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THE N A + - C A 2 + EXCHANGE TRANS-

porter of cardiac sarcolemma is a 
major pathway for transmembrane 

Ca2+ fluxes in cardiac myocytes (1). The 
exchanger uses the energy in the Na+ gradi
ent to move Ca2+ and is usually considered 
the dominant cellular Ca2+ efflux mecha
nism. The significance of Na+-Ca2+ ex
change in cardiac excitation-contraction 
coupling has recently attracted attention (2). 
Although both physiological and biochemi
cal studies have defined the rate and magni
tude of exchanger-mediated fluxes, molecu
lar studies of the Na+-Ca2+ exchanger have 
lagged because of the relatively low abun
dance and lability of the exchanger. We have 
previously correlated sarcolemmal Na+-
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Ca2+ exchange activity with 70-, 120-., and 
160-kD proteins (3). Here we report the 
molecular cloning, expression, deduced am i-
no acid sequence, and apparent molecular 
size of the canine cardiac sarcolemmal Na+ -
Ca2f exchange protein. 

We used a polyclonal antibody against a 
partially purified preparation of the ex
changer (3) to screen an amplified Xgtll 
expression library (4). A 3.2-kb clone, desig
nated A4, was isolated from the library for 
further study. Northern blot analysis of po-
lyadenylated [poly(A) + ] RNA from dog 
heart tissue probed with DNA from A4 
indicated that the complete exchanger tran
script is 7 kb (5). Sequence analysis and our 
inability to express exchange activity in oo
cytes with RNA synthesized from the A4 
clone indicated that this clone did not con
tain the entire coding region for the ex
changer. 

To obtain the 5' end of the coding region 
of the exchanger clone, we constructed a 

Molecular Cloning and Functional Expression of the 
Cardiac Sarcolemmal Na + -Ca 2 + Exchanger 

D E B O R A A. N I C O L L , S T E F A N O L O N G O N I , * K E N N E T H D . PHiLiPSONt 

The Na+-Ca2+ exchanger of the cardiac sarcolemma can rapidly transport Ca2+ during 
excitation-contraction coupling. To begin molecular studies of this transporter', 
polyclonal antibodies were used to identify a complementary DNA (cDNA) clone 
encoding the Na+-Ca2+ exchanger protein. The cDNA hybridizes with a 7-kilobase 
RNA on a Northern blot and has an open reading frame of 970 amino acids:. 
Hydropathy analysis suggests that the protein has multiple transmembrane helices:, 
and a small region of the sequence is similar to that of the Na+- and K+-dependent 
adenosine triphosphatase. Polyclonal antibodies to a synthetic peptide from the 
deduced amino acid sequence react with sarcolemmal proteins of 70, 120, and 160 
kilodaltons on immunoblots. RNA, synthesized from the cDNA clone, induces 
expression of Na+-Ca2+ exchange activity when injected into Xenopus oocytes. 
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Fig. 1. Exprcssion of Nat-Ca2+ exchange activih 
in Striilp~ii i<ii,i~ls oocytcs. Oocvtes werc dissected, 
injected, and assayed as described (8). The oocytc 
intracellular Nat concentration was elevared by 
treatment with nysrarin in Harth's solution (20) .  
N.I+ gradient4cpcndent uptake of "Ca" 
(harchcd bars) \vas measured by placing the oo- 
cytes into a K*  mcdium [90 nu% KCI, 10 ~ L M  
CaCI? (6.25 kCi of "CaClz per millilircr), 250 
kIM hlgC12]. The background, Na* gradienr- 
independent "Ca" uptakc (xvhirc bars) was dc- 
[ermined by placing the oocytes into a mcdium 
identical to the K+ mcdium, but \virh Na* subsri- 
tuted for K t .  A control to slio\v that the induced 
Caz* uptakc required inrcrnal Na* (Na,) is 
sho\x.n in the right column (black bar) where 
intraccllular Nat was not clcvatcd by incubation 
\virh nysratin (X), and the oocvtc\ \vcrc placed 
into K* mcdium for the Cai+ uptake assay. 
Clocyrcs \vcrc injected \xitli 50 nl of Lvarcr or 
syntlicric KNA (cItUA, 50 ng) 6 days prior ro the 
Nat-Ca" transport assay. 1 1  = 10. \$%ere omit- 
ted, SEM bars are less than 8% of CaZ+ uptake. 

canine heart oligo(dT)-pri~ned cDNA li- 
bra? and screened the unamplified library 
with D N A  probes from the A 4  clone (6) .  
Several long c D N A  clones (about 6 kb) 
were isolated. By restriction endonuclease 
analysis, we found that these clones had long 
3 '  extensions ( > 2  kb) relative t o  the A 4  
clone, although none had poly(A) + tails. 
One  of these clones, TB11, also had a 5' 
extens1011 of 8 0  base  airs and \vas used for 
further analysis. 

