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Abstract. The Na/Ca exchanger from lobster muscle 
crossreacts specifically with antibodies raised against the 
dog heart Na/Ca exchanger. Immunoblots of the lobster 
muscle and mammalian heart exchangers, following 
SDS-PAGE, indicate that the invertebrate and mamma- 
lian exchangers have similar molecular weights: about 
120 kDa. The exchanger from lobster muscle was par- 
tially purified and functionally reconstituted into asolec- 
tin vesicles which were loaded with 160 mM NaC1. 45Ca 
uptake by these proteoliposomes was promoted by re- 
placing 160 mM NaC1 in the external medium with 160 
mM KC1 to produce an outwardly-directed Na + concen- 
tration gradient. When the proteoliposomes were ad- 
sorbed onto black lipid membranes (BLM), and DM- 
Nitrophen-Ca 2+ ("caged Ca 2+'') was added to the KC1 
medium, photolyt ical ly-evoked Ca 2+ concentration 
jumps elicited transient electric currents. These currents 
corresponded to positive charge exiting from the prote- 
oliposomes, and were consistent with the Na/Ca ex- 
changer-mediated exit of 3 Na + in exchange for 1 enter- 
ing Ca 2+. The current was dependent upon the Ca 2+ con- 
centration jump, the protein integrity, and the outwardly 
directed Na + gradient. KCl-loaded proteoliposomes did 
not produce any current. Low external Na + concentra- 
tions augmented the current, whereas Na + concentrations 
>25 mM reduced the current. The dependence of the cur- 
rent on free Ca 2+ was Michaelis-Menten-like, with half- 
maximal activation (KM(ca)) at <10 jaM Ca 2+. Caged Sr 2+ 
and Ba 2+, but not Mg 2+, also supported photolysis- 
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evoked  ou tward  current ,  as did Ni 2+, but not 
Mn 2+. However, Mg 2+ and Mn 2+ augmented the Ca- 
dependent current, perhaps by facilitating the adsorption 
of proteoliposomes to the BLM. The Ca-dependent cur- 
rent was irreversibly blocked by La 3+ (added as 200 jam 
DMN-La3+). The results indicate that the properties of 
the Na/Ca exchanger can be studied with these electro- 
physiological methods. 
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Introduction 

The excitable properties of skeletal muscle of arthropods 
and molluscs differ from those of vertebrate skeletal 
muscle. In the latter, Na + is the main inward current 
carrier during cell activation (Adrian, Chandler & 
Hodgkin, 1970; Costantin, 1977) whereas, in the inver- 
tebrate muscles, Ca 2+ is the dominant inward current 
carrier (Fatt & Ginsborg, 1958; Hagiwara, Chichibu & 
Naka, 1964; Costantin, 1977). Consequently, inverte- 
brate muscle fibers must possess powerful Ca 2+ extru- 
sion mechanisms to remove Ca 2+ from the cells during 
recovery from activation in order to restore normal Ca 2+ 
balance. Two mechanisms that mediate Ca 2+ extrusion 
across the sarcolemma are the P-type, calmodulin- 
sensitive, ATP-driven Ca 2+ pump (Ca-ATPase; Carafoli 
& Stauffer, 1994) and the Na/Ca exchanger (Russell & 
Blaustein, 1974; Ruscak et al., 1987a; Blaustein et al., 
1991). The exchanger plays a particularly prominent 
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role in Ca 2+ extrusion from two other types of excitable 
cells in which excitation is associated with a relatively 
large influx of Ca 2§ namely, vertebrate cardiac muscle 
(Sheu & Blaustein, 1992) and neurons (Blaustein, 1988). 
The Na/Ca exchanger in invertebrate muscle fibers also 
has a large capacity (i.e., maximal velocity) to transport 
Ca 2§ (Ruscak et al., 1987a; Rasgado-Flores, Santiago & 
Blaustein, 1989; Blaustein et al., 1991), and likely plays 
a major role in extruding Ca 2+ during recovery from 

activation in these cells. This implies that the Na/Ca 
exchanger is relatively abundant in the sarcolemma of 
invertebrate skeletal muscle cells. Therefore, inverte- 
brate muscle would appear to be a good source of ex- 
changer for purification and incorporation into liposomes 
for kinetic studies. 

The exchanger from invertebrate muscle (Rasgado- 
Flores et al., 1989), like that from the vertebrate heart 
(Reeves & Hale, 1984), has a coupling ratio (stoichiom- 
etry) of 3 Na+:l Ca 2+, and is therefore electrogenic 
(Baker et al., 1969; Caroni, Reinlib & Carafoli, 1980; 
Kimura, Miyamae & Noma, 1987; Caputo, Bezanilla & 
DiPolo, 1989). Thus, this transport system can be exam- 
ined with electrophysiological techniques as well as with 
tracer fluxes and ion-selective probes. Planar bilayer 
methods, particularly in combination with purified trans- 
port proteins incorporated into liposomes, and with the 
use of caged compounds, provide a powerful alternative 
to the common electrophysiological techniques for the 
investigation of electrogenic transport processes. Vari- 
ants of these methods enable investigations on transient 
kinetics as well as stationary current experiments, and 
the methods have previously been applied to light-driven 
and ATP-driven ion transport systems (Fahr, Lauger & 
Bamberg, 1981; Fendler et al. 1985; Borlinghaus, Apell 
& L~iuger, 1987; Hartung et al. 1987; Eisenrauch & 
Bamberg 1990; van der Hijden et al. 1990). These meth- 
ods are based on the principle of capacitive coupling of 
proteoliposomes (containing an electrogenic transporter) 
to a planar bilayer (black) lipid membrane (BLM). The 
BLM thereby acts as a capacitive electrode that senses 
the electrogenic events generated by the attached prote- 
oliposomes.  The in t roduct ion of caged Ca 2§ DM- 
Nitrophen-Ca 2+ (Kaplan & Ellis-Davies 1988), which 
can be used to generate Ca ~+ concentration jumps within 
a few milliseconds (McCray et al,, 1992), enables us to 
activate, rapidly, Ca>-dependent  electrogenic processes 
that are driven by a Ca 2+ concentration gradient (Niggli 

& Lederer, 1993). 
Here we describe the purification of functional Na/ 

Ca exchanger from lobster muscle, and its reconstitution 
into proteoliposomes. This exchanger crossreacts specif- 
ically with antibodies raised against the canine myocar- 
dial Na/Ca exchanger. We show that proteoliposomes 
containing the lobster muscle exchanger, when attached 
electrostatically to a BLM, can be activated by Ca 2+ 
concentration jumps. The resulting capacitive currents 

are consistent with an outward movement of 3 Na + in 
exchange for 1 Ca 2+ that enters the proteoliposomes via 
the Na/Ca exchanger. This is the first time that a Na + 
gradient-coupled transport system has been studied with 
these planar bilayer methods. The results indicate that 
these methods may be suitable for studying some of the 
molecular events associated with the translocation of Na + 
and Ca 2+ via the Na/Ca exchanger. 

