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ABSTRACT. The transport stoichiometry is an essential property of antiporter and symporter transport
proteins. In this study, we determined the transport stoichiometry of the retinal cone potassium-dependent
Na/Ca exchanger (NCKX) expressed in sodium-loaded cultured insect cells. The Na/Ca and Rb/Ca coupling
ratios were obtained by direct measurements of the leveléRif and*>Ca uptake and sodium release
associated with reverse Na/Ca exchange. Rb/Ca coupling ratios of 0.98 [standard deviation (SD) of 0.12,
15 observations] and 0.92 (SD of 0.12, 13 observations) were obtained for the chicken and human retinal
cone NCKX, respectively. Na/Ca coupling ratios of 4.11 (SD of 0.24, 10 observations) and 3.98 (SD of
0.34, 15 observations) were obtained for the chicken and human retinal cone NCKX, respectively, whereas
a lower average coupling ratio of 3.11 (SD of 0.34, 10 observations) was obtained with cells expressing
the bovine Na/Ca exchanger (NCX1). These results are consistent with a 4N&/1Katoichiometry

for retinal cone NCKX. High Five cells expressing full-length dolphin rod NCICéenorhabditis elegans
NCKX, or bovine rod NCKX from which the two large hydrophilic loops were removed all showed a
significant calcium-dependefiRb uptake, whereas no calcium-depend€éRb uptake was observed in

cells expressing bovine NCX1. The calcium dependendeéQa uptake yielded values between 1 and 2.5

uM for the external calcium dissociation constant of the different NCKX proteins studied here.

Members of two gene families of Na/Ca exchangers segments; rod Na/Ca-K exchange was shown in these two
function as calcium extrusion mechanisms in the plasma preparations to utilize both the inward sodium gradient and
membrane of most eukaryotic cells. The Na/Ca exchangersthe outward potassium gradient to extrude calcium across
(NCX)* are more ubiquitous proteins found in most tissues the plasma membrane at a stoichiometry of 4Na/4CEK
of mammals and lower organism$)( whereas the potas- (6, 7). The bovine rod NCKX cDNA was cloned), but
sium-dependent Na/Ca exchangers (NCKX) appear to havesubsequent expression studies failed to yield consistent
a more restricted expression pattern with two distinct gene results; in some studies, bovine rod NCKX cDNA did not
products expressed in retinal rods and cones, respectivelyresult in a functional protein in heterologous systef 9,

(2). Transcripts of a gene product closely related to or whereas in another study, potassium-independent Na/Ca
identical with the retinal cone NCKX are expressed in various exchange was observed after heterologous expression in
parts of the rat brairg). Analysis of the results of the various HEK293 cells (0). The latter study suggested that potassium
genomic sequencing projects suggests the presence of severglependence and potassium transport might be carried out
NCKX paralogs in lower organisms and in prokaryotes; hy an accessory protein, as previous studies on the purified
cDNAs of two such NCKX paralogs have been cloned from rod exchanger had not demonstrated potassium transport nor
Caenorhabditis elegan@) and Drosophila(5) and shown  had the stoichiometry of the purified protein been determined.
to function as potassium-dependent Na/Ca exchangers wherrhese studies raise the issue of whether the rod NCKX
expressed in cultured insect cell, ©). In situ study of  cpNA alone is sufficient for Na/Ca-K exchange activity
NCKX function has been carried out only in the outer gpserved in situ. Moreover, a recent study shows that
segments of bovine and tiger salamander retinal rod OUterpotassium sensitivity can be conferred on heart NCX1 by
p— ) . ; < rom e Canadi inserting an N-terminal portion of the large cytosolic loop
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transmembrane-spanning segments comprisee3s0 resi- final concentration of 1530 mg of protein/mL. In all
dues in total. The transport stoichiometry (i.e., the Na/Ca experiments, FCCP (24 uM) was added to the cell
and Ca/K coupling ratios) is a fundamental property of Na/ suspension. Sodium release was initiated by 2-fold dilution
Ca(-K) exchangers as it determines the direction of calcium in medium containing (final concentrations) 30M CaCk
transport as a function of the transmembrane sodium andwith or without 30 mM KCI, or cells were kept in EDTA
potassium gradients and membrane potential. In this study,(control). Calcium-induced sodium release was stopped by
we determined the transport stoichiometry of the retinal cone addition of 1.5 mM EDTA (final concentration), and cells
NCKX heterologously expressed in insect cells. We com- were quickly (within 5 s) sedimented in an Eppendorf 5417C
pared the cone NCKX stiochiometry with that of heart NCX1 centrifuge (1 min at 10 000 rpm). Aliquots of the clear
by direct measurements of the Na/Ca and Rb/Ca couplingsupernatant were diluted 20 times with 0.1% (w/v) CsCI to
ratios. Rubidium was used as a potassium congener in viewovercome anionic interference, and sodium content was

