aspet’

0026-895X/01/5903-524-531$3.00

MOLECULAR PHARMACOLOGY

Copyright © 2001 The American Society for Pharmacology and Experimental Therapeutics
Mol Pharmacol 59:524-531, 2001

Vol. 59, No. 3
607/884050
Printed in U.S.A.

Structural Domains Influencing Sensitivity to Isothiourea
Derivative Inhibitor KB-R7943 in Cardiac Na*/Ca*" Exchanger

TAKAHIRO IWAMOTO, SATOMI KITA, AKIRA UEHARA, YUTAKA INOUE, YUKI TANIGUCHI, ISSEI IMANAGA, and

MUNEKAZU SHIGEKAWA

Department of Molecular Physiology, National Cardiovascular Center Research Institute, Osaka, Japan (T.l., S.K., Y.L, Y.T., M.S.); and
Department of Physiology, School of Medicine, Fukuoka University, Fukuoka, Japan (A.U., I.1.)

Received September 28, 2000; accepted November 22, 2000

This paper is available online at http://molpharm.aspetjournals.org

ABSTRACT

KB-R7943 (2-[2-[4-(4-nitrobenzyloxy)phenyl]ethyllisothiourea
methanesulfonate) is a potent and selective Na*/Ca®* ex-
change (NCX) inhibitor that is 3-fold more inhibitory to NCX3
than to NCX1 or NCX2. Here we searched for amino acid
residues that may form the KB-R7943 receptor in the ex-
changer by analyzing the function of chimeras between NCX1
and NCX3 as well as of their site-directed mutants. We found
that the highly conserved «-2 repeat of the exchanger is almost
exclusively responsible for the difference in drug response of
the isoforms. Such difference was mostly reproduced by single
substitutions of residues in the «-2 repeat (V820G or Q826V in
NCX1 and A809V or A809I in NCX3), suggesting their impor-
tance in drug sensitivity. Cysteine scanning mutagenesis of the
a-2 repeat of NCX1 identified one residue (Gly833) that caused

a large (= 30-fold) reduction in drug sensitivity. We found that
the Gly-to-Thr substitution caused even larger reduction in drug
sensitivity. Interestingly, extracellularly applied KB-R7943 at 0.8
M markedly inhibited the whole-cell outward exchange cur-
rent, whereas the drug applied intracellularly at 30 uM did not.
These results suggest that KB-R7943 inhibits the exchanger
from the external side in intact cells and that a region of the «-2
repeat of NCX1 containing Gly833 may participate in the for-
mation of the drug receptor. Because we suggested previously
that Gly833 is accessible from the inside of a cell, the results
raised an interesting possibility that this residue may alter its
position during Na*/Ca®* exchange in such a way that it be-
comes accessible to external drug.

The mammalian Na*/Ca®* exchanger forms a multigene
family comprising three isoforms (NCX1, NCX2, and NCX3)
that shares ~70% identity in the overall amino acid se-
quences (Nicoll et al., 1990; Li et al., 1994; Nicoll et al.,
1996b). NCX1 is highly expressed in heart and brain and at
lower levels in many other tissues, whereas expression of the
other isoforms is limited mainly to brain. In heart, NCX1
plays the primary role in the extrusion of cytosolic Ca®" from
myocytes during each heart beat, whereas the contribution of
NCX isoforms in Ca®" handling in other tissues still remains
to be precisely defined (Blaustein and Lederer, 1999).

Recent topological studies (Nicoll et al., 1999; Iwamoto et
al., 1999a) have suggested that the mature NCX1 protein
consists of nine transmembrane segments (TMs) and a large
intracellular loop between putative TM5 and TM6, with the
N and C termini localized on the extracellular and cytoplas-
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mic sides, respectively (see Fig. 1A). In all known members of
the Na'/Ca®" exchanger family, there exist highly conserved
internal repeat sequences designated the a-1 and «-2 repeats
in the N- and C-terminal halves of the exchanger molecule,
respectively (Schwarz and Benzer, 1997). Similar intragenic
repeat structures were found in the Na*/Ca®*/K™* exchanger
(Reilander et al., 1992; Tsoi et al., 1998) and the recently
identified Mg?*/H"* exchanger (Shaul et al., 1999). In NCX1,
the a-1 repeat comprises most of TM2-TM3 and their con-
necting loop, whereas the a-2 repeat comprises putative TM7
and its C-terminal segment (see Fig. 1A). Our recent study
has provided evidence that the putative loop connecting
TM2-TM3 forms a re-entrant membrane loop with both ends
facing the extracellular side, whereas the a-2 repeat, except
for TM7, forms a domain mostly accessible from the cyto-
plasm (Iwamoto et al., 1999a). Mutational analyses have
further suggested that these putative TMs and loops in the
a-1 and -2 repeats are important in the interaction of the
exchanger with transport substrates, a nonselective cation
inhibitor (Ni%®*), and an activator (Li*) (Nicoll et al., 1996a;
Doering et al., 1998; Iwamoto et al., 1999b).

