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A B S T R A C T

The cell membrane (NCX) and mitochondrial (NCLX) Na+/Ca2+ exchangers control Ca2+ homeostasis. Eleven
(out of twelve) ion-coordinating residues are highly conserved among eukaryotic and prokaryotic NCXs, whereas
in NCLX, nine (out of twelve) ion-coordinating residues are different. Consequently, NCXs exhibit high se-
lectivity for Na+ and Ca2+, whereas NCLX can exchange Ca2+ with either Na+ or Li+. However, the underlying
molecular mechanisms and physiological relevance remain unresolved. Here, we analyzed the NCX_Mj-derived
mutant NCLX_Mj (with nine substituted residues) imitating the ion selectivity of NCLX. Site-directed fluorescent
labeling and ion flux assays revealed the nearly symmetric accessibility of ions to the extracellular and cytosolic
vestibules in NCLX_Mj (Kint= 0.8–1.4), whereas the extracellular vestibule is predominantly accessible to ions
(Kint= 0.1–0.2) in NCX_Mj. HDX-MS (hydrogen-deuterium exchange mass-spectrometry) identified symme-
trically rigidified core helix segments in NCLX_Mj, whereas the matching structural elements are asymmetrically
rigidified in NCX_Mj. The HDX-MS analyses of ion-induced conformational changes and the mutational effects on
ion fluxes revealed that the “Ca2+-site” (SCa) of NCLX_Mj binds Na+, Li+, or Ca2+, whereas one or more ad-
ditional Na+/Li+ sites of NCLX_Mj are incompatible with the Na+ sites (Sext and Sint) of NCX_Mj. Thus, the
replacement of ion-coordinating residues in NCLX_Mj alters not only the ion selectivity of NCLX_Mj, but also the
capacity and affinity for Na+/Li+ (but not for Ca2+) binding, bidirectional ion-accessibility, the response of the
ion-exchange to membrane potential changes, and more. These structure-controlled functional features could be
relevant for differential contributions of NCX and NCLX to Ca2+ homeostasis in distinct sub-cellular compart-
ments.

1. Introduction

The cell membrane (NCX) and mitochondrial (NCLX) Na+/Ca2+

exchangers represent distinct molecular entities that are exposed to
diverse ionic concentrations, electrochemical gradients, and membrane
potentials in distinct subcellular compartments [1–4]. The NCX and
NCLX proteins belong to the Ca/CA (Ca2+/Cation Antiporter) super-
family, where the NCX, NCLX, NCKX, and CAX gene families mediate
the bidirectional movements of different monovalent ions (Na+, K+,
Li+, or H+) in exchange with the Ca2+ ion [3–8]. Despite their dif-
ferences in ion selectivity, the Ca/CA proteins share some common
structural motifs, which may represent a universal mechanism under-
lying ion-coupled alternating access [7–9]. Notably, the Ca/CA proteins
exhibit inverted twofold asymmetry (Fig. 1A,B), where highly

conserved ion-coordinating residues (on the α1 and α2 repeats) control
the ion transport rates, which is secondarily modulated by regulatory
domains [8–12]. Resolution of the structure-dynamic determinants
governing ion selectivity is especially challenging with respect to ion-
coupled transport mechanisms [13–16].

Eukaryotic and prokaryotic NCXs extrude 1Ca2+ in exchange with
3Na+ [17–19], where the Na+- and Ca2+-bound species are separately
transported along the transport cycle [20]. The crystal structure of
NCX_Mj (from Methanococcus jannaschii) revealed ten transmembrane
helices (TM1–10), where twelve ion-coordinating residues (located in
the α-repeats on TM2, TM3, TM7, and TM8) form four binding sites:
Sext, Smid, Sint, and SCa [21] (Fig. 1). Eleven ion-coordinating residues
(out of twelve) are identical in eukaryotic NCXs and NCX_Mj, thus
suggesting that in the absence of the crystal structure of eukaryotic NCX
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and NCLX, the structural template of NCX_Mj may serve as a useful
model for studying the ion transport mechanisms in NCX and NCLX
[22–25]. Notably, the structural data [26–29] support the notion that
the Ca/CA proteins share a common mechanism for ion-coupled alter-
nating access, despite the fact that they mediate the transport of distinct
monovalent ions in exchange with calcium [2–9].

Molecular dynamics (MD) simulations and ion flux analyses of
single-point mutations of ion-coordinating residues in NCX_Mj [23,25]
revealed that 3Na+ ions occupy Sext, Sint, and SCa, whereas 1Ca2+ oc-
cupies SCa (Fig. 1). This conclusion was confirmed in a recent crystal-
lographic study [26]. Thus, the Sint and Sext sites are highly selective to
Na+, whereas SCa can bind either Na+ or Ca2+. Although there is no
evidence for Na+ or Ca2+ binding to Smid in NCXs, this site may bind
water in the ground state [25,26], although D240 (at Smid) is involved
in ion-transport catalysis, probably because it stabilizes the ion-bound
species in the transition state [23]. In terms of ion selectivity, the mi-
tochondrial NCLX exhibits quite exceptional features among NCXs,
since it can exchange Ca2+ with either Na+ or Li+ [30]. Notably, nine
(out of twelve) ion-coordinating residues differ between NCLX and
NCX_Mj [4,8,16]. However, it remains unclear how the structural dif-
ferences in the ion-coordinating residues can contribute to ion binding
selectivity, capacity, and affinity and how all of them are related to the
huge differences in the transport cycle turnover rates [3,7–9,16]. To
imitate the Li+ transport activity, we have recently performed struc-
ture-based replacement of nine ion-coordinating residues in NCX_Mj
(Fig. 1) and found that the designed NCLX_Mj can transport Ca2+ in
exchange with either Na+ or Li+ [31].

The present study was undertaken to analyze the structure-dynamic
features of apo and ion-bound NCLX_Mj, with the goal of detecting
conformational differences between NCX_Mj and NCLX_Mj at specific
sites with or without Na+, Li+, or Ca2+. The site-directed labeling of
cysteine residues (placed at specific locations within the extracellular
and cytosolic vestibules) was done by using TMRM (tetra-
methylrhodamine-5-maleimide) [24,32,33]. Hydrogen-deuterium ex-
change mass spectrometry (HDX-MS) [22–24,34–36] was explored,
with the goal of identifying the characteristic features of local backbone
dynamics in the apo and ion-bound forms of NCLX_Mj. In addition, the
ion-coordinating residues at the Sext, Smid, Sint, and SCa sites of NCLX_M
were mutated for testing the mutational effects on the ion-exchange
activities with a goal of evaluating the ion binding/transport capacity
and selectivity at respective sites.

