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Abstract 

The cDNA of the guinea pig cardiac Na+-Ca 2+ exchanger was cloned from a AZAP cDNA library. The deduced sequence of the 
protein corresponds to 970 amino acids and is 98% identical to the canine cardiac exchanger. The leader peptide region shows substantial 
variation among species. The cloned cDNA can induce Na+-Ca 2+ exchange activity when in vitro transcribed cRNA is injected into 
Xenopus laevis oocytes. 
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The Na+-Ca  2÷ exchanger is a highly active counter- 
transporter in the plasma membrane that uses the electro- 
chemical energy of the Na + gradient to remove Ca 2 + ions 
from cells [1,2]. The stoichiometry is 3 Na ÷ to 1 Ca 2÷ 
[3,4]. In myocardial cells, the sarcolemmal Na+-Ca  2÷ 
exchanger is the dominant system to extrude Ca 2+ which 
enters the cell during the cardiac action potential [2,5,6]. 
The Na+-Ca  2+ exchanger is an important regulator of 
excitation-contraction coupling in cardiac muscle [7,8]. 

Nicoll et al. [9] cloned the Na+-Ca  2÷ exchanger from a 
canine heart cDNA library by antibody screening. Re- 
cently, the Na+-Ca  2÷ exchangers from human heart 
[10,11], bovine heart [12], rabbit kidney [13], rat heart [14], 
and rat brain [15] have been cloned and sequenced. The 
open reading frames of the cloned dog, rat, and human 
heart Na+-Ca  2+ exchangers code for proteins of 970, 971, 
and 973 amino acids, respectively. 

Ventricular myocytes from the guinea pig are often 
used in physiological studies of excitation-contraction cou- 
pling. It is of interest to see if the Na+-Ca  2+ exchanger 
from this species is similar to the canine cardiac ex- 
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changer, for which the most structural and functional 
information is available. We report here the cloning, se- 
quencing, and functional expression in Xenopus laevis 

oocytes of the guinea pig cardiac Na+-Ca  2+ exchanger. 
A AZAP cDNA library (Dr. A. McDonough, USC 

School of Medicine, Los Angeles, CA) was screened with 
inserts from pA4 [9] as probes as described previously [9]. 
Approximately 5 • 105 plaques were probed to find the full 
length cDNA clone described here. Nucleotide sequencing 
was performed by the method of dideoxynucleotide termi- 
nation [16] using the Sequenase system (US Biochemical, 
USA). Restriction fragments generated from the cDNA 
insert by digesting with restriction enzymes (EcoRI,  KpnI, 

ApaI, PstI) were subcloned into Bluescript II SK ÷ plas- 
mid (Stratagene, USA) and were sequenced from both 
directions. The sequence of the cDNA was assembled and 
analyzed by MacVector and AssemblyLign program 
(Kodak, USA). A single open reading flame of 2910 
nucleotides encodes a protein of 970 amino acids (Fig. 1). 
The first ATG is 23-bp from the 5'-end of the clone. The 
nueleotide sequence around this putative translation start 
site, CAACATG, is similar to the Kozak consensus initia- 
tion site [17]. In the open reading frame, the nucleic acid 
sequence of the guinea pig clone is 91%, 93%, and 89% 
identical to canine, human, and rat cardiac exchangers, 
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respectively. The deduced amino acid sequence is about 
98%, 98%, and 95% identical to the canine, human, and 
rat heart exchangers, respectively. 

To demonstrate the function of the cloned Na+-Ca 2÷ 
exchanger, cRNA was prepared using T7 polymerase, and 

the RNA was injected into Xenopus laevis oocytes, which 
were incubated at 18°C. Three days later, the oocytes were 
loaded with Na ÷ using nystatin and assayed for Na+-Ca ~+ 
exchange activity by measuring Na+-gradient dependent 
45Ca2+ uptake in either 100 mM KC1 or 100 mM NaC1 as 

i ATGCTG C G~I-FAAGTCTCTCACCCACATAI'TCA'I"rGGGA'I"I"FCATCTATTA GCTATGATGACTCTCCTAAI"I-FC C CATGTGGA C CACATAA~G ~ T G ~ G ~ G  ~ 
M L I~ L S L S P T Y S L G F H L L A M M T L L I S H V D H I T A E T E H V E E G 