T o  confirm that the c D N A  clone encoded 
for the Na ' -Ca2* exchanger, \ve synthes17cd 
R N A  (7) from TB11  and ~njected the RhTA 
into S t v l o p r r ~  l nu r~ is  oocytes. Six days later, we 
measured Na+  gradient-dependent Ca2+ 
upt'ake ( 8 ) .  The induction of  Na ' gradient- 
dependent Ca2* uptake into the oocytes is 
s h o ~ v n  in Fig. 1. The  expressed Na*-Ca2+ 
exchange actkit\. requirei  internal Na ' and 
the absence of  external Na+,  as expected. 
The magninlde of  Ca2+ uptakc \vas at least 
one order of  magnitude greater than that 
obsened  \vith o o q t e s  injected \vith 
poly(A) ' R N A  from cardlac tlssue ( 8 ) .  An 
even greater amount o f  induced uptake 
mighthave been expected from the CRNA, 
but may not have occurred for a variety of  
reasons. For example, the c h V h  does not  
have a poly(A)* tail, which Inay affect stabil- 
it\. of  the R N A  o r  the efficiency of  its 
tra~islation ( 9 ) .  Also, maximal exchange ac- 

tivitv mav require the presence of  associated 
r e g i a t o h ,  proteins. The induction of  Na+-  
Ca2+ exchange activiy demonstrates that a 
single gene product can mediate exchange. 

The  identity o f  the polypeptide or  poly- 
peptides involved in N a -  -Ca2- exchange in 
sakolemmal membranes has been uncertain 
(3). To resolve this question, we raised an 
antibodv ( 10) against peptlde dern ed from 
the deduced ammo actd ~equence  of the 
exchanger ('unino acids 6 8 0  to 694)  (Fig  
2A). A; determined bv en~ymc-ltnked 1111- 

  nu nos or bent analvs~s (ELISA), the antlse- 
rum contains an ait ibodv that reacts 1~1th 
the peptide but does not bind to  the native 
exchanger. Ho\vc\er, the antiserum docs 
specificallv react v lth denatured sarcolem- 
ma1 protiins o n  i~nniunoblots (Fig.  3 ) .  The  
reaction with sarcolemmal proteins (Fig. 3, 
lanes d and e )  is similar t o  the reaction o f  the 
previouslv described ( 3 )  antlbodv t o  the 
exchanger (Fig. 3, lane a) ,  ~vh ich  Ivas used 
to  isolate A4. Both antibodies react vith 
exchanger polypeptides of  160, 120, and 70 
kD. The  reaction of  the antiserum v i t h  

Fig. 2. Amino acid sequence of the 
Na+-Ca" excha~gcr mci similarin 
to the Na*,K+-ATPasc. ( A )  L>e- 
duced amino acid sequence of the 
exchanger. The enrirc A4 clone mci 
the 5' end ofTH11 wcrc scqucnccd 
in both directions ~vitli the didcox- 
ynuclcotide chain termination 
method ( 6 ,  21). Double-stranded 
rcmplares \vcre sequenced as sub- 
cloned restriction fragments or uni- 
dirccriondy dclctcd clones (Pro- 
mega Erase-a-Kasc System). In 
some cases, oligonuclcotidcs were 
synrl~csized for use as specific prim- 
ers. Potential membrane-spanning 
segments arc double underlined 
and labeled \x.ith numbers accord- 
ing to rhc model. The first amino 

sarcolemmal proteins can be blocked by 
peptide (Fig. 3, lane c),  but not by keyholc 
limpet hernocyanin (Fig. 3, lane c ) ,  which 
was coupled t o  the peptide for antibody 
production. This verifies ou r  previous corre- 
lation of  Na+-Ca2+ exchangc activity with 
proteins o f  these apparcnt molecular 
\$?eights (3). Although the origin of  thc 
multiple protein bands is unclear, thcre arc 
indications that the 70-kL) peptidc arises 
from proteolysis of  the 120-kT> protein (-0. 
Differential processing may also accu~tnt  for 
the multiple protein bands. 

