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ABSTRACT: Spliced isoforms of the Na+/Ca2+ exchanger, NCLX, truncated at theR-repeat region have
been identified. The activity and functional organization of such proteins are, however, poorly understood.
In the present work, we have studied Na+/Ca2+ exchange mediated by singleR-repeat constructs (R1 and
R2) of NCLX. Sodium-dependent calcium transport was fluorescently detected in both the reversal and
forward modes; calcium-dependent outward currents were also recorded using a whole cell patch
configuration in HEK293 cells heterologously expressing either theR1 or R2 single-domain proteins. In
contrast, calcium transport and reversal currents were not detected when cells were transfected with a
vector or with anR2 mutant (R2-S273T). Thus, our data indicate that the singleR-domain constructs
mediate electrogenic Na+/Ca2+ exchange. TheR1 domain, but not theR2, exhibited partial sensitivity to
the NCX inhibitor, KB-R7943, while Li+-dependent Ca2+ efflux was detected in cells expressing either
theR1 or R2 construct. The functional organization of the singleR-domain constructs was assessed using
a dominant-negative approach. Coexpression of theR1 or R2 constructs with the nonfunctionalR2-S273T
mutant had a synergistic inhibitory effect on Na+/Ca2+ transport. Dose-dependence analysis of the inhibition
of R2 construct activity by theR2-S273T mutant indicated that the functional unit is either a dimer or a
trimer. Immunoprecipitation analysis indicated that theR2 construct indeed interacts with theR2-S273T
mutant. Taken together, our data indicate that although singleR1 orR2 domain constructs are independently
capable of Na+/Ca2+ exchange, oligomerization is required for their activity. Such organization may give
rise to transport activity with distinct kinetic parameters and physiological roles.

Sodium/calcium exchangers play a fundamental role in
controlling cellular Ca2+ homeostasis by utilizing the trans-
membrane sodium gradient to exchange three to four Na+

ions for one Ca2+ ion (1). Members of the mammalian Na+/
Ca2+ exchanger superfamily (NCX1-3, NCKX1-4, and
NCLX)1 share similar organization of two transmembrane
domains, designatedR1 andR2, separated by an intracellular
loop. Recently, a new member of the Na+/Ca2+ exchanger
superfamily, encoded by theFLJ22233gene, was identified.
A study by Cai et al. (2) reported that the full-length
FLJ22233 protein, heterologously expressed in HEK293
cells, is retained in the endoplasmic reticulum. A mouse
spliced isoform was shown by the same group to mediate
active K+-dependent Na+/Ca2+ exchange. We subsequently
showed, however, that the full-length protein encoded by

the humanFLJ22233gene is mediating Na+/Ca2+ exchange
that is independent of K+ ions (3). We further demonstrated
thatFLJ22233is distinct from both NCX and NCKX in its
ability to catalyze both Na+/Ca2+ and Li+/Ca2+ exchange at
a similar rate and have therefore termed it NCLX (Na+/Ca2+,
Li + exchanger).

The NCLX shares a relatively low degree (∼20%) of
sequence homology with other members of the Na+/Ca2+

superfamily. For example, NCLX lacks the typical long
cytoplasmic domain that is found on NCX and has distinct
putative arrangement of the transmembrane domains (2), but
it retains theR1 and R2 regions embedded within the
transmembrane domains (4). Another distinct phenomenon
of NCLX is the abundant and ubiquitous expression of
spliced isoforms truncated at theirR-domain regions. The
spliced isoform of the NCLX mouse homologue gene that
has previously been described as a K+-dependent, Li+-inert,
Na+/Ca2+ exchanger has a disruption of theR2 domain (2).
We have also identified a short isoform of the human NCLX
gene (s-NCLX) with a disruptedR1 domain that is mediating
both Na+/Ca2+ and Li+/Ca2+ exchange, similar to the full-
length NCLX (3). The spliced NCLX isoforms lacking an
R domain are even more interesting considering that for
NCKX and NCX most of the splicing sites are located at
the putative cytoplasmic domains and appear to result in
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tissue-specific regulation of NCX activity by calcium or
voltage (5). Spliced isoforms containing single or disrupted
R-repeats of NCX and NCKX, on the other hand, are much
less common than those of NCLX. While functional studies
exploring the molecular determinants necessary for ion
transport in members of both NCX and NCKX (6-8) have
suggested that bothR-repeat domains are necessary for ion
exchange (9, 10), other studies have suggested that exchange,
albeit attenuated, may be mediated by spliced isoforms
lacking anR domain (11, 12). The issue of the activity of
singleR-domain isoforms of NCLX is of particular physi-
ological significance as these truncated NCLX isoforms, in
contrast to NCX, are abundantly expressed in multiple tissues
(2, 11, 13).

Subunits of ion channels and ion transporters form homo-
or heterooligomers, providing the basis for functional
diversity necessary for their physiological activity (14, 15).
In this study, applying a dominant-negative strategy for
studying functional oligomerization, we sought to determine
whether similar oligomerization of singleR-domain NCLX
exchangers (termedR1 andR2) may underlie the activity of
these NCLX isoforms. Our results demonstrate that bothR1
andR2 constructs are active and have distinct pharmacologi-
cal and kinetic properties, among them sensitivity to the
inhibitor, KB-R9743, and K+ regulation. Importantly, a
dominant-negative effect is exerted by a functional mutant,
and a physical interaction between the singleR-domain
constructs is demonstrated by immunoprecipitation analysis.
Thus, our results suggest that homo- or heterooligomerization
is required for the singleR-domain NCLX exchanger activity.