Materials and Methods 

PREPARATION OF LOBSTER MUSCLE PLASMA MEMBRANE 

Plasma membrane was prepared from the tail and claw muscles of the 
lobster, Homarus americanus, by a modification of the method of 
Ruscak and colleagues (1987a). Excised striated muscle was minced 
and suspended in ice-cold medium containing (in mM): sucrose, 300; 
EGTA, 5; Tris-HC1, 20, at pH 7.4. About 70 gm of tissue was obtained 
from one 500 gm lobster. The tissue-to-medium ratio was 1:5 (w/v). 
The tissue was homogenized with six 30 sec strokes in a Polytron 
homogenizer (Brinkmann Instruments, Inc., Westbury, NY). This and 
all subsequent preparative steps were carried out at 4~ The homoge- 
nate was centrifuged for 20 min at 12,000 x g in an SS-34 rotor (Sorvall 
RC-5B centrifuge; DuPont, Wilmington, DE). The supernatant was 
decanted, and the sediment was resuspended in fresh medium (1:3, 
w/v), rehomogenized, and recentrifuged, as above. The pooled super- 
natants were filtered through several layers of cheesecloth and subse- 
quently centrifuged at 100,000 • g in a Beckman LP-50 ultracentrifuge 
(45 Ti rotor) for 1 hr. The sediment was stirred in 100 ml of 600 mM 
KC1, 20 mM Tris-HCl pH 7.4 and, after 1 hr incubation (4~ the 
suspension was centrifuged at 100,000 x g for I hr, The sediment was 
suspended in 45% sucrose and layered on the bottom of a discontinuous 
sucrose density gradient consisting of l 1, 26, 29, 34, and 36% sucrose 
in 20 mM Tris-HCl pH 7.4. The gradient was centrifuged at 100,000 • 
g in a Beckman SW 28 ultracentrifuge rotor for 16 hr. The 26% su- 
crose band, containing the sarcolemmal fraction, was diluted (1:5, v/v) 
with a 5 mM Tris-HC1, pH 7.4, and centrifuged for 1 hr at 100,000 • g. 
The resulting pellet (= "muscle membranes") was stirred in 160 mM 
NaC1, 20 tara Tris-HCl, pH 7.6 (about 50 mg membrane protein/l 0 ml). 
Protein concentrations were determined by the BCA protein assay re- 
agent (Pierce, Rockford, IL), using bovine serum albumin (BSA) as a 
standard. The yield was about 50 mg of muscle membrane protein 
from 70 gm of muscle. The membranes were stored at -80~ 

PURIFICATION OF THE LOBSTER Na/Ca EXCHANGER 

The NalCa exchanger was partially purified as described (Durkin et al., 
1991a) with slight modification. Lobster muscle membranes (about 50 
mg membrane protein) were first subjected to alkaline extraction (Phil- 
ipson et al., 1987; 1988). The membranes were diluted about 10-fold 
with ice-cold 10 mM 3-(cyclohexylamino)-l-propanesulfonic acid 
(Caps) buffer, pH 12 (with NaOH). After 10 rain incubation on ice, the 
membranes were centrifuged at 120,000 x g for 30 rain. The superna- 
tant was discarded and the alkali-extracted pellet was resuspended in 40 
ml solubilization buffer containing: 2.5% cholate (Fluka Chemical 
Corp., Ronkonkoma, NY), 2 mg/ml asolectin (Associated Concen- 
trates, Wuodside, NY), 100 mM NaCI, and 20 mM Tris-HCl, pH 7.5. 
After 1 hr of incubation (4~ with continuous stirring, the residual 
insoluble residue was pelleted by a 1 hr centrifugation at 200,000 • g. 
Asolectin consists of approximately equal proportions of lecithin, ceph- 
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alin and phosphatidylinositol along with minor amounts of other phos- 
pholipids. The asolectin was important for preserving exchanger ac- 
tivity during subsequent chromatography. The supernatant was applied 
to an Affi-Gel 102 (Bio-Rad, Melville, NY) column, (bed volume = 30 
ml, equilibrated with solubilization buffer), and bound material (in- 
cluding the exchanger protein) was eluted with 800 mM NaCl in sol- 
ubilization buffer. 

RECONSTITUTION OF THE No/Ca EXCHANGER 

INTO PROTEOLIPOSOMES 

Protein eluted from the column was reconstituted by addition of 40 
mg/ml asolectin to the eluate (of Ruscak et al., 1987b). The asolectin 
was solubilized by homogenization of the material with a Teflon-glass 
homogenizer, and then incubated on ice for 30 min. Insoluble residue 
was pelleted by centrifugation at 200,000 • g in a Beckman 70.1 Ti 
rotor. The supernatant was collected by aspiration and was transferred 
to a SpectralPor dialysis membrane (Spectrum, Houston, TX). The 
detergent was removed by overnight dialysis against a 1000-fold vol- 
ume excess of dialysis buffer containing (in mM): 800 NaCI, 1 2-mer- 
captoethanol, and 20 Tris-HCl, pH 7.5. Further formation of proteoli- 
posomes was achieved by dilution of the dialysate 1:6 (v/v) with 
dialysis buffer. Reconstituted proteoliposomes were collected by cen- 
trifugation at 200,000 • g for 3 hr, and were resuspended (50 I.tg 
protein/ml) in 160 mM NaCI, 20 mM Tris-HC1, pH 7.5. The proteo- 
liposomes were stored at -80~ 

DETERMINATION OF THE NaYCa EXCHANGE ACTIVITY 

Na/Ca exchange activity was determined as the Na § gradient ([Na+]~ > 
[Na+]o) dependent 45Ca2+ uptake (Reeves & Sutko, 1983). Aliquots (5 
gl) of internal Na+-loaded proteoliposomes (or membranes) were trans- 
ferred into 250 gl of KCI (or NaC1) buffer containing (in ms) :  160 KC1 
(or 160 NaC1), 40 larvl CaCI 2 with 0.3 btCi 45CAC12, and Tris-HC1, pH 
7.5. Following a 1 sec incubation (22~176 the samples were rapidly 
filtered through a mini-column (1 cm x 1 cm) of CM-Sepharose (Bio- 
Rad, Melville, NY) to remove extracellular tracer (Ruscak et al,, 
1987b). The CM-Sepharose (1 g/25 ml) was equilibrated with either 
the KCI or the NaC1 buffer, The eluates from the columns were col- 
lected in scintillation vials, An aliquot (8 ml) of  Complete Counting 
Cocktail (Research Product International Corp., Mount Prospect, IL) 
was added to each vial, and the radioactivity was measured in a Rack- 
Beta (LKB Wallac, Turku, Finland) liquid scintillation counter. The 
Na + gradient-dependent, (Na/Ca exchanger-mediated) Ca -*+ uptake was 
calculated as the Ca 2+ uptake from the KC1 buffer minus the Ca > 
uptake from the NaC1 buffer. 