The deduced amino acid scqucncc of the 
exchanger (Fig. 2A) was obtained from thc 
combined ~iuclcotidc sequence o f  the A4 
clone and the 5' end of  the T B  1 1 clone. The  
first ATG is 2 6  base pairs from the 5' end o f  
T B  11  in an open rcading frame. The nucleo- 
tide sequence around this potential start site, 
C M C A T G C ,  - is similar to the Komk con- 
sensus initiation site ( t t ) .  Thc  opcn rcading 
frame continues for 29 10 bascs t o  a TAA 
stop codon and encodes a protein of  9 7 0  
amino acids \vith a niolccular size o f  108 

A 
1 11 

1 MLQLRLLPTF SMGCHLLAW ALLFSHVDLI SAETEMEGEC NETGECTGSY 

2 
51 YCKKGVILPI WEPQDPSFGD KIARATVYFV AMVYMFLGVS IIADRFY5SI 

3 
101 EVITSQEKEI TIKKPNGETT KTTVRIWNET VSNLTLNALG SSAPE:LLSV 

4 
151 =GHNFTA GDLGPSTIVG SAAFNMFIII A L C V Y W P 3 G  ETRKIXYLRlJ - 

5 6 
201 FFVTAAWSIF AYTWLYIILS VISPGVVEW EGLLTFFFFP I C W F A W A D  

251 RRLLFYKYVY KRYRAGKQRG MIIEHEGDRP SSKTEIEMDG W N S H V D N F  

301 LDGALVLEVD ERWDDEEAR REMARILKEL KPKHPEKEIE QLIELANYQV 

+ 
351 LSPOCIKSRAF YRIQATRLUT GAGNILKRHA ADQARKAVSH HEWTEVAEN 

401 DPVSKIFFEQ GTYQCLENCG TVALTIIRRG GDLTNTVFVD FRTEDGTANA 

451 GSDYEFTEGT VVFKPGETQK EIRVGIIDDD IFEEDENFLV HLSNVKVSSE 

501 ASEDGILEAN HVSALACLGS PSTATVTIFD DDHAGIFTFE EPVTHVSESI 

acid ellcodcd in 'lone A4 is 'Ildicat- 
551 GIMEVKVLRT SGARGNVIVP YKTIEGTARG GGEDFEDTCC ELLFQNDEIV cd \virli a1 arro\xr. Porcntial N- 

npc  NXSir are indicated \vith as- 
tiiisks and rhc potential phospho- 
nlation site with a diamond. Ab- 
breviations for the amino acid rcsi- 
dues are A, Ala; C. Cys; D, Asp; E, 
Glu; F, Phc; G, GI?; H, His; I, Ile; 
K, Lys; L, Leu; h1, hlct; N, hsn; P, 
Pro; Q, Gln; K, Arg; S, Scr; T, 
Thr; V, \'dl; UT, Trp; and k', Tyr. 
The exchanger nucleotide and a m -  
no acid sequence data arc available 
through GcnKank, accession num- 
ber h136119. ( 0 )  Sequence similar- 
i v  bcnvccn the exchanger ( NaCaX) 
and the Na+.K'-ATPasc (NaK) 

651 YLYGQPVFRK VHAREHPIPS TVITIAEEYD DKQPLTSKEE EERRIAWGR 

701 PILGEHTKLE VIIEESYEFK STVDKLIKKT N L A L W G T N S  UREQFIMIT 

7 

751 VSAGEDDDDD ECGEEKLPSC F D Y W F L T V  FWKVLFAFVP P T E Y W N W  - 
8 9 

801 FIVSILMIGI LTAFIGDUIS HFGCTIGLKD S V T A W F V A L  GTSVPDTFAS 

10 
851 KVAATQDQYA DASIGNVTGS NA\WFU;IG VAWSIAAIYH AANGEQFKVS 

11 12 
901 PGTLAFSVTL FTIFAFIWG VLLYRRRPEI GGELGGPRTA KLLTSCLFVL 

951 LWLLYIFFSS LEAYCHIKGF 

1/81, Prorein data bascs Lvcrc B 
searched by rhe FastA program of 
Univcrsiv of U7isconsin Genetics Nacax 