2. Methods

2.1. Constructs and site-directed mutagenesis

DNA encoding wild-type NCX_Mj was amplified by PCR from a
Methanocaldococcus jannaschii cDNA library (DSMZ) and ligated be-
tween the NcoI and BamHI restriction sites of a pET-28a plasmid, as
described before [23,27,29]. Single-point mutations were introduced
by QuickChange mutagenesis (Stratagene) and were confirmed by se-
quencing, as previously outlined [22–25,31].

2.2. Isolation of E. coli-derived membrane vesicles overexpressing NCX_Mj,
NCLX_Mj, and their mutants

Expression vectors were transformed into E. coli BL21 (DE3) pLysS
competent cells [22,23,25]. E. coli cells were grown in 2xYT media with
antibiotics. Protein expression was induced when cell cultures reached
OD600= 0.5–0.6 at 16 °C by adding 0.4 mM IPTG. After 12–16 h in-
cubation, cells were harvested and resuspended in buffer containing
50mM Mops-Tris pH 7.4, 0.25M sucrose, 1 mM EDTA, 1mM DTT, 100
Units/ml DNase, and 1mM PMSF. The cells were disintegrated in a
French press (at 20,000 psi) or in a Microfluidizer (at 14,000 psi) to
obtain right side out (RSO) or inside out (ISO) vesicles, respectively
[22,25,31]. The vesicles were isolated by using a three-step sucrose
gradient (2.02, 1.4, and 0.7M) at 150,000×g for 15 h and the washed
vesicles (in 50mM Mops-Tris pH 7.4 and 0.25M sucrose) were flash-
frozen in liquid nitrogen and stored at −80 °C until use. The protein
orientation in the E. coli-derived ISO and RSO vesicles was evaluated by
using an antibody against the 6xHis-tag as reported before [22,23,25].

2.3. Ion-exchange assays using E. coli-derived vesicles or reconstituted
proteoliposomes

Initial rates (t=5 s) of Na+/Ca2+, Li+/Ca2+, and Ca2+/Ca2+ ex-
change reactions were assayed at 35 °C by measuring the 45Ca2+ uptake
in E. coli-derived vesicles (containing the overexpressed protein) or in
reconstituted proteoliposomes (containing the purified protein)
[22,23,25,31]. The 45Ca2+-uptake was initiated by a 25–200-fold di-
lution of vesicles loaded either with Na+(2–160mM), Li+(2–160mM),
or Ca2+(2–2000 μM) into a 0.2–0.5 ml assay medium (20mM Bis-Tris
propane, pH 6.5, and 160mM KCl) with 2–2000 μM 45CaCl2. The
45Ca2+-uptake was quenched by rapid injection of cold EGTA-buffer
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Fig. 1. Structure of NCX_Mj. The structure of
3Na+-bound NCX_Mj (PDB 5HXE) is presented
as a cartoon, with the symmetry-related halves
in orange (helices 1–5) and purple (helices
6–10). Sequence alignments of the α-repeats
from NCX_Mj and NCLX are shown, and mu-
tated residues are in red. A close-up of the ion
binding sites is shown, depicting ion-co-
ordinating residues as sticks. Purple, blue, and
green spheres represent Na+, water, and Ca2+,
respectively.
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(5 ml) into the assay medium and the intravesicular 45Ca2+ was mea-
sured by rapid filtration of the quenched solution through a GF/C filter
[20,22,23,25,31]. Non-specific 45Ca2+ signals (blanks) were measured
and subtracted from the samples as a background (non-specific) signal
[20,23,25]. GraFit 7.0 software (Erithacus Software, Ltd.) was used for
fitting the experimentally obtained values of 45Ca2+-uptake at varying
ionic concentrations. The kinetic parameters were measured at least in
three independent experiments and data are presented as mean ± SE.
The kcat values were calculated according to kcat= Vmax / [E]t, where
the Vmax and [E]t values were experimentally derived as outlined before
[22,23,25,31].

2.4. Overexpression and purification of NCX_Mj and NCLX_Mj proteins

The NCX_Mj and NCLX_Mj proteins or their mutants were over-
expressed and purified according to previously described methods
[20–25]. The proteins were purified from 200 to 400 g of E. coli cells.
Briefly, the E. coli membranes, containing the overexpressed protein,
were isolated from the cell lysate by ultracentrifugation at 200,000×g
for 2 h and the cell membranes were stored at −80 °C until protein
extraction. After extraction of membrane protein with 20mM n‑dode-
cyl‑D‑maltoside (DDM), insoluble material was removed by centrifuga-
tion and NCLX_Mj was purified from the supernatant using a Co2+ af-
finity column. The fraction eluted with 250mM imidazole was desalted
and then incubated overnight with TEV protease at 4 °C to cleave the
His-tag. The cleaved protein was loaded again on a Co2+ column and
the eluate was concentrated to 5–10mg protein/ml [21–25]. The con-
centrated proteins were purified using a Superdex-200 column, which
was pre-equilibrated with 0.5mM DDM containing buffer [21,23,24].
Purified proteins (> 90% purity, as judged by SDS-PAGE) were con-
centrated, flash frozen, and stored at −80 °C until use.

2.5. Reconstitution of purified NCX_Mj and NCLX_Mj proteins into
liposomes

Purified preparations of NCX_Mj and NCLX_Mj with 0.5mM DDM
buffer were reconstituted with a protein-to-lipid ratio of 1:100 (w/w)
with POPE:POPG lipids (3:1). The detergent was removed by dialysis at
4 °C overnight and then incubated with SM-2 beads to ensure that all
traces of detergent were removed [21]. After detergent removal, the
reconstituted proteoliposomes were spun down and the pellet was
dissolved in a minimal volume of buffer (20mM MOPS, pH 6.5, and
50mM CsCl). The reconstituted proteoliposomes were kept at −80 °C
in 100–200 μL aliquots until use. Before the ion-flux assays, proteolip-
somes were briefly sonicated in water-bath sonicator, yielding uni-
lamellar vesicles. Then, the proteoliposomes were loaded with 100mM
NaCl or LiCl, 5 mM EGTA, 1mM KCl at 35o C for 2 h. At 10–20min
prior to the ion-flux assay, the Na+- or Li+-loaded proteoliposomes
were mixed with±2 μM valinomycin under vigorous vortexing. The
reaction of Na+- or Li+-dependent 45Ca2+uptake was initiated by a
100–200-fold dilution of NCX_Mj or NCLX_Mj containing proteolipo-
somes (preloaded with 160mM NaCl or LiCl) into the assay medium
with 20mM Bis-Tris propane, pH 6.5, 160mM KCl, and 100–500 μM
45CaCl2. The reaction of 45Ca2+-uptake was quenched at desired time
points (5–250 s) by adding cold EGTA-containing buffer (see above).
The quenched samples were rapidly filtered and dry filters were placed
in scintillation vials to measure 45Ca2+ content [20–23,31].