of the availability of®Rb for transport studies. measured in the emission mode at 589 nm using a lean air/
acetylene flame in a Pye Unicam SP9 atomic absorption
EXPERIMENTAL PROCEDURES spectrophotometer. In a parallel experiment, the level of

calcium uptake was measured under identical experimental

All'NCKX and NCX1 clones used in this study were .,nqitions except th#fCa was included in the medium.

previously characterized, and cultured High Five cells
expressing these NC(K)X proteins were obtain@d 4). RESULTS
Transformed cells were grown at 2T in roller bottles
containing 206-600 mL of IPL-41 medium (Canadian Life
Technologies Inc., Burlington, ON) to a maximal cell density
of 1 cells/mL. IPL-41 medium was supplemented with 10%
fetal bovine serum, 0.35 g/L sodium bicarbonate, 2.5 g/L
tryptose phosphate, 9.0 g/L sucrose, 0.069 mg/L ZpSO

The objective of this study was to demonstrate that
heterologously expressed Na/Ca-K exchanger (NCKX) pro-
teins transport potassium (or its congener rubidium); fur-
thermore, the short splice variants of the retinal cone NCKX
were used to obtain direct measurements of the Na/Ca and

7H,0. and 7.59 mg/L AIK(S@»12H,0. Calcium-depleted Rb/Ca coupling ratios. The shorter splice variants of both

d sodi loaded bovi 4 out ts (ROS human and chicken cone NCKX were used, since cells
and sodium-joaded bovine rod outer segments ( ) WerCransformed with these transcripts consistently yielded higher
isolated as described previousH) (

functional activity than cells transformed with the full-length
“Ca and **Rb Uptake Experimentsdigh Five cells  cone NCKX when assayed by Naecdependent®Ca uptake
expressing the various NCKX or NCX1 proteins were (2). The short splice variants lack a nearly identical sequence
sodium loaded with the use of monensin as described of 17 amino acids [ELGSYGK(N)LKYYDTMTEE] at posi-
previously @). The final washing solution contained 150 mM  tion 360 or 362 of the human or chicken cone NCKX
choline chloride, 80 mM sucrose, 20 mM Hepes (adjusted sequence, respectively (in the chicken sequence, the N in
to pH 7.4 with arginine), and 5aM EDTA. Cells were  parentheses replaces K); these 17 amino acids are located
resuspended in this medium to a final concentration 6f 15 i the middle of the large cytosolic loop of cone NCKX that
30 mg of protein/mL, and the uptake experiments were separates the two sets of putative transmembrane-spanning
completed within 15 min. In all experiments, FCCP-  segments (TM’s). Figure 1 compares the sequences of the
#M) was added to the cell suspension. In some experimentsgifferent NCKX cDNAs used in this study. For clarity, the
(illustrated in Figures £3), “°Ca or®Rb taken up by cells  sequences start close to the first set of proposed TM’s as no
was separated from external radioisotopes with the use of asignificant sequence similarity is observed between the
rapid filtration technique over borosilicate glass fiber filters N-terminal hydrophilic portions of the cone, rod, afd
as described preViOUSMX. In other eXperimentS (i“ustrated e|egansNCKX Sequences_ As studies on in situ NCKX
in Figures 4 and 5), NC(K)X-mediated uptake of radioiso- function have been carried out exclusively in retinal rod outer
topes was terminated by addition of EDTA, followed by segments, it is important to include rod-based NCKX clones.
rapid sedimentation of cells in an Eppendorf 5417C tabletop Unfortunately, most rod NCKX clones express poorly in
centrifuge (1 min at 10 000 rpm). Aliquots of the clear heterologous systems and yield little or no Na/Ca-K exchange
supernatant were counted in a liquid scintillation counter, fynction, in particular, the bovine rod NCKX,(9, 11). Here,
and the amount of radioactivity was compared with the we have used the two NCKX clones (constructs) that gave
amount of total radioactivity observed in the cell suspension. satisfactory function in heterologous systems, the dolphin
Separate aliquots of the supernatant were analyzed forrod NCKX and a double deletion mutant based on the bovine
sodium content as described below. A similar protocol was rod NCKX (bNCKXdd, in which the N-terminal domain was
followed to measure the level 6fCa or ®*Rb uptake by  replaced with that from bovine NCX1, and in which the large
bovine ROS; bovine ROS were stored in_600 mM sucrose, cytosolic loop was deleted)(9). Finally, we used a more
0.05 mM EDTA, and 20 mM Hepes (adjusted to pH 7.4 distantly related NCKX cDNA cloned fronC. elegans
with arginine) and, immediately, before use diluted 5-fold (ceNCKX) (4). Figure 1 illustrates that little significant
in the choline chloride/sucrose medium described above. sequence S|m||ar|ty is observed between these different
Atomic Absorption Spectrophotometrodium-loaded NCKX isoforms outside of the two sets of TM’s.
High Five cells transformed either with human or chicken  Rubidium and Calcium Dependence of Heterologously
cone NCKX or with bovine heart NCX1 were examined for Expressed NCKX Protein¥Rb is a convenient radioisotope
calcium- and potassium-dependent sodium release. High Fiveto be used for transport studies. We have previously reported
cells were sodium loaded as described above. After the finalthat rubidium can replace potassium in activating Na/Ca
wash, cells were resuspended in 190 mM LiCl, 20 mM Hepes exchange via bovine rod Na/Ca-K exchange in situ, and that
(adjusted to pH 7.4 with arginine), and 2 EDTA to a rubidium itself is transported by bovine rod Na/Ca-K
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Ficure 1: Amino acid sequence alignment of human cone NCKX, chicken cone NCKX, dolphin rod NCKX, bovine rod NCKXdd, and
C. elegandNCKX. The two sets of proposed transmembrane-spanning segments are italicized. The N-terminal hydrophilic loops of the
different NCKX proteins are highly variable, both in sequence and in length, and have been omitted for clarity.