The protein concentration in the proteoliposomes was determined 
by the method of Kaplan & Pedersen (1985). This method enabled us 
to measure microgram quantities of protein in the presence of milli- 
gram levels of lipid. 

PROTEIN ELECTROPHORESIS AND SILVER STAINING 

Samples of vesicles/reconstituted proteoliposomes were obtained at 
various stages of the purification procedure to estimate the extent of 
NaJCa exchanger purification. Prior to electropboresis, the samples 
were precipitated with 12.5% trichloracetic acid and then centrifuged at 
10,000 • g for 30 min. The lipids were then extracted from the pelleted 
vesicles/proteoliposomes with three 2 ml aliquots of a warm ethanol- 
diethyl ether mixture (1:1, v/v). The proteins were then solubilized in 
sodium dodecyl sulfate (SDS) sample buffer [containing 12.5 mM Tris 

(pH 6.8), 0.5% SDS, 10% glycerol and 1% 2-mercaptoethanol] for 7 
min at 100~ Proteins were separated by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) (Laemli, 1970). The gel was calibrated 
with prestained protein molecular mass markers (Bio-Rad, Richmond, 
CA). The electrophoretically separated proteins were silver stained as 
described (Oakley et al., 1980). 

IMMUNOBLOTTING 

The membrane proteins from rat heart (Ambesi el al., 1991b) and 
lobster muscle were separated by SDS-PAGE as described above. 
Separated proteins were transferred to a Nitro-Bind nitrocellulose 
membrane (MSI, Westboro, MA) as described (Towbin & Gordon, 
1984). The extent of transfer was checked by Ponceau-S staining. 
Membranes were blocked with 5% nonfat dry milk in tris(hydroxy 
methyl)aminomethane (Tris)-buffered saline (137 mM NaC1; 20 mM 
Tris, pH 7.6) with 0.1% Tween 20 (TBST) for 6 hr at room tempera- 
ture. The btots were then incubated overnight at room temperature 
with either preimmune serum or polyclonal antibodies (1:500 dilution 
in TBST) raised against the purified dog cardiac sarcolemmal NJCa  
exchanger (generously provided by Dr. G.E. Lindenmayer, Med. Univ. 
S. Carolina). The membranes were washed and incubated for 2 hr in 
TBST containing 0.25 Ci/ml 125I-labeled protein A (Amersham, Ar- 
lington Heights, IL), washed again, and exposed to Kodak (Rochester, 
NY) X-Omat film. 

PLANAR LIPID BILAYER EXPERIMENTS 

The setup of the experiments, and the main principles of activation of 
the No/Ca exchanger and of the current measurement are summarized 
schematically in Fig. 1. BLM were prepared according to the method 
of Mtiller et al. (1962) using a lipid mixture consisting of 1.5% (w/v) 
diphytanoyl-phosphatidylcholine: octadecylamine (60:1, w/w) in dec- 
ane. The lipid mixture was spread over a 0.5 mm diameter hole that 
separated two compartments of a teflon cuvette. The development of 
the BLM was controlled by observation of the membrane capacitance. 
These membranes have a net positive charge under the conditions used 
here; this facilitates the attachment of negatively charged proteolipo- 
somes (Dancshazy & Karvaly, 1976: Hermann & Rayfeld, 1976). For 
these experiments, thawed aliquots of proteoliposome suspensions 
were sonicated for 10-15 sec (Bransonic 12 bath sonicator, Branson 
Sonic Power Co., Danbury CT). 

Electrolyte solutions (containing DM-Nitrophen-Ca 2+, etc./ and 
proteoliposomes were added to the trans compartment (right-hand com- 
partment in Fig. IA). Ca 2+ and the other divalent cations (Me 2+) used 
were always added together with the caging compound DM-nitrophen 
(DMN). DMN was always added in excess over the cation (usually at 
a DMN:Me 2§ ratio of 3:2; see Results) in order to chelate all divalent 
cations between flashes. Aliquots of the proteoliposome suspension 
(0.8-6.0 I, tg protein) were then added to the trans compartment, and an 
equal volume of fluid was removed from this compartment. The com- 
partment contents were stirred for at least 45 min in order to allow time 
for the proteoliposomes to attach to the BLM. Divalent cation tran- 
sients were initiated by 250 msec UV light flashes from an Osram HBO 
200 W mercury lamp. The data collection was started when vesicle 
attachment appeared to reach a stable level and the peak current am- 
plitude became constant. Since the illuminated part of the cuvette was 
only about 1% of the total cuvette volume, effects due to the loss of 
DMN were minimal. To eliminate concentration gradients in the so- 
lutions (due to sample additions and photolysis of DMN), the fluids in 
both compartments were continuously stirred between flashes. The 
usual frequency of flashing was one flash every 10 min. 
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The currents were amplified 109-fold and converted to voltage 
signals by a current amplifier/converter (Model 1211, Ithaco, Le- 
verkusen, FRG). The design of our measuring system led to the con- 
vention that positive charge entering the trans compartment was re- 
corded as current responses of negative sign. The data were monitored 
on a digital storage oscilloscope (Nicolet, Offenbach, FRG) and stored 
in a computer using a custom-designed data acquisition program. The 
preparation of most of the figures as well as the fits to the data of the 
figures 6 and 7 were performed by use of the program Sigma Plot 5.0 
(Jandel Scientific, Erkrath, FRG). 

The effectiveness of release of Ca 2+ from DMN-Ca > was esti- 
mated by measuring the free Ca 2§ concentration after one or two UV 
light flashes in control experiments. For this purpose, DMN and CaCI 2 
were added at equal concentrations (usually 300 HM each) to exclude 
rechelation of the released Ca 2+. The amount of Ca > detected spec- 
troscopically by the change in arsenazo III absorbance was then equal 
to the amount of DMN photolyzed by the UV light. The response of 
arsenazo III to Ca 2+ was calibrated with solutions of known free Ca 2+ 
concentration (EGTA buffered) on the basis of the absorption differ- 
ence at 650-730 nm (Cook & Kaupp, 1988). 

