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ABSTRACT. We compared the phosphorylation-dependent regulation of three mammaligCaia
exchanger isoforms (NCXINCX3) expressed in CCL39 fibroblasts that have little endogenous activity.
Na'-dependent®Ca&+ uptake into NCX1- or NCX3-expressing cells, but not that into NCX2-expressing
cells, was significantly enhanced by phorbol 12-myristate 13-acetate (PMA) or platelet-derived growth
factor-BB, which was abolished by pretreatment of cells with calphostin C or a prior long exposure to
PMA. This suggests that NCX1 or NCX3, but not NCX2, is stimulated by a pathway involving protein
kinase C (PKC). Immunoprecipitation experiments usiig]orthophosphate-labeled cells revealed that
both NCX2 and NCX3 proteins were phosphorylated to a much lesser extent than the NCX1 protein in
unstimulated cells and that the extent of phosphorylation was not increased by treatment with PKC
activators, although NCX1 phosphorylation was enhanced significantly. Using site-directed mutagenesis,
we identified three phosphorylation sites in the NCX1 protein in the PMA-stimulated cells to be Ser-249,
Ser-250, and Ser-357 with Ser-250 being predominantly phosphorylated. We found that the NCX1 mutant
with these serine residues substituted with alanine still maintained a normal response to PMA. In contrast,
the NCX1 or NCX3 mutant, with the large central cytoplasmic loop deleted, lost the responsiveness to
PMA. These results suggest that the PKC-dependent regulation of NCX1 or NCX3 requires the central
cytoplasmic loop but does not require the direct phosphorylation of the exchanger.

The Na/Ca* exchanger of the plasma membrane is an low cytoplasmic pH {0), and ATP depletion 1(1, 12).
electrogenic transporter that exchanges thre¢ fda one Recent mutational analyses have revealed that a high-affinity
C&". The physiological importance of NEC&" exchange  C&" binding site in the central cytoplasmic loop of NCX1
has been best studied in cardiomyocytes, where the exchanges required for the regulation by €a(13, 14) and that the
has been shown to play the primary role in?Caxtrusion endogenous exchanger inhibitory peptide (XIFgion is
during the excitatiofrcontraction cyclel, 2). In other cell involved in the modulation by both intracellular Nand
types, the exchanger is also believed to extrud& @am C&" (15). In cardiac giant patches, ATP has been shown
the cytoplasm. The mammalian N&&* exchanger forms  to stimulate the exchange current by increasing the level of
a multigene family of homologous proteins comprising three phosphatidylinositol 4,5-bisphosphat#6). Recent com-
isoforms, NCX1-NCX3 (3—5). These isoforms are70% parative studies of functions of NCXINCX3 expressed in
identical to one another in amino acid sequences, and havemammalian cultured cells have shown that these isoforms
a similar deduced molecular topology consisting of 11 have similar affinities for the extracellular transport substrates
transmembrane-spanning segments and a large central hyNa® and C&" (17, 18) but exhibit differential sensitivities
drophilic loop. NCX1 is expressed to a great extent in to the inhibition by N#" and other metal cations and
cardiac muscle and to a lesser extent in many other tissuedsothiourea derivative KB-R7943.8).
such as brain and kidney, whereas expression of NCX2 and We have recently shown that exchange activity of NCX1
NCX3 is significant only in brain and skeletal muscle ( is stimulated by some growth factors and vasoactive agonists
5). via a mechanism involving PKC in smooth muscle cells,

Factors regulating NdC&" exchange in mammalian cells  cardiomyocytes, and NCX1-transfected cellg, (19). Dur-
have been studied predominantly with NCX1. Previous ing such stimulation, the NCX1 protein is phosphorylated
studies employing electrophysiological and other techniqueswith a good correlation being observed between the activity
have shown that NdC&" exchange is activated by cyto- and the extent of phosphorylatiod2). There have been
plasmic C&" (6, 7) and external monovalent catior®),(but several other reports that suggest that NCX1 is regulated by
is inhibited by high cytoplasmic Naconcentrations7, 9), protein phosphorylationl(7, 20—23). On the other hand,
Linck et al. (L7) have recently reported that exchange activity
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of NCX3 expressed in BHK cells is enhanced by treatment primers (3ATATGATATCTGCAGCAGGAGATGAGGA-

with forskolin and inhibited by overnight treatment with
PMA in a statistically significant manner. In invertebrates,
the squid axon NaC&" exchanger, whose transport kinetics

