ca2+-binding properties when CBD2 is
attached, with differing properties in the alternately spliced isoforms.
6.2 NCX1-CBD12 Ca2+ Binding Experiments
6.2.1 CBD12 protein samples
To observe the effect of CBD2 splice variants on CBD1 Ca2+-binding, a construct
containing the two adjacent Ca2+-binding domains (CBD12) was prepared and used in Ca2+binding assays. The five main NCX1 isoforms were used to create the CBD12 proteins
NCX1.1-CBD12, NCX1.3-CBD12, NCX1.4-CBD12, NCX1.5-CBD12, and NCX1.7CBD12.
NCX1-CBD12 proteins were produced as GST-fusion proteins in Escherichia coli
BL21 (DE3) cells, affinity purified, and Ca2+ was removed as outlined in Methods. GSTCBD12 samples that were used in Ca2+-binding assays were run on Laemmli SDS-PAGE
and stained with with Coomassie Blue, shown in Fig. 6.1. The expected size of CBD12 is
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C

B

D

E

Figure 6.1 SDS PAGE of GST-CBD12 samples used in Fluo-3 Ca2+-binding assays.
(A) NCX1.3-CBD12, (B) NCX1.4-CBD12, (C) NCX1.1-CBD12, (D) NCX1.5-CBD12, and
(E) NCX1.7-CBD12 protein samples. NCX1-CBD12 proteins were produced as GST-fusion
proteins in Escherichia coli BL21 (DE3) cells, purified, and prepared as outlined in Methods.
Aliquots of GST-CBD12 samples that were used in binding assays were run on Laemmli
SDS-PAGE and stained with with Coomassie Blue. Lane labels indicate sample numbers or
standard protein markers (M) with sizes indicated to the right in kilodaltons (kDa).
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about 75 kDa (differing for the spliced isoforms of different lengths), which corresponds to
the highest protein band in each sample lane. In NCX1.3, NCX1.4, and NCX1.7 the fulllength CBD12 is the major top band, and some minor bands are seen below. In NCX1.1
and NCX1.5, the top band is not always the major protein component. Protein bands below
the top band (full-length CBD12) are mostly products of CBD12 degradation which may all
be capable of Ca2+ binding (as discussed below).
Previously published data have demonstrated that the NCX1-CBD1 domain preincubated in Ca2+ runs on SDS-PAGE with different mobility than the same protein treated
with EGTA 56. This presumably reflects the fact that the Ca2+ bound conformation of the
protein is resistant to complete denaturation and unfolding in the presence of SDS, and thus
runs in a more compact conformation on the gel which imparts a higher mobility (and a
smaller apparent size). This property of CBD1 proteins allows a test of whether specific
resolved bands can bind Ca2+ or not.
Fig. 6.2 shows the gel mobility shift of representative CBD1, CBD2, CBD12 and
GST samples treated with either Ca2+ or EGTA. Both GST and CBD2 do not shift in size,
only CBD1 does, showing that the shift in CBD12 is due to the CBD1 component only.
(CBD2 does not shift in size when Ca2+-bound because the stability of the protein is not very
different between the Ca2+-bound and free forms 46.) Most CBD12 protein bands shift in
size, and the minor bands near 25 kDa that do not shift could be fragments containing only
CBD2 or GST. So it seems that the CBD12 samples are comprised of a variable mixture of
different sized protein bands, essentially all of which contain CBD1 and are capable of
binding Ca2+. However, the fragments of CBD12 in the protein solutions may have differing
Ca2+-binding properties that are affected by the protein structure, especially if CBD2
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A

B

D

C

E

F

G

Figure 6.2 SDS-PAGE gel mobility shift induced in GST-CBD fusion proteins by
incubation with Ca2+ or EGTA. A) CBD1, B) GST, C) NCX1.4-CBD2, D) NCX1.1CBD12, E) NCX1.3-CBD12, F) NCX1.4-CBD12, and G) NCX1.5-CBD12 GST-fusion
proteins were incubated with either 1 mM Ca2+ or 1 mM EGTA before preparing samples
for SDS-PAGE. Lane labels indicate addition of H2O, EGTA, or Ca2+ to protein aliquots,
and standard protein markers (M) with sizes indicated in kilodaltons (kDa).
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substantially affects CBD1 binding. The mixture contributes properties of CBD1 attached to
full-length CBD2, isolated CBD1, isolated CBD2, and any intermediate-sized fragments.
The contribution from each component will vary depending on the fraction of
fragmentation; this is also complicated by any improper folding that may change binding.
6.2.2 High Fluo-3 CBD12 Ca2+ binding assay
Ca2+ binding to CBD1 in GST-CBD12 was determined in a competition Ca2+binding assay with Fluo-3 as the Ca2+-binding fluorescent indicator. Solutions of Fluo-3 and
CBD12 in decalcified assay buffer (100 mM KCl and 30 mM MOPS, pH 7.20) were titrated
by adding CaCl2. Ca2+-binding results were plotted as Ca2+ bound to CBD12 (moles Ca2+ per
mole of protein) against free Ca2+ concentration. Chapter 3 outlines the high Fluo-3 Ca2+binding assay method, Fluo-3 calibrations, calculations and adjustments, and data from
CBD1 and blank controls.
The Ca2+-binding data from each titration were fit assuming an additive twocomponent binding model, in which each binding component can be described with a
separate Hill equation, thereby resulting in the determination of the Ca2+-binding parameters
dissociation constant (KD), Hill coefficient (nH), and binding maximum (Bmax, moles Ca2+
per mole protein) for the two binding components. Sample average Ca2+-binding parameters
were determined by averaging the values from each sample’s titrations, and overall averages
were averaged from the sample average values.
It is important to emphasize that Ca2+ binding to the CBD2 sites present in these
tandem constructs is not measured here because the concentration of free Ca2+ required to
occupy those sites substantially is not reached. This is confirmed because the total Bmax
measured in these experiments never exceeded four, the number of binding sites in CBD1.
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Additionally, the total Bmax and the value for the lower affinity of the two measured binding
components was not significantly different between constructs containing CBD2 domains
that are capable of binding Ca2+ (NCX1.1, NCX1.4 and NCX1.5) and those that were not
(NCX1.3 and NCX1.7). See Fig. 6.8 for summary plots.
6.2.3 NCX1.1-CBD12 Ca2+-Binding Results
Solutions of 100 µM Fluo-3 and 4 – 10 µM NCX1.1-CBD12 in assay buffer were
titrated in the Ca2+-binding assay. Four independently isolated samples of NCX1.1-CBD12
were each analyzed using one Ca2+ titration each. The amount of residual Ca2+ in protein
samples 3 and 4 was measured with high Fluo-3 and low protein concentrations (see
Chapter 3 for method), and it was determined that the titrations with these protein samples
started with Ca2+ pre-bound to NCX1.1-CBD12. Results of Ca2+ binding to CBD1 in
NCX1.1-CBD12 are illustrated in Fig. 6.3 and summarized in Table 6.1.
6.2.4 NCX1.3-CBD12 Ca2+-Binding Results
Solutions of 100 µM Fluo-3 and 4 – 5 µM NCX1.3-CBD12 in assay buffer were
titrated in the Ca2+-binding assay. Four independently isolated samples of NCX1.3-CBD12
were each analyzed using one Ca2+ titration each. Results of Ca2+ binding to CBD1 in
NCX1.3-CBD12 are compiled and illustrated in Fig. 6.4 and summarized in Table 6.2.
6.2.5 NCX1.4-CBD12 Ca2+-Binding Results
Solutions of 100 µM Fluo-3 and 3 – 8 µM NCX1.4-CBD12 in assay buffer were
titrated in the Ca2+-binding assay. Three independently isolated samples of NCX1.4-CBD12
were each analyzed using 2 or 3 Ca2+ titrations each. Results of Ca2+ binding to CBD1 in
NCX1.4-CBD12 are compiled and illustrated in Fig. 6.5 and summarized in Table 6.3.
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Figure 6.3 CBD1 Ca2+ binding in NCX1.1-CBD12: results from competition Ca2+binding assay with 100 µM Fluo-3. Ca2+ binding to CBD1 in CBD12 was determined in an
assay using competition for Ca2+ between Fluo-3 and CBD12, as described in chapter 3.
Four independently isolated samples of NCX1.1-CBD12 were each analyzed using one Ca2+
titration each. Solutions of Fluo-3 and CBD12 in decalcified assay buffer (100 mM KCl and
30 mM MOPS, pH 7.20) were titrated by adding CaCl2. The binding data were fit to a twocomponent additive Hill equation to determine the Ca2+-binding parameters. CBD1 in
NCX1.1-CBD12 bound 3.3 ± 0.2 moles Ca2+ per mole of CBD12. The first binding
component bound 0.98 ± 0.08 moles Ca2+ per mole of CBD12 with a Hill coefficient of 1.8
± 0.2 and a KD of 5.5 ± 0.9 nM. The second binding component bound 2.4 ± 0.1 moles Ca2+
per mole of CBD12 with a Hill coefficient of 1.7 ± 0.2 and a KD of 0.32 ± 0.2 µM. See Table
6.1 for results of each assay, used to determine the average ± s.e.m.
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NCX1.1-CBD12 Sample

1

2

3

4

Average

KD1 (nM)

5.0

8.0

4.8

4.0

5.5 ± 0.9

nH 1

1.4

2.4

1.7

1.6

1.8 ± 0.2

Bmax1

1.0

0.85

1.2

0.86

0.98 ± 0.08

KD2 (µM)