Q R L F M C V V A F L S E G 
121 AATGAAACCGGTGAATGTACTGGCTCATAl-~A~AAGAAAGGGGTGA.1-FCTG~CA.1-~-rGGGAGCCTCAA~CC~ u I"iGGGGACAAAA'['I'GCTAGAGCAACTGTGTA'I-I-I'FGTG 

N E T G E C T G S Y Y C K K G V I L P I W E P Q D P S F G D K / A R A T V Y F V 

241 G CCATGGTCTACATGI'FFC1-FGGTGTCTCTATCATCG CTGATAGGITCATGTC CTCCATA Cb~AGTCATCACATCTCAAGAAAAAGAAATAACCAT~CC ~ T G ~ C ~ C  C 
A M V Y M F  L G V S I I A D R F kl S 5 1 E V  r T S Q E  K E T T I " K  K P N G E T T 

361 AAGAC CACTGTGAGAATCTGGAATGAGA CTGTGTCTAAC CTGAC CITC~ATG GC C CTAGGATC1-FCTG CTCC C G A ~ C  ~ ~ G  GC ~ T ~ G  ~ 
K T T V R T !/ N E T V S N L T L M A L G S 5 A P E T L L S V T E V C G H N F T A 

481 GGAGAC CI'TG GTC CTAG CA CCATCGTGG G~AGTGCTG C CI"TCAACATG1-FCATCATCATTGC C CTGTGTGTrTATGTGGTC C C T ~ T G ~ ~ G ~ G  C ~ G  
G D L G P S T I V G S A A F N M F I T I A L C V Y V V P D G E T R K 1. K H L R V 

601 l-FCl-FTGTGA~GGCAGCCTGGAGTATCTl-FG~CTATACCTGGCTTTACAl-FAl-FCTGTCTGTCA-F~-~.CT~CTGGTGl-FGTG~G~G~A~ c u I u I I CllTCCC 
F F V T A A W S I F A Y T W L Y T I L S V I S P G V V E V W E G L L T F F F F P 

721 ATCTGTGl-FGTGl-FCGCGTGGGTAGCAGATAGGAGGCTTCTt;TFFTACAAGTATGTCTACAAGAGGTATCGGGCTGGCAAGCAGAGGGGCATGA~ATA~C~G~C~ 
I C V V F A W V A D R R L L F Y K Y V Y K R Y R A G K Q R G N I I E H E G D R P 

841 TCATCCAAAACTGAAATCGAAATGGATGGIU~AGGTAGTGAACTCTCACGTTGAGAAI'FFCTTAGATG GTGCT~G~G ~ G ~ T ~ G G ~ T ~ T ~ T ~ G ~ A  G G 
S S I( T E I E M D G K V V N S H V E N F L D G A L V L E V D E R D Q D D E E A R 

D 
961 AGAGAAATG GCGAGAA1-FCTGAAG G~ACTTAAG CAGAAGCATC CA GAGAA G G A A A T A G A G C A A I - I ' ~ T A ~ A G ~ A C ~ ~ G  ~ C  ~G ~ 

R E N A R I L K E L K Q K H P E K E I E Q L I E L A N Y Q V L S Q Q Q K S R A F 

1081 TACCGAAlq'CAAG CTACTC GC CTGATGACCG GTGC C G GCAACA'IT/'FAAA GAG GCAC GCAGCTG~ C CAAGC CAGGAAGG C T G T C A G T A T G C A T G A G G T ~ G G ~ T  
Y R I Q A T R L M T G A G N I L K R H A A D Q A R K A V S t4 H E V N T E V A E N 

12BI GAC CCTGTTAGTAA GATCTTCT'I'FGAA CAAG GG~ CATATCA GTGTCTG GAGAACTGTGGTA ~ ~G GC C ~ C ~ A T C  C G ~  G ~ C  ~ C  ~ C  
D P V S K I F F E Q G T Y Q C L E N C G T V A L T I I R R G G D L T N T V F V D 