Iwamoto et al. (1996b) and Watano et al. (1996) have

ABBREVIATIONS: NCX, Na*/Ca?* exchanger; TM, transmembrane; NCKX, Na*/Ca?*/K* exchanger; KB-R7943, (2-[2-[4-(4-nitrobenzyloxy)phe-
nyljethyllisothiourea methanesulfonate); Na*, intracellular Na*; Ca?*,, extracellular Ca®>*; BSS, balanced salt solution.
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recently reported synthesis and characterization of a potent
inhibitor of the cardiac Na*/Ca®" exchanger, KB-R7943.
This compound is highly selective for the Na*/Ca®* ex-
changer, because at up to 10 uM, it exerted little influence,
not only on many other ion transporters but also on several
cardiac action potential parameters, diastolic [Ca®"];, and
spontaneous beating in cardiomyocytes (Iwamoto et al.,
1996b). It is effective in inhibiting all three NCX isoforms
(Iwamoto and Shigekawa, 1998). It is now being widely used
to study the physiological and pathological roles of the ex-
changer at the cellular and organ levels. For example, the
compound has been shown to efficiently protect the ischemia-
associated reperfusion injury of heart (Iwamoto et al., 1996b;
Nakamura et al., 1998; Ladilov et al., 1999; Mukai et al.,
2000; Satoh et al., 2000), brain (Schroder et al., 1999; Breder
et al., 2000), and kidney (Kuro et al., 1999), suggesting its
therapeutic potential in this type of cell damage. More re-
cently, however, this compound has been reported to inhibit
neuronal nicotinic acetylcholine receptors (Pintado et al.,
2000) and N-methyl-p-aspartate receptor channels (Sobo-
levsky and Khodorov, 1999), although evidence has been
presented that it does not inhibit the latter directly (Hoyt et
al., 1998). An interesting feature of the drug is that it inhibits
the Ca®" influx mode (reverse mode) of Na*/Ca®" exchange
much more effectively than the forward mode (Iwamoto et al.,
1996b; Watano et al., 1996; Satoh et al., 2000), although the
reason for such difference is currently unclear. Another in-
teresting feature is that it is 3-fold more effective on NCX3
than NCX1 or NCX2 (Iwamoto and Shigekawa, 1998). Cur-
rently, however, little is known about the molecular mecha-
nism of action for this drug and location of its receptor site in
the exchanger molecule.
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Fig. 1. A topological model of NCX1 (A) and chimeric constructs between
NCX1 and NCX3 (B). A, a nine-TM model of NCX1 based on the recent
topology analyses (Nicoll et al., 1999; Iwamoto et al., 1999a). The amino
acid residues of NCX1 whose mutation alters the KB-R7943 sensitivity
are shown. B, two series of chimeras (N1 and N3) were constructed by
substituting segments of NCX1 with homologous segments of NCX3, and
vice versa. In each series, chimeras are named based on the amino acid
numbers for respective isoforms. Broken lines show the restriction en-
zyme cut sites and the black boxes indicate the substituted segments. The
linear model of exchanger is indicated at the top.
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In this study, to obtain insights into the mechanism of
action of KB-R7943 as well as into the mechanism of Na™/
Ca®" exchange, we constructed a series of chimeric exchang-
ers between NCX1 and NCX3 and searched for the structural
domain(s) of the exchanger involved in the determination of
sensitivity to KB-R7943. We identified several amino acid
residues within the a-2 repeat of the exchanger whose mu-
tations alter apparent affinity of the drug.

Experimental Procedures

Cell Cultures. CCL39 cells and NCX transfectants were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with
7.5% heat-inactivated fetal calf serum, 50 U/ml penicillin, and 50
pg/ml streptomycin.

Construction and Stable Expression of Wild-Type, Chi-
meric, and Mutant Exchangers. We used major splice variants of
cDNAs for NCXs and NCKX that are prevalent in dog heart
(NCX1.1) and rat brain (NCX2.1, NCX3.3, and NCKX2) (Quednau et
al., 1997; Tsoi et al., 1998). NCX ¢cDNAs were cloned into Sacll and
HindIII restriction sites in pCRII (Invitrogen, San Diego, CA) or in
the mammalian expression vector pPKCRH as described previously
(Iwamoto et al., 1996a; Iwamoto and Shigekawa, 1998). For isolation
of cDNA of NCKX2, total RNA was extracted from rat brain with a
TRIzol reagent (Life Technologies, Rockville, MD) and first-strand
cDNAs were synthesized using an oligo(dT) primer and SuperScript
preamplification system (Life Technologies). cDNAs were amplified
by polymerase chain reaction using pairs of sense and antisense
primers, 5-ATATGAATTCACCACCATATCCACCAGAAGATCC-3’
and 5'-ATATGGTACCGTTTAAGATATGGCTTTTCCACTA-3' [nu-
cleotides —24— —1 and 2011-2034 of NCKX2 (Tsoi et al., 1998)]
containing exogenous EcoRI and Kpnl restriction sites, respectively
(underlined). Amplified cDNA insert was cloned into EcoRI and Kpnl
restriction sites in the mammalian expression vector pcDNA3.1 (In-
vitrogen).