0.27

0.31

0.33

0.36

0.32 ± 0.2

nH 2

1.6

1.1

2.0

2.1

1.7 ± 0.2

Bmax2

2.5

2.1

2.6

2.2

2.4 ± 0.1

Table 6.1 CBD1 Ca2+ binding in NCX1.1-CBD12: Summary of results from competition
Ca2+-binding assay with high Fluo-3. Ca2+-binding parameter values determined from the
best fit of each Ca2+-binding titration to a two-component additive Hill equation are shown,
together with the averages ± s.e.m.
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Figure 6.4 CBD1 Ca2+ binding in NCX1.3-CBD12: results from competition Ca2+binding assay with high Fluo-3. Ca2+ binding to CBD1 in CBD12 was determined in an
assay using competition for Ca2+ between Fluo-3 and CBD12, as described in the Fig. 6.3
legend. Four independently isolated samples of NCX1.3-CBD12 were each analyzed using
one Ca2+ titration each. The binding data were fit to a two-component additive Hill equation
to determine the Ca2+-binding parameters. CBD1 in NCX1.3-CBD12 bound 3.68 ± 0.03
moles Ca2+ per mole of CBD12 with two binding components. The first binding component
bound 1.7 ± 0.2 moles Ca2+ per mole of CBD12 with a Hill coefficient of 2.6 ± 0.3 and a KD
of 12 ± 1 nM. The second binding component bound 2.0 ± 0.2 moles Ca2+ per mole of
CBD12 with a Hill coefficient of 1.78 ± 0.06 and a KD of 0.28 ± 0.02 µM. See Table 6.2 for
results of each NCX1.3-CBD12 assay used to determine the average ± s.e.m.
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NCX1.3-CBD12 Sample

1

2

3

4

Average

KD1 (nM)

11

14

9.6

14

12 ± 1

nH 1

3.2

2.6

2.4

2.0

2.6 ± 0.3

Bmax1

1.7

1.6

1.3

2.2

1.7 ± 0.2

KD2 (µM)

0.27

0.29

0.24

0.32

0.28 ± 0.02

nH 2

1.8

1.9

1.8

1.6

1.78 ± 0.06

Bmax2

2.1

2.1

2.3

1.5

2.0 ± 0.2

Table 6.2 CBD1 Ca2+ binding in NCX1.3-CBD12: Summary of results from competition
Ca2+-binding assay with high Fluo-3. Ca2+-binding parameter values determined from the
best fit of each Ca2+-binding titration to a two-component additive Hill equation are shown,
together with the averages ± s.e.m.
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Figure 6.5 CBD1 Ca2+ binding in NCX1.4-CBD12: results from competition Ca2+binding assay with high Fluo-3. Ca2+ binding to CBD1 in CBD12 was determined in an
assay using competition for Ca2+ between Fluo-3 and CBD12, as described in the Fig. 6.3
legend. Three independently isolated samples of NCX1.4-CBD12 were each analyzed using
two to three Ca2+ titrations each (seven titrations altogether). The binding data were fit to a
two-component additive Hill equation to determine the Ca2+-binding parameters. CBD1 in
NCX1.4-CBD12 bound 3.9 ± 0.5 moles Ca2+ per mole of CBD12 with two binding
components. The first binding component bound 2.5 ± 0.2 moles Ca2+ per mole of CBD12
with a Hill coefficient of 3.3 ± 0.4 and a KD of 0.04 ± 0.02 µM. The second binding
component bound 1.4 ± 0.4 moles Ca2+ per mole of CBD12 with a Hill coefficient of 1.7 ±
0.2 and a KD of 0.4 ± 0.1 µM. See Table 6.3 for results of each NCX1.4-CBD12 assay and
the sample averages used to determine the overall average ± s.e.m.
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A
NCX1.4-CBD12 Sample

1

1

2

2

3

3

3

Titration

1

2

1

2

1

2

3

KD1 (µM)

0.053

0.042

0.048

0.053

0.023

0.025

0.021

nH 1

3.2

3.4

3.8

3.3

3.0

2.7

3.0

Bmax1

2.6

2.2

2.5

2.4

2.8

2.8

2.4

KD2 (µM)

0.46

0.43

0.38

0.48

0.27

0.22

0.34

nH 2

1.5

1.9

1.7

1.6

2.0

1.7

1.7

Bmax2

1.8

1.0

2.0

1.1

1.2

1.5

1.2

B
NCX1.4-CBD12 Sample

1

2

3

Overall Average

KD1 (µM)

0.048

0.051

0.023

0.04 ± 0.02

nH 1

3.3

3.6

2.9

3.3 ± 0.4

Bmax1

2.4

2.5

2.7

2.5 ± 0.2

KD2 (µM)

0.44

0.43

0.28

0.4 ± 0.1

nH 2

1.7

1.7

1.8

1.7 ± 0.2

Bmax2

1.4

1.6

1.3

1.4 ± 0.4

Table 6.3 CBD1 Ca2+ binding in NCX1.4-CBD12: Summary of results from competition
Ca2+-binding assay with high Fluo-3. (A) Ca2+-binding parameter values determined from
the best fit of each Ca2+-binding titration to a two-component additive Hill equation.
(B) Average Ca2+-binding parameter values for each sample and overall average ± s.e.m.
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6.2.6 NCX1.5-CBD12 Ca2+-Binding Results
Solutions of 3 – 6 µM NCX1.5-CBD12 and 5 µM (for sample 1) or 100 µM Fluo-3 in
assay buffer were titrated in the Ca2+-binding assay. Three independently isolated samples of
NCX1.5-CBD12 were each analyzed using two Ca2+ titrations each. The amount of residual
Ca2+ in protein sample 1 was measured with high Fluo-3 (see Chapter 3 for method), and it
was determined that the titrations with these protein samples started with Ca2+ pre-bound to
NCX1.5-CBD12. Results of Ca2+ binding to CBD1 in NCX1.5-CBD12 are illustrated in Fig.
6.6 and summarized in Table 6.4.
6.2.7 NCX1.7-CBD12 Ca2+-Binding Results
Solutions of 100 µM Fluo-3 and 1 – 3 µM NCX1.7-CBD12 in assay buffer were
titrated in the Ca2+-binding assay. One independently isolated NCX1.7-CBD12 sample was
analyzed using four Ca2+-titrations. (More samples were produced but were of poor quality,
i.e., highly degraded.) Results of Ca2+ binding to CBD1 in NCX1.7-CBD12 are illustrated in
Fig. 6.7 and summarized in Table 6.5. The standard deviation could not be calculated since
only one sample was used (n = 1).
6.2.8 CBD12 Ca2+ Binding: NCX1 Isoforms Compared
Average Hill equation binding curves for Ca2+ binding to CBD1 in NCX1.1-,
NCX1.3-, NCX1.4-, NCX1.5- and NCX1.7-CBD12 are compared in Fig. 6.8, shown with
GST-CBD1 and NCX1.4-CBD2 average Hill equation binding curves. Binding parameters
for Ca2+ binding to CBD1 in CBD12 are summarized in Table 6.6.
CBD1 in CBD12 (of the five splice isoforms tested) bound Ca2+ with a biphasic
binding curve indicating two distinct classes of binding sites. A high affinity Ca2+-binding
component appeared that was not seen in isolated CBD1.
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Figure 6.6 CBD1 Ca2+ binding in NCX1.5-CBD12: results from competition Ca2+binding assay with high Fluo-3. Ca2+ binding to CBD1 in CBD12 was determined in an
assay using competition for Ca2+ between Fluo-3 and CBD12, as described in the Fig. 6.3
legend. Three independently isolated samples of NCX1.5-CBD12 were each analyzed using
two Ca2+ titrations each. The binding data were fit to a two-component additive Hill
equation to determine the Ca2+-binding parameters. CBD1 in NCX1.5-CBD12 bound 3.5 ±
0.5 moles Ca2+ per mole of CBD12 with two binding components. The first binding
component bound 1.3 ± 0.2 moles Ca2+ per mole of CBD12 with a Hill coefficient of 3 ± 1
and a KD of 31 ± 2 nM. The second binding component bound 2.2 ± 0.5 moles Ca2+ per
mole of CBD12 with a Hill coefficient of 2.2 ± 0.5 and a KD of 0.35 ± 0.09 µM. See Table
6.4 for results of each NCX1.5-CBD12 assay and the sample averages used to determine the
overall average ± s.e.m.
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A
NCX1.5-CBD12 Sample

1

1

2

2

3

3

Titration

1

2

1

2

1

2

KD1 (nM)

31

34

27

32

29

32

nH 1

2.5

2.4

2.8

2.6

5.0

4.0

Bmax1

1.6

1.6

1.2

1.3

1.1

1.2

KD2 (µM)

0.47

0.47

0.32

0.33

0.24

0.28

nH 2

1.7

1.7

2.0

2.1

2.7

3.0

Bmax2

1.9

1.8

2.9

2.8

2.0

1.8

B
NCX1.5-CBD12 Sample

1

2

3

Overall Average

KD1 (nM)

32

30

31

31 ± 2

nH 1

2.5

2.7

4.5

3±1

Bmax1

1.6

1.3

1.1

1.3 ± 0.2

KD2 (µM)

0.47

0.32

0.26

0.35 ± 0.09

nH 2

1.7

2.1

2.9

2.2 ± 0.5

Bmax2

1.8

2.9

1.9

2.2 ± 0.5

Table 6.4 CBD1 Ca2+ binding in NCX1.5-CBD12: Summary of results from competition
Ca2+-binding assay with high Fluo-3. (A) Ca2+-binding parameter values determined from
the best fit of each Ca2+-binding titration to a two-component additive Hill equation.
(B) Average Ca2+-binding parameter values for each sample and overall average ± s.e.m.
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Figure 6.7 CBD1 Ca2+ binding in NCX1.7-CBD12: results from competition Ca2+binding assay with high Fluo-3. Ca2+ binding to CBD1 in CBD12 was determined in an
assay using competition for Ca2+ between Fluo-3 and CBD12, as described in the Fig. 6.3
legend. One independently isolated sample of NCX1.7-CBD12 was analyzed using four
Ca2+ titrations. The binding data were fit to a two-component additive Hill equation to
determine the Ca2+-binding parameters. CBD1 in NCX1.7-CBD12 bound 3.7 moles Ca2+
per mole of CBD12 with two binding components. The first binding component bound 1.2
moles Ca2+ per mole of CBD12 with a Hill coefficient of 2.5 and a KD of 35 nM. The second
binding component bound 2.5 moles Ca2+ per mole of CBD12 with a Hill coefficient of 2.1
and a KD of 0.40 µM. See Table 6.5 for results of each NCX1.7-CBD12 assay used to
determine the average.
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NCX1.7-CBD12 Titration