3 and 3-ATATGATATCATTTTCCCATCCATCTCA-3)
containing an exogenolEscARV restriction site (underlined)
were used in combination with two outer primers corre-

have been studied extensively, is known to be markedly sponding to the '3(antisense) and'5noncoding (sense)

stimulated by cytoplasmic ATP via a mechanism involving
protein phosphorylation (see the references cited ir24gf
whereas the frog cardiac N&Ca" exchanger has recently
been reported to be inhibited kradrenergic stimulation
(25). These results provide strong evidence for the impor-
tance of protein phosphorylation in the modulation of'Na
Ca&" exchange, although the underlying mechanism still
remains unclear.

regions, respectively. Using these pairs of primers, DNA
fragments were generated by PCR with pCRII-NCX1 and
pCRII-NCX3 as templates, digested wiXhd or EcarV,
and then inserted betwe&adl and Hindlll restriction sites
of pKCRH. Successful construction was verified by se-
qguencing (ABI PRISM, Perkin-Elmer).

Substitution of serine residues with alanine in NCX1 was
achieved by site-directed mutagenesis using the “fusion PCR”

In this study, we compared the phosphorylation-dependentapproachZ8). In this procedure, two DNA fragments were

regulation of NCX isoforms and investigated whether the
direct phosphorylation of exchangers is required for the
regulation by PKC activators. We found that exchange
activity of NCX3, like that of NCX1, is upregulated by PKC
activation, while activity of NCX2 is not. Such PKC-
dependent regulation of NCX1 or NCX3 requires the large

produced by PCR usingfu polymerase and two pairs of
outer and inner primers with the latter containing an
overlapping sequence with the same desired mutation. The
final PCR product was generated with these DNA fragments
as templates using two outer primers. For mutations in
amino acids 112530, sequences for the outer sense and

central cytoplasmic loop of the exchanger molecule, but doesouter antisense primers weré GGAGACCTAGGTCCC-

not require its direct phosphorylation.

EXPERIMENTAL PROCEDURES

Materials. “*CaCl and F?P]orthophosphate were obtained
from Amersham. 8-Br-cAMP, 8-Br-cGMP, PMA, oligo-
mycin, and BSA were purchased from Sigma.a-fRMA
was from RBI. Calphostin C was from Kyowa Medex Co.
Human PDGF-BB was from Pepro Tech. Octaethylene
glycol monon-dodecyl ether (GEs) was purchased from
Nikkol Chemical Co. Ltd. (Tokyo, Japan). All other
chemicals were of the highest grade available.

Cell Cultures. CCL39 cells (American Type Culture
Collection) and NCX transfectants were maintained in
Dulbecco’s Modified Eagle’s Medium supplemented with
7.5% heat-inactivated fetal calf serum, 50 units/mL penicillin,
and 50ug/mL streptomycin.

Cloning and Stable Expression of NCXMICX3 cDNAs.
cDNAs of dog heart NCX1, rat brain NCX2, and rat brain
NCX3 isolated as described previousl{t2( 18) were
subcloned into pCRIl plasmids (Invitrogen) (designated
pCRII-NCX1, pCRII-NCX2, and pCRII-NCX3, respec-
tively). The cDNAs were inserted betwe8adl and Hindlll

restriction sites of the mammalian expression vector pKCRH,

AGCACC-3 (the endogenousurll restriction site is un-
derlined) and 5ATTTC CTCGAGCTCCAGATGT-3 (the
endogenouXhd restriction site is underlined), respectively.
For mutations in amino acids 53828, the outer primers
were 3-TGGAGCTCGAGGAAATGTTAT-3 (the endog-
enous Xhd restriction site is underlined) and-5ATG-
GACGCGTCTGCATACTG-3(the endogenousllul restric-
tion site is underlined), respectivelurll —Xhd and Xhd —
Mlul fragments of the final PCR products were exchanged
with the corresponding regions in pCRII-NCX1, and then
the full-length mutant cDNAs were inserted into pKCRH.
Successful construction was verified by sequencing.
Antibody Production.Polyclonal antibodies against NCX
isoforms were raised by immunizing rabbits with maltose-
binding protein fusion proteins or glutathio®gransferase
fusion proteins containing either amino acids 2437 of
NCX1, amino acids 281637 (numbers based on réf of
NCX2, or amino acids 275637 of NCX3. Preparation of
the fusion proteins and affinity purification of the polyclonal
antibodies were performed as described previougB). (
Monoclonal antibodies were also raised by immunizing
BALB/c mice with these fusion proteins using the method
described previously 30). The monoclonal antibodies
against the NCX:ENCXS3 proteins (designated 6H3, 251,

and transfection of CCL39 cells was carried out as describedand 3U3, respectively) were purified from culture superna-

previously @2). Cell clones exhibiting high NdCa*t
exchange activity were selected by treating colonies with
500 ug/mL G418 for 10 days and then with 10M
ionomycin for 30 min. The ionomycin treatment (“€a
killing”) effectively eliminates cells with low exchange
activity (26).