1321 'I-FCA GAACAGAG GATGG CACAGCAAATG CTGG GTCTGACTATGAATI-FA CTGAA GGAACTGTC GTCI-I'TAAGCCTG G T G A ~ G ~ G  ~ T ~ T ~ T ~ T  
F R T E D G T A N A G 5 D Y E F T E G T V V F K P G E T Q K E I R V G I I D D D 

1441 ATCT'FFGAG GAG GATGAAAAITTCCTTGTG CATCTGAGCAAC GTCAAAGTGTC1-FCTGAGGCI-TCTGAGGATGG CATACTG C~AG C CAAC ~ A C  C ~ G ~ G  C~GG ~C G 
T F E E D E N F L V H L S N V K V S 5 E A S E D G I L E A N H I S T L A C L G S 

V A 
1561 CCCTCCACTGCCACTGTTACTAI I u u IGATGATGACCACGCAGGCATCITFAtI I 11GAGGAACCCGTGACCCACGTGAGTGAGAGCATTGGCATCATGGAGGTCAAAGTACTGAGAA~ 

P S T A T V T I F D D D H A G T F T F E E P V T H V S E S I G I t4 E V K V L R T 

1681 TCTGGAGC.AC G~ GGAAATG'I"FATCGTG CCCTA CAAAACCATC GAAGG GA CTGCCAGAG GTGGAGGGGAGGA C'I"I"TGAG GACACTT~G~ G~C ~ C  ~ C ~ T ~ C  
S G A R G N V I V P Y K T I E G T A R G G G E D F E D T C G E L E F Q N D E I V 

1801 AAAA CAATATCAGTCAA GGTAA1-FGATGATGAGGAGTATGAGAAAAACAAGACCTTCTTC CTTG~GAI-fGGA~GC CC C GC ~ G ~ G ~ T ~  ~ G C  C ~ A ~ T  
K T I S V K V I D D E E Y E K N K T F F L E I G E P R L V E M 5 E K K A L L L N 

1921 GAG CTTGGTGGCTI"CACAATAA CAGGAA,IU~ CA CCTCTAC GG CCAA C CTGTCT'FGAG GAAAGI-rCATG CTA GAG~C CATC C GATCC CCTCTACTGTAATCACAATTG CAGAC ~ T A T ~ T  
E L G G F T I T G K H L Y G Q P V L I~ K V H A R D H P 1" p S T V 1" T 1" A n E Y D 

Y F E E 
2041 GACAAACAGCCG1-FAACCAGCAAAGAGG~GAAGAGAGAC GCAI'I'GCAGAGCTGGGGCGCC C C A T C C T G G G A G ~ G ~ C ~ G ~ G ~ T ~ G ~ C ~ A T ~ G  

D K Q P L T S K E E E E R R 1" A E L G R P 1" L G E H T K L E V I 1" E E S Y E F K 
M 

2161 AGTACAGTGGACAAACTCAT~AAAAAGACAAACCTGGCCCTCGTGGTGGGTA~CAACAGCTGGAGAGAACAGl-FCATTGAGGCTAT~G~GGG~T~T~C~C~T 
S T V D K L 1" K K T N L A L V V G T N S W R E Q F Z E A 1. T V S A G E D D D D D 

2281 GAATGTGGG GAG GAGAAGTTGC C CTC CTGT1"TCGA'I-FATGTGATGCAC'FI-FCTGACTGTCTTCTG GAAGGTC CTGTITG CCTTC GTC C ~C ~ A ~ T A  ~ G ~ G ~ G ~ T ~  
E C G E E K L P S C F D Y V M H F L T V F I/ K V L F A F V P P T E Y / N G ,W A C 

2401 `1 `TCA1-FGTCTCTA. r1 -CTCATGA l -FGGCCTACTGACAGC1-1 -FCATTGGAGACCTAGCTrC~GG~G~GG~C~G~~G~G 
F I V S I L M 1" G L L T A F I G O L A S H F G C T 1. G L K D S V T A V V F V A L 