Fig. 1. Principle of the method. (A) Setup of the teflon cuvette. The 
arrows from the light source point to the BLM which covers the septum 
between the two compartments. The "trans" compartment is on the 
right. The sketch also shows the current measuring circuit and the light 
path. (B) Arrangement of the BLM with attached proteoliposomes. The 
activation of the Na/Ca exchanger by photolysis of caged Ca 2+ is dia- 
grammed. (C) Equivalent circuit of the BLM and the attached proteo- 
liposomes. G,.,, and G o are the ohmic conductances of the BLM and the 
proteoliposome membrane, respectively. C m and Cp are the respective 
capacitances, l(t) represents the measured Na + and Ca 2§ gradient driven 
current. As discussed in detail elsewhere (Bamberg et al. 1979; Fahr et 
al. 1981), under the assumption that the intrinsic time constants of the 
transporter are fast compared to the time constants of the measuring 
system, the observed time-dependent current is related to the current 
produced by the electrogenic transporter according to the relationship 
(Bamberg et al. 1979): 

C m 

lex.O is the true current produced by the electrogenic transporter, "c is an 
intrinsic time constant of the transporter. A possible time-independent 
(stationary) current term could be omitted, since the conductance of the 
black lipid membrane is negligible in the absence of ionophores. The 
amplitude is proportional to the original exchanger current and is at- 
tenuated by the capacitive factor. The time resolution is limited by the 
rise time of the amplifier (here 10 msec; 10-90%), and by the effective 
time constant of Ca 2+ release, which includes the relatively slow open- 
ing time (5-10 msec) of the shutter. 

MATERIALS 

DMN was synthesized according to published protocols (Ellis-Davies 
& Kaplan 1988). L-c~-diphytanoylphosphatidylcholine was purchased 
from Avanti Polar Lipids, Birmingham, AL. Monensin, bovine pan- 
creatic trypsin (type I), and soybean trypsin inhibitor (type I-S) were 
from Sigma. All other chemicals were analytical grade. 

R e s u l t s  

IDENTIFICATION AND PARTIAL PURIFICATION OF THE Na/Ca 
EXCHANGER FROM LOBSTER MUSCLE MEMBRANES 

Figure 2 shows that membrane vesicles from lobster 
muscle exhibit  Na + gradient-dependent  Ca 2+ up- 
take. The Na-loaded vesicles accumulated, on average, 
5.1 _+ 1.0 nmoles Ca2+/mg protein when incubated in KC1 
buffer for 1 sec, and only 2.0 _+ 0.3 nmoles Ca2+/mg, 
when incubated in NaC1 buffer. The difference, which 
corresponds to the specific activity of the Na/Ca ex- 
change component (ANa/Ca) was 3.1 _+ 1.0 nmoles Ca2+/ 
mg (P < 0.05, n = 6 preparations). When the Na/Ca 
exchanger was reconstituted into the asolectin proteoli- 
posomes without purification, a partial stimulation of the 
exchange activity (about 7-fold) was observed. Others 
(e.g., Hale et al., 1984; Philipson et al., 1987) have re- 
ported that reconstitution, p e r  se, activates the ex- 
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Fig. 2. Specific activities of Na/Ca exchanger in native lobster muscle 
plasmalemmal vesicles (A) and in asolectin proteoliposomes containing 
purified and reconstituted lobster muscle exchanger (B). Vesicles or 
proteoliposomes loaded with 160 mM NaCI buffer were diluted into 
NaC1 buffer (-Na gradient; open bars) or KCI buffer (+Na gradient; 
cross-hatched bars). The difference between the Ca 2§ uptake from these 
two buffers (delta Na/Ca; solid bars) was taken as the Na/Ca exchange 
activity. 

changer. We found that further purification resulted in a 
59-fold increase in exchanger activity in the proteolipo- 
somes (Na/Ca = 186 + 29 nmoles Ca2+/mg, P < 0,001, n 
= 10, see Fig. 2). This specific activity is comparable to 
that reported for partially purified canine cardiac Na/Ca 
exchanger (Durkin et al., 1991a). 

Evidence that the Na/Ca exchanger from lobster 
muscle is similar in molecular weight and immunologi- 
cal crossreactivity to canine cardiac Na/Ca exchanger is 
presented in Figs. 3 and 4. SDS-PAGE (Fig. 3) of  lob- 
ster muscle membranes (lane A), alkali-extracted mem- 
branes (lane B; see Methods), and protein from the pro- 
teoliposomes containing partially purified exchanger 
(lane C) demonstrate that most of  the original membrane 
proteins (A) are no longer present in the partially purified 
material, which contains two major bands, one at 120 
kDa, and a doublet at about 70 kDa (C). These bands 
crossreact specifically (Fig. 4, lane B) with rabbit poly- 
clonal antiserum raised against the dog heart Na/Ca ex- 
changer. The exchangers in rat and dog heart are highly 
homologous (Low, Kasir & Rahamimoff, 1993), and Fig. 
4, lane A shows the antiserum crossreactivity with rat 
heart sarcolemma (we obtained similar results with dog 
heart sarcolemma; Goldman et al., 1994). Preimmune 
serum exhibited no crossreactivity with these proteins 
(not shown).  Note that the mammalian heart exchanger 
has an apparent molecular weight (of the glycosylated 
molecule) of about 120 kDa; the 70 kDa band appears to 
be a proteolytic fragment of the exchanger (Nicoll, Lon- 
goni & Philipson, 1990; Durkin et al., 1991a). 

In sum, the results in Figs. 2-4  show that the ex- 
changer from lobster "skeletal muscle" is similar to that 
present in the mammalian heart in terms of its physio- 
logical activity, molecular weight, and immunological 

Fig. 3. SDS-PAGE of native membranes and partially purified Na/Ca 
exchanger. Lane A: Native lobster muscle sarcolemmal membranes (10 
]xg of protein). Lane B: Membrane sample following alkaline extraction 
(200 ~tl of proteoliposome suspension). Lane C: Partially purified Na/ 
Ca exchanger (200 ~1 of proteoliposome suspension with reconstituted 
exchanger after partial purification; this is the material that was used 
for the electrophysiological studies. Prior to SDS-Page the samples in 
lanes B and C, which had been reconstituted with asolectin, were ex- 
tracted with diethyl ether/ethanol (1:1) to remove the lipids. In this 
representative experiment the total protein content was reduced about 
6.5-fold from "B" to "C", but the specific activity increased from 
19.9 nmoles CaZ+/mg (B) to 170.9 nmoles Ca2+/mg protein (C). 

crossreactivity. The proteoliposomes containing the par- 
tially purified lobster Na/Ca exchanger were therefore 
used for electrophysiological studies in all the experi- 
ments described below. We did not employ more puri- 
fied preparations because the partially purified material 
used here (approximately 30-50% pure) provided a good 
yield of material (about 100 ~tg of  partially purified pro- 
tein from 70 gm of muscle), whereas further purification 
improved the specific activity but was associated with a 
large loss of total activity. 