Y T W L Y I I L S V I S P G V V E V W E G L L  

Computer Group (14). Identical NaK 

amino acids arc enclosed bv boxes. 
V I u G  I I [ A N D P K I  

308 330 

26 OCTOBER 1990 



Flg. 3. Immunoblot analysis ofsarcolcmmal pm- 
tcins with antibodies to the synthetic pcptidc. 
SDS-polyacrylamidc gel dccwphomis, blot- 
ting, and antibody reactions with horseradish 
peroxidase and diaminobcnzidine we= performed 
as described (3). Each lam contained about 10 pg 
of canine catdiac sarcolcmmal protein. Nitrocellu- 
lose smps were reacted with (lane a) a previously 
described (3) plyclonal antibody to the exchang- 
a proteins (1:3000 dilution); (lane b) pn-im- 
mune serum from the rabbit used to produce the 
antibodies to the peptide (1:200 dilution); and 
(lanes c, d, and e) antiserum (1 : 200 dilution) to 
the synthetic pcptide. Lane c also contained fiec 
pcptide (0.7 rngtml) to compete with the anti- 
body, and lane 3 contained keyhole limpet hano- 
cyanin (0.2 rngtml) in addition to antibody. 

kD. The native exchanger protein has a 
maximal apparent molecular size of about 
160 kD (Fig. 3). The reason for this discrep- 
ancy in unknown, though the exchanger 
may be heavily glycosylated There are six 
potential sites for N-linked glycosylation of 
the exchanger (Fig. 2A). 

The cardiac exchanger is regulated by 
adenosine triphosphate (ATP), although 
phosphorylation has not been implicated 
(12). The most likely phosphorylation site, 
RKAVS (amino acids 385 to 389), could be 
a substrate for either a calmodulin-de~en- 
dent kinase or an adenosine 3',5'-mono- 
phosphate (CAMP)-dependent kinase (13). 

Comparison of the sequence of the Na+- 
CaZ+ exchanger with other proteins in the 
available databases indicates that the ex- 
changer contains almost no sequence simi- 
larity to any other protein. However, a 
region of 23 amino acids with 48% identity 
to the a subunit of the Na+- and K+- 
dependent adenosine mphosphatase 
(Na+,K+-ATPase) received the highest sim- 
ilarity score (14) (Fig. 2B). This region may 
perform a similar structural or functional 
role in the two  rotei ins. 

A hydropathimap for the exchanger pro- 
tein is shown in Fig. 4A. The protein can be 
divided into three regions: a hydrophobic 

NHz-terminal pomon containing six poten- 
tial membrane-spanning segments, a long 
hydrophilic region, and a hydrophobic 
C O O H - t e n d  pomon containing six po- 
tential membrane-spanning segments. Divi- 
sion into long hydrophobic and hydrophilic 
regions appears to be a common feature of 
ATP-dependent cation pumps (15) and ion 
exchangers (1 6). The overall similarity of the 
hydropathy plots of the ~ a + - C a ~ +  exchang- 
er and the ATP-dependent cation pumps 
(15) is notable. Some of the proposed trans- 
membrane segments have polar residues at 
regular intervals of three to four amino 
acids. For example, segments three and five 
both have six hydroxyl-containing or acidic 
residues, ail of which would be on the same 
surface of an amphipathic helix. In conjunc- 
tion with other amphipathic helices, these 
surfaces may form portions of ion transloca- 
tion pathways. The first hydrophobic seg- 
ment could be a cleavable NH2-terminal 

Rg. 4. Hydropathy plot and A 
model for the Na+-Ca2+ a- $ - 

signal sequence. The comnsus cleavage site 
would be between residues 32 and 33 (17). 

changer. plot for tbc (A) exchanger Hydropathy deter- 6 = 

By analogy to models of other transport- 
m (15, 16), we place the long hydrophilic 
region (520 amino acids, residues 250 to 
769, loop f) on the cytoplasmic side of the 