EXPERIMENTAL PROCEDURES

Construction of NCLX Mutants.Three NCLX constructs
were generated,R1, R2, andR2-S273T.R1, corresponding
to amino acids 1-439 of NCLX, was constructed byNotI
digestion of the NCLXpCDNA3.1+ construct described
previously (3). The resulting fragments were gel purified,
and the long∼6.7 kb fragment was religated. The ligation
yielded a truncated NCLX construct lacking∼400 bp coding
for the last four C-terminal transmembrane domains, includ-
ing the R2 region, and introducing two amino acid (RV)
linkers and a new termination site coded by the vector
sequence.R2 andR2-S273T, corresponding to amino acids
196-584 of NCLX, were constructed by using a polymerase
chain reaction (PCR) based method. TheR2 construct was
generated using the following primers: a1 [forward, located
at position 652 of the NCLX nucleotide sequence (accession
no. AY601759)], TTCATGGCTGCCTCCAGGC, and a2
(reverse, located at position 1791), CATGCTTTTCAGGT-
GAATCACTCCAAATTC, designed to enhance the∼1200
bp fragment corresponding to the 5′ end of NCLX ORF.
For constructing theR2-S273T mutant, a second set of
complementary primers was synthesized: b1 (forward,
located at position 1457), TGGCCTGGGGGAACACAAT-
TGGA, and b2 (the reverse complement of b1), TCCAAT-
TGTTCCCCCAGGCCA. A conserved serine residue (lo-
cated at position 468 in the NCLX polypeptide sequence)
was changed to a threonine residue, and a uniqueMunI site
was introduced. Extensions coding for a 14 amino acid c-Myc
epitope (CTAGGCCCCATTCAGATCCTCTTCTGAGA-
TGAGTTTTTGTTC) or a 6His epitope (CTAGTGGTG-
GTGGTGGTGGTG) were added for the reverse primer of

the first set introducing these tags at the C-terminal end of
the constructs. UniqueHindIII andXhoI restriction sites were
inserted as extensions into the forward and reverse primers
of the first set, respectively. For theR2-S273T construct,
two PCR fragments were generated: (I) by using the forward
primer from the first set and the reverse primer from the
second and (II) by using the forward primer from the second
set with the reverse primer (6His) from the first set. The
purified PCR fragments were digested withthe MunI
restriction enzyme and ligated into a pGEM-T (Promega)
cloning vector. TheR2 was constructed by using only the
first set of primers (inserting a c-Myc epitope), and the PCR
fragment was also ligated into the pGEM-T vector (Prome-
ga). The two constructs were excised withHindIII/XhoI and
inserted into theHindIII/XhoI-digested pCDNA3.1+ vector
(Invitrogen). All constructs were sequenced (Sequencing
Unit, Biological Core Facility at the Institute for Applied
Sciences at Ben-Gurion University). PCR was performed
using the ExTaq PCR system (Takara). Plasmids were
purified using the Hi-Speed plasmid purification kit (Qiagen)
or GeneElute Hi-Speed midi kit (Sigma).

Cell Cultures and Plasmid Transfection.HEK293-T cells
(human embryonic kidney cell line), PC-3 (prostate cancer
cells), and HeLa cells (breast cancer cells) were cultured as
described previously (3, 16, 17). Briefly, HEK293-T cells
grown on glass coverslips were transfected with the indicated
plasmid using standard calcium phosphate (CaPO4) precipita-
tion as previously described (3). The EYFP (0.35µg) plasmid
(Clontech) was added as a fluorescent reporter for the
identification of transfected cells. Transport experiments or
cell harvesting was carried out 25-35 h following transfec-
tion. For the electrophysiological experiments HEK293 cells
were transfected using Ex-Gen 500 transfection reagent
(Fermentas) according to manufacturer protocol. The pIRES
CD8 plasmid (kindly provided by Prof. Bernard Attali, Tel
Aviv University, Israel) was cotransfected with the indicated
constructs or vector alone (at 1:4 ratio, respectively) for the
identification of transfected cells as previously described (18).
Cells were trypsinized and plated on glass coverslips
precoated with poly-L-lysine (100µM) 30 min prior to the
electrophysiological experiments.

Fluorescent Measurements of Calcium Transport.The
imaging system consisted of an Axiovert 100 inverted
microscope (Zeiss), a Polychrome II monochromator (TILL
Photonics, Planegg, Germany), and a SensiCam cooled
charge-coupled device (PCO, Kelheim, Germany). Fluores-
cent imaging measurements were acquired with Imaging
Workbench 2.2 (Axon Instruments, Foster City, CA).

Calcium Imaging.Cells were loaded for 30 min with 5
µM Fura-2 acetoxymethyl ester (AM; TEF-Lab, Austin, TX)
in 0.1% BSA in Na+ and Ca2+ containing Ringer’s solution
(120 mM NaCl, 5 mM KCl, 0.8 mM MgCl2, 20 mM HEPES,
15 mM glucose, 1.8 mM CaCl2, and 10 mM NaOH, buffered
to pH 7.4). After dye loading, the cells were washed in
Ringer’s solution (20 min), and the coverslides were mounted
in a perfusion chamber on a microscope stage. EYFP
fluorescence (excitation using 480 nm and a 510 nm long-
pass filter for the emission) was used to identify transfected
cells, and then filters were switched to monitor Fura-2
fluorescence. Fura-2 was excited at 340 and 380 nm and
imaged with a 510 nm long-pass filter; the results are
presented as the ratio (R) between the emission signal
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acquired using the two excitation wavelengths (340 nm/380
nm). Fluorescent ratio signals are normalized to the average
signal obtained at the beginning of the measurements (R0),
thus allowing averaging of multiple experiments. Calcium
influx assays were performed by perfusing the cells with
Na+-free Ringer’s solution such that Na+ was iso-osmotically
replaced by NMG+ (130 mM), with or without 5 mM KCl.
Calcium efflux, in the “forward mode”, was monitored by
first loading the cells with Ca2+ by perfusion with the NMG+