Construction of NCX MutantsFor construction of an
NCX1 mutant with amino acids 244671 deleted (numbers
based on re27), sense and antisense primersASATCTC-
GAGAATTCAAGAGTACCGTGG-3 and 3-ATATCTC-
GAGCTCC TTCGTGCTCGATGA-3 containing an exog-
enous Xhd restriction site (underlined) were used in
combination with two outer primers corresponding to the 3
(antisense) and' 5 roncoding (sense) regions, respectively.
For construction of the NCX3 mutant with amino acids 292
708 deleted (numbers based on Bf sense and antisense

tants of positive hybridoma clones by protein A-Sepharose
affinity chromatography. The isoform specificity of these
polyclonal and monoclonal antibodies was verified by
immunoblot analysis using membrane fractions prepared
from cells expressing respective NCX isoforms (Figure 1).
Immunoprecipitation and ImmunoblottingConfluent cells

expressing each NCX isoform in 100 mm dishes were labeled
for 5 h at 37°C in a phosphate-free, serum-free medium
containing f2P]orthophosphate (10 MBg/mL). NCX proteins
were immunoprecipitated with respective rabbit polyclonal
antibodies and subjected to SBBAGE on a 7.5% gel and
then blotted to PVDF membranes, as described in detall
previously (2). 3?P-labeled proteins on the blotting mem-
branes were visualized by the Bioimage analyzer (BAS2000,
Fuji Film Co.). The proteins on the same membranes were
then immunostained with monoclonal antibodies raised
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Ficure 2: Dose-dependent effects of phorbol esters orfiNa
dependent>Cat uptake into cells expressing NCX1, NCX2, or
121> & A p g
3 NCX3. Cell Na loading and measurement of Nalependent
ol 4Ca&" uptake were performed as described in Experimental
81 perrorme p
Procedures. Uptake activities in the absence of phorbol esters were
114+ 0.32, 3.7+ 0.06, and 6.1 0.12 nmol per milligram per 30
s (h = 3) in NCX1-, NCX2-, and NCX3-transfected cells,

e ) respectively, which are taken as 100% in the figure. Cells were
Ficure 1: Isoform specificity of anti-NCX polyclonal (A) and  treated with indicated concentrations of PMA ooid®MA during
monoclonal antibodies (B). Microsomes were prepared from the |ast 20 min of Na loading. Data are means SE of three or
parental CCL39 cells (C) and cells expressing NCX1 (N1), NCX2 four independent experiments.
(N2), or NCX3 (N3), and 3@«g of each of them was subjected to

immunoblot analysis with anti-NCX polyclonal (pAb) and mono- . . . . .
clonal antibodies. The NCX antibodies, except for 2S1, exhibited terminated by washing cells four times with an ice-cold

isoform-specific immunoreactivity to the respective NCX isoform.  Solution containing 10 mM Hepes/Tris (pH 7.4), 120 mM
Anti-NCX2 antibody 2S1 cross-reacted slightly with the NCX3 choline chloride, and 10 mM Lagl Cells were then

protein. Molecular mass markers (in kilodaltons) are shown on the splubilized with 0.1 N NaOH, and aliquots were taken for
left. determination of radioactivity and proteirf°Ca&" uptake

) ) ] ] ) ) rates in NCX1-, NCX2-, and NCX3-expressing cells were
against the NCX isoforms and visualized using an anti-mouse 15 6. and 12-fold greater, respectively, in‘Naee BSS
secondary antibody and the ECL detection system (AMer- tnan in normal BSS. The Nadependent portions of these

sham). The densities for ttféP incorporation and protein  gctjvities were considered to be the expression of/R&*
staining were quantified by AIS software (Imaging Re- exchange activity.

search), and their ratio was calculated. Statistical Analysis. Data are expressed as mea#s
_ Phosphopeptide Mapping After SDS-PAGE of the  giandard error of the mean (SE) of three or four independent
immunoprecipitated materials froffiP-labeled cells, NCX  qeterminations. Differences for multiple comparisons were
proteins were eluted from homogenates of gel slices by analyzed by an unpairadest or one-way ANOVA followed

overnight incubation in 50 mM NEHCO; (pH 8.0) contain- 1,y the Dunnett's test.p values of<0.05 were considered
ing 1% SDS, 1% 2-mercaptoethanol, and 0.1 mM phenyl- statistically significant.