T~E USE OF DM-NITROPHEN IN PLANAR 
B1LAYER EXPERIMENTS 

DMN, when applied together with a divalent cation, at 
concentrations between 200 and 700 ~M, produces a 
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Fig. 4. Immunoblot of rat heart plasmalemmal proteins (lane A; 5 ~tg) 
and lobster plasmalemmal proteins (lane B; 20 p.g). The blot was in- 
cubated with antiserum raised against the dog heart Na/Ca exchanger. 
Positions of the molecular mass markers (in kDa) are indicated on the 
left. The control blot, incubated with preimrnune serum, was blank, and 
is not shown. 

small artifact (usually 1-2 pA) of negative sign during 
250 msec of illumination with UV light from a mercury 
lamp (Fig. 5A). The addition of protein free asolectin 
liposomes, as well as the addition of asolectin proteoli- 
posomes containing Na,K-ATPase (a transport protein 
that does not bind Ca 2+ specifically) reconstituted in the 
same way as the Na/Ca exchanger, quenched these non- 
specific currents, sometimes to zero. In some prelimi- 
nary experiments in which the DMN concentration ex- 
ceeded 1 raM, larger artifacts with variable muhiphasic 
shapes were observed. Therefore, we restricted the 
DMN concentration in all experiments to a maximum of 
700 OM to avoid these large artifacts. 

Ca2+-DEPENDENT CURRENTS GENERATED BY THE 

Na/Ca Exc~,~G~ 

Proteoliposomes comain~ng the partially purified Na/Ca 
exchanger from lobster muscle, loaded with 160 m• 
NaCI, were added to the trans compartment (Fig. I), 
where they adsorbed to the positively changed BLM. 
Caged Ca 2+ was added to the same compartment. A 250 
msec UV light flash was used to release Ca z+ from the 
DMN-Ca ~+ in order to induce a concentration jump of 
Ca z* in the solution and to activate, simultaneously, a 
large number of exchanger molecules. All experiments 
were performed at room temperature (about 20-24~ 
Fig. 5A shows the small artifact produced by the release 
of Ca 2+ from DMN-Ca 2+ in the absence of proteolipo- 
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Fig. 5. Representative current responses evoked by photolysis of DMN 
under different conditions. The cuvette, containing KC1 buffer with 
(trans compartment, only) 300 p-M DMN/200 p-M CaC12, was illumi- 
nated with UV light for 250 msec. Record A: No proteoliposomes 
present. Artifact due to photolysis of DMN. Peak response amplitude = 
- I .5  pA (see text regarding sign convention); the duration of the re- 
sponse equaled the duration of the illuminatiom Record B: Light- 
evoked current response after addition, to trans compartment, of pro- 
teoliposomes containing 6.0 p-g of partially purified Na/Ca exchanger. 
Record C: Addition of 300 p-M DMN + 200 p-M MgC12 further increased 
the light-evoked current. The three records are taken from the same 
experiment. 

somes. Upon addition of proteoliposomes much larger 
currents, up to 300-350 pA in a few instances, were 
observed after the proteoliposomes were given time to 
attach to the BLM (Fig. 5B shows an example). In all of 
the experiments discussed below, the quantitative data 
refer to the peak current amplitude evoked by the light 
flashes. This current was dependent upon the proteoli- 
posome concentration (not shown). Nevertheless, the 
current amplitudes varied considerably from experimem 
to experiment. This variation may, in part, be caused by 
variation in the exchanger density in the proteoliposomes 
from different preparations and, in part, by variable at- 
tachment of the proteoliposomes to the bilayer. In indi- 
vidual experiments, however, the peak current usually 
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Fig. 6. Relationship between peak 
light-evoked current and relative light 
intensity (and Ca 2+ concentration). Medium 
= KCI buffer with (trans compartment 
only) 600/400 gM DMN/Ca and 3 pg 
proteoliposome protein. The release of 
different amounts of Ca 2+ from DMN was 
controlled by varying the UV transmittance 
with UV filters. The solid curve was fitted 
to the data using the Michaelis-Menten 
equation with the assumption that 100% 
transmittance corresponds to a Ca 2+ 
concentration of 40 gM (i.e., about 10% of 
the DMN-Ca 2+ in the light path was 
photolyzed in a single flash; s e e  text). 
Accordingly, the calculated values for 
maximum Ca2+-dependent current (l.,,~) 
and Ca 2+ concentration for half-maximal 
activation of the current (KM~c,)) were, 
respectively 27 pA and 7 JaM. 

rose to a steady level after several flashes, over the 
course of 45-60 rain, and then tended to remain rela- 
tively constant for at least 1-2 hr in the absence of 
changes in the experimental conditions (e.g., see below). 
As noted above, according to the sign convention used 
here, the negative sign of the current corresponds to pos- 
itive charge moving out of the proteoliposomes. This 
was confirmed by comparison with the current evoked 
by the release of ATP from "caged ATP" when we 
employed proteoliposomes containing the mammalian 
skeletal muscle sarcoplasmic reticulum Ca 2+ pump. In 
the latter case, currents of positive sign were observed, 
indicating that positive charge was moving from the 
trans compartment into the vesicles, as expected for the 
uncompensated net uptake of Ca 2+ (not shown). 

Addition of excess EGTA, to chelate all of the Ca 2+ 
released by the photolysis of DMN-Ca 2+, abolished the 
current (not shown). The current was also abolished by 
the addition of excess Ca 2+, which raised the Ca 2+ con- 
centration in the medium and prevented the photolysis of 
DMN-Ca 2+ from evoking a significant Ca 2+ concentra- 
tion jump (not shown). 

EFFECT OF THE C a  2+ CONCENTRATION ON THE 

LIGHT-EVOKED RESPONSE 

In order to test the dependence of the exchanger currents 
on the Ca 2+ concentration, we varied the light intensities 
of the UV illumination by using UV filters with different 
transmittance. Figure 6 shows the dependence of the 
current amplitudes on the light intensity, which reflects 
the Ca 2+ concentration dependence. The rectangular hy- 
perbolic shape of this relationship is clearly Michaelis- 

Menten like. The parameters giving the best fit to the 
data (solid line in Fig. 6) were: Ima x (maximal peak cur- 
rent) = 27 pA and Kt/2 (relative light intensity for half- 
maximal response) = 16.5%. The curve extrapolated to 
" 0 "  response at 0.7% light intensity, presumably be- 
cause of the rapid rebinding of released Ca 2+ due to 
excess DMN. As described in Materials and Methods, 
we were able to estimate the amount of photolyzed DMN 
per flash by measuring (in calibration experiments) the 
amount of Ca 2+ released, using arsenazo lII as a Ca 2+ 
indicator. Based on our determination that 10% of the 
DMN in the light path is photolyzed by a UV flash under 
the conditions employed here, a maximum Ca 2+ concen- 
tration step of about 40 gM was attainable in the exper- 
iment of Fig. 6 (with DMN:Ca 2+ = 600 gM:400 gM). 
Thus, the estimated KM(ca ) (Ca 2+ concentration for half- 
maximal activation) is about 7 gM. 