1

2

3

4

Average

KD1 (nM)

31

52

30

27

34.9

nH 1

2.8

1.9

2.2

3.0

2.48

Bmax1

1.1

1.5

1.3

1.0

1.24

KD2 (µM)

0.53

0.29

0.43

0.36

0.400

nH 2

2.4

2.4

1.9

1.8

2.13

Bmax2

2.3

2.0

2.7

2.9

2.47

Table 6.5 CBD1 Ca2+ binding in NCX1.7-CBD12: Summary of results from competition
Ca2+-binding assay with high Fluo-3. Ca2+-binding parameter values determined from the
best fit of each Ca2+-binding titration to a two-component additive Hill equation are shown
with the average values.
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Figure 6.8 Ca2+ binding in NCX1-CBD1, CBD2, and CBD12: Results from competition
Ca2+-binding assays. Average Hill equation binding curves of Ca2+ binding to CBD1 in the
CBD12 splice isoforms NCX1.1, NCX1.3, NCX1.4, NCX1.5 and NCX1.7, compared with
the GST-CBD1 average Hill equation binding curve. (The NCX1.4-CBD2 average Hill
equation binding curve is also shown for perspective; NCX1.1, NCX1.4, and NCX1.5 all
bind Ca2+ to CBD2, while NCX1.3 and NCX1.7 do not.)
Curves were generated using the average binding parameters determined from the fit of the
Ca2+-binding data to the two-component additive Hill equation; see Table 6.6 for average
CBD12 Ca2+-binding values ± s.e.m. (CBD1 and CBD2 results are from Chapters 4 and 5).
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NCX1.1CBD12

NCX1.3CBD12

NCX1.4CBD12

NCX1.5CBD12

NCX1.7CBD12

CBD1

KD1 (nM)

5.5 ± 0.9

12 ± 1

40 ± 15

31 ± 2

35

nH 1

1.8 ± 0.2

2.6 ± 0.3

3.3 ± 0.4

3.2 ± 0.8

2.5

Bmax1

0.98 ±
0.08

1.7 ± 0.2

2.5 ± 0.2

1.3 ± 0.2

1.2

KD2 (µM)

0.32 ±
0.02

0.28 ±
0.02

0.4 ± 0.1

0.35 ±
0.07

0.40

0.31 ±
0.03

nH 2

1.7 ± 0.2

1.78 ±
0.06

1.7 ± 0.2

2.2 ± 0.4

2.1

2.6 ± 0.2

Bmax2

2.4 ± 0.1

2.0 ± 0.2

1.4 ± 0.4

2.2 ± 0.4

2.5

3.8 ± 0.2

Bmax total

3.3 ± 0.2

3.68 ±
0.03

3.9 ± 0.5

3.5 ± 0.5

3.7

3.8 ± 0.2

Table 6.6 CBD1 Ca2+ binding in NCX1-CBD12 Isoforms: Summary of results from
competition Ca2+-binding assay with high Fluo-3. Average parameters for Ca2+ binding to
CBD1 in CBD12. Ca2+-binding was measured in high Fluo-3 Ca2+-binding assays using one
to four independent samples of CBD12 protein from the isoforms NCX1.1, 1.3, 1.4, 1.5, and
1.7, each sample analyzed with one to four Ca2+ titrations. Averages of the Ca2+-binding
parameter values were determined from the best fit of each Ca2+-binding titration to a twocomponent additive Hill equation are shown ± s.e.m. (CBD12 results are from Tables 6.1 –
6.5; see Chapter 4 Table 4.1 for CBD1 results.)
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Ca2+ binding to CBD2 in NCX1.1-, NCX1.4-, and NCX1.5-CBD12 is likely very
similar to the results measured in NCX1.4-CBD2, since their common exon A is what
determines Ca2+ binding in CBD2. Fluo-3 only measures very small amounts of CBD2
binding to CBD12 before it reaches saturation (at about 2 – 4 µM free Ca2+), where CBD2
binding is about 0.1 – 0.3 (see Fig. 6.8).
Comparing the high affinity CBD1 binding component in CBD12, NCX1.1 has the
lowest KD at 5.5 nM (which is higher than in the other CBD12 spliced isoforms; p < 0.05).
The KD in NCX1.3 (12 nM) is lower than for NCX1.5 (31 nM; p < 0.001); the NCX1.4 KD
(40 nM) is not significantly different from NCX1.3 or NCX1.5 (because the confidence
associated with the NCX1.4 KD mean measurement is low).
KD values from high affinity CBD1 binding in CBD12 (NCX1.1, 1.3, 1.4, and 1.5)
are all significantly different from the overall KD of GST-CBD1 (p < 0.001). KD values from
the medium affinity CBD1 binding in CBD12 (NCX1.1, 1.3, 1.4, and 1.5) are no different
from each other or from the overall KD of GST-CBD1 (p > 0.2).
Total maximum CBD1 binding values in CBD12 are no different from each other or
GST-CBD1 (p > 0.1), consistent with the estimation that all CBD12 protein fragments
contain CBD1 that bind Ca2+, and that only the CBD1 binding component is measured.
The binding capacity measured for each high and medium affinity binding
component differs between the protein samples and isoforms, and is correlated with the
amount of full-length CBD12 in the sample. The high affinity binding capacity increases
with the amount of well-behaved, full-length CBD12 in each protein sample, with the
highest capacity seen in NCX1.4-CBD12 (and this protein was the easiest to produce and
purify, indicating high stability).
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Medium affinity Ca2+-binding properties may be contributed from full-length CBD12
and/or fragments of CBD12 containing only CBD1; the medium affinity dissociation
constants are indistinguishable from CBD1. It is possible that the medium affinity
component is contributed solely by fragments containing only CBD1 or misfolded protein
fragments wherein CBD2 is not interacting with CBD1.
The quality of data and completeness of titrations is certainly improved using high
Fluo-3 assays with CBD12. NCX1.1-CBD12 analyzed with 1 µM Fluo-3 (results shown in
Chapter 3 Fig. 3.4) showed very low binding capacity, did not start from zero Ca2+ binding,
and did not full saturate at high Ca2+. In contrast, NCX1.1-CBD12 analyzed with 100 µM
Fluo-3 started from much lower Ca2+ bound, binding was saturated by ~2 µM free Ca2+, and
capacity was close to the expected result of 4 Ca2+ bound. As a result, the determinations of
Ca2+-binding properties have substantially improved with the high Fluo-3 assay.
6.3 CBD1 + CBD2 Ca2+ Binding Experiments
To examine the effect of CBD2 on CBD1 Ca2+ binding when the two domains are
not attached covalently to one another, the separate proteins GST-CBD1 and GST-CBD2
were added together in Ca2+-binding assays (denoted CBD1 + CBD2). NCX1.3-CBD2 and
NCX1.4-CBD2 were used since these isoforms showed significant differences in both CBD2
and CBD12 binding.
GST-CBD1 and GST-CBD2 samples used in CBD1 + CBD2 Ca2+-binding assays
were run on Laemmli SDS-PAGE and stained with Coomassie Blue, shown in Fig. 6.9. The
major protein band in each sample lane represents the GST-fusion protein of interest, with
only a few minor bands below the major one, indicating high purity of the samples (70 –
95% purity; most samples were used in previous assays).
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A