methanesulfonyl fluoride at 37C. Eluted proteins were
precipitated with 10% trichloroacetic acid in the presence RESULTS
of BSA. Proteins were then washed with ice-cold acetone,
resuspended in 50@L of 50 mM NH;HCO; (pH 8.0) Regulation of N&-Dependent®Ca2" Uptake into Cells
containing 1 mM CaGl| and digested with 5Q:g of Expressing NCX IsoformsWe used CCL39 fibroblasts for
tosylamide-2-phenylethyl chloromethyl keton-treated trypsin transfection of NCX cDNAs, because they expressed little
at 37°C for 12 h. After lyophilization, trypsinized proteins endogenous NdCa*t exchange activityX2) and very low
were separated by thin-layer electrophoresis (KODAK chro- or undetectable levels of NCX proteins (Figure 1 and ref
magram sheet, pH 1.9, 1000 V, 30 min) in the first dimension 12). We selected cells stably expressing high levels of NCX
and by thin-layer chromatography (3:15:10:12 acetic acid/ proteins by a CH killing procedure (see ref26 and
butanol/pyridine/water) in the second dimension. Phospho- Experimental Procedures). In NCX1, NCX2, and NCX3
peptides were visualized by Bioimage analyzer. transfectants thus selected, Wy values of Na;-dependent
Assay of N&-Dependent®*Ca2* Uptake. For cell Na 45Ca* uptake, as determined from the &aconcentration
loading, confluent cells in 24-well dishes were incubated at dependence of uptake activity, were 292.6, 7.8+ 0.7,
37 °C for 30 min in 0.5 mL of BSS [10 mM Hepes/Tris and 16+ 1.8 nmol per milligram per 30 sn(= 3),
(pH 7.4), 146 mM NacCl, 4 mM KCI, 2 mM MgGJ 0.1 mM respectively.
CaCb, 10 mM glucose, and 0.1% BSA] containing 1 mM We have recently shown that phorbol ester and some
ouabain and 1M monensin. “°C&" uptake was then  growth factors stimulate the rate of Nadlependent>Ca*
initiated by switching the medium to Ndree BSS (replacing  uptake into cardiomyocytes and NCX1-transfected CCL39
NaCl with equimolar choline chloride) or to normal BSS, cells, while concomitantly enhancing phosphorylation of the
both of which contained 0.1 m¥fCaC} (1.5 4Ci/mL) and NCX1 protein (2). Figure 2 shows the effects of PMA
1 mM ouabain. After a 30 s incubatiof?Ca* uptake was  (0.01-0.3xM) on Na'-dependent>Ca* uptake into NCX1,
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Ficure 3: Effects of treatment with various protein kinase
modulators and a long exposure to PMA on"Ndependent>Ca?+
uptake into cells expressing NCX isoforms. Cells were treated with
100 ng/mL PDGF-BB, 0.1M PMA, 0.2 mM 8-Br-cAMP, or 0.2
mM 8-Br-cGMP during the last 20 min of Naoading. In other
series of experiments, cells were pretreated wighVBcalphostin

C (Cal. C) fa 1 h orwith 0.1uM PMA for 24 h. Uptake activities

in untreated cells are taken as 100%. Data are m&e®B of three

or four independent experiments. The columns marked with an
asterisk are significantly different from untreated control.

NCX2, and NCX3 transfectants. PMA accelerated"Na
dependent>’Ca* uptake into NCX1 and NCX3 transfectants
up to 140 and 160% of control, respectively, whereas it
minimally enhanced the uptake into NCX2 transfectants. On
the other hand, 4-PMA, an inactive phorbol ester for PKC,

exerted no effect on the uptake into all three transfectants.

When the effect of 0..M PMA on Na‘i-dependent>’Ca*

Biochemistry, Vol. 37, No. 49, 19987233

PDGF-BB-treated or unstimulated control cells. In contrast
to these results, PDGF-BB, calphostin C, or long exposure
to PMA did not exert a significant effect on Nadependent
4Cat uptake into NCX2 transfectants (Figure 3, middle
panel). We also found that the uptakes into all these NCX
transfectants were not affected by prior treatment with 0.2
mM 8-Br-cAMP or 0.2 mM 8-Br-cGMP for 20 min (Figure

3) or with 50uM forskolin for 10 min (data not shown).