“reversal” medium and then switching to Na+-containing
Ringer’s solution. Calcium efflux mediated by a Na+/Ca2+

exchanger, acting in a forward mode, was also examined by
determining the attenuation of Ca2+ influx via the store-
operated channel as described before (19). Briefly, intracel-
lular Ca2+ rise was induced by opening of the store-operated
channel. Stores were depleted by the application of TG (200
nM thapsigargin; Alomone Labs, Jerusalem, Israel). Subse-
quently, Ca2+ (0.5 mM) was added in the presence or absence
of Na+, and the rate of intracellular Ca2+ change was
determined. To determine the extent of SOC opening, cells
were superfused with Ca2+-free Ringer’s solution containing
5 mM Mn2+ at the end of each experiment, and the rate of
Fura-2 quenching was determined (360 nm excitation, 510
nm emission).

The results shown in all calcium imaging experiments are
the average,(SEM, of at least five independent experiments
(n); in each experiment responses from at least 10 cells were
acquired. Statistical analysis of the data was performed using
the unpairedt-test and was calculated using Excel software.

Electrophysiological Recordings of INa/Ca. Whole cell
recordings from HEK293 cells were performed in a physi-
ological recording chamber (Warner Instruments) under a
microscope (Olympus CKX41) essentially as described
before (20). Patch microelectrodes with a tip of 3µm
diameter were pulled from capillary glass (A-M-Systems,
no. 593200), using a Campden 753 microelectrode puller.
The microelectrodes were filled with a solution containing
130 mM sodium glutamate, 20 mM NaCl, 20 mM tetraethy-
lammonium chloride, 10 mM EGTA, and 20 mM Hepes (pH
adjusted to 7.2 with Tris). Voltage clamp recordings were
performed using an Axopatch-1D amplifier and digitized at
0.2 kHz with Axolab-1100. Cells were kept in a solution
containing 150 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 20
mM Hepes, and 10 mM glucose (pH adjusted to 7.4 with
HCl). After a gigaohm seal was formed, the cells were
superfused with a solution containing 130 mM NMDG, 10
mM sucrose, 1 mM EDTA, and 20 mM Hepes (pH adjusted
to 7.4 with HCl), and baseline currents were recorded with
cells held atVm ) 0 mV. Reverse Na+/Ca2+ exchange
currents were measured following the addition of 0.2 mM
Ca2+ (without EDTA), and then Ca2+ was removed by adding
5 mM EDTA. Data were analyzed off line using PCLAMP
software (Axon Instruments); averaging was done in groups
10 data points using Matlab software (by Math-Works).

Immunoblot and Immunoprecipitation.HEK293-T cells
expressing the different NCLX constructs or control were
washed once with ice-cold PBS solution, scraped from the
plate using a rubber policeman, and placed into RIPA buffer.
Total protein was quantified by the Bradford dye-binding
procedure (Bio-Rad). Protein expression was resolved by
SDS-PAGE and transferred onto nitrocellulose membranes.
Immunoblot analysis was carried out as previously described

(21), using an antibody targeted against c-Myc epitope (Santa
Cruz) at 1/500 dilution or the NCLX antiserum (3) at a
1/2500 dilution under reducing and nonreducing conditions
without â-mercaptoethanol. The immunoprecipitation pro-
cedure was performed using the ExactaCruz set (Santa Cruz
Biotechnology) according to manufacturer protocol. Briefly,
total cell lysate from HEK293-T cells expressing theR2
(expressing the c-Myc tag),R2-S273T (expressing the 6His
tag), or both was incubated with 20µg of an antibody
targeted against the 6His epitope (Santa Cruz) overnight at
4 °C. Subsequently 50µL of the IP matrix was added to the
lysate, and beads were then sedimented and further processed
according to manufacturer instructions.

Analysis of Protein Surface Expression.Surface expression
of the various constructs was determined using the experi-
mental approach recently described by Kim et al. (22).
Briefly, control, R2, or R2-S273T expressing cells grown
on glass coverslips were fixed with 4% paraformaldehyde
in PBS solution for 30 min and washed three times with
PBS (pH 7.4) (23). Fixed cells were blocked with normal
goat serum without permeabilizing agents and then incubated
overnight at 4-8 °C with antibodies against the c-Myc
epitope (1:1000) (Santa Cruz) forR2 labeling or the 6His
epitope (1:200) forR2-S273T labeling. Cells were washed
with PBS (×3) and incubated with Cy2-conjugated anti-
rabbit IgG for 1 h atroom temperature. After being rinsed
with PBS, the coverslips were mounted with Immu-mount
(Shandon), and images were acquired using a Zeiss LSM510
confocal microscope.