B

C

Figure 6.9 SDS PAGE of samples used in CBD1 + CBD2 Ca2+-binding assays with low
Fluo-3. (A) NCX1-CBD1, (B) NCX1.3-CBD2, and (C) NCX1.4-CBD2 GST-fusion
proteins. Lane labels indicate sample numbers or standard protein markers (M) with sizes
shown on the right in kilodaltons (kDa).
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6.3.1 CBD1 + CBD2 Ca2+-binding results
Ca2+ binding to NCX1-CBD1 in the presence of NCX1.3- or NCX1.4-CBD2 was
determined in a competition Ca2+-binding assay with Fluo-3 as the Ca2+-binding fluorescent
indicator, as detailed previously in Chapter 4. Assays contained 2 – 5 µM CBD1, 1 µM
Fluo-3, and 2 – 7 µM NCX1.3-CBD2 or 2 – 9 µM NCX1.4-CBD2, and the ratio of [CBD1]
to [CBD2] varied from 2:1 to 1:3. Assay conditions were as similar as possible to the CBD1
assays detailed in Chapter 4. Ca2+-binding results were plotted as Ca2+ bound to CBD1
(moles Ca2+ per mole of protein) against free Ca2+ concentration. The Ca2+-binding data
from each titration were fit to the Hill equation to determine the Ca2+-binding parameters.
Three independently isolated samples of NCX1.3-CBD2 were analyzed in assays
with CBD1 using one Ca2+ titration each. The Ca2+-binding results are illustrated in Fig.
6.10 with the average Hill equation binding curve. Three independently isolated samples of
NCX1.4-CBD2 were analyzed in assays with CBD1 using one Ca2+ titration each. The Ca2+binding results are illustrated in Fig. 6.11 with the average Hill equation binding curve.
Ca2+-binding results for CBD1 + NCX1.3-CBD2, CBD1 + NCX1.4-CBD2, and
CBD1 alone (two assays on the same days as the CBD1 + CBD2 assays) are shown together
in Fig. 6.12. Ca2+-binding parameters from each assay and the averages are summarized in
Table 6.7, and compared with the average GST-CBD1 values (from Chapter 4, Table 4.1).
The measured Ca2+-binding parameters of NCX1-CBD1 in the presence of NCX1.3CBD2, NCX1.4-CBD2, or in the absence of any other proteins were not significantly
different for Bmax (p > 0.1), nH (p > 0.2), or KD (p > 0.05). Thus, the covalent linkage of
CBD1 to CBD2 in the tandem CBD12 construct is essential for the induced increase in the
CBD1 Ca2+-binding affinity in these combined domain proteins compared to CBD1 alone.
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Figure 6.10 NCX1-CBD1 + NCX1.3-CBD2 Ca2+-binding results from competition Ca2+binding assay with Fluo-3. Three independently isolated samples of NCX1.3-CBD2 were
analyzed in assays with CBD1 using one Ca2+ titration each. Ca2+ binding to NCX1-CBD1
in the presence of NCX1.3-CBD2 was determined in a Ca2+-binding assay with low Fluo-3.
Solutions of CBD1, NCX1.3-CBD2, and Fluo-3 in decalcified assay buffer (100 mM KCl
and 30 mM MOPS, pH 7.20) were titrated by adding CaCl2. The Ca2+-binding data from
each titration were fit to the Hill equation to determine the Ca2+-binding parameters. NCX1CBD1 in the presence of NCX1.3-CBD2 bound 3.42 ± 0.06 moles of Ca2+ per mole of
CBD1 with a Hill coefficient of 2.54 ± 0.03 and a KD of 0.375 ± 0.005 µM. See Table 6.7 for
parameters of the CBD1 + NCX1.3-CBD2 assays, used to determine the average ± s.e.m.
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Figure 6.11 NCX1-CBD1 + NCX1.4-CBD2 Ca2+-binding results from competition Ca2+binding assay with Fluo-3. Three independently isolated samples of NCX1.4-CBD2 were
analyzed in assays with CBD1 using one Ca2+ titration each. Ca2+ binding to NCX1-CBD1
in the presence of NCX1.4-CBD2 was determined as described in the Fig. 6.10 legend. The
Ca2+-binding data from each titration were fit to the Hill equation to determine the Ca2+binding parameters. NCX1-CBD1 in the presence of NCX1.4-CBD2 bound 3.6 ± 0.1 moles
of Ca2+ per mole of CBD1 with a Hill coefficient of 2.45 ± 0.09 and a KD of 0.38 ± 0.01 µM.
See Table 6.7 for parameters of the CBD1 + NCX1.4-CBD2 assays, used to determine the
average ± s.e.m.
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Figure 6.12 CBD1 + CBD2 Ca2+-binding results from competition Ca2+-binding assay
with Fluo-3. Ca2+ binding to NCX1-CBD1 in the presence of NCX1.3-CBD2 or NCX1.4CBD2 was determined as described in the Fig. 6.10 legend. Ca2+-binding results are shown
from three CBD1 + NCX1.3-CBD2 assays, three CBD1 + NCX1.4-CBD2 assays, and two
CBD1 assays (from the same days as the CBD1 + CBD2 assays). See Table 6.7 for Ca2+binding parameters from the individual titrations and averages ± s.e.m.
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A
Assay

CBD1 + NCX1.3-CBD2

CBD1 + NCX1.4-CBD2

CBD1

Sample

1

2

3

1

2

3

1

2

KD (µM)

0.37

0.37

0.39

0.39

0.35

0.39

0.34

0.35

nH

2.5

2.6

2.5

2.5

2.6

2.3

2.8

2.8

Bmax

3.3

3.5

3.4

3.4

3.7

3.7

3.5

3.4

B
Assay

CBD1 + NCX1.3-CBD2

CBD1 + NCX1.4-CBD2

CBD1

KD (µM)

0.375 ± 0.005

0.38 ± 0.01

0.31 ± 0.03

nH

2.54 ± 0.03

2.45 ± 0.09

2.6 ± 0.2

Bmax

3.42 ± 0.06

3.6 ± 0.1

3.8 ± 0.2

Table 6.7 Summary of CBD1 + CBD2 Ca2+-binding parameters determined from
competition Ca2+-binding assay with Fluo-3. (A) Summary of Ca2+-binding parameters
from each assay shown in Fig. 6.12. Parameters were determined from the best fit of each
Ca2+-binding titration to the Hill equation. (B) Summary of the average Ca2+-binding
parameters for CBD1 + CBD2 assays, determined by averaging the values from each
titration. CBD1 average parameters are from GST-CBD1 results, Table 4.1. Average Ca2+binding results were not significantly different between the CBD1, CBD1 + NCX1.3-CBD2
and CBD1 + NCX1.4-CBD2 assays for Bmax (p > 0.1), nH (p > 0.2), or KD (p > 0.05).
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Chapter 7: Discussion
7.1 Methods
7.1.1 Ca2+-Binding Assay
Using a competition Ca2+-binding assay with a fluorescent Ca2+-indicator in assay
buffer, CBD proteins were titrated by sequential addition of increasing amounts of Ca2+
from zero binding to Ca2+-saturation. Ca2+ binding to the fluorescent indicator was
measured at each titration point, and was used to calculate free [Ca2+]. After measuring the
initial Ca2+ in both the buffer and then added protein solutions, CaCl2 was added to titrate
the fluorescent indicator and the Ca2+-binding protein to Ca2+-saturation. The binding
properties of the Ca2+-indicator, calibrated in the same assay conditions, were used to
account for Ca2+-binding and determine Ca2+-bound to the CBD protein. The number of
Ca2+ ions bound per CBD was calculated for each value of free [Ca2+] in the titration, and
the data points were plotted to give a binding curve.
The Ca2+ titrations gave very reproducible binding curves with fairly low variability
(the s.e.m. for most parameters was in the range of 5 – 20% of the values and notably the
s.e.m. for CBD1 KD was <10% of the value). The data was fit to the Hill equation to
determine binding parameters binding capacity, Hill coefficient, and dissociation constant.
The data was fit better by the Hill equation than the Adair equation, where sequential
binding to independent sites is assumed and where the number of binding sites is
predetermined prior to fitting the data. The experimental binding data is better described by
a cooperative binding model using the Hill equation.
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7.1.2 Reduction of free Ca2+
To prepare for Ca2+-binding assays, the assay buffer used in experiments was
decalcified by incubation in Chelex over a number of days, reducing the level of calcium
from ~2 µM down to 0.5 – 0.1 µM or less (reduction of Ca2+ was improved as the method
was optimized). Perhaps even more important than assay buffer calcium is the CBD-bound
Ca2+ in concentrated protein samples. Ca2+ was removed from CBD protein samples by
adding 0.1 – 1 mM EGTA and then washing out EGTA with assay buffer (followed by
centrifugal concentration) at least six times.
Using a fluorescent Ca2+-indicator in the Ca2+-binding assays was beneficial for
buffering of Ca2+ to reduce initial free Ca2+ levels. Buffering was used extensively in CBD12
assays where the concentration of Fluo-3 used was ~100 times higher than in CBD1 assays
and free Ca2+ was reduced substantially. Together, low Ca2+ in the assay buffer and protein
samples, and Fluo-3 Ca2+-buffering enabled most of the titrations to start at fairly low Ca2+
bound to CBD protein (estimated from maximum Ca2+-binding values or determined from
measuring the residual Ca2+ in protein samples using Fluo-3).
7.1.3 Accuracy of Ca2+-Binding Results
Initial low Ca2+ in Ca2+-binding assays allowed titrations to span a wide range of Ca2+
concentrations, from nM to µM. Maximum Ca2+-binding values were consistent with
expectation from structural studies of CBD1 and CBD2 46,50,60. Previous work using Ca2+binding assays showed lower maximum Ca2+-binding values, and binding did not start at
zero Ca2+ 65,70,91. High residual Ca2+ probably led to inaccuracies in determining the
maximum binding level, essential for calculating accurate Ca2+-affinity values. This may
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explain the discrepancy between the CBD2 dissociation constant determined here (11 µM)
and what was found previously, 5 µM 65.
7.1.4 Assay Limitations
Fluorescent Ca2+-indicators are unfortunately limited in their range of free Ca2+
measurements, with the useful range depending on the Ca2+-binding affinity (about 0.1 to 10
times the KD). The quality of data from each indicator also varied depending on other
factors; low affinity indicators especially were more limited at the upper end of their Ca2+
range than would be expected by their Ca2+-affinity (~2 – 10 times the KD).
Fluo-3 was used in initial experiments with CBD2, but most of the Fluo-3 binding
data obtained for CBD2 was not useful since binding to CBD2 is still very low by 2 µM free
Ca2+ (~0.1 Ca2+/CBD2) and does not saturate until ~100 µM (as determined in assays with
Oregon Green). The lower affinity indicator Oregon Green was used to precisely measure
CBD2 Ca2+-binding instead of Fluo-3. Further experiments with CBD12 in Fluo-3 assays
are thus limited to only showing CBD1 binding results since CBD2 binding is not in the free
Ca2+ range that Fluo-3 can measure.
7.1.5 High affinity Ca2+-Binding Assay
In experiments with high Ca2+-affinity proteins, a method for buffering or removing
initial Ca2+ was essential to titrate these proteins starting from as close to zero Ca2+ bound as
possible. Use of the EGTA chelator was considered, but results would depend on accurate
calculations of added Ca2+ and EGTA in the assay, and significant errors may be produced
in the data if the concentration of EGTA is much higher than the Ca2+-binding protein
concentration. The easiest way to use a Ca2+ chelator in a Ca2+-binding assay is to
immobilize either the chelator or protein so they can be separated before the assay (the
128