Phosphorylation of NCX IsoformsWe examined direct
phosphorylation of NCX proteins in thé?P]orthophosphate-
labeled transfectants in response to various protein kinase
activators (Figure 4). The NCX proteins were isolated from
cell lysates by immunoprecipitation with isoform-specific
antibodies, applied to SDSPAGE, and then visualized by
blot analysis. As described in Experimental Procedures, both
the extent of?P label incorporation and the protein amount
were estimated densitometrically using the same blot mem-
branes. The NCX1 protein with a molecular mass of-120
140 kDa exhibited a significant basal phosphorylation level,
which increased further to 146 8 and 148+ 11% (h = 3)
of the control in response to 0:AM PMA and 100 ng/mL
PDGF-BB, respectively, after the normalization by protein
amount (Figure 4, top two panels). In sharp contrast to these
results, the NCX2 and NCX3 proteins with molecular masses
of 110-130 kDa exhibited only a slight basal phospho-
rylation level, and their phosphorylation level increased
minimally (to 101-106% of the control) by treatment with
PMA or PDGF-BB (Figure 4, middle two panels for NCX2
transfectants and bottom two panels for NCX3 transfectants).
We found that 0.2 mM 8-Br-cAMP or 0.2 mM 8-Br-cGMP
did not enhance phosphorylation of all NCX proteins (Figure
4). Thus, only the NCX1 isoform was directly phosphoryl-
ated in response to PMA or PDGF-BB.

Identification of Phosphorylation Sites in the NCX1
Protein. We showed previously that the extent of phospho-
rylation of NCX1 protein correlated well with the extent of
activation of Na/C&" exchange in cardiomyocytes as well
as in NCX1 transfectantd ®), suggesting the presence of a
causative relationship between the two. To clarify the role
of direct phosphorylation of the NCX1 protein, we identified
the phosphorylation sites for PKC in this protein. Since
multiple serine residues in the NCX1 protein were suggested

uptake into NCX3 transfectants was measured as a functionto be phosphorylated by PKQZ2), we introduced by site-

of C&", concentration (data not shown), thigax of uptake
activity increased by 4 6% (n = 3) without a change in
the Ky, for C&*, (~0.2 mM). This mode of modulation by

directed mutagenesis serine to alanine mutations into nine
candidate phosphorylation sites for PKC (Ser-66, Ser-249,
Ser-250, Ser-325, Ser-357, Ser-466, Ser-467, Ser-529, and

PMA was the same as that observed in NCX1 transfectantsSer-572) located in two putative cytoplasmic loops of the

(12).

We further examined effects of PDGF-BB and some
protein kinase modulators on Nedependent®Ca* uptake
into NCX transfectants. PDGF-BB (100 ng/mL), like PMA,
significantly enhanced the uptake in NCX1 and NCX3

NCX1 protein. NCX1 mutants with one or more of these
serine residues replaced by alanine were stably expressed in
CCL39 cells, and their phosphorylation in PMA-treat&e-
labeled cells was examined. We found that S249A, S250A,
and S357A mutants exhibited reduced levels of phospho-

transfectants, although this agent was less effective than PMArylation. S250A mutation caused a remarkable decrease in

in NCX3 transfectants (Figure 3, top and bottom panels).
Enhancement of the uptake by PDGF-BB or PMA was not

the phosphorylation level (to about 7% of that in wild-type
NCX1) (Figure 5A, lane 4), whereas S249A or S357A

observed when NCX1 and NCX3 transfectants had beenmutation decreased it slightly (Figure 5A, lanes@. Of

treated with 0.3uM calphostin C fo 1 h orwith 0.1 uM
PMA for 24 h (resulting in PKC downregulation). Of note,
the latter long PMA treatment itself caused a significant

note, triple mutation of these serine residues caused almost
complete disappearance of the NCX1 phosphorylation (Fig-
ure 5A, lane 6). Thus, Ser-250 is the major PKC-dependent

decrease (about 20%) in the uptake activity in unstimulated phosphorylation site in the NCX1 protein.

NCX1 or NCX3 transfetants (Figure 3). Thus, PKC is likely
to be involved in the activation of both NCX1 and NCX3 in