2.6. TMRM labeling of proteins

The purified proteins (see above) of single-cysteine mutants
(NCLX_Mj-G42C or NCLX_Mj-G201C) were labeled according to proto-
cols established for the cys-mutants of NCX_Mj [24]. Stock solutions of
TMRM (50–500 μM) were prepared by dissolving TMRM in DMSO and
the concentrations of stock solutions were calculated by measuring OD
at 541 nm using an extinction coefficient of 95,000 cm−1M−1

[32,33]. Purified preparations of cys-mutated proteins (0.2–0.3mg/
ml), kept in 0.5 mM DDM containing buffer, pH 7.1 (see above), were
incubated with 0.5–1 μM TMRM at 4 °C for 0–240min and the reaction
of covalent labeling was terminated at indicated times by the rapid
addition of cold DTT to a final concentration of 10mM [24,32,33].
Quenched samples were subjected to SDS-PAGE analysis and gels were
imaged using excitation and emission wavelengths of 540 and 595 nm,
respectively [24,32,33]. The Fusion FX7 Spectra instrument (Vilber
Lourmat™), equipped with “Fusion-Capture Advance” software, was
used for quantitative evaluation of labeled protein bend density in each
series of experiments. The normalized signals (for each gel run) were
plotted vs time and the experimental points were fit to the first-order
rate constants as previously reported [24].

2.7. Deuterium exchange for HDX-MS experiments

NCLX_Mj was prepared at 60 μM in the following buffers: a) 20mM
HEPES, pH 7.1, 100mM Choline-Cl, 1% bicelle either with 2mM EGTA
or 2mM CaCl2; b) 20mM HEPES, pH 7.1, 100mM NaCl, 1% bicelle,
2 mM EGTA; c) 20mM HEPES, pH 7.1, 100mM LiCl, 1% bicelle, 2 mM
EGTA. NCLX_Mj was reconstituted into bicelles by gentle mixing with
bicelle stocks (3:1 M ratio of DMPC to CHAPSO) in a 1:9 ratio for
30min to allow complete reconstitution. HDX was initiated by mixing
7 μL of the reconstituted protein with 23 μL of D2O buffer. After in-
cubation for 10, 100, 1,000, or 10,000 s at 4 °C, the samples were
quenched with 30 μL of ice-cold quench buffer (100mM NaH2PO4,
pH 2.01). For non-deuterated samples (ND), 7 μL of reconstituted pro-
tein was mixed with 23 μL of H2O buffer and quenched with 30 μL of
ice-cold quench buffer. All data were derived from three independent
experiments.

2.8. Mass spectrometry, peptide identification, and HDX data processing

The quenched samples were digested, and then analyzed using the
HDX-UPLC-ESI-MS system (Waters, USA) as previously described [35].
Mass-spectral analyses were performed with an Xevo G2 Quadruple-
time of fly (Q-TOF) equipped with a standard ESI source in MSE mode
(Waters, USA). The mass spectra were acquired in the range of m/z
100–2000 for 12min in positive ion mode. Peptides were identified in
non-deuterated samples with ProteinLynx Global Server (PLGS) 2.0
(Waters, USA). The following parameters were applied: monoisotopic
mass, non-specific for the enzyme while allowing up to one missed
cleavage, MS/MS ion searches, automatic fragment mass tolerance, and
automatic peptide mass tolerance. Searches were performed with
variable methionine oxidation modification, and the peptides were
filtered with a peptide score of 6. To process the HDX-MS data, the
deuterium amount in each peptide was determined by measuring the
centroid of the isotopic distribution using DynamX 2.0 (Waters, USA).
All data were derived from three independent experiments, and pep-
tides with more than a 0.3-Da difference between the apo and ion-
bound forms were considered different and further analyzed to derive
the S.E.M. and tested with Student's t-test by using GraphPad Prism 5
(GraphPad Software).

3. Results

The primary goal of the present study was to evaluate the relative
exposure of the cytosolic and extracellular vestibules of NCLX_Mj to the
bulk phase under steady-state conditions. This is because the under-
lying structure-dynamic determinants may control the relative stability
of the outward-facing (OF) and inward-facing (IF) states and thus, the
intrinsic equilibrium (Kint) and rates (kcat) of bidirectional ion move-
ments in NCX and similar proteins [7,8,22]. Two independent ap-
proaches, previously established for NCX_Mj [22–24], were applied
here for measuring Kint in NCLX_Mj (Fig. 1).
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3.1. Measurement of Kint by TMRM-labeling of the cytosolic and
extracellular vestibules

In the first approach (Fig. 2A,B), the accessibility of the cytosolic
and extracellular vestibules to the bulk phase was measured by labeling
the purified preparations of the single-cysteine mutants of NCLX_Mj
with fluorescent TMRM (tetramethylrhodamine‑5‑maleimide), as

previously reported for NCX_Mj [24]. Notably, NCLX_Mj (alike to
NCX_Mj) contains two endogenous cysteine residues (C78 and C80), but
they do not interfere with the TMRM assay, since these cysteine re-
sidues are deeply buried in the core of the folded protein and thus, they
are inaccessible to bulk-phase TMRM. In the present experimental
setup, solvent accessibility to the intracellular and extracellular vesti-
bules of NCLX_Mj to the bulk phase was measured as time-dependent

Fig. 2. The Kint values measured by TMRM-labeling and the Ca2+/Ca2+ exchange assays. (A) Purified NCLX_Mj-G201C and NCLX_Mj-G42 proteins were incubated
with 0.5 μM TMRM at 4 °C for 0–240min and TMRM labeling was terminated by DTT at the indicated times. The TMRM-labeled bands were imaged for NCLX_Mj-
G201C (upper panel) and for NCLX_Mj-G42C (lower panel) and the fluorescence signals were quantitated as outlined in Materials and Methods. (B) The quantitated
in-gel fluorescence (panel A) signals were normalized and fit to mono-exponential curves with the time constants indicated. (C) The intrinsic equilibrium of
bidirectional Ca2+ movements (Kint) is defined as the ratio of KmCyt and KmExt (Kint= KmCyt/KmExt) assayed for the Ca2+/Ca2+ exchange. (D) The KmCyt value was
determined at varying [Ca2+]Cyt (2–200 μM) and saturating [Ca2+]Ext (2 mM). The KmExt values was measured at varying [Ca2+]Ext (10–2000 μM) and saturating
[Ca2+]Cyt (2 mM). (E) Comparison of the Kint values measured for NCX_Mj and NCLX_Mj by using the TMRM-labeling assay. (F) Comparison of the Kint values
measured for NCX_Mj and NCLX_Mj by using the Ca2+/Ca2+ exchange assays. Bars represent the mean ± SE values.
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labeling of purified apo NCLX_Mj-G42C (cytosolic vestibule)
and apo NCLX_Mj-G201C (extracellular vestibule) with TMRM
(Fig. 2A,B). Comparable rates of TMRM labeling were observed for
NCLX_Mj-G42C (kG42C= 0.014 ± 0.005min−1) and NCLX_Mj-G201C
(kG201C= 0.010 ± 0.006min−1), revealing a Kint value of 1.4 ± 0.2
(Fig. 2B). These results are consistent with a nearly equal exposure of
the cytosolic and extracellular vestibules to the bulk phase, meaning
that the open IF and OF states are comparably stabilized in apo-
NCLX_Mj. This “symmetric” mode of bidirectional exposure in apo-
NCLX_Mj strikingly differs from apo-NCX_Mj, showing a preferential
stabilization of the OF state with Kint of 0.1 ± 0.03 (Fig. 2E).