chelator is used to remove residual Ca2+ only), or use chelators with measurable qualities
such as fluorescence that differ as Ca2+ is bound (so that chelated Ca2+ is directly
measurable).
The Fluo-3 indicator was used as a major Ca2+-chelator by increasing its
concentration from ~1 µM (‘low Fluo-3’) to 100 µM (‘high Fluo-3’) for use in assays with
the high affinity CBD12 proteins. The use of high Fluo-3 to reduce free Ca2+ in the assay
required adjustments of the fluorescent data as inner filter and other effects resulted in
abnormal blank and CBD1 binding curves (compared to those previously obtained with low
Fluo-3). Adjustments used a formula for correcting inner filter effects based on Fluo-3
absorbance of exciting and emitted light. Other effects required calibration of Fluo-3 batches
using blank Ca2+-titrations and adjusting binding to zero over the titration. Together these
adjustments were applied to high Fluo-3 CBD1 Ca2+-binding data and gave results no
different from CBD1 Ca2+-binding results using low Fluo-3, validating the high Fluo-3 assay
and method of data adjustments. Further confirming this method, CBD1 Ca2+ binding
results in NCX1.5-CBD12 are no different in high affinity binding whether using 5 µM or
100 µM Fluo-3, although additional steps were required to account for the residual Ca2+
bound to CBD1 when low Fluo-3 was used.
The determination of residual Ca2+ in two NCX1.1-CBD12 protein samples enabled
calculation of consistent values for maximum binding and KD in the four samples (see Table
6.1 and Fig. 6.3). Calculation of residual Ca2+ in NCX1.5-CBD12 sample 1 was also
essential since 5 µM Fluo-3 was not able to reduce bound Ca2+ as efficiently as 100 µM
Fluo-3.
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7.2 NCX1-CBD1
7.2.1 CBD1 Function and Ca2+-Binding
CBD1 properties were studied indirectly by measuring activation of NCX1 which is
largely due to CBD1-mediated regulation (determined by mutational studies 51). Ca2+dependence of NCX1.1 activation has been measured in different cells and membrane
preparations, using various methods and ionic conditions. One study measured the K1/2 to
be 22 nM 89; other values ranged from 0.3 to 0.9 µM 49,51,55,90.
The large range of values for apparent Ca2+-affinity of NCX1.1 activation may be
attributed to the differences in ionic conditions (known to affect affinities), types of
measurements and methods of analysis. The concentration of free Mg2+ is particularly
important and is not always controlled. Mg2+ is an important ion in cellular processes, and
levels of free Mg2+ are highly regulated in cells 93; the amount of free Mg2+ in
cardiomyocytes is reported to be 0.5 to 1.2 mM 94. The addition of 1 mM Mg2+ in FRET
measurements of Ca2+-dependent CBD1 movements increased the K1/2 from 140 nM to 383
nM 77, and 5 mM Mg2+ in Ca2+-binding experiments reduced the CBD1 Ca2+-affinity from
0.3 µM to 1.2 µM 65. Ionic magnesium undoubtedly plays a role in modulating the affinity
of CBD1-mediated activation of NCX in cells, likely reducing the CBD1 affinity ~2 to 3
times depending on free Mg2+ levels.
Direct Ca2+-binding measurements have been used to characterize NCX1-CBD1,
showing 2.4 Ca2+ ions bound with a KD of 0.3 µM 65. However, problems associated with
theses studies included high variability (e.g., CBD1 KD has 50% variability), inconsistent
results with subsequent observations 70,91 and incomplete binding titrations (CBDs were not
fully characterized from zero binding to saturation, leading to questionable accuracy of
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obtained KD values). As well, the CBD1 capacity of 2.4 is not well explained and does not
match the expectation of four Ca2+ ions binding based on the CBD1 structure. Further work
showed 3 Ca2+ bound 70, reinforcing the uncertainty of these measurements.
Equilibrium Ca2+-binding measurements in CBD1 reported here will complement the
data from other methods in characterizing CBD1, e.g., FRET 68,77 and ITC 46, and clarify the
Ca2+-binding properties obtained in the Ca2+-binding assays mentioned above.
7.2.2 CBD1 Ca2+-Binding Results
Ca2+ binding results for CBD1 are well fit by a one-component cooperative Hill
binding model and showed CBD1 bound 3.8 Ca2+ per protein with a KD of 0.31 µM and
Hill coefficient of 2.6. The measured dissociation constant is consistent with the previous
direct measurement of Ca2+-binding, but in my study 4 Ca2+ bound cooperatively to CBD1
all with moderately high affinity. In contrast, the previous study demonstrated only ~2 Ca2+
binding with moderate affinity while the other 2 Ca2+ were predicted to bind with much
lower affinity 65. Four Ca2+ ions binding to CBD1 is consistent with crystallography data
showing 4 Ca2+ binding sites in CBD1 60. Previously measured Hill coefficients of 2.9 77 and
3.7 89 are consistent with my measurement of 2.6, and predict a relatively high degree of
binding cooperativity. Cooperativity in the binding site is expected based on the number of
ligands coordinating more than one Ca2+ in CBD1 60 (three out of ten residues). Binding of
any of the four Ca2+ ions to CBD1 will affect a neighboring Ca2+ site, and this explains the
high Hill coefficient.
7.2.3 CBD1 Ca2+ binding and NCX1 activation
The Ca2+-binding results obtained for CBD1 alone cannot explain the high affinity of
Ca2+-dependent processes attributed to CBD1 Ca2+-binding (i.e., NCX activation or
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conformational changes) measured in a few previous experiments 68,89. Such high affinity
values are unexpected but apparently reflect the influence of CBD2 in full-length NCX and
in CBD12 constructs, as became apparent when comparing results from CBD1 and CBD12
(discussed further in Section 7.4).
7.3 NCX1-CBD2
7.3.1 CBD2 Function and Ca2+ Binding
Alternatively spliced isoforms of NCX1 differ in Ca2+-dependent regulatory
processes. NCX1.4 and NCX1.3 showed significant differences in Na+-dependent
inactivation: in NCX1.3 the initial outward current induced by application of cytosolic Na+
rapidly and profoundly declines with time and cytosolic Ca2+ was not able to alleviate
inactivation 66. NCX1.4 current was not as vulnerable to inactivation especially in the
presence of high cytosolic Ca2+. The only difference between NCX1.4 and NCX1.3 is the
mutually exclusive exons A or B, and two residues in this area were determined to be
responsible for the regulatory differences 67. These residues are in the region of a highly
acidic cluster later determined to be the location of a second Ca2+ binding domain (CBD2)
in NCX1.4 46.
NMR structures showed NCX1.3-CBD2 has a disordered binding site even in high
Ca2+ conditions while NCX1.4-CBD2 has a distinctly ordered binding site structure in the
presence and even in the absence of Ca2+ 52. These results implied that NCX1.3-CBD2 is
incapable of binding Ca2+ in contrast to NCX1.4 where two Ca2+ binding sites were shown
46,50

. (The CBD2 binding site structure of NCX1.1 should be identical to NCX1.4 due to