We further analyzed the phosphorylation of NCX1 mutants
using two-dimensional tryptic phosphopeptide mapping
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Ficure 4: Phosphorylation of NCX:ANCX3 proteins in NCX
transfectants. During the last 20 min of labeling witfP[-
orthophosphate, cells were treated with @\ PMA, 0.2 mM 8-Br-
cAMP, 0.2 mM 8-Br-cGMP, or 100 ng/mL PDGF-BB. NCX
proteins were then isolated from cell lysates by immunoprecipitation
with isoform-specific polyclonal antibodies. The immunoprecipi-
tated materials were subjected to SEFAGE, transferred onto
PVDF membranes, and visualized directly with a Bioimage
Analyzer (upper panels) or by immunostaining with anti-NCX
isoform monoclonal antibodies (lower panels). Molecular mass
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Ficure 5: Phosphorylation sites of the NCX1 isoform. (A) Effects
of serine to alanine substitutions on phosphorylation of the NCX1
protein. During the last 20 min of labeling witP?P]orthophosphate,
control cells and cells transfected with wild-type or mutated NCX1
cDNAs were treated with 0.4M PMA. The NCX1 protein was
then immunoprecipitated from lysates of these cells, and the
immunoprecipitated materials were subjected to SPAGE and
visualized with a Bioimage Analyzer (upper panel). From the same
these cells, microsomes were prepared angdd 0f each of them
was subjected to immunoblot analysis with anti-NCX1 monoclonal
antibody (lower panel). Molecular mass markers (in kilodaltons)
are shown on the left. (B) Amino acid sequence of the region
surrounding the phosphorylation sites in NCX1 and comparison
with homologous regions in other NCX isoforms. Amino acid
numbers are those of NCX2T7). Identities between NCX1 and
NCX2 or NCX3 are indicated with dots and alignment gaps with
dashes. Three phosphorylatable serine residues are marked by
asterisks. Arrowheads indicate trypsin digestion sites which could
generate tryptic phosphopeptides from the NCX1 protein. The XIP
region is shown by a horizontal line.

P2 > P3. Occasionally, some minor spots, which may
represent partially digested phosphopeptides, were observed.
The S250A mutation eliminated both P1 and P2 (Figure 6,
middle left panel), whereas individual S249A and S357A

NCX1 protein reproducibly generated three major phospho- mutations caused the disappearance of P2 and P3, respec-

peptides (designated PP3; see the lower right panel in
Figure 6) whose contents were usually in the order ofP1

tively (Figure 6, upper and middle right panels). The S249A/
S250A double mutation eliminated both P1 and P2 (data not
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Ficure 7: Dose-dependent effects of PMA on Naependent
S249A/S250A/S357A 45Ca&* uptake into cells expressing the wild-type NCX1, the triple
serine to alanine NCX1 mutant, and the mutants of NCX1 and

. P2 @P3 NCX3 with the large cytoplasmic loop deleted. Naependent
[ 45Ca* uptake rates were measured as described in the legend of
\ ‘ Figure 2. Uptake rates in the absence of PMA weret1® 21, 8.7
- P1 ari || C + 0.63, 4.6+ 0.11, and 3.6 0.08 nmol per milligram per 30 $1(
l F - i = 3) in cells expressing the wild-type NCX1, the S249A/S250A/
S357A NCX1 mutant, NCXA246-672, and NCXA292—708,
<—_E—+ respectively. Uptake activities in the absence of PMA are taken as

100%. Data are means SE of three independent experiments.
Ficure 6: Two-dimensional tryptic phosphopeptide mapping of
NCX1 mutants. Cells expressing the wild-type or mutated NCX1
were treated with 0.4M PMA for 20 min. Phosphorylated NCX1
proteins were isolated from these cells by immunoprecipitation and
subsequent SDSPAGE, and subjected to two-dimensional tryptic
phosphopeptide mapping. The right bottom panel schematically
shows the location of phosphopeptides and the direction of peptide
migration (arrows).
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shown), while the S249A/S250A/S357A triple mutation 40 %
caused the disappearance of all three phosphopeptides (Figure §
6, lower left panel). We interpreted these results as an 20+ | & <
indication that P1 and P3 contain phosphoserine at positions 0 > g
250 and 357, respectively, while P2 contains phosphoserines NCXA NCX2 NCX3

at positions 249 and 250 (see the Discussion; see also Figure .
5B for the phosphorylation site sequences). FicURe 8: Effects of ATP depletion on Nadependent>Ca*

: uptake into cells expressing wild-type NCX isoforms, the triple
Regulatory Properties of NCX Mutant3o assess the role serine to alanine NCX1 mutant, NCX246—-672, and NCXA292—

of direct phosphorylation of the NCX]' protein in the PKC- 708. Cell N& loading and measurement of the Wdependent
dependent regulation, we examined the effect of PMA on 4scz+ uptake rates were performed as described in Experimental
Na'i-dependent®Ca" uptake into cells expressing NCX1 Procedures. The cells had been incubated with 10 mM 2-deoxy-
mutants whose phosphorylatable serine residues were muP-glucose and 2.5g/mL oligomycin or with 10 mMb-glucose