RESULTS

Na+/Ca2+ Exchange Mediated by NCLXR1 and R2
Constructs.We first assessed the activity of the short NCLX
exchanger molecules lacking eitherR1 orR2 repeat domains.
For this purpose, we generated two different constructs of
NCLX (Figure 1a): R1 corresponding to amino acids 1-439
and, therefore, lacking theR2 domain; andR2 corresponding
to amino acids 196-584, in which theR1 domain is
completely truncated. The activity of these constructs was
determined by monitoring fluorescence changes following
intracellular Ca2+ changes under reversal (Na+ free, NMG+

iso-osmotically substituting for Na+) and forward (Na+

Ringer’s) exchange modes in HEK293-T cells heterologously
expressing theR1 or R2 constructs as previously done for
the full-length NCLX (3). The removal of Na+ was followed
by robust increase in Ca2+ influx in cells expressing either
constructs but not in control cells (Figure 1b). The subsequent
addition of Na+ induced a decrease in [Ca2+] i, for eitherR1
or R2 constructs, that was again absent in control cells.
Transport activity was monitored for both constructs, albeit
the Ca2+ influx rate was approximately 30% lower for the
R1 compared to theR2 construct. Immunoblot analysis of
HEK293-T cell extracts indicated that transfection by both
constructs yielded a similar protein expression level (see
Figure 6). Similar exchange activity was also monitored in
PC-3 and HeLa cells transfected byR1 or R2, respectively
(not shown).

To compare between the activity of theR1 and R2
constructs and the full-length NCLX and to further assess
their Ca2+ efflux activity, we determined, in HEK293-T cells,
the intracellular Ca2+ rise following opening of SOC trig-
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gered by the depletion of the stores using TG (see Experi-
mental Procedures). This Ca2+ rise can be attenuated by Ca2+

efflux mediated by a Na+/Ca2+ exchanger acting in the
forward mode as previously described (24). Application of
TG in Ca2+-free Ringer’s solution triggered an intracellular
Ca2+ rise, originating from intracellular stores, that was
followed by a decline to a steady state. This decline was
about 3-fold faster in the singleR-domain-expressing cells
compared to vector-transfected cells, in the presence of Na+

(see Figure 2a). Following opening of the SOC and addition
of 0.5 mM Ca2+, the rate of intracellular Ca2+ rise was
determined in cells expressing the various NCLX constructs
and compared with vector-transfected cells in the presence
or absence of Na+ (see Experimental Procedures and Figure
2). As shown, rates of Ca2+ rise in the presence of Na+ were
significantly lower in cells expressing NCLX,R1, or R2
versus the control cells (Figure 2b). In the absence of Na+

(Figure 2c), however, the rate of Ca2+ rise in cells expressing
the NCLX constructs was higher, and no significant change
is observed compared to the control cells. To determine if
the changes in Ca2+ influx rates observed in the cells
expressing the NCLX constructs were not triggered nonspe-
cifically by changes in SOC activity, we determined the rates
of Mn2+ influx via this pathway. The latter cation freely
permeates through the SOC but is not transported by NCLX
(Palty et al., unpublished results). As shown in Figure 2d,
rates of Mn2+ permeation were slightly higher in cells
expressing NCLX or the singleR-domain constructs versus
vector-transfected cells, indicating that the attenuation of
Ca2+ influx cannot be attributed to a decrease in SOC
activity.

To ascertain that theR1 andR2 constructs mediate Na+/
Ca2+ exchange, electrophysiological measurements were
performed using whole cell patch configuration using the

experimental paradigm previously described for NCKX2
(20). Cells were cotransfected withR1 or R2 constructs and
with a pIRES CD8 plasmid, used to identify transfected cells.
As shown in Figure 3, bath application of Ca2+ (0.2 mM),
in the absence of Na+, elicited outward currents (reverse
exchange) inR1 or R2 transfected cells. Reverse exchange
outward currents recorded forR1 andR2 were 11.8( 3.5
(n ) 9) and 11.3( 3.0 pA (n ) 6), respectively, and were
similar in magnitude to currents previously recorded for
NCKX2 and NCKX3 (20, 25). A current of similar magni-

FIGURE 1: Putative structure and activity of theR1 andR2 single-
domain constructs. (a) The putative transmembrane topology model
of NCLX is depicted using TopPred (2, 40). Cylinders represent
the transmembrane domains. The putativeR-repeat regions are
colored in gray. TheR1 andR2 constructs are delineated (1-439
and 196-584, respectively). (b) HEK293-T cells transfected with
either R1 (n ) 5), R2 (n ) 5), or vector alone (control,n ) 5)
plasmids were loaded with Fura-2 and superfused with the indicated
Ringer’s solution. Transport of Ca2+ in the reversal and forward
modes was monitored in cells expressing eitherR1 or R2.

FIGURE 2: Net intracellular Ca2+ rise mediated through the store-
operated channels (SOC) in cells expressing the NCLX constructs.
(a) The experimental paradigm. Cells were treated with 0.2µM
TG in Na+-containing Ca2+-free Ringer’s solution; subsequently
0.5 mM Ca2+ was added in the presence or absence of Na+ (NMG+

replacing Na+ in Ringer’s solution) as indicated by the bar beneath
the graph, followed by superfusion with Ca2+-free Ringer’s solution
to allow the rapid removal of Ca2+. (b) Rates of Ca2+ rise in the
presence of Na+ in cells expressing NCLX (n ) 8), R1 (n ) 10),
or R2 (n ) 10) versus vector-transfected cells (n ) 10). (c) Rates
of Ca2+ rise in the absence of Na+ in cells expressing NCLX,R1,
or R2 versus vector-transfected cells. (d) To assess SOC perme-
ability, independent of Na+/Ca2+ exchange, 5 mM Mn2+ was
applied in Ca2+-free Ringer’s solution, and the rate of Fura-2
fluorescence quenching was determined.
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tude was also recorded in cells expressing the full-length
NCLX; curiously and for unknown reasons, it was more
difficult to obtain a proper seal in the NCLX-expressing cells,
and once a seal was formed, it was less stable. No current
(0.4 ( 0.4 pA; n ) 9) was monitored in control cells. Our
results, thus, indicate that constructs lacking either one of
the catalyticR-repeat domains may mediate electrogenic
Na+/Ca2+ exchange.