inclusion of exon A, whereas NCX1.3 includes exon B instead.)
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Measurements of 45Ca2+-binding in NCX1.4-CBD2 indicated a KD of about 5 µM
with a Hill coefficient of 2.0 and a Ca2+-binding capacity of 1.6 65 and ITC characterization
of NCX1.4-CBD2 measured KD values of 0.8 µM and 9 µM. Ca2+-dependent protein
movements in NCX1.1-CBD2 measured by FRET indicated a K1/2 of 12 µM 68.
NCX1.1 and NCX1.4 are comparable in Ca2+-regulation and would likely have very
similar CBD2 binding properties since they both contain exon A which is the main
determinant of isoform-specific CBD2 Ca2+-binding properties (as it is the only alternatively
spliced exon in the CBD2 binding site). Ca2+-binding to CBD2 in NCX1.3 is expected to be
drastically different due to exon B, but it has not been measured in previous studies.
Ionic regulation of the similar splice isoforms NCX1.4 and NCX1.3 is quite distinct;
to elucidate how regulatory properties are determined by Ca2+-binding in CBD2, I directly
measured Ca2+-binding to CBD2 in NCX1.3 and NCX1.4 and compared the differences
between them.
7.3.2 CBD2 Ca2+-Binding Results
In Ca2+-binding assays with fluorescent Ca2+-indicator Oregon Green BAPTA-5N,
NCX1.4-CBD2 bound ~2 Ca2+ per protein with a Hill coefficient of 1.5 and a KD of 11 µM.
In the same Ca2+-binding assay, NCX1.3-CBD2 did not bind Ca2+ even up to 100 µM. The
Ca2+-binding properties of CBD2 in NCX1.4 (exons A and D) and NCX1.3 (exons B and D)
are expected to reflect what would be measured in NCX1.1 (exons A, C, D, E, and F) or
NCX1.5 (A, D and F), and NCX1.7 (B, D and F), respectively, since binding is determined
by exon A or B, the only alternatively spliced exons in the CBD2 binding site.
As shown here, Ca2+ binds to CBD2 in NCX1.4 which is critical for relief of NDI, in
contrast to NCX1.3 that cannot bind Ca2+ in CBD2, and as a result it cannot alleviate NDI.
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7.3.3 Considerations for CBD2 affinity
Cellular Ca2+ ranges from about 0.1 to 1 µM (in the bulk cytoplasm), so with a KD of
11 µM, it may be expected that CBD2 binding has little effect on NCX function. However,
certain variables that are able to modulate CBD2 affinity were not included in this study:
free Mg2+ seems to increase CBD2 Ca2+-binding affinity 65, and interactions with other
domains in full-length NCX may reduce the effective affinity. For example, the XIP region
mediates NDI inactivation, and interestingly, mutations in XIP changed the Ca2+dependency for both activation and reduction of NDI 48, indicating interactions with both
CBD domains. Another consideration is that while the Ca2+ signal peaks at ~1 µM in the
bulk cytoplasm, in certain diffusion-restricted areas such as the diadic cleft, free Ca2+ may
reach 10 – 15 µM next to sites of Ca2+ influx via voltage-gated Ca2+ channels 95.
7.3.4 CBD2 function and Na+-Dependent Inactivation
Cellular Na+ is normally quite low but in situations such as depolarization,
cytoplasmic Na+ rises especially near the membrane. In diffusion-limited spaces, when Na+
channels are situated nearby NCX, Na+ elevation could promote NCX reverse mode
exchange for the influx of Ca2+, which may be important in excitation-contraction coupling
in cardiomyocytes 20,21,96. Ca2+ binding to CBD2 enhances influx of Ca2+ by reducing the
inactivation that quickly follows activation of reverse mode current.
It seems that NCX may be a source of Ca2+ influx in excitable cells in addition to
VOC channels, such as in cardiomyocytes where Ca2+ influx via NCX acts in synergy with
the L-type channel 20–23. The fact that NDI can be alleviated in NCX1 exchangers containing
exon A implies Ca2+ influx via NCX may play an important physiological role and so a
mechanism has developed to prevent its inhibition. However, consequent reverse mode-
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driven Ca2+ entry can create a susceptibility to Ca2+ overload in excitable cells wherein exon
A-containing NCX1 isoforms are almost exclusively expressed.
In non-excitable cells, NCX may be an important source of Ca2+ influx, but this
mode of transport is quickly and profoundly inhibited in the isoforms that are expressed
there (NCX1.3 and NCX1.7), resulting in a very transient influx of Ca2+ if reverse mode is
even physiologically acheivable in these cells.
The inactivation of reverse mode may be important to slow the influx of Ca2+ which
could lead to Ca2+-overload and cellular damage. Ischemia/reperfusion damage occuring in
heart attack and stroke is caused by many pathological processes, and Ca2+ overload plays a
major role 97. In ischemia, high cellular Na+ promotes NCX Ca2+ influx mode and high
cytosolic Ca2+ reduces its inactivation. Reducing expression of NCX causes resistance to
ischemic injury in cardiomyocytes 98. In simulated ischemia, exon B-containing NCX1.3
protected cells from Ca2+ overload whereas NCX1.1 promoted Ca2+ overload 72. Perhaps
non-excitable cells are more sensitive to Ca2+ overload so inactivation of Ca2+ influx mode is
more important than in excitable cells where handling large volumes of Ca2+ is fairly routine
and Ca2+ influx may play an important physiological role.
7.3.5 Further CBD2 Explorations
It would be interesting to determine the affect of mutations NCX1.4-CBD2 D578R
and K585C, NCX1.3-CBD2 R578D and R578D/C585K on Ca2+ binding to CBD2. These
mutations alter Ca2+ relief of NDI in the full NCX1 to varying degrees 67, and it would be
insightful to correlate Ca2+ binding properties with degree of NDI relief (also discussed in ref
52). It is interesting to note the mutant NCX1.4-K585E has a unique effect on Ca2+dependent relief of NDI 50. Ca2+ binding to CBD2 in the mutant is likely much different than
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WT, perhaps with increased Ca2+-affinity, or allowing one more Ca2+ to bind. In
comparison with K585E in CBD2, the mutation E454K, which is in the comparable
position in CBD1, reduces Ca2+ bound from 4 to 3 in CBD1 46,63.
7.4 NCX1-CBD12
Separate structures for the CBD1 and CBD2 domains were solved 46 and it was
proposed that alternative splicing of cassette exons may have an effect on CBD1-mediated
Ca2+ regulation of NCX, based on the proximity of these exons to the CBD1 binding site.
Mutational analysis of the Ca2+-binding sites showed contributions from each domain for
NCX activation and regulation, with some distinct and some overlapping roles 51. CBD1
was shown to be important for activation and CBD2 for transduction of the CBD1 binding
signal and increasing steady-state current; when CBD1 binding was disabled by mutations,
CBD2 seemed to play a role in Ca2+-activation. Mutant exchangers with the alternatively
spliced region deleted resulted in very little change in the Ca2+-dependency of activation 51,
so the ability of alternative splicing in CBD2 to modulate CBD1 function was expected to be
fairly subtle at best. Insertion of a seven-alanine linker between CBD1 and CBD2 reduced
the apparent affinity of Ca2+-dependent activation 69 showing that interaction between the
domains is important for NCX regulation, but the exact mechanism and effect on Ca2+
binding was unclear.
Examination of CBD12 properties revealed surprising effects of CBD2 modulation of
CBD1: greatly slowed kinetics of CBD1 Ca2+-binding 70 and substantially increased affinity
of Ca2+-dependent conformational changes in NCX and in CBD12 conferred by CBD1
Ca2+-binding 68. An interface of direct contacts between CBD1 Ca2+-binding sites and CBD2
was shown in CALX 61 and in an NCX mutant 62 that facilitates communication of CBD1
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Ca2+-binding to CBD2 and thereby to the rest of the NCX molecule. Residues in this
interface are not from the alternatively spliced region of CBD2, so it is unknown how
splicing may affect CBD1 binding if at all.
To determine if there is modulation of CBD1 Ca2+-binding by alternatively spliced
regions of CBD2, tandem CBD12 constructs were prepared from five splice isoforms of
NCX1 and examined in direct Ca2+-binding measurements.
7.4.1 CBD12 Ca2+-Binding Results
To measure Ca2+ binding in CBD12, Fluo-3 was used which is effective in the range
of free Ca2+ where CBD1 binds, but is unable to measure the low affinity Ca2+ binding to
CBD2 (fluorescent Ca2+ indicators are limited by their Ca2+-affinity). Thus Fluo-3
measurements of Ca2+ binding in CBD12 provide information about CBD1 binding only.
Ca2+ binding in CBD12 reveals a significant impact of CBD2 interaction with CBD1
Ca2+ binding sites. Ca2+ binding to CBD1 in CBD12 is remarkably different from binding to
isolated CBD1. Ca2+ binding to CBD1 in CBD12 has a biphasic binding curve with a high
affinity component with a KD of ~40 nM or less depending on the NCX1 splice isoform (as
low as 5.5 nM and 12 nM for NCX1.1 and NCX1.3, respectively), and a medium affinity
component with a KD of 0.3 – 0.4 µM that was not significantly different among the spliced
isoforms. Ca2+ binding to isolated CBD1 has a dissociation constant of 0.31 µM and binds
~4 Ca2+ ions per protein; CBD1 in CBD12 also binds ~4 Ca2+ ions per protein. Thus it
appears that the interaction of CBD2 with CBD1 in the tandem construct is inducing an
apparent affinity shift of a subset of the CBD1 Ca2+ binding sites.
It is not clear from the CBD12 Ca2+ binding data exactly how many Ca2+ ions bind to
the high and medium affinity sites in CBD1; the binding maximum especially varies for the
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high affinity site from 1.0 to 2.5, and the medium affinity site varies from 1.4 to 2.5 Ca2+
ions. The total binding sums up to ~4 Ca2+ ions (3.3 to 3.9) for each protein (with no
significant differences between them).
It is thought that CBD1 Ca2+ binding occurs in pairs, with one pair (Ca3 and Ca4)
important for Ca2+ activation of NCX 51. Thus, it might be that 2 Ca2+ ions bind to each of
the high and medium CBD1 sites in CBD12, with the variations in experimental data
attributed to variability in protein quality. As well, the binding maximum in NCX1.1 may
be higher than measured due to residual Ca2+ binding to its high affinity site. This
conclusion follows closest to the measurements of each binding component’s capacity,
however, there is a possibility that all four sites have similarly shifted to high affinity.
The quality of CBD12 prepared protein was not ideal especially for the isoforms
NCX1.1, NCX1.5, and NCX1.7; samples comprised a mixture of CBD12 fragments that
contained CBD1 capable of Ca2+-binding but with variations in binding properties. It is not
known exactly what fraction of the protein mixtures contained properly folded and fulllength CBD12 with shifted affinities that would contribute to the high affinity component.
The fraction of CBD1-containing protein fragments that had no interactions with CBD2
(due to misfolding or proteolysis) would show no shift in CBD1 affinity and would
contribute solely to the medium affinity component. Considering the amount of full-length