; ; ; (control) during the last 10 min of Naloading. Average uptake
tated to alanines. As shown in Figure 7, PMA enhanced activity in untreated control cells is taken as 100% for each cell

the uptake by the S249A/S250A/S357A triple mutant in @ ¢jone. Data are meanis SE of three independent experiments. The
dose-response manner similar to that for the wild-type columns marked with an asterisk are significantly different from
NCX1, indicating that exchange activity of this mutant is the control.
regulated normally by PKC. We obtained similar results
with single mutants S249A, S250A, and S357A (data not 2-deoxyp-glucose on N&-dependent'®*C&" uptake into
shown). In contrast, the PMA-induced activation of uptake CCL39 cells expressing wild-type or mutated NCX isoforms
activity was not observed in a mutattZ46—672) with most (Figure 8). This treatment reduced the uptake rate by the
of the central cytoplasmic loop of NCX1 deleted (Figure 7). wild-type NCX1 or the S249A/S250A/S357A NCX1 triple
Similar deletion mutation292—708) in NCX3 also resulted  mutant to a similar extent (to 6670% of the control),
in the loss of the PMA-induced activation of uptake activity indicating no involvement of the direct phosphorylation of
(Figure 7). These results suggest that the central cytoplasmidNCX1 protein in the observed inhibition of uptake activity.
loop is required for the PKC-dependent regulation of We found that these metabolic inhibitors similarly inhibited
exchange by NCX1 or NCX3. the uptake by wild-type NCX2 or NCX3 (Figure 8).
Cell ATP depletion is known to inhibit NdCa" exchange Interestingly, however, the inhibition by these agents was
in several cell typesl(l, 12, 17, 31), although its underlying  not observed in NCXA246-672 or NCX2292-708, sug-
mechanism remains unclear. We studied the effect of a 10gesting that the central cytoplasmic loop is involved in the
min treatment with 2.5ug/mL oligomycin and 10 mM ATP-dependent inhibition of exchange by NCX1 or NCX3.
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This observation obtained with the NCX1 mutant lacking that okadaic acid, a specific inhibitor of protein phosphatases
the central cytoplasmic loop is consistent with a previous 1 and 2A, enhanced both exchange activity and phospho-

report (L1). rylation of the NCX1 protein in cardiomyocytes and NCX1
transfectants 12). This study confirmed the significant
DISCUSSION phosphorylation of the NCX1 protein in unstimulated trans-

fectants and its enhancement in response to stimuli that

In our recent study12, 19), we have provided evidence activate PKC (Figure 4). In addition, we showed for the
that transport activity of NCX1 is stimulated by PKC first time that NCX2 and NCX3 proteins are phosphorylated
activation in cultured smooth muscle cells, cardiomyocytes, to a much lesser extent than the NCX1 protein in unstimu-
and NCX1-transfected CCL39 cells. The aim of this work lated transfectants and that their phosphorylation was not
is to compare phosphorylation-dependent regulation of threeinfluenced by treatments with various PKC modulators as
mammalian NCX isoforms and to obtain insight into the well as with 8-Br-cAMP or 8-Br-cGMP (Figure 4). The
mechanisms involved. To characterize individual NCX finding that NCX3 is not phosphorylated in response to PKC
isoforms in the same cellular background, we stably ex- activators suggests that direct phosphorylation of the ex-
pressed each in CCL39 fibloblasts that exhibit little endog- changer protein is not required for the PKC-dependent
enous activity (see the Results and 1€j. enhancement of exchange activity at least in NCX3 trans-