exchange in situl2, 13). To address rubidium transport via chicken cone NCKX were virtually indistinguishable with
heterologously expressed NCKX proteins, sodium-loaded half-maximal activation of°Ca uptake observed at 1 mM
High Five cells stably transfected with either chicken or K* or Rb" when the major cation in the external medium
human cone NCKX were used to measure the level of was choline (not illustrated). Next, we examined the external
rubidium-dependent®Ca uptake via so-called reverse Na/ calcium dependence of the expressed NCKX proteins by
Ca exchange. The rubidium and potassium dependencies ofeasuring the level of potassium-dependé@a uptake as
45Ca uptake in High Five cells expressing either human or a function of the external free calcium concentration. Figure
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Ficure 2: Calcium dependencies #iCa uptake in High Five cells expressing different NC(K)X protetfGa uptake was initiated at time

zero by addition of*Ca and 20«M CaHEDTA to High Five cells in a medium containing 150 mM KCI, 80 mM sucrose, 20 mM Hepes
(adjusted to pH 7.4 with arginine), and various concentrations of HEDTA to yield the indicated the following free calcium concentrations
(left and center panels): 0.8}, 0.5 (a), 1 (#), 2 (&), 5 (v), and 30uM (®). An apparent calcium dissociation constant of A\ for

the CaHEDTA complex was used: (left) cells expressing chicken cone NCKX, (center) cells expressing human cone NCKX, and (right)
cells expressing bovine heart NCX1. In the right panel, the calcium concentrations were as folldWs1% @), 25 (), 50 (), 100 ),

and 200uM (O). In all cases, calcium uptake was corrected for uptake observed in cells in a medium containing 150 mM NacCl instead of
KCI; this represented background calcium uptake in High Five cells when reverse Na/Ca(-K) exchange was inhibited. The temperature
was 25°C.