Effect of External K+ or Li+ Ions and the KB-R7943
Compound on ActiVity of NCLX Constructs.To determine
the K+ dependence ofR1 andR2, we applied the paradigm
described in Figure 1 in the absence or presence of 5 mM
K+. If Na+/Ca2+ exchange mediated by one of our constructs
is K+-dependent, a robust reduction in Ca2+ influx rate or
amplitude would be expected in the absence of K+. As shown
in Figure 4, rates of Ca2+ transport were approximately 30%
higher for theR1 construct in the presence of 5 mM K+

compared to its absence (Figure 4a), while Ca2+ exchange
rates for theR2 construct are not altered in the presence or
absence of 5 mM K+ (Figure 4b). The similar effect of K+

on the reversal and efflux mode of theR1 construct indicates
that it is not related to the change in membrane potential
mediated by the application of K+ nor that this ion is
transported by this construct. The isothiourea compound, KB-
R7943, is a potent inhibitor of NCX, which was suggested
to interact with residues in theR2 domain of NCX1 and
NCX3 (26). We have previously demonstrated that KB-
R7943 also acts as a partial inhibitor of NCLX, with an IC50

of ∼10 µM, compared to∼5 µM for NCX1 (27). The
activity of single R-domain constructs offered us the op-
portunity to determine whether the inhibitor interacts with
one of the single-domain constructs of NCLX. As shown in
Figure 4c, a partial inhibition (∼50%) of theR1 activity was

observed following application of 5µM KB-R7943. No
further inhibition was monitored while applying higher
concentrations of this inhibitor, indicating that, similarly to
the effect on the full-length NCLX (3), KB-R7943 acts as a
partial inhibitor of theR1 construct. In contrast, application
of KB-R7943 had almost no inhibitory effect on the activity
of theR2 construct, even when used at higher concentrations
(up to 20µM). Our results hence indicate that KB-R7943
interacts with theR1 but not with theR2 domain of NCLX.

To determine the Li+ selectivity ofR1 andR2 constructs,
rates of Ca2+ efflux were compared in the presence of Na+,
NMG+, or Li+. As shown in Figure 4d,e, in cells expressing
either theR1 or R2 construct, similar Ca2+ efflux rates were
detected in the presence of Na+ or Li+, while the Ca2+ efflux
rates in the presence of NMG+, for each of the constructs,
were about 10-fold lower. Our results, therefore, indicate that
the Na+/Ca2+ exchange mediated by the NCLX constructs
is not K+-dependent, but this ion may have a regulatory effect
on the rate of Na+/Ca2+ exchange mediated by theR1
construct. Yet, bothR1 andR2 constructs retain the unique
Li + selectivity of the full-length NCLX.

ActiVity Expression and Surface Expression of theR2 and
R2-S273T Mutant.The results described above indicate that
both theR1 andR2 constructs mediate, individually, Na+/
Ca2+ exchange. To test the hypothesis that oligomerization
of the single-domain proteins is required for Na+/Ca2+

exchange activity, we applied the dominant-negative ap-
proach of coexpressing the functionalR1 or R2 constructs
together with a nonfunctional NCLX. We generated a mutant
of theR2 construct by replacing a serine residue at position
468 of NCLX with threonine (R2-S273T). This residue was
chosen because it is highly conserved among NCX and
NCKX and is essential for both NCX1 and NCKX2 activity
(6, 28). As shown in Figure 5a, there was no apparent Ca2+

transport in cells expressing theR2-S273T, in the reverse
or efflux mode, indicating that also in NCLX this conserved
residue is required for cation transport. Using the whole cell
patch paradigm described in Figure 3, we did not detect
significant reverse exchange currents in cells expressing the
R2-S273T mutant (2( 1 pA, n ) 5, Figure 5b). Thus the
fluorescence and electrophysiological analysis indicate that
theR2-S273T is inactive. To further determine if the mutant
is sorted properly into the plasma membrane and does not
interfere with sorting of theR2 construct, we determined
the surface expression of the constructs in nonpermeabilized
cells (see Experimental Procedures). For this purpose, c-Myc
and 6His tags were inserted at the C-terminal domain of the
constructs (see Figure 1), and transfected cells were immu-
nocytochemically stained. As shown in Figure 5c, the
fluorescent stain was localized to the plasma membrane.
Furthermore, no reduction of immunoreactive c-Myc, cor-
responding toR2 expression, was observed when cells were
cotransfected with equal amounts ofR2 and R2-S273T
plasmid constructs (Figure 5d). No labeling was, however,
observed in control (vector-transfected) cells, suggesting that
the staining can be attributed to surface expression of the
constructs. To determine if theR2-S273T mutant interferes
with expression of the WTR2, cells were transfected with
the R2 (tagged with c-Myc) or cotransfected with bothR2
andR2-S273T (tagged with 6His). Subsequently, the expres-
sion of the c-Myc-taggedR2 was assessed by immunoblot
analysis using an antibody for the c-Myc tag. As shown in

FIGURE 3: Electrophysiological measurements of the activity
mediated by theR1 andR2 single-domain constructs. (a) Whole
cell patch clamp analysis of the cells expressingR1 or R2. The
outward currents were induced by bath application of Ca2+ (0.2
mM) in the absence of Na+ at a holding potential of 0 mV.
Representative currents recorded from cells expressing NCLX, the
R2 or R1 constructs, and vector (control) are shown. (b) Averaged
current densities of reverseINa/Ca were normalized according to
membrane capacitance.n ) number of cells in each experiment.
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Figure 5e a polypeptide of∼50 kDa (marked by an arrow)
was stained at similar intensity in extracts ofR2 andR2-
S273T+ R2 transfected cells but not in vector orR2-S273T
transfected cells. Similar staining of higher and lower
molecular mass polypeptides that was also apparent in vector
andR2-S273T samples is probably related to interaction of
the c-Myc antibody with endogenous HEK proteins (29).
Hence our results indicate that theR2-S273T protein is
properly sorted into the plasma membrane and that it does
not interfere with the expression and the plasma membrane
sorting of theR2 protein.