3.2. Measurement of Kint using the Ca2+/Ca2+ exchange assay

In the second experimental approach (Fig. 2C), the intrinsic equi-
librium (Kint) for bidirectional ion movements was measured by as-
saying the Ca2+/Ca2+ exchange rates in membrane vesicles containing
uniformly oriented (overexpressed) protein [22,23]. In this assay
system, the Kint values of Ca2+ bidirectional movements (Kint= KmCyt/
KmExt) were derived for NCLX_Mj by measuring the KmCyt and KmExt

values by using the protocols established for NCX_Mj [22,23]. In these
experiments, the initial rates (t=5 s) of Ca2+/Ca2+ exchange were
measured at varying [Ca2+]Cyt and saturating [Ca2+]Ext values for
evaluating the KmCyt values. In parallel experiments, the KmExt values
were measured by assaying the initial rates of Ca2+/Ca2+ exchange at
varying [Ca2+]Ext and saturating [Ca2+]Cyt values (Fig. 2C,D). The
measured values of KmCyt= 98.3 ± 17.6 μM and
KmExt= 119.6 ± 15.2 μM revealed a Kint value of 0.82 ± 0.18
(Fig. 2D). Thus, the Kint values of NCLX_Mj, measured by using the
TMRM-labeling (Fig. 2A,B) and Ca2+/Ca2+ exchange assays
(Fig. 2C,D), are comparable (Kint= 0.8–1.4), thereby revealing that the
intrinsic equilibrium of bidirectional exposure approaches unity
(Kint ≃ 1). These data represent the “symmetric” accessibility of the
extracellular and cytosolic vestibules in NCLX_Mj. Notably, the Kint
values of NCX_Mj are at least 8–15 times lower than the Kint values of
NCLX_Mj, while the Kint measurements were done by using the TMRM-
labeling (Fig. 2E) or the Ca2+/Ca2+ exchange (Fig. 2F) protocol. Thus,
the two independent approaches produce consistent values of Kint either
for NCLX_Mj or NCX_Mj.

3.3. Apo-NCLX_Mj exhibits characteristic profiles of backbone dynamics

The functional asymmetry (Kint < 1) in NCX_Mj is associated with
the conformational “asymmetry” of backbone dynamics at specific
segments involved in ion binding, occlusion, and translocation
[23,24,37]. Given the characteristic features of NCLX_Mj, including the
ion-selectivity profiles and the capacity for “symmetric” exposure of the
cytosolic and extracellular vestibules, we sought to characterize the
backbone dynamics of apo-NCLX_Mj. For this purpose, purified apo-
NCLX_Mj was analyzed by HDX-MS (Fig. 3), as was previously done
with apo-NCX_Mj [23,24]. The overall sequence coverage (29.2%) of
NCLX_Mj (Fig. S1) is similar to that of NCX_Mj. Although the sequence
coverage is low, the identified peptides cover 10 out of 12 ion-co-
ordinating residues located on 3 out of 4 TMs (TM2, TM7, and TM8 but
not TM3) (Figs. 1 and S1).

The HDX profile of apo-NCLX_Mj is overlaid on the crystal structure
of NCX_Mj as heat maps after a 10 and 10,000 s deuterium exchange
(Fig. 3A). The deuterium uptake plot of each peptide is shown in Fig.
S2. As expected, the solvent-exposed ion-coordinating regions at TM2,
TM7, and TM8 exhibit higher deuterium uptake, compared with the
core region of the membrane-embedded TM (e.g., at TM6). The middle
of TM8 exhibits higher HDX levels than the other regions do, suggesting
that this region is more dynamic or more exposed to the bulk phase,
compared with other ion-coordinating TMs (Fig. 3). This dynamic
profile is similar to that observed before in NCX_Mj [23,24]. Interest-
ingly, in NCLX_Mj the counterpart peptides 47–56 (TM2) and 205–214

(TM7), representing matching positions in the inverted twofold
“pseudo-symmetry”, exhibit similar HDX rates, with TM7 having
slightly higher deuterium uptake rates (Fig. 3B). Previous analysis of
NCX_Mj revealed that these regions exhibit markedly asymmetric con-
formational dynamics despite their symmetrical positions and se-
quences, with peptide 47–56 having a much lower HDX level than
peptide 205–214 [24] (Fig. 7B, left). In contrast with NCX_Mj, com-
parable levels of deuterium uptake in peptides 47–56 and 205–214 are
correlated with reduced HDX at TM2 of NCLX_Mj (rather than with
enhanced HDX at TM7)(Fig. 7B, right). Thus, in line with the TMRM-
labeling assay and Ca2+/Ca2+ assays (Fig. 2), the similar backbone
dynamics of inversely matched positions (located at the cytosolic and
extracellular vestibules) reveal a rather symmetric structure-dynamic
preorganization of apo-NCLX_Mj. Interestingly, these results differ from
those of NCX_Mj, where the HDX-MS and TMRM-labeling analyses re-
veal the predominant stabilization of the OF state [24]. Thus, accu-
mulating data motivated us to test the effects of ions on the con-
formational dynamics of NCLX_Mj, with the goal of determining how
the binding of Na+, Li+, or Ca2+ alters the local backbone dynamics at
distinct sites of NCLX_Mj.

3.4. Effects of ion binding on the NCLX_Mj backbone dynamics

The ion binding sites of NCLX_Mj are extensively modified com-
pared with those of NCX_Mj and can accommodate either Na+ or Li+

ions. Therefore, we sought to characterize the binding of the different
transported ions by NCLX_Mj with HDX-MS. The difference in HDX
upon ligand binding is qualitatively illustrated on the crystal structure
of NCX_Mj as reduced HDX (blue) or increased HDX (red) (Fig. 4). The
uptake plots for each peptide are shown in Fig. S2. Overall, the addition
of saturating concentrations of Ca2+ (2mM), Na+ (100mM), or Li+

(100mM) reduces the HDX rates in NCLX_Mj. All tested ions have no
effect on the HDX profiles of the peptides from the TM6 and TM6/TM7
loop (Fig. 4 and S2, peptides 175–182 and 193–199), which obviously
do not participate in ion binding. In contrast, each ion differentially
affected the conformational dynamics of the ion-coordinating TMs of
NCLX_Mj (Figs. 4 and S2).