As described in detail previously (Iwamoto et al., 1999b), two
series of NCX1/NCX3 chimeras (Fig. 1B) were constructed by ex-
changing the homologous segments using the newly introduced re-
striction enzyme sites or endogenous sites (Sacll, BamHI, Sall,
Xmal, Clal, EcoRV, Nhel, Mlul, and HindIII) of the above pCRII
clones. Substitution of amino acid residues within the internal -2
repeat region was performed by site-directed mutagenesis using a
polymerase chain reaction-based strategy as described previously
(Iwamoto et al., 1999b). Successful construction of the modified c¢D-
NAs was verified by sequencing. These cDNAs were transferred into
Sacll and HindIII restriction sites in pKCRH.

To stably express wild-type, chimeric, and mutant exchangers,
pKCRH or pcDNA3.1 plasmids carrying exchanger cDNAs were
transfected in the presence of Lipofectin (Life Technologies) into
CCL39 fibroblasts that exhibit little endogenous Na*/Ca®" exchange
activity (Iwamoto et al., 1996a, 1998a,b). Cell clones highly express-
ing Na*/Ca®" exchange activity or Na*/Ca®*/K" exchange activity
were selected by a Ca?"-killing procedure as described previously
(Iwamoto et al., 1998b).

Assay of “°Ca®* Uptake. Na';-dependent *°Ca®* uptake into
cells expressing the wild-type or mutated NCXs were assayed as
described in detail previously (Iwamoto and Shigekawa, 1998).
Briefly, confluent transfectants in 24-well dishes were loaded with
Na* by the incubation at 37°C for 30 min in 0.5 ml of balanced salt
solution (BSS) (10 mM HEPES/Tris, pH 7.4, 146 mM NaCl, 4 mM
KCI, 2 mM MgCl,, 0.1 mM CaCl,, 10 mM glucose, and 0.1% bovine
serum albumin) containing 1 mM ouabain and 10 wM monensin.
45Ca%* uptake was then initiated by switching the medium to Na™*-
free BSS (replacing NaCl with equimolar choline chloride) or to
normal BSS, both of which contained 0.1 mM *°CaCl,, (1.5 uCi/ml)
and 1 mM ouabain. After a 30-s incubation, *°Ca%?* uptake was
terminated by washing cells four times with an ice-cold solution
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containing 10 mM HEPES/Tris, pH 7.4, 120 mM choline chloride,
and 10 mM LacCl;. Cells were then solubilized with 0.1 N NaOH, and
aliquots were taken for determination of radioactivity and protein.
When present, KB-R7943 was included in medium at concentrations
of up to 100 uM two min before the start of °Ca®* uptake. Assay of
Na* /K", -dependent “°Ca®" uptake into cells expressing the wild-
type NCKX2 was performed under the same condition as that for
NCX.

Measurement of Whole-Cell Outward Current. Outward ex-
change currents from NCX1 transfectants were measured using the
whole-cell, patch-clamp technique as described previously (Uehara
et al., 1997). Bath solution contained 150 mM LiCl (replacing NaCl),
1 mM MgCl,, 0 or 1 mM CaCl,, 20 uM ouabain, 2 uM nicardipine, 5
uM ryanodine, 0 to 10 uM KB-R7943, and 5 mM HEPES, pH 7.2,
whereas pipette solution contained 20 or 100 mM NaOH, 20 mM
CsOH, 1.1 mM MgCl,, 20 mM tetraethylammonium chloride, 2 mM
MgATP, 2 mM creatine phosphate, 19.8 mM CaCl,, 50 mM EGTA, 0
to 30 uM KB-R7943, and 50 mM HEPES, pH 7.2. The ionized Ca®*
concentration in pipette solution was calculated to be 0.16 uM. The
outward current was activated by switching bath solution from one
without CaCl, to one with CaCl,. Intracellular application of KB-
R7943 was performed by perfusion of pipette solution by the method
described by Soejima and Noma (1984). All experiments were per-
formed at about 35°C and the holding and test potentials were —40
mV. All data were acquired and analyzed by the pCLAMP software
(Axon Instruments, Foster City, CA).

Statistical Analysis. Data are expressed as means = S.E. of
three independent determinations. Differences for multiple compar-
isons were analyzed by unpaired ¢ test or one-way analysis of vari-
ance followed by the Dunnett’s test. Values of p < 0.05 were consid-
ered statistically significant.

Materials. Chinese hamster lung fibroblasts (CCL39) were pur-
chased from American Type Culture Collection (Manassas, VA).
KB-R7943 was synthesized by New Drug Research Laboratories,
Kanebo (Osaka, Japan). **CaCl, was purchased from Amersham
Pharmacia Biotech (Buckinghamshire, UK). All other chemicals
were of the highest grade available.