EFFECTS OF OTHER DIVALENT CATIONS (Me 2+) ON THE 

LIGHT-EVOKED CURRENT 

Currents of the same (negative) sign were also observed 
following the release of Sr 2+ and Ba 2+, when these cat- 
ions were added together with the caging compound, in 
place of Ca 2+, at a ratio of 300 gM DMN: 200 gM Me 2+ 
(Table). In the absence of Ca 2+, photolysis of caged 
Mg 2+ did not induce significant current. However, the 
addition of caged Mg 2+ in the presence of caged Ca 2+ 
was usually associated with a large increase in the cur- 
rent evoked by photolysis of the DMN (Fig. 5C shows an 
example; also see the Table). The Mg2+-induced in- 
crease in the Ca2+-dependent current may have been due, 
at least in part, to increased adsorption of proteolipo- 
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Table. The ability of various caged divalent cations to generate current 
when released by photolysis of  DMN 

Ion Caged ions* 

300 JIM DMN/ 600 gM DMN/ 
200 JIM ME 2+ 200 JIM Me2+/ 

200 ~M Ca 2+ 
Current (pA) Current (pA) 

Ba 2+ -7.6 --45.2 
Sr 2+ -5.6 -21.0 
Ni 2+ -29.6 -30.6 
Mn 2+ 0 -138.4 
Mg 2-- 0 -134.2 

* All experiments were performed with KC1 buffer in the cuvette. The 
trans compartment contained 0.8 Jig of proteoliposome protein, 300 
JIM DMN and 200 JIM of the MeCI 2 salt of the ion shown in the 
left-hand column. Samples from the same proteoliposome preparation 
were used for all of the studies in this table. The middle column shows 
the currents generated with the test divalent cation, alone; the right- 
hand column shows the current generated after the addition of DMN/Ca 
300/200 gM. 

somes to the BLM. When DMN-Ca 2+ was added after 
DMN-Mg 2+, there was usually a rapid, large increase in 
light-evoked current, indicating that many proteolipo- 
somes were already adsorbed to the BLM. In the ab- 
sence of DMN-Mg 2+, on the other hand, the Ca 2+- 
dependent increase in current occurred slowly. Taken 
together, these data indicate that the negative current is 
dependent upon a concentration jump due to the release 
of a suitable alkaline earth ion (but not Mg 2+) into the 
trans compartment. This is consistent with tracer flux 
evidence that Sr 2+ and Ba 2+, but not Mg 2+, can be trans- 
ported by the Na/Ca exchanger (Blaustein, 1977). 

We also tested the effects of Mn 2+ and Ni >.  No 
light-evoked current was detected when caged Mn 2+ was 
used (Table). However, this cation, like Mg 2+, aug- 
mented the Ca2+-dependent light response (Table). In 
contrast, low concentrations of Ni 2+ (added as 300 ~M 
DMN:200 ~tM Ni 2+) supported a light-evoked current, but 
had negligible effect on the CaZ+-dependent current (Ta- 
ble). 

THE LIGHT-EvoKED CURRENT IS REDUCED BY PROTEOLYSIS 

Figure 7 illustrates the effect of 10,500 U of bovine 
pancreatic trypsin on the current amplitudes. In three 
experiments, the current amplitude was reduced to 42 + 
10% of the original amplitude after 60 min of incubation 
with trypsin (at room temp). When the same amount of 
trypsin was added in the presence of an excess of soy- 
bean trypsin inhibitor, the inhibitory effect of the trypsin 
was abolished (Fig. 7, squares). These data imply that 
the Ca2+-dependent current is mediated by the intact Na/ 

Ca exchanger protein present in the proteoliposomes; 
time-dependent proteolytic cleavage caused a progres- 
sive loss of activity. The linear decline of the current 
amplitude in this semilog plot (Fig. 7, triangles) is con- 
sistent with a first-order enzymatic hydrolysis of the ex- 
changer. 

EFFECTS OF MONOVALENT ION CONCENTRATIONS ON THE 

Ca2+-DEPENDENT CURRENT 

The requirement for Na + on the opposite side of the 
membrane from Ca 2+ is illustrated in Fig. 8. The Ca 2+ 
concentration jump-evoked current was reduced when 
the Na/H exchanging electroneutral ionophore monensin 
was added to the distal compartment to reduce the Na + 
concentration (normally 160 raM) in the proteoliposomes. 
Under the conditions employed here, with NaC1 buffer in 
the proteoliposomes and KCI buffer in the bulk solution, 
the monensin actually exchanges K + for Na +, so that no 
H + gradient is built up. The addition of the proteolipo- 
somes introduces sufficient Na + to give a final Na + con- 
centration of 5 mM in the cuvette. If this Na + is equally 
distributed between the interior and exterior of the ves- 
icles after monensin treatment, there could be residual 
Ca2+-activated, internal Na+-dependent current, as dem- 
onstrated with bovine cardiac Na/Ca exchanger (Durkin 
et al., 199lb). The fact that there is a residual current 
(Fig. 8), however, also raises the possibility that the Na + 
gradient across the vesicle membrane is not completely 
dissipated by 5 ~tM monensin (Fontana et al., 1995). This 
view is further supported by the known inhibition of 
monensin mediated Na + fluxes at high (>150 raM) Na + 
concentrations (Riddell & Hayer, 1985). 

When Na+-free, K+-loaded proteoliposomes were 
used, no current response to the Ca 2+ concentration jump 
was detected (not shown). When KC1 was added to an 
alkali metal ion-free medium (KC1 in the buffer was 
replaced by isosmotic Tris-HC1), there was no significant 
effect on the Ca 2+ concentration jump-evoked current 
(Fig. 9, circles). In contrast, addition of NaC1 under sim- 
ilar conditions caused a concentration-dependent decline 
in the current (Fig. 9, triangles). These experiments all 
indicate that the current evoked by the Ca 2+ concentra- 
tion jump is dependent upon intravesicular Na +, and is 
inhibited by external Na + but not by external K +. 