Both Na+- and Li+-binding result in reduced deuterium uptake
within peptides 47–56 (TM2B, encompassing A47, N50, G51, and D54
from sites Sint and SCa) and 216–230 (TM7C) and increased deuterium
uptake within peptide 227–233 (TM8A) (Fig. 4A and B, Fig. S2).
However, only Li+-binding reduces deuterium uptake within peptide
248–255 (TM8C) (Figs. 4B, S2). Moreover, Ca2+ binding results in re-
duced deuterium uptake within peptides 47–56 (TM2B, encompassing
A47, N50, G51, and D54 from sites Sint and SCa), 216–230 (TM7C), and
238–245 (the middle of TM8, encompassing N240 from Smid), without
having any additional appreciable effects at the Sext and Sint sites
(Figs. 4C and S2). Notably, the residues belonging to the Sext site (A206,
N209, and S210) were not affected by any ion. Moreover, the binding of
either the Na+ or Ca2+ ions to NCX_Mj results in much more dispersed
and stabilized (rigidified) TM2, TM7, and TM8 [23,24], compared with
the ion-induced effects observed for NCLX_Mj (Figs. 4 and S2).

3.5. The effect of voltage clamp on the NCLX-mediated ion-exchange rates

Previous measurements of Na+/Ca2+ and Li+/Ca2+ exchange rates
(by using uniformly oriented vesicles) revealed comparable values of
KmCyt(Ca) for Na+/Ca2+ and Li+/Ca2+ exchange reactions mediated
by NCX_Mj or NCLX_Mj [31]. By using the same experimental protocols,
we determined the KmExt(Na) values for NCX_Mj and NCLX_Mj. The
KmExt(Na) values are at least 20–30-times lower in NCLX_Mj compared
to the KmExt(Na) of 18 ± 2.6mM observed for NCX_Mj (Fig. 5A,B). In
contrast with this, both proteins have similar values of
KmExt(Ca)= 125–180 μM for the Na+/Ca2+ and Li+/Ca2+ exchange
reactions (Fig. 5C). Moreover, the KmExt(Na) and KmExt(Li) values are
nearly identical for NCLX-mediated Na+/Ca2+ and Li+/Ca2+ exchange
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reactions, thereby underscoring hallmark differences between NCX_Mj
and NCLX_Mj (Fig. 5A,B). These data, in conjunction with the HDX-MS
data described above, suggest a possibility that the ion-exchange stoi-
chiometry could be different in NCX_Mj and NCLX_Mj. To further in-
vestigate this possibility, we tested the response of the Na+/Ca2+ or
Li+/Ca2+ exchange rates to voltage clamping in reconstituted proteo-
liposomes containing the purified NCX_Mj or NCLX_Mj proteins. This
analysis was based on the assumption that the clamping of positive
inside potential (managed by valinomycin/KCl) must accelerate the
electrogenic ion-exchange (3Na+:1Ca2+). In these experiments the in-
itial rates of Na+i - or Li+i -dependent 45Ca2+-uptake were measured at
saturating concentrations of ions at both sides of the membrane by
using the valinomycin-treated (positive inside) and untreated (zero
potential) proteoliposomes (Fig. 5D). Notably, the positive inside po-
tential accelerates the initial rates of Na+i -dependent 45Ca2+-uptake in
NCX_Mj-reconstituted proteoliposomes (as is expected for electrogenic
ion-exchange), whereas there is no indication for acceleration of Na+i -
or Li+i -dependent 45Ca2+-uptake in NCLX_Mj-reconstituted proteoli-
posomes upon clamping the positive inside potential (Fig. 5D). Ac-
cording to these data, either the NCLX_Mj mediated ion-exchange is
electroneutral (e.g., 2Na+:1Ca2+ or 2Li+:1Ca2+) or alternatively, the
electrogenic transport step (e.g., the translocation of 3Na+ or 3Li+) is
not rate-limiting along the transport cycle. The experimental resolution
between these two possibilities does not seem to be trivial.

3.6. Mutational analysis for evaluating the functional status of ion-binding
sites in NCLX_Mj

Given the characteristic HDX profiles observed at the ion binding
helices of NCLX_Mj (see above), we sought to evaluate the functional
status of distinct ion-binding sites in NCLX_Mj by testing the effects of
site-directed mutagenesis on the transport activities. In these experi-
ments the Vmax, Km(Na), Km(Li) and Km(Ca) values of Na+/Ca2+ and
Li+/Ca2+ exchange reactions were measured by using the uniformly
oriented E. coli membrane vesicles (see Materials and Methods) con-
taining the overexpressed mutants of NCLX_Mj (Fig. 6). Nine residues of
NCLX_Mj, out of twelve (selected according to the matching positions of
ion-coordinating residues in NCX_Mj), were tested for their mutational
effects on the ion-transport activities with the goal of evaluating the
functional assignments of four binding sites (Sext, Sint, Smid and SCa) in
NCLX_Mj. The single-point mutations of D54 (Sext, Smid and SCa), D213
(Sint, Smid and SCa) and N240 (Smid) have a devastating effect on both
the Na+/Ca2+ and Li+/Ca2+ exchange activities, thereby underscoring
the essential role of these residues in controlling the ion-transport ac-
tivities in NCLX_Mj (Fig. 6A). Notably, the matching three residues in
NCX_Mj (E54, E213 and D240) are also functionally important [23].
However, the mutations of six residues (N50, G51, A77, N209, S210
and G236) have different effects on the Vmax values of NCLX_Mj-
mediated ion-fluxes (Fig. 6B) as compared with NCX_Mj [23], meaning
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Fig. 3. HDX-MS of apo-NCLX_Mj. The HDX-MS analysis of purified NCLX_Mj (60 μM) was performed in the absence of the Na+, Li+, or Ca2+ ions by using the buffer
containing 2mM EGTA, as described in Materials and Methods. (A) Heat maps for NCLX_Mj at 10 s (left) and 10,000 s (right) of the deuterium exchange are overlaid
on the crystal structure of NCX_Mj. (B) Close-up view of TMs 2,3,7, and 8. The residues in blue correspond to peptides, as shown in the associated uptake plots.