I 
2521 GGAACTTC GGTG~CAGACACATTTGCCAGCAAAGTAGCAG~CACCCAGGA~CAGTATGCAGACGCAT~CATAGGTAACGTCACAGGCAG~TG~T~C~GG~TCGGC 

G T 5 V P D T F A S K V A A T Q D Q Y A D A S I G N V T G S N A V N V F L G I G 

2641 GTGGCCl-GGT~CATTGCTGCCATCTA~CA~G~GGCCAATGGGGAACAGTFCAAAGTGT~C~CTGGCACACTAGCT-r-FCTCTGTCACTCTCTT~C~T~G~T~T~GGGG 
V A W S I A A 1" Y H A A N G E Q F K V S P G T ~. A F S V T L F T I F A F I N V G 

2761 GTGCTGCTGTAT~GGCGGAGG~CAGAAATCGGAGGTGAGCTGGGTGGG~C~GGACTGCCAAGCTCCTCACATC~G~C~~A~~CC 
V L L Y ~ R R P E I G G E L G G P R T A K L L T S C L F V L L W L L Y I F F S S 

2881 CTG GAG GCCTACTG CCACATAAAAG GCI-ICTAA 
L E A Y C H 1" K G F 

Fig. 1. Nucleotide and amino acid sequences of the guinea pig Na+-Ca 2+ exchanger. A third line, when present, indicates differences in the amino acid 
sequence from that of the canine Na+-Ca z÷ exchanger [9]. The putative membrane-spanning regions [9] are underlined. The guinea pig cardiac exchanger 
nucleotide and amino acid sequence data are available through GenBank, accession number U04955. 
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Fig. 2. Expression of Na ÷ -Ca 2÷ exchange activity in Xenopus laevis 
oocytes. Na ÷ gradient-dependent uptake of 45Ca2+ (hatched bars) was 
measured by placing the oocytes in K ÷ medium. The background, 
Na÷-gradient independent 45Ca 2 + uptake (open bars), was determined by 
placing the oocytes into high-Na + medium. Oocytes were injected with 
50 nl of water or cRNA (50 ng) synthesized from cDNA for the canine or 
guinea-pig cardiac Na+-Ca 2+ exchanger. Bars represent means+S.D. 
for n=8 .  

described previously [9,18]. The results demonstrate that 
the cDNA clone encodes a functionally active Na+-Ca 2÷ 
exchanger (Fig. 2). The magnitude of Ca 2÷ uptake in the 
oocytes injected with the cRNA from the guinea pig 
cardiac exchanger clone was comparable to that seen with 
canine cardiac exchanger cRNA. No Na ÷ gradient-depen- 
dent Ca 2÷ uptake was seen in control water-injected 
oocytes. There was no significant Ca 2+ uptake without 
Na ÷ loading (not shown) or when Na ÷ was present in the 
external solution. 

In the 970 amino acids of the exchanger open reading 
frame, there are 23 differences between the canine and 
guinea pig cardiac Na +-Ca 2 ÷ exchangers. Twelve of these 
differences are located in the initial 32 amino acids which 
comprise a cleaved leader peptide region [19-21]. Of the 
other eleven differences, only one (Leu 778) is modeled to 

guinea pig 

canine 

rat 

bovine 

rabbit 

human 

• • * • i °  

MLRLSLSPTY SLGFHI/2tMM TLLISHVDHI TA 

MLQLRLLPTF SMGCHLLAW ALLFSHVDLI SA 

MLRLSLPPNV SMGFRLVTLV ALLFTHVDHI TA 

MLQFSLSPTL SMGFHVIAMV ALLFSHVDHI SA 

MPRFSLSPPF SMGFHLLAIV ALFFFRVDHV SA 

MRRLSLSPTF SM~FHLLVTV SLLFSHVDHV IA 

Fig. 3. Comparison of amino acid sequences of the cleaved leader peptide 
region of guinea pig, canine [9], rat [14,15], bovine [12], and human 
[10,11] cardiac and rabbit kidney [13] Na+-Ca 2÷ exchangers. Amino 
acids conserved in all species are indicated by the dots at top. 

be intramembrane and most are very conservative changes. 
Therefore, the mature canine and guinea pig cardiac Na ÷-  
Ca 2÷ exchangers appear to be structurally very similar. 
Large variations in the leader peptide region have been 
noted previously, and the sequences of this region for six 
species are shown in Fig. 3. Only nine of 32 amino acids 
are conserved for all species. 
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