2 illustrates the level of calcium uptake as a function of free  Rubidium-Dependent Na/Ca Exchangg NCKX Proteins
external calcium concentration in High Five cells expressing Is Accompanied by Rubidium Transpofte calcium de-
chicken cone NCKX, human cone NCKX, or bovine heart pendencies reported above suggest that submillimolar ex-
NCX1. Calcium uptake was activated by free calcium ternal calcium concentrations should be sufficient to examine
concentrations in the low micromolar range in cells express- whether the rubidium dependence’#ta uptake via reverse
ing the cone NCKX proteins (the range of free calcium Na/Ca exchange reflects cotransport of calcium and ru-
concentrations in the left and center panels of Figure 2 is bidium. Figure 3 illustrates that addition of calcium to the
0.1-30uM), while a much lower calcium affinity was noted incubation medium caused a large increase in the level of
in cells expressing bovine heart NCX1 (the range of free 8Rb transport into cells expressing either human or chicken
calcium concentrations in the right-hand panel of Figure 2 retinal cone NCKX. No calcium-dependefiRb transport

is 5-200uM). Eadie-Hofstee plots suggest a single calcium was observed in control untransfected High Five cells (not
binding site with aK, for calcium of 2.1uM [standard illustrated). Reverse Na/Ca exchange via retinal cone NCKX
deviation (SD) of 0.9, 5 observations] and 2P (SD of carries an outward currerit®), and calcium-dependeffRb

0.8, 5 observations) for cells expressing chicken and humantransport observed here could conceivably represent a
cone NCKX, respectively. Due to the limited precision of compensating inward rubidium current via a cation channel
measuring the level dfCa uptake at calcium concentrations endogenous to High Five cells. To minimize such compen-
in the millimolar range, we cannot exclude the presence of sating currents via endogenous channels, in all experiments
a low-affinity calcium transport site on cone NCKX. We a high concentration of the electrogenic protonophore FCCP
also examined calcium uptake as a function of free external (2—4 uM/mg of protein) was added to the cells to provide
calcium concentration in High Five cells expressing the full- an electrical shunt. To further address the possibility that
length dolphin rod NCKX dNCKX), in cells expressing a  8Rb transport might reflect a compensating current via an
double deletion mutant bovine rod NCKXNCKXdd, both endogenous cation channel, the level of calcium-dependent
large hydrophilic loops were removed), and in cells express- 8Rb transport was measured in High Five cells expressing
ing a Na/Ca-K exchanger cloned frath elegangceNCKX). bovine heart NCX1; the level of®Rb uptake was not
The calcium dependencies were very similar to those increased when calcium was added to the medium to drive
observed in cells expressing the two cone NCKX proteins. reverse Na/Ca exchange, aféRb uptake levels were
The observedK, values were 1.1uM (SD of 0.5, 4 identical to those observed in the EDTA controls of cells
observations), 1.aM (SD of 0.7, 3 observations), and 2.7 expressing the retinal cone NCKX proteins (Figures 3C and
uM (SD of 2.4, 4 observations) for cells expressing dolphin 4). In contrast, the level dfCa uptake in cells expressing
rod NCKX (dNCKX), for cells expressing a double deletion NCX1 exceeded by-10-fold that observed in cells express-
mutant bovine rodbNCKXdd, and for cells expressing ing the retinal cone NCKX under the conditions used here.
ceNCKX, respectively. These values are very similakip To avoid lowering the amount of specific radioactivity of
values of 0.9-1.1 uM reported for the external calcium #Rb, a relatively low external concentration of 0.4 mM Rb
dependence of reverse Na/Ca-K exchange of the in situwas used; this did not affect NCX1-mediated reverse Na/Ca
bovine rod Na/Ca-K exchanget4, 15). exchange, but NCKX-mediated reverse Na/Ca exchange
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FiIGURE 3: Calcium-dependerifRb uptake in High Five cells transformed with different cone NCKX or heart NCX1 cDR#b uptake

was initiated at time zero by addition 8fRb, 0.4 mM RbCI, and either 0.4 mM Cad®) or 0.4 mM EDTA () to a suspension of
sodium-loaded High Five cells. High Five cells expressed chicken retinal cone NCKX (left), human retinal cone NCKX (center), or bovine
heart NCX1 (right). The suspension medium contained 150 mM choline chloride, 80 mM sucrose, 20 mM Hepes (adjusted to pH 7.4 with
arginine), and 0.05 mM EDTA. The temperature was’€5

2.0 calcium-dependent®Rb transport was considerably more
modest in High Five cells expressing the full-length dolphin
rod NCKX (dNCKX), in cells expressing a double deletion
mutant bovine rod NCKXHNCKXdd), and in cells express-
ing ceNCKX. Nevertheless, a consistent calcium-dependent
86Rb uptake was observed in cells expressing these different
NCKX proteins (Figure 4, a 4660% increase over the level

of 8Rb uptake observed in EDTA). In contrast, no calcium-
dependent®Rb uptake at all was observed in cells expressing
bovine heart NCX1, although calcium uptake levels in the
latter were about 50 times higher than uptake levels observed
with the NCKX clones illustrated in Figure 4.