CBD12 capable of binding Ca2+ (see Figs. 6.1 and 6.2), it is possible that all four sites in
CBD1 have shifted to high affinity in CBD12, and the medium affinity binding component
that was measured was contributed by protein fragments that have not shifted affinity.
Two Ca2+ sites in CBD1 directly interact with CBD2 in CBD12 62 (Ca3 and Ca4),
and these two were also determined to be important for NCX1 activation 51. Perhaps only
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these two sites have shifted affinity due to CBD2 interaction in CBD12; this would support
the initial conclusion that two Ca2+ ions bind to each of the high and medium affinity
components.
Interestingly, using FRET to determine K1/2 values for Ca2+-dependence of
conformational changes in CBD1, CBD2, and CBD12 68 yielded apparent affinities similar
to those obtained here. However, only high and low affinity components are seen in FRET
measurements of CBD12 conformational changes (attributed to CBD1 and CBD2,
respectively), not the medium affinity component measured in this study. This either reflects
that all CBD1 sites have high affinity, or that occupancy of the medium affinity sites does
not induce a protein conformational change (at least not measurable by FRET).
7.4.2 Molecular Implications
CBD2 is critical for sensing CBD1 Ca2+-binding and sending the signal to trigger
activation of the NCX ion transport mechanism. The high Ca2+-affinity CBD1 sites in
CBD12 have shifted affinity likely due to direct interaction with CBD2. Communication
between CBD1 sites and CBD2 allows for transduction of the Ca2+-binding signal from
CBD1 to CBD2 and then to the rest of the NCX protein. Thus, activation of NCX probably
relies on Ca2+-binding to the high affinity CBD1 sites via communication through CBD2.
Resting levels of Ca2+ in a cell (before any Ca2+ signal) are about 50 – 150 nM, so it is
probable that the high affinity CBD1 sites would be Ca2+-bound even at the cell’s lowest
Ca2+ levels. Would high affinity Ca2+-binding cause the exchanger to be constitutively
active, or would it fulfill a structural role to support other Ca2+-signaling mechanisms? This
depends on how the measured KD values relate to affinity of CBD12 domains in the cellular
environment and in the full-length NCX1. It is likely that the cell environment (high
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concentration of cytosolic proteins, ions and small molecules) affect the protein differently
than the environment in which KD values were measured (low protein concentration, $ 20
µM; low ionic strength, ~0.115 M; at 22°C). Particularly the presence of Mg2+ ions, which
compete for Ca2+ sites, affects the KD of CBD proteins 65.
Another consideration is the impact in full-length NCX1 of CBD12 constraint by the
TMS regions (via cytosolic linker domains such as CLD). Conformational changes
originating in CBD1 (and CBD2) effect movements in connected domains which will
provide resistance, so that Ca2+-dependent conformational changes require much more work
for CBD1 in full-length NCX than in the CBD12 protein. This will decrease the affinity of
CBD1 Ca2+-binding sites that directly interact with CBD2 through which the Ca2+-binding
signal is transduced to the NCX transport mechanism.
If, accounting for ionic effects and the effect of domain interactions in full-length
NCX on CBD1 binding, the CBD1 KD is shifted at least 10 times higher, Ca2+-binding in the
spliced isoforms would be in the range of cellular Ca2+ fluctuations (see Table 6.6).
7.4.3 Physiological roles of CBD1 Ca2+ regulation
NCX1.1 is expressed in heart and skeletal muscle and it responds very slowly to
activating Ca2+ (t1/2 # 10 seconds 48), therefore its regulation by Ca2+ in the timespan of a
heartbeat is not possible. NCX1.1-CBD1 has a very high Ca2+-affinity, so the exchanger
could be constitutively active with transport dictated by electrochemical gradients and
according to the affinity of ion transport sites. Or, depending on the exact affinity of Ca2+dependent activation, the NCX1.1 exchanger could be regulated by Ca2+ on a long term
basis, over the course of multiple beats as CBD1 slowly binds or releases Ca2+ in response to
time-averaged Ca2+ concentrations in the cardiomyocyte. In this case, both Ca2+ influx and
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efflux modes of exchange would be regulated by Ca2+, but NCX1.1 would not require a rise
in cytosolic Ca2+ for activation of Ca2+ influx mode important for CICR upon Na+ influx,
when cell Ca2+ levels are low and before the voltage-gated Ca2+ channels are activated.
Ca2+ regulation of NCX by the CBDs is important for modulating the degree of NCX
activation, possibly integrating the effect of pH, interacting protein partners and effector
molecules with Ca2+ regulation.
In muscle cells, the removal of Ca2+ is very important for relaxation, cell viability,
and to ready the cell for the next Ca2+ transient; heart cells are particularly susceptible to
Ca2+-overload induced damage and death. The high affinity, high capacity NCX1.1 works
to facilitate relaxation rapidly after contraction, maintain Ca2+ homeostasis and cell
viability, and may set the resting free Ca2+.
NCX1.4 is expressed in the brain, where rapid bursts and large fluctuations of Ca2+
are used for neural signaling. NCX1.4 has a high Ca2+-affinity (but ~7 times lower affinity
than NCX1.1); the affinity of activation is probably in the midrange of cellular Ca2+
concentrations. NCX1.4 will be able to move large volumes of Ca2+ during signaling in the
brain. NCX1.4 rapidly responds to activating Ca2+ (t1/2 = 0.5 s 66) and so it may be regulated
by Ca2+ in the short and long term for neural calcium signaling needs.
NCX1.3-CBD1 has a higher Ca2+-affinity than NCX1.4 (but ~2 times lower affinity
than NCX1.1), and is expressed in many types of non-excitable cells where Ca2+ levels
fluctuate much less frequently. NCX1.3 will be activated at low Ca2+ levels to remove the
Ca2+ signal, and it may be important for maintaining a low resting Ca2+ level. The high
affinity of activation may allow for transient Ca2+ influx (short lived due to NDI), possibly
important in a cell where Ca2+-influx routes are limited.
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NCX1.5 and NCX1.7 are coexpressed in tissues with NCX1.4 and NCX1.3,
respectively. The high Ca2+-affinities of CBD1 in NCX1.5 and NCX1.7 are lower than
NCX1.3 and approximately the same as NCX1.4. Their kinetics of Ca2+-binding or
activation have not been reported so far, to give an idea of their response to regulatory Ca2+.
These exchangers are still largely uncharacterized but so far do not present any unique
regulatory characteristics, and may simply augment the function of the coexpressed
isoforms. Further examination may reveal their tissue-specific roles in Ca2+ homeostasis.
7.5 Conclusions
In these studies I have shown the direct binding of Ca2+ to CBD1 in the GST-CBD1,
His-CBD1 and GST-CBD12 constructs, and also to GST-CBD2. The five major splice
isoforms of NCX1 were used for binding experiments with CBD12, and two splice isoforms
were used for CBD2 experiments—representing the two variations of the CBD2 Ca2+binding site as determined by the mutually exclusive exons A or B. I was able to remove
Ca2+ to a fairly low level in Ca2+ binding experiments in order to measure high affinity
binding in CBD12 with a KD as low as 5 nM.
Four Ca2+ ions were shown to bind to CBD1 both in GST-CBD1 and GST-CBD12
constructs. There are at least two high affinity Ca2+ sites and possibly two medium affinity
Ca2+ sites in CBD1; the high affinity sites shifted from medium affinity as a result of direct
interaction with CBD2, and the alternatively spliced isoforms varied in their high affinities.
The two unshifted medium affinity sites in CBD1 either represent CBD1 without CBD2
interactions (due to misfolding or proteolysis), or are indifferent to interaction with CBD2 in
the tandem construct. These sites have the same affinity in all the spliced isoforms of
CBD12 and in CBD1 alone.
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Ca2+ binding results showed a significant difference between the CBD2 spliced
isoforms and a range of Ca2+-affinities in the CBD12 isoforms. A lower Ca2+-affinity for
NCX1.4-CBD2 was measured than previously reported, and the lack of Ca2+ binding to
NCX1.3-CBD2 was also determined.
Altogether this gives a wide variety of Ca2+ binding sites in the NCX1 splice
isoforms: variations in high affinity CBD1 binding likely responsible for activation of
NCX1, invariant medium affinity CBD1 binding, and low affinity binding at the CBD2 site
responsible for the alleviation of NDI or non-binding CBD2 incapable of NDI alleviation.
These NCX1 regulatory Ca2+ affinities are likely within the normal cellular range of
Ca2+ fluctuations due to the effect of free Mg2+ on Ca2+ binding site affinities—reducing the
affinity of CBD1 sites and increasing the affinity of CBD2 sites 65. As well, constraint of
CBD domains and resistance to Ca2+-dependent movements by interacting domains in the
full NCX1 protein would reduce the affinities of regulatory Ca2+ binding in both CBD
domains.
7.6 Further Research
Further purification of CBD12 proteins using gel exclusion chromatography may be
needed to determine if low numbers of Ca2+ binding at high affinity sites are reflective of
purity or actual binding in the CBD12 isoforms (numbers are lower in the isoforms with
more protein fragments in the samples seen in SDS-PAGE) and would clarify the
stoichiometry of Ca2+ binding to high affinity and medium affinity CBD1 sites.
To examine the effect of Mg2+ on Ca2+ binding, repeating some Ca2+-binding
experiments with 0.5 – 1.2 mM free Mg2+ in the assay with CBD protein would give some
information about the NCX1-CBD Ca2+-affinities in a cellular ionic context.
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Determinations of regulatory Ca2+ binding affinities in the lesser studied isoforms
NCX2 and NCX3 would complete the examination of NCX isoforms and splice variants,
relating to their tissue-specific roles in Ca2+ homeostasis.
Exploring the Ca2+ binding properties of NCX1-CBD2 mutants that were previously
characterized regarding degree of NDI relief would help us understand the interactions that
lead to Na+ and Ca2+ regulation of the Ca2+-influx mode of NCX1 transport.
Patch or voltage clamp fluorimetery methods 99,100 have been used to discover a lot
about voltage-gated ion channels 101 and would be very useful for analysis of conformational
changes in NCX coupled to activation, inactivation, and ion transport processes. These
experiments would give a picture of the protein mechanics in real-time (unlike structural
snapshots), to help determine the protein movements associated with its function.
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Appendix
Ca2+-binding calculations spreadsheet with NCX1.3-CBD12 data from the high Fluo-3 Ca2+binding assay with fluorescent adjustments calculations (Ca2+-binding and fluorescent
adjustment calculations are outlined in Chapter 3).