Results

Chimera Analysis of Effect of KB-R7943. KB-R7943
inhibited the initial rate of Na';-dependent *°Ca®" uptake
into NCX1-, NCX2-, or NCX3-expressing cells with IC;, val-
ues of 4.3 £ 0.3,4.7 = 0.5, or 1.4 = 0.2 uM (n = 3), respec-
tively (see Fig. 5), confirming our previous report (Iwamoto
and Shigekawa, 1998) that NCX3 was about 3-fold more
sensitive to KB-R7943 than other isoforms. Taking advan-
tage of the fact that NCX1 and NCX3 exhibit a high sequence
homology, we constructed chimeric exchangers between

%Ca** uptake (% of control)

these isoforms to identify region(s) of the exchanger that is
important for the interaction with KB-R7943. We con-
structed two series of chimeras in which one or two segments
from NCX3 were transferred into NCX1 in exchange for the
homologous segment(s) in the latter (N1 chimeras), and vice
versa (N3 chimeras) (Fig. 1B). All these chimeras had ex-
change activities similar to that of the wild-type NCX1 or
NCX3 (see the legend to Fig. 2).

Fig. 2 shows the effect of 3 uM KB-R7943 on the rate of
Na™,-dependent “°Ca®" uptake into cells expressing individ-
ual wild-type and chimeric exchangers. KB-R7943 at this
concentration reduced the uptake rate of the wild-type NCX1
or NCX3 by about 25 or 70%, respectively. We found that N1
chimeras (N1-788/829 and N1-109/133,788/829) containing
the homologous Nhel-Mlul segment from NCX3 (see Fig. 1B)
showed a KB-R7943 sensitivity similar to that of the wild-
type NCX3 (Fig. 2A). On the other hand, the N3 chimeras
(N3-777/818 and N3-143/167,777/818) containing the Nhel-
Mlul segment from NCX1 exhibited a KB-R7943 sensitivity
similar to that of the wild-type NCX1 (Fig. 2B). Other N1 and
N3 chimeras, however, were not significantly different from
the parental NCX1 or NCX3, respectively, indicating that the
Nhel-Mlul segment contains residues that are exclusively
responsible for the observed differential responses of these
isoforms to KB-R7943. The Nhel-Mlul segment contained a
large portion of the a-2 repeat, which is highly conserved in
all members of the NCX family (see the introduction).

Identification of Residues Influencing KB-R7943
Sensitivity. Fig. 3A shows amino acid sequences of the a-2
repeat regions from NCX isoforms and NCKX2 (Nicoll et al.,
1990; Li et al., 1994; Nicoll et al., 1996b; Tsoi et al., 1998). In
these regions of NCX1 and NCX3, there are only four resi-
dues unique to each isoform. To identify the residues that
influence KB-R7943 sensitivity, the unique residues were
exchanged between NCX1 and NCX3 or mutated to other
amino acids. We found that single mutations Leu808-to-Phe
and Thr823-to-Leu in NCX1 and their reciprocal mutations
in NCX3 did not produce any change in sensitivity to inhibi-
tion by 3 uM KB-R7943 (Fig. 3, B and C). The Val820-to-Ala
mutation in NCX1 was also silent, but its reciprocal mutation
in NCX3 (N3-A809V) significantly decreased KB-R7943 sen-
sitivity. On the other hand, the GIn826-to-Val mutation in
NCX1 increased KB-R7943 sensitivity of the exchanger to a
level comparable with that seen in the wild-type NCX3,
whereas its reciprocal mutation in NCX3 (N3-V815Q) was

Fig. 2. Effects of KB-R7943 on Na™;-
dependent *>Ca?* uptake into cells ex-

20 40 60 80 100 pressing N1 (A) and N3 (B) chimeric

exchangers. The initial rate of **Ca®*

h uptake was measured in the presence

or absence of 3 uM KB-R7943 as de-
scribed under Experimental Proce-
dures. The uptake rates of cells ex-
pressing these chimeras were 5 to 9
nmol/mg/30 s in the absence of KB-
R7943, which were similar to those in
cells expressing the wild-type NCX1 or
NCX3 (10 and 7 nmol/mg/30 s). Data
are presented as percentage of the val-
ues obtained in the absence of drug.
Data are presented as mean = S.E. of
three independent experiments. *p <

0.05 versus NCX1 (in A); *p < 0.05
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silent. In contrast, simultaneous mutations of Val820 to Ala
and GIn826 to Val in NCX1 and their reciprocal mutations in
NCXS3 mostly reproduced the drug sensitivities seen in the
parental NCX3 and NCX1, respectively (Fig. 3, B and C). We
found that the Val820-to-Gly mutation in NCX1 and the
Ala809-to-Ile mutation in NCX3, but not their reciprocal
mutations in the other isoforms, produced alterations in drug
sensitivity almost comparable with those seen between the
parental exchangers. Other mutations, such as GIn826 to
Glu or Arg in NCX1 and their reciprocal mutations in NCX3,
were silent. Therefore, residues at positions 820 and 826 of
NCX1 are mostly responsible for the differential drug re-
sponse between NCX1 and NCX3.

To identify other residues in the a-2 repeat that alter drug
sensitivity, we examined the effect of 10 uM KB-R7943 on
the rates of Na™;-dependent **Ca®* uptake into cells express-
ing NCX1 mutants in which individual residues in the «-2
repeat region were substituted with cysteine (Fig. 4). We
found that the Gly833-to-Cys substitution greatly decreased
the extent of inhibition by KB-R7943, whereas all other sub-
stitutions did not alter drug response significantly. Similarly,
we examined the effects of single cysteine substitutions of 17
residues in the a-1 repeat on the drug sensitivity. These
mutants (i.e., L107C, A111C, L115C, S117C, V118C, 1119C,
E120C, V121C, G123C, H124C, N125C, T127C, A128C,
G129C, D130C, S134C, and I136C) did not exhibit altered
sensitivity to 10 uM KB-R7943 (data not shown).