O . + ~ & w a ~ A m d ~  

membrane and propose a secondary struc- 
m e  model (Fig. 4B). The region of similar- 
ity between the Na+,K+-ATPase and the 
Na+-Ca2+ exchanger (Fig. 3, lane b) occurs 
at homologous positions in the two proteins 
(18). The region of similarity is in trans- 

mined by the method of g4. 
7 8 9 1011 12 

Kyte and Doolittle (22) with I , m m , I I I I I I I I . . l , . , l I m ~ C .  

a window of 20 amino ac- 0  200 400 600 800 
ids. On the ordinate, hydro- Amino add number 
phobicity is indicated by positive numbers and B 
hydrophilicity by negative numbm. Potential Extracdlukr 
membrane-spanning regions arc indicated with 
numbers 1 to 12. (B) A proposed model fbr the 
sarcolemmal Na+-C$+ exchanger bascd on the 
hydropathy plot. 1 m 12, Membrane-spanning 
segments; a to k, loops connecting transman- 
brane segments. $, Possible sites of extracellular 
asparaginc-linked oligosaccharidc bindmg; *, cal- 
modulin biding site; and P, phosphorylation 
site. 

lntrecsllular 

membrane G e n t s  immediakly NH2-ter- 
rninal to a long cytoplasmic loop. By this 
model, three of the potential N-linked gly- 
cosylation sites are on the extracellular sur- 
face, and the potential phosphorylation site 
is on the intracellular surface. The other 
three potential glycosylation sites are in pu- 
tative cytoplasmic loops b and f. 

Overall, the exchanger is a very acidic 
protein, with 137 acidic and only 108 basic 

residues (includmg histidines). Most of the 
disparity between numbers of acidic and 
basic residues is in cytoplasmic loop f, which 
contains 103 (20%) acidic and only 75 
(14%) basic amino acids. The acidic amino 
acids are spread throughout cytoplasmic 
loop f, although there are regions very en- 
riched in acidic residues (for example, posi- 
tions 755 to 765) that may be involved in 
cation binding. In contrast, the basic resi- 
dues in cytoplasmic loop f tend to be clus- 
tered prirnarrly at the NH2-terminal and 
COOH-terminal ends of the loop. The clus- 
tering of basic residues may also have some 
functional signi6cance. For example, the 
basic region at residues 251 to 270 is a 
calmodulin binding domain (19). The mod- 
el for the exchanger should provide a basis 
for future structure and function studies of 
the exchanger. 
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Voltage-Independent Calcium Release in Heart Muscle 

The CaZ+ that activates contraction in heart muscle is regulated as in skeletal muscle by 
processes that depend on voltage and intracellular Ca2+ and involve a positive feedback 
system. How the initial electrical signal is amplified in heart muscle has remained 
controversial, however. Analogous protein structures from skeletal muscle and heart 
muscle have been identified physiologically and sequenced; these include the Ca2+ 
channel of  the sarcolemma and the Ca2+ release channel of  the sarcoplasmic reticulum. 
Although the parallels found in cardiac and skeletal muscles have provoked valuable 
experiments in both tissues, separation of  the effects of  voltage and intracellular CaZ+ 
on sarcoplasmic reticulum Ca2+ release in heart muscle has been imperfect. With the 
use of  caged Ca2+ and flash photolysis in voltage-clamped heart myocytes, effects of 
membrane potential in heart muscle cells on ca2+ release from intracellular stores have 
been studied. Unlike the response in skeletal muscle, voltage across the sarcolernma of  
heart muscle does not affect the release of  Ca2+ from the sarcoplasmic reticulum, 
suggesting that other regulatory processes are needed to control Caz+-induced Ca2+ 
release. 

HE HYPOTHESIS THAT T H E  EFFE(:TS 

of a small anmunt of trigger C a 2 '  
could be amplified to providc the 

clcvated intracellular Ca2+ coriceritratiotl 
([Ca2'li) nccdcd to activate contraction was 
first proposed to explain cxcitation-contrac- 
tion (EC) coupling in skeletal muscle ( I ) ,  
although this concept of " ~ a ~ + - i n d u c e d  
Ca2+ release" (CICR) is now broadly ap- 

plied to  excitable and noncxcitablc cclls (2- 
7). Even though CICR has a limited role in 
E C  coupling of skclctal muscle ( 8 ) ,  CICR 
may moduldtc EC coupling in skclctal mus- 
cle under specific conditions (9). CICR has 
bccn demonstrated in shnned heart musclc 
cells (2) and may be respons~ble for ampl~hr- 
lng thc etfects of the Ca2+ ~ t i f l~w through 1,- 
wpc Ca2+ channels 1t1 Intact hcart cclls. 
~xneriments in intact isolated heart muscle 