Immunoblot and Immunoprecipitation Analysis of Complex
Formation by the Single-Domain Constructs.To determine
the expression levels and the molecular masses of the
polypeptides derived from the constructs, transfection with
the mono-R constructs and immunoblot analysis were
performed using the NCLX antibody that was generated
against an epitope shared by both constructs (3). As shown
in Figure 6a, the expression level of the constructs was
similar. No staining of the vector-transfected cell was
apparent, indicating that the antibody specifically recognized
the constructs. The small differences in the molecular mass
of theR2 andR2-S273T constructs are probably caused by
the 6His and c-Myc tagging. Interestingly, however, an
additional polypeptide of∼75 kDa, a molecular mass
corresponding in size to a dimeric form, was apparent for

the R1 construct. To address this issue further, the same
immunoblot analysis was conducted under nonreducing
conditions by omittingâ-mercaptoethanol from the samples.
As shown in Figure 6b under nonreducing conditions,
conversion of the lower massR1 band to the higher
∼75 kDa form was also apparent. A lower∼15 kDa
polypeptide, probably a proteolytic fragment, was also
apparent for theR2 line. Altogether, the immunoblot analyses
suggest that theR1 and R2 constructs are found in a
molecular mass which may correspond to a monomer and
in a higher molecular mass which potentially corresponds
to a dimer. The latter form is apparent primarily under
nonreducing conditions. To directly demonstrate interaction
between the singleR-domain constructs, we performed an
immunoprecipitation analysis. Cells were cotransfected with
the R2 construct tagged by c-Myc and theR2-S273T
construct tagged with 6His. Cells were lysed, reacted, and
pulled down with the 6His antibody (see Experimental
Procedures). Immunoblot analysis of the 6His pull-down
extract using the c-Myc or NCLX antibodies revealed a band
at approximately 50 kDa (Figure 6c,d). The above results
suggest that theR2 construct interacts to form an oligomeric
structure.

Oligomerization of theR1 andR2 Constructs.If the single
R-domain constructs are functionally interacting through an
oligomer complex, adding a nonfunctional subunit would

FIGURE 4: Role of K+ or Li+ ions and inhibition by KB-R7943 on Na+/Ca2+ exchange mediated by theR1 andR2 constructs. The same
experimental paradigm shown in Figure 1 was employed, using either K+-free or 5 mM K+-containing Ringer’s solution. (a) Activity
mediated by theR1 construct (n ) 5) is ∼30% higher in the presence of 5 mM K+. (b) Activity mediated by theR2 construct (n ) 5) was
not affected by the presence of K+. (c) Initial rates of Ca2+ influx were measured in the presence of the indicated concentration of KB-
R7943, in cells expressing eitherR1 (n ) 6) or R2 (n ) 6) constructs, using the reversal paradigm in which Na+ is substituted by NMG+
in Ringer’s solution (*) P < 0.05). Application of KB-R7943 resulted in∼50% inhibition of theR1 construct activity, whereas no
significant inhibition was apparent in cells expressing theR2 construct. The same experimental paradigm shown in Figure 1 was employed
in cells expressing theR1 (n ) 5) (d) or R2 (n ) 5) (e); following Ca2+ loading of cells by activation of the reversal mode, cells were
superfused with either Na+, Li+, or NMG+ containing Ringer’s solution, and Ca2+ efflux was monitored.
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have a dominant-negative effect on the oligomer activity. A
prerequisite for using the dominant-negative approach is
that the activity will linearly correlate with plasmid con-
centration and that the expression of the mutant will not
change the expression of the WT construct. The activity of
the R2 construct as a function of plasmid concentration
was linear between amounts of plasmid ranging from 2 to
8 µg. To assess the number of subunits required for the
exchanger functional unit, we carried out an inhibitory dose-
response analysis. This was performed by monitoring
Ca2+ transport in cells coexpressing theR2 construct (2µg)
with increasing amounts of theR2-S273T mutant, thus
keeping the total amount of plasmid in the linear range. Such
strategy has been successfully used for analyzing the number
of interacting subunits in both channels and transporters
(30, 31). As shown in Figure 7a,b, increasing the amount
of R2-S273T plasmid resulted in a dose-dependent de-
crease in Ca2+ transport, leading to approximately 70%
inhibition of the initial activity in the presence of 1.6µg
of R2-S273T plasmid. We then used the inhibition curve

to predict the functional unit number required for theR2
activity. This analysis assumes that in the presence of one
inactive monomer the oligomer is inactivated (30, 32),
leading to a binomial distribution reflecting the activity
of the oligomer. To calculate the number of subunits required,
the fractional activity of the oligomer was plotted against
the fractional amount of the activeR2 construct (R2/R2 +
R2-S273T) (30). For comparison, the graph also shows
the predicted curves for the dimeric and tetrameric struc-
tures (Figure 7b). Fitting the inhibition curve indicated
that the functional unit is most likely a dimer (n )
2.3 ( 0.2). We subsequently sought to determine if the
R2-S273T expression will also affect the activity of the
R1 construct. About 3-fold inhibition of the activity was
observed when theR1 and R2-S273T were coexpressed
(Figure 7d). Taken together, theR2-S273T construct
had a dominant-negative effect upon coexpression with
R1 or R2. Our results, therefore, indicate that bothR1 and
R2 domains are capable of forming hetero- or homooligo-
mers.