We analyzed dose responses of NCX1 mutants N1-V820G,
N1-Q826V, and N1-G833C for inhibition of Na™;-dependent
45Ca?" uptake by KB-R7943 (Fig. 5). The IC4, values were
estimated to be 1.6 + 0.3 uM (n = 3) for N1-V820G and 1.7 +
0.4 uM (n = 3) for N1-Q826V, both of which are comparable
with that of the wild-type NCX3 (1.4 uM). In contrast, the
dose-response profile could not be obtained with N1-G833C,
because it showed only a slight sensitivity to the highest
concentration of the drug used here. Figure 6 shows the
results for multiple amino acid substitutions at Gly-833. We

A

NCX1 807 ALGTSVPDTFAS TQ
NCX2 790 «vevoTevuunwaaoLn.
02 \Cxa 706 Foooennn LT

ADASIGNVTGSNAVNVF 844
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KB-R7943 Binding in NCX1 527

found that N1-G833T was less sensitive to KB-R7943 than
N1-G833C; the drug at 100 uM reduced the uptake rate of
N1-G833T by less than 10%, indicating that its IC;, value
would be much larger than 100 uM. The apparent drug
sensitivity of the mutants examined was: NCX1 = NI1-
G833A = N1-G833D > N1-G833S > N1-G833K > N1-
G833C > N1-G833T (Fig. 6). Interestingly, Fig. 5 shows that
a high dose of KB-R7943 did not affect the rate of Na™;-
dependent “°Ca®* uptake by NCKX2, a K*-dependent Na*/
Ca®* exchanger that was proposed to have an overall molec-
ular topology similar to NCX despite its low sequence
similarity (see Fig. 3A and Tsoi et al., 1998).

We examined the kinetic interactions of NCX1 mutants
with transport substrate Ca®" in different concentrations of
KB-R7943. Table 1 summarizes values for the apparent af-
finity for K, ¢, and V,,,, for NCX1, NCX3, N1-V820G, N1-
Q826V, and N1-G833C, as estimated from analysis of Ca®",
concentration-dependence of the rate of Na™,-dependent
Ca?" uptake with or without drug (data not shown, but see
Fig. 3 of Iwamoto and Shigekawa, 1998). We found that these
amino acid substitutions, except for N1-G833C, did not alter
apparent affinity for Ca®"_ and the mode of interaction of the
exchanger with KB-R7943; the drug decreased V. of all
these exchangers but increased their K, ,, (a mixed type
inhibition) (Table 1). The observed absence of the effect on
N1-G833C is due most likely to the low affinity of this mutant
for the drug (see Figs. 5 and 6).

Sidedness of Effect of KB-R7943. Fig. 7, A and B, shows
the results from electrophysiological measurements in which
sidedness of action of KB-R7943 was examined. We mea-
sured whole-cell outward exchange current evoked by the
extracellular application of 1 mM Ca®* in cells expressing
the wild-type NCX1 preincubated with or without external
0.8 uM KB-R7943 or perfused internally with or without 30
M KB-R7943. These outward currents were never observed
in nontransfected CCL39 cells (Uehara et al., 1997). When
applied externally for 6 min, 0.8 uM KB-R7943 significantly

Fig. 3. Amino acid alignment of -2
repeat regions in NCX isoforms and
827 NCKX2 (A) and effects of KB-R7943
on Na'-dependent *°Ca®' uptake
into cells expressing NCX variants
mutated in the -2 repeat (B and C).
A, conserved amino acids among ex-
changers are indicated with dots and
alignment gaps with dashes. Boxes
show the amino acid positions of
NCX1 and NCX3 whose mutation al-

“Ca™ uptake (% of control)
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ters the KB-R7943 sensitivity. B and

C, we constructed mutants in which

the amino acid residues in the -2
repeat unique to each NCX isoform
were exchanged between NCX1 and
NCX3 or mutated to other residues.
The initial rates of **Ca®" uptake
into cells expressing NCX1 mutants
(B) or NCX3 mutants (C) were mea-
sured as described in Fig. 2. The up-
take rates in these mutants were 3 to
9 nmol/mg/30 s in the absence of KB-
R7943. Data are presented as per-
centage of the values obtained in the
absence of drug. Data are presented
as means * S.E. of three independent
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reduced the current; its initial peak was reduced to 39 + 2.3%
(n = 3) of the control (Fig. 7A). When cells were washed with
drug-free solution, the current was recovered to the control
level. In contrast, KB-R7943 produced no significant inhibi-
tion of the outward current when it was applied intracellu-
larly for 15 min (Fig. 7B). These results suggest that KB-
R7943 inhibits the exchanger from the extracellular side.
The IC;, value of the wild-type NCX1 for external KB-R7943
obtained from these electrophysiological measurements was
0.89 + 0.23 uM (n = 4), which is significantly lower than that
from “°Ca?" uptake measurements (Fig. 5). A similarly low
IC;, value was reported by Watano et al. (1996), who used
electrophysiological methods. The reason for such difference