Kinetic Correlation between Potassium-Dependent Cal-
cium Uptake and Sodium Relea3&e most direct method
for quantifying potassium- and calcium-dependent sodium
release from cells is to measure changes in the extracellular
sodium concentration by means of atomic absorption spec-
trophotometry. Reverse Na/Ca exchange in sodium-loaded
High Five cells expressing the retinal cone NCKX was
FiGURe 4: Calcium-dependent®Rb uptake in High Five cells initiated by addition of potassium and calcium; the reaction
transformed with different NCKX or NCX cDNAS®Rb uptake was stopped by addition of excess EDTA, and the sodium

was assessed in the presence of 0.4 mM £aC0.4 mM EDTA content was determined in the clear supernatant after

as described in the legend of Figure 3. Data are represented as th : : ; :
ratio of uptake observed in calcium-containing medium over that %edlm_entatlon_ _Of cells. Flg_ure »] |Ilus_trates that th?
observed in EDTA-containing medium. In control untransfected cOmbined addition of potassium and calcium caused a time-

cells, a ratio of 1 was observed (i.e., no calcium-depengf&tii dependent release of sodium from High Five cells expressing
uptake, not shown). High Five cells were used expressing bovine cone NCKX. No time-dependent release of sodium was
retinal rod NCKX from which the two large hydrophilic loops were observed in control cells, or in cells expressing cone NCKX

removed HNCKXdd), dolphin retinal rod NCKX NCKX), an h ith . Ici itted. M
NCKX paralog fromC. elegangceNCKX), or cells expressing the ~ WNeN either potassium or calcium was omitted. Moreover,

bovine heart Na/Ca exchangeNCX1). Average ratios# standard addition of both potassium and calcium in all our experiments
deviation) are illustrated representing eigttNCKXdd), four resulted in a very similar time-dependéfta uptake level
(ANCKX), six (ceNCKX), or seven PNCX1) independent experi- a5 measured with the same protocol in separate aliquots of
ments. The temperature was 2. the same suspension of High Five cells expressing cone

operated at about 30% of the rate observed at a high rubidiumNCKX [Figure 5 ©)] (no time-dependerffCa uptake was

Ca*"-dependent *Rb uptake

concentration. observed in control cells or in cells expressing cone NCKX
The retinal cone NCKX proteins expressed in High Five when potassium was omitted). Note that the abscissa for
cells were previously shown to give4-fold higher func- sodium uptake is scaled up 4-fold compared to the abscissa

tional activity than rod NCKX proteins or th€. elegans for calcium uptake, demonstrating that the Na/Ca coupling
NCKX paralog €eNCKX) (2, 4). Consistent with this, ratio in this experiment was-4.
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NCKX expressed in High Five cells. Separate aliquots of
High Five cells (at 10 mg of protein/mL) were incubated
3 with 8Rb or “°Ca or without added radioisotopes but the
140 same amount of “cold” rubidium or calcium added. NCKX-
mediated reverse Na/Ca exchange was stopped aft8r 2
min by addition of excess EDTA, and cells were immediately
(within 10 s) sedimented in a tabletop centrifuge. Clear
samples of the supernatant were countedd&b or*°Ca or
analyzed for sodium. Figure 6A illustrates that the Rb/Ca
transport ratio obtained for the chicken and human cone
NCKX was close to 1, while no rubidium transport ac-
companied calcium uptake via bovine heart NCX1. The Rb/
Ca coupling ratio observed in bovine ROS was also close to
1. Figure 6B illustrates that the average Na/Ca transport ratio
obtained for the human and chicken cone NCKX was close
to 4, while the average Na/Ca transport ratio obtained for
bovine heart NCX1 was close to 3.
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Ficure 5: Kinetic correlation between potassium-dependent cal- .
cium uptake and potassium-dependent sodium release in High Five In this study, we measured the Rb/Ca and Na/Ca transport