FIGURE 5: Activity and surface expression of theR2-S273T mutant. HEK293-T cells were transfected with theR2 construct tagged with
c-Myc or theR2-S273T construct tagged with 6His epitope. (a) Na+/Ca2+ exchange was monitored using the paradigm described in Figure
1. No Ca2+ transport activity was observed in cells expressing theR2-S273T, indicating that the mutant is inactive. (b) Representative
recording of reverseINa/Ca taken from HEK293 cells transfected with theR2-S273T construct. The same recording trace as in Figure 2 of
a cell expressing theR2 construct is shown for comparison. The bar graph depicts the averaged current densities of reverseINa/Carecorded
from cells expressing theR2-S273T normalized according to membrane capacitance and compared to those of the WTR2. (c) Surface
expression was monitored by immunostaining of nonpermeabilized cells (see Experimental Procedures) transfected with each construct or
coexpressing theR2 and theR2-S273T (1:1) constructs. Antibodies against c-Myc were used forR2 staining in the cells transfected with
the R2 or bothR2/R2-S273T constructs and for the vector-transfected cells. Antibodies against 6His were used for the detection in the
R2-S273T-transfected cells. Confocal images from a single optical section are shown projected on the transmitted light images of the cells.
Surface expression is observed following the transfection with theR2, R2-S273T, orR2/R2-S273T plasmids. The scale bar is 5µm for all
images. (e) Immunoblot analysis of theR2 c-Myc-tagged construct. Extracts of cells transfected with either theR2 (c-Myc tagged),R2-
S273T (6His tagged), both plasmids, or vector alone were subjected to immunoblot analysis with c-Myc antibody. The arrow marks the
position of theR2. Note that the apparent expression ofR2 is unaltered by the coexpression of theR2-S273T mutant.
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DISCUSSION

It has been recently demonstrated that spliced isoforms
of NCLX, partially truncated at either theR1 (3) or R2 (2),
are capable of mediating cation transport. It was not clear,
however, if the partially truncatedR-repeat was necessary
for cation transport or whether the other, intact repeat was
sufficient. To address this, we have generated artificial NCLX
constructs in which either theR1 or R2 constructs were
completely removed. The following results strongly indicate
that both theR1 and R2 constructs mediate Na+/Ca2+

exchange: (1) fluorescence analysis of Ca2+ transport in cells
expressing theR1 andR2 shows that the expression of these
single-domain constructs is followed by robust Na+-depend-
ent Ca2+ transport in both the reversal and efflux modes;
(2) electrophysiological measurements in HEK293 cells
expressing theR1 andR2 constructs show reverse Na+/Ca2+

exchange current that is absent in control cells; (3) a mutation
of a conserved serine (position 468 on the NCLX polypep-
tide) inactivates Na+/Ca2+ exchange, Ca2+ transport, and
current.

Importantly, both single-domain constructs of NCLX
exhibit Na+/Ca2+ exchange activity; furthermore, their Ca2+-
induced currents are also similar to those previously moni-
tored for NCKX (20, 25). The fact that their activity was
monitored in remotely related cell lines, HEK293 (embryonic
kidney) and PC-3 (prostate metastatic), as well as HeLa
(breast cancer) cells, indicates that the transport mediated
by the constructs is not restricted to a specific cell type. Our
results further indicate that oligomerization is essential for

the activity of the singleR-domain constructs. A striking
dominant-negative effect of the mutated construct, on both
active singleR-domain constructs, suggests that the func-
tional basis for single NCLXR-domain protein activity relies
on subunit oligomerization. The similar expression level of
theR2 construct in the presence ofR2-S273T argues against
a nonspecific effect of the mutant. Analysis of the inhibitory
effect of the dominant-negative construct indicates that the
functional unit is an oligomer composed of either two or
three subunits. Although the quantitative analysis does not
enable to strictly distinguish between a trimer and a dimer,
the latter seems more reasonable. This is based on the fact
that the best fit of the data is for a dimer (n ) 2.3 ( 0.2)
and that the higher molecular mass forms of bothR1 and
R2, which are particularly apparent under nonreducing
conditions, are similar in size to a dimer. The functional data
are supported by immunoprecipitation analysis which shows
that the singleR2 construct and the functionalR2 mutant
physically interact. Hence our results support the assertion
that eachR-domain of NCLX contains all of the necessary
elements for Na+/Ca2+ exchange activity, while oligomer-
ization is essential for the transport activity. Such functional
organization may have important implications for the physi-
ological diversity of activity and regulation of single
R-domain spliced Na+/Ca2+ isoforms naturally found in
different tissues.