Na Li Ca+ + 2+ Fig. 4. Effect of ion binding on the
HDX of NCLX_Mj. For evaluating the
ion-dependent changes in HDX, the
purified preparations of NCLX_Mj were
analyzed in the presence of 100mM
Na++2mM EGTA (A), 100mM
Li++2mM EGTA (B), or 2mM Ca2+

as described in Materials and Methods
(C). The ion-dependent changes in the
backbone dynamics are shown by
aligning the HDX data on the crystal
structure of NCX_Mj (PDB 3V5U).
Regions labeled in blue show reduced
HDX, whereas regions labeled in red
show increased HDX.
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that different residues might be involved in NCLX_Mj-mediated trans-
port of Na+ or Li+ in comparison with the Na+ transport through
NCX_Mj. The mutation of N50, A77, N209 or S210 increase 5–10-fold
the Km for Na+ or Li+ (Fig. 6B,C), indicating that these residues could
be involved in the ground state (but not the transition state) binding of
Na+ or Li+ ions. Collectively, the present mutational analysis reveals
that the Ca2+, Na+ or Li+ ions can interact with the SCa site of
NCLX_Mj, whereas the functional assignments of the “Na+-sites” (Sext,
and Sint) are not identical in NCLX_Mj and NCX_Mj. Although the pre-
sent analysis cannot identify carbonyl group(s) involved in the co-
ordination of Na+ or Li+, the relevant modes of ion-ligation could be
also different in NCLX_Mj and NCX_Mj. Thus, the crystal structure of
NCLX_Mj is required for disclosing the structural organization of ion
binding sites in NCLX_Mj.

4. Discussion

4.1. NCLX_Mj exhibits a comparable accessibility to ions at opposite sides of
the membrane

Despite 104-fold differences in the transport cycle turnover rates,
the plasma-membrane NCXs of eukaryotic and prokaryotic species
share a functional asymmetry in bidirectional ion movements
[3,7–9,22–24,37]. The previous studies using TMRM-labeling, HDX-MS
and Ca2+/Ca2+ exchange assays, have shown that in the presence or
absence of ions the NCX_Mj protein preferentially adopts the extra-
cellular (OF) orientation with Kint≤ 0.15 [22–24]. These findings are
consistent with the determined crystal structures of the open, semi-open
and occluded states of NCX_Mj, which all adopt the OF orientation
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Fig. 5. Comparison of NCLX_Mj- and NCX_Mj-mediated ion exchange properties. (A) The [Na+]- and [Li+]-dependent 45Ca2+ uptake was measured by diluting the
Na+- or Li+-loaded E. coli vesicles containing the overexpressed NCLX_Mj or NCX_Mj proteins into the assay medium containing 200 μM 45Ca2+ (for details, see
Materials and Methods). The experimental points were normalized according to maximal signals obtained at saturating Na+ or Li+, respectively. The fitted lines
represent the KmExt(Na)= 0.35 ± 0.1mM and KmExt(Li)= 0.39 ± 0.1mM values for NCLX_Mj and the KmExt(Na)= 18 ± 2.6mM value for NCX_Mj. (B) The
KmExt(Na) and KmExt(Li) values were derived from the measurements described in panel A. Bars represent the mean ± SE. (C) The KmExt(Ca) values were derived for
the Na+/Ca2+ or Li+/Ca2+ exchange reactions by diluting the Na+ (160mM) or Li+ (160mM) loaded vesicles into the assay medium containing 10–2000 μM
45Ca2+. Bars represent the mean ± SE. (D) The effect of the voltage clamp (managed by the valinomycin/KCl system) was tested on the ion-exchange rates by using
the reconstituted preparations of proteoliposomes containing purified NCX_Mj or NCLX_Mj (for details, see Materials and Methods). Briefly, Na+ (100mM) or Li+

(100mM)-loaded vesicles (± valinomycin) were diluted (at 35 °C) in the assay medium containing 50 μM 45Ca2+ and 100mM KCl. The initial rates of 45Ca2+ uptake
were measured by quenching the reaction with rapid injection of cold EGTA-containing buffer. Bars represent the mean ± SE (n= 7).
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[21,26]. Recent HDX-MS studies have shown that the structure-func-
tional asymmetry in NCX_Mj is associated with signature profiles of the
local backbone dynamics at specific segments of ion-coordinating he-
lices [23,24]. Moreover, the characteristic profiles of conformational
and functional asymmetry are largely predefined by specific structural
elements of apo-NCX_Mj [7–9,23,24,56]. Here, the TMRM-labeling and
Ca2+/Ca2+ exchange measurements revealed the Kint values of 0.8–1.4
(Fig. 2A–D) for NCLX_Mj, which are at least 10-times higher than the
Kint values measured for NCX_Mj under identical conditions (Fig. 2E,F).
These functional features of NCLX_Mj are consistent with symmetric

rigidity of apo- and ion-bound species of NCLX_Mj, detected by HDX-MS
(Figs. 3 and 4). Thus, in contrast with NCX_Mj, the counterpart vesti-
bules of NCLX_Mj are comparably (symmetrically) accessible for ions
from the opposite sides of the membrane (Fig. 7A). These distinct
abilities of the NCX_Mj and NCLX_Mj proteins to expose the extra-
cellular and cytosolic vestibules to the bulk phase may represent the
differential stabilities of the IF and OF states, where the degree of in-
trinsic asymmetry is predefined by structural specificities of a given
apo-protein.
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Fig. 6. Mutational effects on NCLX-mediated Na+/Ca2+ and Li+/Ca2+ exchange activities. The [Na+]- and [Li+]-dependent 45Ca2+-uptake were measured by
diluting the Na+- or Li+-loaded E. coli vesicles containing overexpressed NCLX_Mj in an assay medium containing saturating concentrations of 45Ca2+ (200 μM) as
described in Materials and Methods and Fig. 5. The KmExt(Na) and KmExt(Li) values were measured by fitting the experimental points with calculated lines (for details
see the legend of panels A and B in Fig. 5).
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4.2. Ion-coordinating helices of apo-NCLX_Mj exhibit characteristic
backbone dynamics