153

September 1, 2011

Ca2+ Binding Titration
NCX1.3-CBD12-GST

Lisa Sept01-11_0001.dat
Start
CBD12 (µl)
0.05 mM Ca2+ (µl)

0.5 mM Ca2+ (µl)

5 mM Ca2+ (µl)

50 mM Ca2+ (µl)
1M EDTA

220
10
20
30
5
10
15
20
25
30
35
40
45
60
70
80
90
100
110
120
130
140
150
5
10
20
30
20
100

Fluorescence
[Ca2+] add (M) Volume (µl) 506nm/531nm adjusted
0
800
0.04822
0.177
0
1020
0.07111
0.239
4.85E-07
1030
0.08026
0.269
9.62E-07
1040
0.0882
0.295
1.43E-06
1050
0.09644
0.322
3.79E-06
1055
0.1324
0.439
6.13E-06
1060
0.1703
0.563
8.45E-06
1065
0.2362
0.775
1.07E-05
1070
0.3531
1.144
1.30E-05
1075
0.5029
1.605
1.53E-05
1080
0.6445
2.029
1.75E-05
1085
0.8063
2.501
1.97E-05
1090
0.9705
2.966
2.19E-05
1095
1.141
3.437
2.84E-05
1110
1.645
4.759
3.26E-05
1120
1.986
5.604
3.67E-05
1130
2.349
6.464
4.08E-05
1140
2.736
7.343
4.48E-05
1150
3.084
8.105
4.87E-05
1160
3.544
9.070
5.26E-05
1170
4.017
10.020
5.64E-05
1180
4.475
10.906
6.01E-05
1190
4.951
11.794
6.38E-05
1200
5.504
12.785
8.42E-05
1205
6.579
14.561
1.05E-04
1210
6.703
14.773
1.45E-04
1220
6.683
14.777
1.84E-04
1230
6.775
14.956
9.81E-04
1250
6.879
15.514
1350
0.017
0.057
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Ca2+ Binding Titration
NCX1.3-CBD12-GST

Adjustment factor
4.58
3.29
3.25
3.21
3.18
3.15
3.12
3.08
3.03
2.97
2.92
2.86
2.80
2.75
2.61
2.52
2.44
2.35
2.29
2.21
2.13
2.07
2.00
1.94
1.84
1.82
1.81
1.79
1.75
2.47

4.58
3.29
3.25
3.21
3.18
3.15
3.12
3.08
3.03
2.97
2.92
2.86
2.80
2.75
2.61
2.52
2.44
2.35
2.29
2.21
2.13
2.07
2.00
1.94
1.84
1.82
1.81
1.79
1.75
2.47

A468 A537 [Fluo-3] total
31800 16350
2.9
0.2
9.01E-05
2.2
0.1
7.07E-05
2.2
0.1
7.00E-05
2.2
0.1
6.93E-05
2.2
0.1
6.87E-05
2.1
0.1
6.83E-05
2.1
0.1
6.80E-05
2.1
0.1
6.77E-05
2.1
0.1
6.74E-05
2.0
0.1
6.71E-05
2.0
0.1
6.68E-05
2.0
0.1
6.65E-05
1.9
0.1
6.62E-05
1.9
0.1
6.59E-05
1.8
0.1
6.50E-05
1.7
0.1
6.44E-05
1.6
0.1
6.38E-05
1.6
0.1
6.33E-05
1.5
0.1
6.27E-05
1.4
0.1
6.22E-05
1.3
0.1
6.16E-05
1.3
0.1
6.11E-05
1.2
0.1
6.06E-05
1.1
0.1
6.01E-05
1.0
0.1
5.98E-05
1.0
0.1
5.96E-05
1.0
0.1
5.91E-05
1.0
0.1
5.86E-05
0.9
0.1
5.77E-05
1.7
0.1
5.34E-05
A502
0.3751
0.3756
0.376
9.01E-05
92000
125000
1

[CBD12]

4.32E-06
4.28E-06
4.24E-06
4.19E-06
4.17E-06
4.16E-06
4.14E-06
4.12E-06
4.10E-06
4.08E-06
4.06E-06
4.04E-06
4.02E-06
3.97E-06
3.93E-06
3.90E-06
3.86E-06
3.83E-06
3.80E-06
3.76E-06
3.73E-06
3.70E-06
3.67E-06
3.66E-06
3.64E-06
3.61E-06
3.58E-06
3.52E-06
3.26E-06
A280 - A320
0.2868
0.2868
2.00E-05
! (1.3-12)
57300
52800

Bound Fraction
(F-F0)/(Fm-F0)
0.00777
0.01179
0.01373
0.01540
0.01713
0.02476
0.03273
0.04644
0.07034
0.10017
0.12760
0.15812
0.18824
0.21868
0.30424
0.35887
0.41455
0.47142
0.52068
0.58311
0.64461
0.70193
0.75937
0.82345
0.93840
0.95208
0.95232
0.96395
1.00000
0.00000
Kd (Fluo-3)
3.91E-07
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[Ca2+] free
Kd[(F-F0)/(Fm-F)]
3.061E-09
4.663E-09
5.441E-09
6.115E-09
6.814E-09
9.926E-09
1.323E-08
1.904E-08
2.958E-08
4.353E-08
5.719E-08
7.344E-08
9.067E-08
1.094E-07
1.710E-07
2.189E-07
2.769E-07
3.487E-07
4.247E-07
5.469E-07
7.092E-07
9.208E-07
1.234E-06
1.824E-06
5.956E-06
7.769E-06
7.809E-06
1.045E-05
#DIV/0!

Ca2+ Binding Titration
NCX1.3-CBD12-GST
[Ca-F]
[F]
[Ca] total - [CBD-Ca]
[F]total*BF
[F]total-[Ca-F]
[Ca]free+[Ca-F]
7.002E-07
8.944E-05
7.033E-07
8.332E-07
6.986E-05
8.378E-07
9.609E-07
6.905E-05
9.663E-07
1.068E-06
6.827E-05
1.074E-06
1.176E-06
6.750E-05
1.183E-06
1.692E-06
6.666E-05
1.702E-06
2.226E-06
6.580E-05
2.240E-06
3.145E-06
6.456E-05
3.164E-06
4.740E-06
6.265E-05
4.770E-06
6.719E-06
6.036E-05
6.763E-06
8.520E-06
5.825E-05
8.577E-06
1.051E-05
5.595E-05
1.058E-05
1.245E-05
5.370E-05
1.254E-05
1.440E-05
5.145E-05
1.451E-05
1.976E-05
4.520E-05
1.994E-05
2.311E-05
4.128E-05
2.332E-05
2.645E-05
3.736E-05
2.673E-05
2.982E-05
3.343E-05
3.017E-05
3.265E-05
3.005E-05
3.307E-05
3.625E-05
2.592E-05
3.679E-05
3.973E-05
2.190E-05
4.044E-05
4.289E-05
1.821E-05
4.382E-05
4.601E-05
1.458E-05
4.725E-05
4.948E-05
1.061E-05
5.131E-05
5.616E-05
3.686E-06
6.211E-05
5.674E-05
2.856E-06
6.451E-05
5.629E-05
2.818E-06
6.410E-05
5.651E-05
2.114E-06
6.697E-05

[Ca] add [Ca] residual
predicted
0.000E+00
7.033E-07
0.000E+00
8.378E-07
4.854E-07
8.297E-07
9.615E-07
8.217E-07
1.429E-06
8.139E-07
3.791E-06
8.100E-07
6.132E-06
8.062E-07
8.451E-06
8.024E-07
1.075E-05
7.987E-07
1.302E-05
7.950E-07
1.528E-05
7.913E-07
1.751E-05
7.876E-07
1.972E-05
7.840E-07
2.192E-05
7.804E-07
2.838E-05
7.699E-07
3.259E-05
7.630E-07
3.673E-05
7.563E-07
4.079E-05
7.496E-07
4.478E-05
7.431E-07
4.871E-05
7.367E-07
5.256E-05
7.304E-07
5.636E-05
7.242E-07
6.008E-05
7.181E-07
6.375E-05
7.122E-07
8.423E-05
7.092E-07
1.045E-04
7.063E-07
1.447E-04
7.005E-07
1.841E-04
6.948E-07
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Ca2+ Binding Titration
NCX1.3-CBD12-GST

[Ca] total
[Ca-CBD]
added+residual [Ca]add+[Ca]res-[Ca]free-[Ca-F]
7.033E-07
8.378E-07
0.000E+00
1.315E-06
3.488E-07
1.783E-06
7.095E-07
2.242E-06
1.059E-06
4.602E-06
2.899E-06
6.938E-06
4.699E-06
9.253E-06
6.089E-06
1.155E-05
6.777E-06
1.382E-05
7.056E-06
1.607E-05
7.492E-06
1.830E-05
7.717E-06
2.051E-05
7.965E-06
2.270E-05
8.188E-06
2.915E-05
9.213E-06
3.335E-05
1.003E-05
3.748E-05
1.075E-05
4.154E-05
1.137E-05
4.553E-05
1.245E-05
4.944E-05
1.265E-05
5.329E-05
1.286E-05
5.708E-05
1.326E-05
6.080E-05
1.355E-05
6.446E-05
1.316E-05
8.494E-05
2.283E-05
1.053E-04
4.074E-05
1.454E-04
8.128E-05
1.848E-04
1.179E-04

[Ca2+] free

4.66E-09
5.44E-09
6.11E-09
6.81E-09
9.93E-09
1.32E-08
1.90E-08
2.96E-08
4.35E-08
5.72E-08
7.34E-08
9.07E-08
1.09E-07
1.71E-07
2.19E-07
2.77E-07
3.49E-07
4.25E-07
5.47E-07
7.09E-07
9.21E-07
1.23E-06
1.82E-06
5.96E-06
7.77E-06
7.81E-06
1.05E-05

Bound Ca2+/CBD12
mol/mol
0.00
0.08
0.17
0.25
0.69
1.13
1.47
1.65
1.72
1.84
1.90
1.97
2.04
2.32
2.55
2.76
2.94
3.25
3.33
3.42
3.55
3.66
3.58
6.25
11.19
22.51
32.92

1.00
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Ca2+ Binding Titration
NCX1.3-CBD12-GST
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