“Ca™ uptake “Ca™ uptake
(% of control) (% of control)
0 50 100 0 50 100

wild 0826€C
v804c ¥827¢C
F805C A828C
_ vB06C p829¢C
A807C A830C
L808C s831c
¢809C 1832C

vaizc o ¢833c *
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Fig. 4. Effect of KB-R7943 on activities of NCX1 mutants carrying single
cysteine substitution in the a-2 repeat. Initial rates of Na*;-dependent
45Ca%* uptake were measured in the presence or absence of 10 uM
KB-R7943; otherwise, details as in Fig. 2. Data are presented as mean =
S.E. (n = 3). *p < .05 versus wild-type NCX1.
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Fig. 5. Dose-response curves for the effects of KB-R7943 on Na™;-depen-
dent “*Ca®* uptake into cells expressing wild-type NCX isoforms, several
important NCX1 mutants, and NCKX2. The initial rates of °Ca®" uptake
were measured in the presence or absence of indicated concentrations of
KB-R7943. Data are means = S.E. of three independent experiments.

in the ICj; is not clear, but could be caused by differences in
the conditions used, such as the preincubation time.

In Fig. 7C, we evoked a series of outward exchange cur-
rents in the same cell, first by application of 1 mM Ca®" and
then by application of 1 mM Ca®* plus 10 uM KB-R7943 to
see how fast the drug works from the external medium and
how fast it washes out. The cell was washed with drug-free
solution for 30 sec during the interval between the current
inductions. As seen in the control trace in which Ca®* alone
was applied, the current rapidly reached a peak and then
decayed gradually to a steady state, with the extent of the
decay being 42 = 6.9% (n = 3) at 20 sec. In the second current
trace, in which Ca®" and the drug were applied together, the
peak was decreased slightly [by 15 = 1.1% (n = 3)] but the
current at the steady state was reduced markedly [by 83 =
52% (n = 3) at 20 s] compared with that of the control
current. The change in current decay was clearly recogniz-
able within 5 s after the induction of the outward current. In
the third current trace, in which Ca®" and the drug were
applied for the second time, the peak was decreased to about
half of that in the previous current trace, whereas the current
at 20 s was reduced slightly. In the third and fourth appli-
cations of Ca?" plus KB-R7943, the current traces were es-
sentially the same as the third current trace (data not
shown). Finally, when the cell was washed with drug-free
solution for 5 min, the peak current was recovered to 80 to
90% of the original control, although the steady-state current
remained somewhat more inhibited (Fig. 7C). Thus, the ex-
pression of the drug effect was much faster than its washout.
The observed fast onset of drug action is consistent with the
view that KB-R7943 inhibits the exchanger from the extra-
cellular side.

Discussion

In this study, taking advantage of our previous observation
that KB-R7943 is 3-fold more effective in inhibiting NCX3
than NCX1 or NCX2 (Iwamoto and Shigekawa, 1998), we
initially employed a chimera strategy to identify structural
domain(s) of the exchanger responsible for the difference in
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Fig. 6. Effects of multiple amino acid substitutions at Gly833 of NCX1 on
dose-responses for KB-R7943. The initial rates of Na*;-dependent *>*Ca®*
uptake into cells expressing wild-type NCX1 and substitution mutants
were measured in the presence or absence of indicated concentrations of
KB-R7943; otherwise, details as in Fig. 2. Data are presented as means =
S.E. of three independent experiments.
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the drug sensitivity of isoforms. Analyses with N1 and N3
chimeras, in which homologous segments were transferred
individually or in combination from NCX3 into NCX1 and
vice versa, revealed that a Nhel-Mlul segment corresponding
to amino acids 788-829 of NCX1 or 777-818 of NCX3 was
fully responsible for the difference in drug sensitivity be-
tween the two isoforms (Fig. 2). This segment contains a
large fraction of the a-2 repeat that is highly conserved in all
homologs of the Na*/Ca®?" exchanger family (Schwarz and
Benzer, 1997).

By exchanging four different amino acid residues of the «-2
repeat between NCX1 and NCX3 (Fig. 3A) and testing the
resulting mutants for altered drug sensitivity, we found that
NCX1 mutants N1-Q826V and N1-V820A/Q826V and NCX3
mutants N3-A809V and N3-A809V/V815Q were able to re-
produce ~70 to 85% of the difference in KB-R7943 response
observed between the parental exchangers (Fig. 3, B and C).
This suggests that Val820 and GIn826 of NCX1 and the
corresponding Ala809 and Val815 of NCX3 play predominant
roles in generating the differential drug responses of ex-
changers. On the other hand, although other mutants N1-
V820G and N3-A809I exhibited similar alterations in drug
sensitivity, N1-V820A, N1-V820I, N3-A809G, and N3-
V815Q-A were silent. Because these mutations were silent
and because the effective mutations produced only a small
(3-fold) change in drug sensitivity, it seems likely that
Val820 and GIn-826 of NCX1 (and the corresponding resi-
dues in NCX3) do not interact directly with KB-R7943 with
their mutations allosterically influencing binding of the drug
to its receptor.