cells expressing retinal cone NCK¥Ca uptake and sodium release ~ coupling ratios of the retinal cone NCKX expressed in High
were initiated at time zero by diluting separate aliquots of High Five cells. The results demonstrate that both chicken and
Five cells with a medium containing 220 mM LiCl or 190 mM  human retinal NCKX cDNAs yield proteins that cotransport
LiCl'in addition to 30 mM KCI, 20 mM Hepes (adjusted to pH 7.4 c51cium and rubidium in exchange for sodium when trans-
with arginine), and 0.3 mM Cagl(plus #°Ca in the*>*Ca uptake . . .
measurement). Samples were rapidly sedimented at the indicateJeCteq into ngh Five cells. The (_)bserved average Rb/Ca
times, and changes #Ca or sodium content were measured in Coupling ratio was close to 1, while the observed average
the clear supernatant. No time-depend®fta uptake or sodium  Na/Ca coupling ratio was close to 4 (Figure 6). The simplest
release was observed in the 220 mM LiCl control medium (sodium gverall transport stoichiometry consistent with our results is
%‘r’]’;tfgr;rgggstl‘jrrgdv\;;‘;%med'“m was subtracted as background)yNa/1Cat 1Rb, as has been reported previously for the rod
' Na/Ca-K exchange activity in situ6( 7). Our results
Rb/Ca and Na/Ca Ratios of Rerse Na/Ca Exchangaa demonstrate unambiguously that the single polypeptide
Retinal Cone NCKXThe simple protocol described above encoded by NCKX cDNA is sufficient for Na/Ca-K exchange
for the sodium release experiment was adopted to measurectivity. We previously determined a K/Ca coupling ratio
the Rb/Ca and Na/Ca transport ratios of reverse Na/Caof 1 for forward Na/Ca exchange of bovine rod Na/Ca-K
exchange carried out by both human and chicken retinal coneexchange activity in situ6); here, a Rb/Ca coupling ratio

DISCUSSION
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Ficure 6: Rb/Ca and Na/Ca coupling ratios of the retinal cone NCKX. The Rb/Ca and Na/Ca coupling ratios were measured as described
in the text in High Five cells expressing the human or chicken retinal cone NCKX, or expressing bovine heart NCX1. In the left panel,
average values standard deviation are illustrated for 15 experiments with chicken cone NCKX, 13 experiments with human cone NCKX,

9 experiments with bovine heart NCX1, and 8 experiments with bovine retinal rod outer segments. In the right panel, averagie values
standard deviation are illustrated for 10 experiments with chicken cone NCKX, 15 experiments with human cone NCKX, and 10 experiments
with bovine heart NCX1. The temperature was°Z5
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of 1 was found for reverse Na/Ca exchange carried out by double deletion mutant bovine rod NCKX (containing only
the endogenous bovine rod Na/Ca-K exchanger (Figure 5),residues 601621 of the N-terminal part of the large
indicating that the stoichiometries observed for forward and cytosolic loop of bovine rod NCKX) consistently showed
reverse Na/Ca-K exchange are the same. The results preealcium-depender#fRb uptake associated with reverse Na/
sented here confirm that the heart Na/Ca exchanger does no€a exchange. We conclude that residues involved in potas-
transport potassium or rubidium, while a Na/Ca coupling sium (rubidium) binding and potassium (rubidium) transport
ratio of close to 3 was obtained for NCX1 (Figure 6). This mediated by NCKX proteins are exclusively located within
result is consistent with earlier studie,(but differs from the two sets of proposed transmembrane-spanning domains.
a Na/Ca ratio of 4, reported in a recent study presenting Likewise, the similarity in the calcium dissociation constants,
careful measurements of the reversal potential of NCX1 observed here for reverse Na/Ca-K exchange in cells
currents in large inside-out patches under conditions in which expressing the different NCKX proteins, implies that residues
sodium and calcium are present on both sides of theinvolved in calcium binding are located within the two sets
membrane X7). It should be pointed out that our stoichi- of proposed transmembrane-spanning domains without in-
ometry measurements are carried out under unidirectionalvolvement of residues located in the two large hydrophilic
conditions to prevent self-exchange fluxes, i.e., calcium (and loops, not conserved among the NCKX proteins studied here.
potassium) present on one side of the membrane and sodium
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