Dcpxuiicnt of P h y s l o l o ~ ,  LTniverslty of Manland 
cells also show that thcir CICR can be 

~ ~ l ~ ~ ~ , l  of ~ ~ d i ~ i ~ ~ .  and blJnland Rlotcchnolow c c n -  dircctlv activated bv a photochcmically pro- - .  
tcr. Rdt~morc.  MD 21201 duced step increase in iCa2'], (10). ~ o w e v -  

=prcscnt J ~ d r c s s :  DepJmcnt of Physlolog?.. Unlvcrsity er, it is riot if sarcolcnlmal membrane 
of Bcm, Ruchlplatz 5. CH-3012 Bcm. S\virzcrl~nd. potential can influence CICR or dircctly 

modulate EC coupling in heart, although . . 

several reports (1 1, 12) provide support for 
CICR in heart muscle: when thc Cn2 ' cur- 
rent (Ic,) is rcduccd by depolarizations to  
thc clcctrochcmical potential of ~ a '  ' (Ec,,), 
rhcrc is no ca2' release. This is in clcar 
contrast to  findings in skeletal musclc ~vherc 
sinlilar depolarizations d o  not rcsult in rc- 
duction in the voltage-activated I Ca2+]i 
transient (1.3). 

One difficuln ~vi th thc concept of CICR 
arises from the potentially large positive 
fccdback (gain) inherent in this process. 
Because the CICR produces its o\vn trigger 
signal as the output signal, this system 
would not release c a 2 +  in a graded wa!., 
unless ~ t s  galn \\ere low Ho\i~e\ cr, thc 
cxpcrimentall~ obscr~  cd galn o f  th15 posltlve 
fccdback system \I as \ ar~ablc depending on 
the conditions, suggesting that the gain may 
be regulated (14). E'urthcrmore, in hcart 
musclc, [ c a 2 + ] ,  transients can be abbrcviat- 
ed by early rcpolarization ( 1 I),  a finding not 
cxpccted from CICR with a high gain. 
Examination of Ic, sho~vcd that the flux of 
Ca2+ itself was important in triggering 
CICR, since replacing outside c a 2  ' , Ca2 ' ,,, 
with othcr ions that can permcatc the Ca2 ' 
channels prc\rcntcd CICR, as did othcr pro- 
cedures that blocked c a 2  ' flux through thc 
Ca2+ cha~mcls (1.5). From thcse findings, it 
was concluded that thc voltage depcndcncc 
of Ca2 ' release was mediated entirely by 
Ca2+ flux through c a 2 +  channels and thus 
by the voltage dcpcndcncc of these channels. 
However, additional voltage-dependent 
mechanisms may be involved. The voltagc- 
dependent sodium current ( INn)  and the 
intracellular Na ' concentration [ (Na  ' 1,)- 
dependent and voltage-dependent Na+- 
Ca2+ exchanger can trigger CICR (Ih), 
again raising the question whether voltage 
itself can influcncc the gain of CICR in heart 
musclc. In order to address this point cxpcri- 
mentally, it is ncccssary to  activate CICR 
and control voltage ~ndependcntl~ We ha\ c 
ach~cved t h ~ s  by actlvatlng CICR uslng pho- 
torelease of caged c a 2 +  (1 7) ~ i ~ h ~ l c  ~ndepcn- 
dcn t l~  controll~ng mcmbranc potential bv 
using a patch-clamp mcthod in the whole- 
cell mode. 

In thc absence of photorelease of Ca2+, 
depolarization of the sarcolcmnial mem- 
brane activated contraction in thc normal 
manner (Fig. l A ) ,  and rcpolarization of the 
cell membrane produced a small aftercon- 
traction that reflects the Ic, tail current. A 
nvitch contraction was triggered at a hold- 
ing potential of -40 mV in the same cell by 
photorclcasc of Ca2+ with a 230-W-s dis- 
charge through thc flashlamp (Fig. 1B). 
Thc photochemically induced contraction, 
although similar to  the contraction induccd 
by dcpolarization, exhibited some expected 
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