To identify other residues that possibly interact with KB-
R7943 but cannot be detected in the chimera study, we
screened cysteine-substituted NCX1 mutants of most resi-
dues in the a-2 repeat and about half of residues in the a-1
repeat for altered drug sensitivity. We found that N1-G833C
alone exhibited a much-reduced affinity for the drug com-
pared with the wild-type NCX1 (Fig. 4). We made multiple
amino acid substitutions at this position with relatively
small residues except Lys (Fig. 6). We found that Thr pro-
duced the largest effect on the IC;, value, increasing it by
much more than 30-fold. Lys was almost as effective as Cys

TABLE 1
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in reducing drug sensitivity, although Asp did not produce
any effect. Interpretation of these data is not simple, because
single factors, such as the residue size, do not seem to be able
to explain them. The observed difference between Lys and
Asp may suggest the involvement of electrostatic interaction
and may be consistent with our previous report that the
positive charge on the isothiourea moiety of KB-R7943 is
important for the high inhibitory potency (Iwamoto et al.,
1996b). The marked reduction in KB-R7943 sensitivity
caused by mutation at Gly833 suggests that this residue may
participate in the formation of the drug receptor.

Fig. 7 has provided strong pieces of evidence that KB-
R7943 inhibits Na*/Ca®" exchanger only from the external
side in intact CCL39 cells. We confirmed the same side-
dependent effect using the Xenopus laevis oocyte expression
system, in which up to 100 uM KB-R7943 was injected into
oocytes or added extracellularly to examine its effect on Na™;-
dependent *°Ca®* uptake (S. Kita, T. Iwamoto, and M.
Shigekawa, unpublished observations). Such absence of ef-
fect of intracellular KB-R7943 was also observed in cardio-
myocytes by Watano et al. (1996) (see under Discussion in
this reference). However, we also suggested previously that
the drug may inhibit the exchanger from the cytoplasmic
side, because Na';-dependent “°Ca®* uptake into cardiac
sarcolemmal vesicles with predominantly (~70%) inside-out
orientation was inhibited almost completely by KB-R7943
(Iwamoto et al., 1996b). Consistent with the latter finding,
the exchange current of NCX1 expressed in X. laevis oocytes,
as measured using the giant excised patch technique, was
reported to be inhibited by KB-R7943 applied to the cytoplas-
mic surface (Elias et al., 2000). Why the exchanger is inhib-
ited from the external side in intact cells is unclear at
present. One possibility could be that intimate interactions
between the membrane and submembrane cytoskeleton ex-
isting in intact cells are disrupted in isolated membrane or
excised patch preparations, which might result in alteration
of the cytoplasmic surface of the exchanger, thereby exposing
a binding site for the drug. Another possibility is that the
intracellular drug concentration may not reach a level suffi-
cient to inhibit the exchanger, possibly because of binding or
sequestration of the drug by cytoplasmic proteins. Because

Kinetic parameters as determined from double-reciprocal plot analyses of Ca®?*-dependences of the rate of Na*,-dependent Ca®" uptake into cells
expressing NCX1, NCX3, or NCX1 mutants in the presence or absence of KB-R7943.

The initial rates of **Ca®* uptake were measured in the presence of 0.067 to 2 mM CaCl, and at 0 to 10 uM KB-R7943 and analyzed as shown previously (Iwamoto and

Shigekawa, 1998). Values are presented as means = S.E. (n = 3).

Treatment Kin(ca) Vinax
mM nmol/mg/30 s
NCX1 Control 0.19 = 0.03 20 = 1.2
KB-R7943 (3 uM) 0.23 = 0.03 13 + 1.0%
KB-R7943 (10 uM) 0.38 = 0.03* 9 + 0.5%
N1-V820G Control 0.21 = 0.02 15 + 0.7
KB-R7943 (1 uM) 0.24 = 0.02 11 + 0.8%
KB-R7943 (3 uM) 0.33 = 0.03* 8 + 0.7*
N1-Q826V Control 0.22 = 0.01 13 +1.0
KB-R7943 (1 uM) 0.25 = 0.04 10 + 1.1
KB-R7943 (3 uM) 0.31 = 0.04* 7+ 0.3*%
N1-G833C Control 0.20 = 0.01 14 + 0.8
KB-R7943 (3 uM) 0.23 = 0.04 12 + 1.0
KB-R7943 (10 uM) 0.21 = 0.02 13 +0.5
NCX3 Control 0.18 = 0.02 15+ 1.3
KB-R7943 (1 uM) 0.20 = 0.03 10 + 0.8%
KB-R7943 (3 uM) 0.26 = 0.02* 6 + 0.4%

*p < 0.05 vs. control.
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we perfused the cell interior with high concentrations of
drug, we feel that the latter possibility is unlikely.