Figure 10 illustrates the activating effect of a low 
concentration of external Na + in KC1 buffer. At concen- 
trations below about 30 mM, Na + augmented the Ca 2+- 
dependent current. In three experiments, 25 mM NaC1 
increased the current amplitude by an average of 35 + 
13%. When the NaC1 concentration exceeded 30 mM, 
however, Na + acted as an inhibitor (Fig. 10). This effect 
was not due to the increased osmolarity of the medium 
because the addition of KC1 (Fig. 11) or sucrose (not 
shown) did not exhibit these effects. In fact, the addition 
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U of trypsin. In both experiments 1 mg 
(10,500 U) bovine pancreatic trypsin (type 1) 
was added to the trans compartment at time = 
"0" .  The proteoliposome protein concentration 
was 1 gg for the data represented by the 
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Fig. 8. Effect of monensin on the light-evoked 
current. Medium = KCI buffer. The experiment 
was started at time = "0" ,  with the addition of 
300/200 gM DMN/Ca to the trans compartment. 
Other additions are indicated on the figure. 
Immediately before the addition of 5 gM monensin 
(final concentration), the trans compartment 
contained (final concentrations, in gM) 
600/200/200 DMN/Ca/Mg. 

of KC1 to an external solution containing 160 mM N-me- 
thylglucamine and 95 mM NaC1 slightly increased the 
peak current amplitude (Fig. 11). The latter result may 
indicate that there is some cooperativity between the ef- 
fects of Na + and K + (cf Fontana et al., 1994); in addition, 
this figure shows that under our conditions alterations of 
the signal due to osmotic effects were negligible. 

INHIBITION OF THE Ca2+-DEPENDENT RESPONSE 

BY LANTHANUM 

The addition of  >100 gM La 3+ (with excess DMN) irre- 
versibly converted the usual light-evoked negative cur- 
rent response to a small positive current (Fig. 12). This 
effect could not be reversed by the addition of more 
c a g e d  C a  2+. The positive La3+-dependent current was 
also unaffected by the addition of DMN-Mg 2+ or treat- 

merit with 5 gM monensin (not shown). These small, 
La3+-dependent positive currents were also observed in 
proteoliposomes loaded with KC1 buffer, and in experi- 
ments in which choline chloride substituted for the usual 
KCI in the external medium, but were not observed with 
liposomes without reconstituted protein. These results 
indicate that La 3+ blocks the Na/Ca exchanger-mediated 
current. 

Discussion 
FUNCTIONAL Na/Ca EXCHANGER FROM LOBSTER MUSCLE 

CAN BE PARTIALLY PURIFIED AND INCORPORATED 

iNTO PROTEOLIPOSOMES 

The present report demonstrates that crustacean striated 
muscle possesses a Na/Ca exchanger similar to the ex- 
changer present in mammalian heart. Western blots re- 
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Fig. 10. Effect of Na + concentration on peak 
light-evoked current showing the activation and 
inhibition of the current by Na § Medium = KCI 
buffer. The trans compartment contained 
300/200/200 JIM DMN/Ca/Mg. The final Na § 
concentrations, following serial additions of NaC1 
buffer to this compartment, are indicated on the 
abscissa. The negative sign of the current has been 
ignored. The proteoliposome protein concentration 
was 3 gg. 

veal that proteins in the lobster plasma membrane cross- 
react specifically with polyclonal antibodies raised 
against the canine cardiac Na/Ca exchanger. The specif- 
ically crossreacting bands on immunoblots as well as the 
major bands on silver stained gels of partially purified 
exchanger have molecular masses of 120 and 70 kDa. 
These bands are comparable in size to the exchanger 
bands detected in mammalian cardiac sarcolemma 
(Ambesi, Bagwell & Lindenmayer, 1991a, Durkin et al. 
1991a, Nicoll et al. 1990, see Figs. 3 and 4). The smaller 
band (observed here as a doublet) appears to be a pro- 
teolytic fragment of the exchanger molecule (Nicoll et 
al., 1990; Durkin et al., 1991a). These data indicate that 

the structure of the cardiac-type Na/Ca exchanger mol- 
ecule (c f  Nicoll et al., 1990; Nicoll & Philipson, 1991; 
Kofuji, Lederer & Schulze, 1994) is highly conserved 
among phylogenetically divergent species. 

Proteoliposomes containing the partially purified 
lobster muscle Na/Ca exchanger exhibit a Na + gradient- 
dependent Ca 2+ flux: Ca 2+ uptake is promoted when 
[Na+]i >> [Na+]o . This demonstrates that the partially pu- 
rified and reconstituted exchanger is functional. The ap- 
parent similarity to the mammalian cardiac muscle Na/ 
Ca exchanger indicates that the invertebrate muscle Na/ 
Ca exchanger may be a very useful model preparation for 
biochemical and functional studies. 



A. Eisenrauch et al.: Currents Generated by Na/Ca Exchanger 161 

20 

18 

~ 6 

e 4 

2 

150 mM KC1 
100 mM KC1 

50 mM KC1 I l .O 

__________--~/ 

i 1 1 i 

20 40 60 80 100 

Time [mini 

L 
120 

Fig. 11. Effect of K + on the light-evoked response 
in media containing 95 mM NaCI. At the start of 
the experiment, the medium contained (in raM): 
160 N-methylglucamine, 95 NaC1, and 20 
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negative sign of the current has been ignored. 

THE Na/Ca EXCHANGER CYCLE CAN BE DETECTED IN 

PROTEOLIPOSOMES AS A Ca  2+ CONCENTRATION 

JUMP-EVOKED CURRENT 

The exchanger-containing proteoliposomes can be ad- 
sorbed to a positively charged BLM. When an out- 
wardly-directed Na + gradient is present across the pro- 
teoliposome membranes, release of Ca 2+ from a photo- 
labile caged Ca 2+ (DMN-Ca 2+) (Kaplan & Ellis-Davies 
1988) into the extravesicular medium then induces a 
Ca > concentration jump and an outwardly-directed cur- 
rent under short circuit conditions. With the convention 
used here, the negative sign of the currents indicates that 
positive charges are moving out of the proteoliposomes. 
This is consistent with the outward movement of 3 Na + 
in exchange for one entering Ca2+; it corresponds to the 
3 Na+:l Ca 2+ coupling ratio of the Na/Ca exchanger in 
invertebrate muscle (Rasgado-Flores et al., 1989). 

Control experiments demonstrated that this activity 
is dependent upon the presence of intact, functional ex- 
changer molecules and an outwardly-directed Na + con- 
centration gradient. The current was reduced by hydro- 
lyzing the protein with trypsin, by preventing the Ca 2+ 
concentration jump, and by raising the external Ca 2§ con- 
centration above 30 mM (to inhibit Ca 2+ binding). Low 
external Na + concentrations (<30 raM) activated the Ca 2+ 
dependent current. The current was specifically depen- 
dent upon internal Na +, and no current was observed in 
KCl-loaded proteoliposomes. These data clearly indi- 
cate that the internal Na + is required to make the system 
electrogenic. The data raise the possibility that the re- 
constituted exchanger can perform complete transport 
cycles. 