Previous analysis of NCX_Mj by HDX-MS has shown that TM2B is
intensely rigid in face of flexible TM2C, TM7B, TM7C, and TM8AB in
apo-NCX_Mj, thereby describing a conformational asymmetry of ion-
coordinating helices in the absence of ions [23,24]. The present HDX-
MS analysis of apo-NCLX_Mj reveals rather symmetric conformational
constraints at TM2B and TM7B in the middle of the ion-binding pocket,
whereas the neighboring ion-coordinating TM segments are more
flexible (Fig. 3). Thus, the conformational dynamics of apo-NCLX_Mj
strikingly differ from those of apo-NCX_Mj, where the rigid TM2B faces
more flexible TMs, hence allowing a higher degree of freedom for ion
coordination [23,24]. Thus, the replacement of nine ion-coordinating
residues in NCX_Mj results in a more rigid and symmetric core (TM2B/
TM7B) in NCLX_Mj (Fig. 3), which in turn, can precondition the ion
interactions with respective sites of NCLX_Mj. In any case, the observed
dynamic symmetry of the rigid TM2B/TM7B core is associated with the
unity values of Kint in NCLX_Mj (Fig. 2). In contrast with NCLX_Mj, the
ion-coordinating helices are asymmetrically rigidified in NCX_Mj
[24,56], while showing at least 10–20-fold lower values of Kint com-
pared with NCLX_Mj (Fig. 2E,F). In general, the observed conforma-
tional differences between the NCX_Mj and NCLX_Mj proteins (Fig. 7B)
are consistent with the notion that there are dramatic differences in the
structure-dynamic organization of ion binding sites in NCX_Mj and
NCLX_Mj, which affect not only the ion selectivity and the relative
stability of the IF and OF states but also shape physiologically relevant
parameters (transport rates, stoichiometry, Km values, response to
membrane potential, and more). Thus, the HDX-MS analysis was further

explored to elucidate the ion-induced conformational changes at dis-
tinct ion-binding sites (see below).

4.3. Ion-induced conformational changes dramatically differ in NCLX_Mj
and NCX_Mj

In NCLX_Mj, Li+ or Na+ induce similar HDX changes, whereas both
ions rigidify TM2B and TM7C, with concomitant enhancement of TM8A
flexibility (Fig. 4). Similar to Na+ or Li+, Ca2+ rigidifies TM2B and
TM7C. However, in addition to these effects, Ca2+ also rigidifies TM8B,
which is not affected by either Na+ or Li+ (Fig. 4). Thus, the binding of
Na+, Li+, and Ca2+ to NCLX_Mj rigidifies TM2B and TM7C, whereas
the Na+ or Li+ ions enhance TM8A flexibility (not observed for Ca2+).
Collectively, the Na+, Li+, and Ca2+-dependent rigidification of TM2B
and TM7C represents the interaction of these ions with the SCa site of
NCLX_Mj. Notably, the effects of Ca2+ on TM2B and TM8 are more
pronounced than the effects induced by Na+ or Li+ at the same loca-
tions (Figs. 4 and S2). The signature effects of Ca2+ can be explained by
stronger binding of Ca2+ vs Na+ or Li+ at SCa. Moreover, strong
binding of Ca2+ to SCa may represent a different accessibility of water
at the Smid site of NCLX_Mj and NCX_Mj [14,25,26]. This can be ex-
plained by the D→N replacement at position 240 in NCLX_Mj [25,31].
Although HDX-MS displays hallmark changes in the local backbone
dynamics upon ion interactions with SCa, there is no indication of ion-
induced changes in HDX at Sext (Fig. 4). Moreover, the ion-induced HDX
signals only partially cover the Smid and Sint regions. In contrast with
these observations, the hallmark changes in the backbone dynamics of
NCX_Mj were observed upon Na+ binding to the Sext, SCa, and Sint sites
[24]. Thus, the available data support the notion that the SCa site plays
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Fig. 7. Structure-dynamic and functional differences
between NCX_Mj and NCLX_Mj. (A) Schematic re-
presentation of relative exposure of the extracellular
and cytosolic vestibules in NCX_Mj and NCLX_Mj
under steady-state conditions. (B) The HDX profiles of
apo-NCX_Mj and apo-NCLX_Mj are compared for un-
derscoring the striking differences in structure-dy-
namic preorganization of the two proteins. Heat maps
of NCLX_Mj (at 10 s deuterium uptake) and of NCX_Mj
(at 15 s deuterium uptake) are overlaid on the ion-
binding TMs from the crystal structure of NCX_Mj
(PDB 3V5U). (C) Proposed assignment of ion-binding
sites in NCLX_Mj (as compared with NCX_Mj). On the
basis of the present experimental data it is proposed
that the SCa site of NCLX_Mj binds either Na+, Li+, or
Ca2+, whereas the additional Na+/Li+ site(s) do not
match the Na+ sites (Sext and Sint) of NCX_Mj.
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a similar role in NCLX_Mj and NCX_Mj [24–26,56], even though all four
residues contributing to the Ca2+, Na+ or Li+ ligation at SCa, are dif-
ferent in NCLX_Mj and NCX_Mj (Fig. 1). In contrary, the assignment of
the monovalent ion binding-sites (corresponding to Sext and Sint) seems
to be incompatible in NCX_Mj and NCLX_Mj. This conclusion was fur-
ther confirmed by mutational studies (see below).

4.4. What is the stoichiometry of the Na+/Ca2+ or Li+/Ca2+ exchange in
NCLX_Mj?

The present analysis has demonstrated that the voltage-clamp
(controlled by the valynomycin/KCl system) accelerates the initial rates
of the Na+/Ca2+ exchange rates (as expected for an electrogenic
system with a stoichiometry of 3Na+:1Ca2+) in proteoliposomes con-
taining the purified preparations of reconstituted NCX_Mj (Fig. 5D). In
contrast with NCX_Mj, the initial rates of the Na+/Ca2+ or Li+/Ca2+

exchange are insensitive to voltage clamp, while using the same ex-
perimental system with the purified preparations of NCLX_Mj recon-
stituted into proteoliposomes (Fig. 5D). Although these data suggest the
electroneutral mode of ion-exchange in NCLX_Mj (e.g., 2Na+:1Ca or
2Li+:1Ca2+), a precaution must be taken knowing that the voltage-
sensitive ion-exchange rates can be detected only if the electrogenic
step of the transport cycle (e.g., the translocation of 3Na+) is rate
limiting. Previous studies, with mammalian NCX systems, have shown
that the translocation of 3Na+ is the electrogenic and rate-limiting step
along the transport cycle [38–42]. This conclusion seems to be valid for
NCX_Mj as well, since this protein is sensitive to the voltage-clamp
(Fig. 5D). Given the present results, two alternative possibilities must be
considered for NCLX_Mj. The first possibility is that NCLX_Mj mediates
an electrogenic stoichiometry of ion-exchange (like NCX_Mj), where the
rate-limiting step is electroneutral. The second possibility is that
NCX_Mj mediates an electroneutral stoichiometry of ion exchange re-
gardless of the features assigned to the rate-limiting step. Although the
present studies cannot distinguish between these possibilities, the
second possibility seems to be more consistent with mutational studies
(see below). More dedicated experimental approaches are required for
elucidating the stoichiometry of ion exchange modes in NCLX_Mj.