From substituted cysteine scanning analysis of NCX1 to-
pology using the inhibition of exchange activity by thiol-
modifying probes as the marker for accessibility (Karlin and
Akabas, 1998), we found that cysteine at position 833 was
accessible to internally but not externally applied 2-trimeth-
ylammonioethylmethane thiosulfonate, suggesting that
Gly833 is exposed on the cytoplasmic side of the membrane
(see Iwamoto et al., 1999a and also Fig. 1A). Val820 and
GIn826 also seem to be located on the cytoplasmic side,
because cysteines incorporated at positions 818, 821, 825,
and 827 of NCX1 were accessible to internal 2-trimethylam-
monioethylmethane thiosulfonate (Iwamoto et al., 1999a). In
our more recent study, we have found that D825C and N842C
are also accessible to external smaller probes, transitional
metal ions and 2-aminoethylmethane thiosulfonate, respec-
tively (Iwamoto et al., 2000). It seems, therefore, that the
C-terminal region of a-2 repeat is part of a reentrant mem-
brane loop with both ends facing the cytoplasmic side. We
speculate that the segment containing Gly833 undergoes al-
ternate exposure to cytoplasmic or extracellular medium via
the conformation change of the exchanger during Na*/Ca?*
exchange. On the basis of a large reduction of drug sensitivity
in N1-G833C or N1-G833T (Fig. 6) and the above topological
consideration, we hypothesize that the segment containing
Gly833 forms part of the drug receptor site or at least is near
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Fig. 7. Effect of externally or internally applied KB-R7943 on the whole-
cell exchange current from cells expressing the wild-type NCX1. A, the
outward current was evoked successively in the same cell by external
application of 1 mM Ca®*; the cell was placed in drug-free bath solution
and then in bath solution containing 0.8 uM KB-R7943 for 6 min, fol-
lowed by washing for 6 min with drug-free solution. B, a cell was perfused
internally with drug-free pipette solution and then with 30 uM KB-
R7943-containing solution for 15 min by the method of Soejima and Noma
(1984). C, the outward current was evoked by 1 mM external Ca®* for
20 s. At intervals of 30 s, the current was successively evoked by external
application of 1 mM Ca?* plus 10 uM KB-R7943. After washing for 5 min,
the current was evoked again by 1 mM external Ca®". Similar results
were obtained from three to five independent experiments.

it. At present, however, we cannot rule out the possibility
that mutations at Gly833 located on the cytoplasmic side
may allosterically alter the conformation of the external KB-
R7943 binding site, thereby reducing its affinity for the drug.

NCX isoforms exhibit difference in other pharmacological
properties; divalent cation Ni®" inhibits exchange activity of
NCX1 or NCX2 10-fold more potently than that of NCX3,
whereas stimulation of exchange by monovalent cation Li™ is
significantly greater in NCX2 and NCX3 than in NCX1
(Iwamoto and Shigekawa, 1998). Ni®* and Mg?" inhibit Na™/
Ca®* exchange competitively with extracellular Ca®" for the
transport site (Kimura, 1996; Iwamoto and Shigekawa,
1998). Li*, on the other hand, seems to accelerate the ex-
change by increasing the V_ .. (Iwamoto and Shigekawa,
1998). In our previous study, in which we used the same
chimera strategy as that used here, we showed that residues
corresponding to Asn125 and Thr127 in the a-1 repeat and
Val820 in the «-2 repeat of NCX1 are involved in the gener-
ation of most of the difference in sensitivity to Ni*" between
NCX isoforms (Iwamoto et al., 1999b). In the same study, we
also showed that residues corresponding to Val820 and
GIn826 of NCX1 are responsible for the differential sensitiv-
ity of NCX isoforms to Li*. Because Val820 and GIn826 of
NCX1 were shown here to alter KB-R7943 affinity, it is
intriguing to note that double substitution at positions 820
and 826 of NCX1 with corresponding residues from NCX3
(i.e., N1-V820A/Q826V) is able to generate simultaneous
changes in responses to different modifiers.

As discussed briefly above, our recent topological study of
NCX1 has provided evidence suggesting that the loop con-
necting the putative TM2 and TM3 in the a-1 repeat forms a
re-entrant membrane loop, with both ends facing the extra-
cellular side, whereas the C-terminal portion of the a-2 re-
peat also forms a reentrant membrane loop domain largely
accessible from the cytoplasm (Iwamoto et al., 1999a, 2000)
(see Fig. 1A). We have recently observed that site-directed
mutations of highly conserved aspartic acids localized in the
loop domains of « repeats (Aspl130 in the a-1 repeat and
Asp825 and Asp829 in the «-2 repeat) cause up to 6-fold
reduction in the apparent affinity of NCX1 for the transport
substrate extracellular Ca®?* (Iwamoto et al., 2000). There-
fore, the important residues whose mutations alter apparent
affinities of the exchanger for inhibitors (Ni®* and KB-
R7943), an activator (Li"), and the transport substrate are
all located in the putative loop domains of the a-1 and «-2
repeats. It seems, then, that the putative loop regions of «
repeats may form parts of the ion translocation pathway of
the exchanger. KB-R7943 seems to block this pathway by
interacting with a receptor site in the a-2 repeat loop domain.
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