The full-length NCLX protein has been shown by us to
mediate K+-independent Na+/Ca2+ exchange (3). Further-
more, we have shown that a human splice variant of NCLX,
s-NCLX, catalyzes K+-independent Na+/Ca2+ and Li+/Ca2+

FIGURE 6: Immunoblot analysis of the single-domain constructs under reducing and nonreducing conditions and immunoprecipitation analysis
of R2 andR2-S273T complex formation. Immunoblot analysis using an NCLX antibody was conducted on HEK293-T cell extracts (20µg)
expressing the indicated constructs in the presence (a) or absence (b) ofâ-mercaptoethanol. Arrows point to the lower (solid arrow) and
higher (dashed arrow) molecular weight forms of the expressed constructs. (c, d) Immunoprecipitation analysis of theR2 andR2-S273T
interaction. Lysates of cells transfected with theR2 or the R2-S273 or cotransfected with both (R2-c-Myc andR2-S273T-6His) were
immunoprecipitated with the 6His antibody, and immunoblot analysis was performed with antibodies against c-Myc (c) or NCLX (d) as
described under Experimental Procedures.
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exchange, despite a large truncation of key residues from
the R1 catalytic domain. An earlier study has identified a
mouse spliced isoform (s-Mu) which is also truncated, but
at theR2 domain, and suggested that it is a K+-dependent
Na+/Ca2+ exchanger which is inert to Li+ (2). Considering
the functional oligomerization of the singleR-domain
proteins, the s-Mu activity may result if theR1 domain
specifically catalyzes K+-dependent Na+/Ca2+ exchange. The
reactivity of both singleR-domain constructs with Li+ and
the modest noncatalytic effect of K+ monitored in this work,
however, argue against this hypothesis. Our results further
indicate that KB-R7943 acts as a partial though potent
inhibitor of the R1 construct while no inhibitory effect is
monitored on theR2 construct. Interestingly, the partial
though high-affinity KB-R7943 inhibition is similar for the
full-length NCLX and theR1 construct, suggesting that the
KB-R7943 inhibitory site resides on the latter construct.

The molecular basis for the single-domain activity of
NCLX is not, at present, clear. It is worth noting that the
intramolecular regions of homology of the Na+/Ca2+ ex-
changers have been suggested to originate from an early gene
duplication event (33). Recently, the evolution of the cation/
Ca2+ exchanger family has been analyzed (34), with the
results suggesting that NCLX forms a unique group, branch-
ing early in the evolutionary tree of this family of transport-
ers. Hence, an intriguing possibility is that NCLX retains at

least some ancestral flexibility of a singleR-domain protein
catalyzing ion transport. Thus it is tempting to speculate that
this functional-structural flexibility may have been largely
lost in the more recent NCX members. This may explain
the lower or complete lack of activity of a singleR-domain
isoform of NCX1, compared to the activity of the single-
domain, truncated, NCLX construct or its naturally occurring
single-domain isoforms.

Previous topological models of NCX, although not con-
firmed by a three-dimensional structural analysis, have
suggested that the twoR-domains face opposite directions,
i.e.,R1 facing the extracellular andR2 the intracellular side
of the plasma membrane in a so-called “hourglass” model
(35). We do not know, at present, the topological arrange-
ment of the full-length NCLX or of the singleR-domain,
functional, oligomers. Yet, for the homodimer proteins to
follow the predicted hourglass model will require that the
singleR-domain proteins will have a dual topology, namely,
that these monomers will be inserted in opposing orientations
into the membrane. This seemingly unlikely configuration
was recently demonstrated in a three-dimensional crystal
structure of the homodimeric bacterial H+/drug exchanger,
EmrE, in which the homomonomeric proteins interact in an
antiparallel configuration that is slightly asymmetrical (36).
Such unique membrane organization has been also proposed
on the basis of topological screening for several other

FIGURE 7: Dose-dependent inhibition of Na+/Ca2+ exchange by theR2-S273T mutant. (a) Cells were cotransfected with 2µg of theR2
plasmid andR2-S273T plasmid at the indicated amounts (n ) 6 for all experiments). The rate of Na+/Ca2+ exchange was monitored in the
reversal mode. The exchange activity observed at the various amounts ofR2-S273T is shown. (b) The rates of Ca2+ influx was determined
from (a), ∆(R/R0)/S, and is plotted versus the amount ofR2-S273T. (c) The same data (b) were analyzed by presenting the fractional
amount of the constructs (R2/R2 + R2-S273T) versus the activity [∆(R/R0)/15 s]. The points are fitted (solid line) using an equation which
assumes a binomial distribution as previously described (30, 32): activity ) FR2

nVR2, whereFR2 is the fractional amount ofR2, n is the
stoichiometry of the subunit number, andVR2 is the activity ofR2 at the absence ofR2-S273T. This analysis yielded a value of 2.3( 0.2
for n. The dotted lines are the predicted curves for a dimer (n ) 2) and a tetramer (n ) 4). (d) Ca2+ transport was monitored in cells
cotransfected with 4µg of the indicated constructs. Coexpression of theR2-S273T construct withR1 inhibited the Na+/Ca2+ exchange
activity.
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membrane proteins (37, 38). We therefore propose that an
antiparallel configuration of the singleR-domain proteins
may consist of the simplest model reconciling the hourglass
organization of the NCX with the functional homodimer-
ization of NCLX suggested in this study. Alternatively, the
two R-domains may be arranged at a similar membrane
orientation, a configuration that is common in cation channels
(39). Future topological studies are required to distinguish
between these two modes of membrane organizations.

Finally, the remarkable structural flexibility of single
R-domain isoforms of the NCLX demonstrated in this study
suggests that they may similarly interact with other members
of the Na+/Ca2+ exchanger superfamily. Because these splice
isoforms of NCLX are coexpressed in tissues with other
members abundantly expressed, such interaction may extend
and diversify the activity and regulation of Na+/Ca2+

exchangers in multiple tissues.
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