4.5. Mutational studies reveal that the Na+/Li+ sites are incompatible in
NCLX_Mj and NCX_Mj

Among the nine matching residues replaced in NCLX_Mj (Fig. 1), the
side-chains of five residues (T50 N, E54D, T209 N, E213D, and D240N)
can potentially coordinate ions, whereas the side-chains of the other
four residues (S51G, S77A, N81 V, and S236G) lack ion-coordinating
capacity. For evaluating the functional capacities of individual residues
at assigned sites, nine residues of NCLX_Mj were mutated and tested for
their effects on the Na+/Ca2+ or Li+/Ca2+ exchange activities (Fig. 6).
The mutations of D54 (Sext, Smid, and SCa), D213 (Sint, Smid and SCa), or
N240 (Smid) dramatically decrease NCLX_Mj-mediated ion-transport
activities (Fig. 6A). However, the mutation of N50, G51, A77, N209,
S210, or G236 (exclusively assigned to Sext and Sint) in NCLX_Mj do not
appreciably alter (if at all) the Vmax values of either the Na+/Ca2+ or
Li+/Ca2+ exchange (Fig. 6B,C). Moreover, these mutations do not alter
the Km value of Ca2+ (Fig. S3). Interestingly, the mutation of N50, A77,
N209, or S210 increase 5–10-fold the Km value for Na+ or Li+

(Fig. 6B,C), meaning that these residues could be involved in Na+ or
Li+ binding. Collectively, the present findings reveal that the SCa site of
NCLX_Mj can bind/transport either the Ca2+, Na+ or Li+ ions, whereas
the structural assembly of additional Na+ (or Li+) binding site(s)
strictly differ in NCLX_Mj and NCX_Mj. Thus, the Na+-coordinating
residues at Sext and Sint of NCX_Mj are not compatible with the matching
residues of NCLX_Mj. This definition is in line with the experimental
fact that the Km values of Na+ (or Li+) are at least 10–20-fold lower in
NCLX_Mj than in NCX_Mj (Fig. 5A,B), whereas the Km values of Ca2+

are comparable for both proteins (Fig. 5C). These findings are also

consistent with the HDX-MS data demonstrating that SCa of NCLX_Mj
can bind Ca2+, Na+ or Li+, whereas there is no evidence for interaction
of these ions with the Sext and Sint sites (see above). The present study
cannot either confirm or exclude the Na+ (or Li+) binding to Smid of
NCLX_Mj, although the occupation of the Smid site either by Na+ or Li+

would be compatible with “symmetric” conformational organization of
NCLX_Mj (Fig. 7B).

4.6. Possible physiological relevance of the structure-functional
determinants of NCLX_Mj

Several lines of evidence suggest that NCX_Mj can bind 3Na+ ions
without occupying the Smid site [23–26], whereas in NCKX (exhibiting
the stoichiometry of 4Na+:1Ca2+,1 K+) the Smid site can be occupied
either by Na+ or K+ [5,6,14,43]. No matter how the binding sites are
structurally organized (or assigned) in NCLX_Mj, it seems highly im-
probable that NCLX_Mj binds 3 Na+ (or 3Li+) ions (Fig. 7C). In any
case, the present findings underscore the structure-dynamic and func-
tional differences in ion interactions between NCX_Mj and NCLX_Mj,
which may have physiological relevance for intact NCLX proteins. More
specifically, the underlying mechanisms may control the physiologi-
cally relevant features of bidirectional ion movements (ion selectivity,
Km values, ion-transport stoichiometry, response to membrane potential
changes, and the directionality of Ca2+ entry/extrusion modes, among
others). Thus, the unique arrangements of ion-coordinating residues in
NCLX_Mj (and perhaps in native NCLX as well) may specifically govern
the differential contributions of NCX [7–9,44–47] and NCLX
[4,16,48–50] to Ca2+ signaling in distinct subdomains [18,49,50].
These structure-dynamic and functional relationships are especially
interesting in light of the fact that the NCX and NCLX proteins have to
respond to and integrate the cytosolic and mitochondrial Ca2+ home-
ostasis at distinct subcellular domains [16,49,50]. For example, the
Ca2+-dependent allosteric regulation of mammalian NCX and mi-
tochondrial NCLX are fundamentally different, since the cell-membrane
NCXs contain the Ca2+-binding regulatory domains (CBD1 and CBD2),
whereas NCLX completely lacks these regulatory domains
[4,7–12,44–48]. To what extent the present model of NCLX_Mj is ap-
plicable to the native NCLX remains to be discovered.

4.7. Li+-therapy and structure-dynamic determinants of ion selectivity in
NCXL_Mj

The structure-dynamic determinants controlling the selectivity for
Na+ over Li+ in Na+-binding/transporting proteins remain unresolved
[13,15,51–53]. Since the mitochondria are directly involved in the
molecular mechanisms related with Li+ therapy for bipolar disorders
[54,55], resolution of the structure-dynamic relationships and func-
tional properties of NCLX is of general interest. This has a practical
significance since Li+ therapy remains an effective treatment for de-
creasing the intracellular Na+ and Ca2+ overloads in patients with
bipolar disorders [54,55]. The present model of NCLX_Mj could be in-
strumental for elucidating the underlying mechanisms of Ca2+, Na+

and Li+ discrimination at distinct sites. For example, the HDX-MS
(Fig. 4) and mutational (Fig. 6) analyses revealed that the SCa site of
NCLX_Mj can bind the Ca2+, Na+ or Li+ ions, whereas the SCa site of
NCX_Mj can bind either Ca2+ or Na+ [21–25,31]. Interestingly enough,
in NCX_Mj, four residues (T50, E54, T209 and E213) coordinating the
Ca2+ ion at SCa are completely different from four residues (N50, D54,
N209 and D213) located at the SCa site of NCLX_Mj (Fig. 1). The re-
arrangement of ion-coordinating residues at SCa of NCLX_Mj is very
peculiar due to the replacement of two negatively charged residues (E)
with shorter side-chain residues (D), whereas two carbonyl co-
ordinating residues (T) are replaced by residues with more bulky (N)
side-chains (Fig. 1B). Strikingly enough, this structural rearrangement
at the SCa site has a relatively small effect on the Km of Ca2+, while
aborting the ability of the SCa site to discriminate between the Na+ and
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Li+ ions. The present model of NCLX_Mj in conjunction with cutting-
edge experimental and computational approaches may lead to im-
portant conclusions regarding the fundamental issues dealing with the
underlying mechanisms of monovalent/divalent ions segregation at
“competing” and “noncompeting” sites [15,51–53].
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NCX sodium‑calcium exchanger
NCLX mitochondrial NCX capable of Li+ transport
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CHAPSO 3‑([3‑Cholamidopropyl] dimethylammonio)‑2‑hydrox-

y‑1‑propanesulfonate
POPG 1‑palmitoyl‑2‑oleoyl‑sn‑glycero‑3‑phospho‑(1′‑rac‑glycerol)
POPE 1‑palmitoyl‑2‑oleoyl‑sn‑glycero‑3‑phosphoethanolamine.
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