This study has shown that Niadependent®Ca" uptake fectants.
into NCX83 transfectants, like that in NCX1 transfectants,  To clarify the regulatory role of direct phosphorylation of
was enhanced by a short treatment with PMA, but signifi- the NCX1 protein, we identified the phosphorylation sites
cantly inhibited by a long exposure to PMA, a procedure in PMA-treated, $?P]orthophosphate-labeled NCX1 trans-
known to cause downregulation of PKC in cells (Figures 2 fectants using site-directed mutagenesis. Since multiple
and 3). PDGF-BB also enhanced uptake activities in NCX1 serine residues were previously shown to be phosphorylated
and NCX3 transfectants, which were abolished by treatmentin the NCX1 protein 12), nine serine residues localized in
with calphostin C or by a long exposure to PMA. In contrast, putative intracellular loops were selected as candidate PKC
Na'i-dependent®C&" uptake into NCX2 transfectants was phosphorylation sites [R/K-(%).-S] (34) and then mutated
not influenced by all these procedures, indicating that NCX2 to alanines. Immunoprecipitation experiments revealed that
differs from NCX1 or NCX3 in the regulatory response to Ser-250 is the predominant phosphorylation site, with Ser-
PKC activation. When the kinetics of Nedependem>Cz* 249 and Ser-357 being phosphorylated to a much lesser
uptake were measured as a function of‘Gaoncentration, extent (Figure 5A). In two-dimensional phosphopeptide
PMA was found to increase thénax without affecting the mapping, tryptic digestion of th&P-labeled wild-type NCX1
Km for Ca", in NCX3 transfectants (see the Results), which protein generated three major phosphopeptides;FRL
is similar to the finding obtained with NCX1 transfectants (Figure 6). When cells expressing mutants with single,
(12). It is unlikely that such an increase in thg.x was double, or triple mutants of these phosphorylatable sites were
caused by an increase in the number of exchanger moleculesubjected to phosphopeptide mapping, P1 and P3 were
in the plasma membrane due to their cellular redistribu- missing from all mutants carrying the S250A or S357A
tion induced by PMA, because the number of c-myc epitopes mutation, respectively, suggesting that P1 and P3 contain
in the plasma membrane of CCL39 cells expressing the phosphoserine-250 and phosphoserine-357, respectively (cf.
c-myc epitope-tagged NCX1 protein was not affected by a Figure 5B). On the other hand, P2 disappeared in mutants
30 min treatment with PMA, as estimated immunologically carrying the S249A or S250A single mutation, the S249A
(32 (T. lwamoto et al., unpublished observation). In contrast and S250A double mutation, or the S249A/S250A/S357A
to the effect of PMA or PDGF-BB, 8-Br-cAMP, forskolin,  triple mutation (Figure 6). We interpreted these results as
or 8-Br-cGMP did not affect Na-dependent®Ca* uptake indicating that adjacent Ser-249 and Ser-250 are both
into all these NCX transfectants (Figure 3 and Results). phosphorylated in P2, on the basis of the assumptions that
Because a previous study provided clear evidence that theP2 from the S249A mutant with its Ser-250 phosphorylated
activation status of cAMP-dependent protein kinase closely in response to PMA exhibits an electrophoretic mobility
follows the level of intracellular cAMP in CCL39 cells similar to that of P1 (containing phosphoserine-250) and that
transfected with muscarinic M1 receptor cDNAJ, it Ser-249 is phosphorylated only after the phosphorylation of
appears that transport activities of all NCX isoforms are not Ser-250. The latter assumption is required to explain the
influenced by cAMP-dependent protein kinase in the CCL39 disappearance of both P1 and P2 in the S250A mutant
cell line. This result is at variance with the finding by Linck (Figure 6). The postulated sites for tryptic cleavage and
etal. (L7), who found that exchange activities of NCX1 and sequences of the phosphopeptides that are produced are
NCX3 expressed in BHK cells are stimulated by treatment depicted in Figure 5B. Interestingly, these three phospho-
with forskolin. Currently, we have no explanation for this rylatable sites are not conserved in NCX2 or NCX3,
discrepancy. consistent with the phosphorylation data obtained with these

Previously, we showed that the NCX1 protein was isoforms.
phosphorylated in cultured smooth muscle cells, cardiomyo- We examined the effect of PMA on Nedependent>Ca?*
cytes, and NCX1-transfected CCL39 cells during the stimu- uptake into cells expressing the NCX1 mutant carrying the
lation of exchange activities by PKC activatoi®(19). We S249A/S250A/S357A triple mutation. We found that this
found that the extent of phosphorylation of the NCX1 protein mutant still maintained a normal response to PMA (Figure
correlated well with the extent of activation of exchange 7), suggesting that direct phosphorylation of NCX1 protein
activity in these cells, which suggests the presence of ais not required for the upregulation of exchange activity by
causative relationship between the tvi@)( We also found PKC activation. In contrast, the NCX1 mutant (NCX246—
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672), with most of the large central cytoplasmic loop deleted, changers. In contrast, activity of NCX2 in CCL39 cells is
did not exhibit PMA-induced activation of exchange activity not regulated by a pathway involving PKC. This regulatory
(Figure 7). A similar loss of the regulation by PMA was difference between isoforms, which is also found in other
observed in the NCX3 mutant (NCX292-708) with the ion transporters37, 38), could provide an important physi-
central cytoplasmic loop deleted. Of note, these NCX1 and ological mechanism by which the multiplicity of protein
NCX3 deletion mutants still retained 53 and 59%, respec- functions can be generated.

tively, of uptake activities of the corresponding wild-type

exchangers (see the legend of Figure 7). These resultsa\CcKNOWLEDGMENT
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