To determine whether the observed current could be 
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Fig. 12. Effect of L a  3+ o n  the light-evoked, Ca-dependent current. 
Medium = KC1 buffer with (trans compartment only) 600/200 gM 
DMN/Ca and 5.7 lag proteoliposome protein. Upper record: the light- 
evoked current before addition of La >. Lower record: light-evoked 
current following the addition of DMN-La 3+ (final concentrations: 600/ 
200/200 gM DMN/Ca/La in the trans compartment). 
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attributed to cycling Na/Ca exchanger molecules, we es- 
timated the amount of charge moved per exchanger. For 
simplicity, we began by assuming that the entire area of 
the hole between the two cuvette compartments (0.005 
cm 2) was completely covered with 100 nm diameter li- 
posomes, each containing one functional exchanger mol- 
ecule. Accordingly, a maximum of 6.4 x 107 exchangers 
should be coupled to the BLM. Then, taking the largest 
light-evoked response that we observed (/max = 341 pA), 
the integral of the peak area amounts to 2.15 x 10 -zl 
coulombs. This means that 1.34 • 108 charges were 
moved out of the vesicles, or 2.1 charges per exchanger 
molecule. However, the number of coupled exchanger 
molecules was probably greatly overestimated, because: 
(i) At the high lipid to protein ratio used for reconstitu- 
tion (see above), one exchanger molecule per vesicle 
may be the upper limit (Cheon & Reeves, 1988; Philip- 
son et al., 1988), and (ii) It is likely that only a small 
fraction of the total BLM area is covered with vesicles 
(Bamberg et al., 1979). Moreover, the observed current 
response was probably somewhat attenuated by leakage 
current (Bamberg et al., 1979). Therefore, each ex- 
changer molecule likely transported more than 2.1 net 
charges during each Ca 2§ concentration jump. Taken to- 
gether, the data are consistent with the possibility that the 
exchangers perform full cycles (with 3 Na § ions exiting 
the vesicles for each entering Ca 2§ in response to the 
Ca 2§ concentration jumps. 

We also must consider the amount of Na § that would 
need to be transferred to fit our results. Assuming that 
only about 2 • 105 100 nm diameter vesicles, each con- 
taining one exchanger molecules (= 2 x 105 exchangers), 
are coupled to the BLM, so that less than 1% of the BLM 
is covered with vesicles, the total vesicle volume is 10 -13 
liters. With NaC1 buffer (160 mM NaCI) in the vesicles, 
the total number of Na § ions in the vesicles is about 101~ 
If a maximum of 1.34 • 108 charges and, thus, 4 • 108 
Na + ions (since the coupling ratio is 3 Na+: 1 Ca2+; cf 
Rasgado-Flores et al., 1989) leave the vesicles during a 
light flash (see above), this is about 4% of the total 
available intra-vesicular Na § ions. Of course, much 
smaller values are obtained if the smaller currents that 
we observed in most experiments are used for these cal- 
culations (e.g., about 0.3-1.0% of available Na+). 

THE PROPERTIES OF THE NaJCa EXCHANGER IN THE 

PROTEOLIPOSOMES ARE COMPARABLE TO THOSE IN 

NATIVE MEMBRANES 

The aforementioned observations are consistent with the 
known properties of the Na/Ca exchanger: specific Na § 
gradient dependence, and activation by low Na § concen- 
trations and inhibition by high Na § concentrations acting 
on the same side of the membrane as Ca 2+. 

Activation of the currents by Ca 2+ ions exhibited 

saturation kinetics with a KM(ca ) < 10 pm (1 Ca 2+ per 
binding site). This is consistent with K~(c~ ) values for 
the intracellular Ca 2+ binding site of the Na/Ca ex- 
changer in squid axons (Blaustein, 1977; DiPolo & 
Beaug6, 1991) and mammalian cardiac muscle (Barce- 
nas-Ruiz, Beuckelmann & Wier, 1987; Kimura & Miura, 
1988; Hilgemann et al., 1991). The good fit of the 
Michaelis-Menten equation to our data (Fig. 6) suggests 
that only a single type of Ca 2+ transport sites is involved 
in the generation of the observed currents. The apparent 
dissociation constant for the external Ca 2+ binding site 
on the Na/Ca exchanger is in the low millimolar range in 
barnacle muscle (Rasgado-Flores & Blaustein, 1989), 
squid axons (Blaustein, Russell & De Weer, 1974; 
Blaustein, 1977) and mammalian muscle (Li et al., 
1991). Thus, even though the proteoliposomes may con- 
tain mixtures of inside-out and right side-out exchanger 
molecules, only those with an inside-out orientation 
should have been activated under our experimental con- 
ditions ([Ca2+] o ~< 40 p~M; see Fig. 6). The biphasic ef- 
fect of sodium ions (activation of Na/Ca exchange at low 
Na + concentrations and inhibition at concentrations > 25 
ram) has thusfar been observed only at the external sur- 
face of the exchanger (Baker et al., 1969; Blaustein, 
1977; Reeves & Hale, 1984; Gadsby et al., 1991; Beaug6 
& DiPolo, 1991; Fontana, Rogowski & Blaustein, 1995). 
There are few studies on the effects of internal Na + 
(Blaustein & Russell, 1975; Beaug6 & DiPolo, 1991), 
and in none have intracellular [Na +] in the range between 
0 and 25 mM been tested. Therefore, our results (Fig. 10) 
raise the possibility that low concentrations of Na + at the 
intracellular binding site may also activate the Na/Ca 
exchanger. 

In addition, we observed that photolysis of DMN 
evoked outward current when the Ca 2+ was replaced by 
Sr 2+ or Ba 2+, but not by Mg 2+. This is consistent with the 
known ability of the Na/Ca exchanger to mediate Na/Sr 
and Na/Ba (but not Na/Mg) exchange (Blaustein, 1977; 
Tibbits & Philipson, 1985). The Ca2+-dependent current 
was blocked by La 3+. This fits with previous evidence 
that La 3+ can block the NaJCa exchanger (Baker et al., 
1969; Rahamimoff & Spanier, 1984; Brommundt & 
Kavaler, 1987; Kimura et al., 1987; Caputo et al., 1989). 

The observation of a light-evoked response in solu- 
tions containing caged Ni 2+ (300 pM DMN:200 ~tM Ni 2+) 
was somewhat surprising in view of the known ability of 
Ni 2+ to block Na/Ca exchanger-mediated currents in the 
heart (Kimura et al., 1987). However, much higher con- 
centrations of Ni 2+ (1-5 ram) are required for this block 
(Kimura et al., 1987) than were achievable in our exper- 
iments. It seems possible that Ni 2+ may be transported 
by the exchanger (Brommundt & Kavaler, 1987) when 
the concentration is very low (perhaps about 20 pM), 
while much higher concentrations may block the ex- 
changer. This possibility should be tested in tracer flux 
experiments. 
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In conclusion, the experiments described in this re- 
port demonstrate that functional Na/Ca exchangers from 
lobster muscle can be partially purified and incorporated 
into proteoliposomes. Moreover, when these proteolipo- 
somes are adsorbed to a BLM, Ca 2+ concentration jumps 
can be employed to activate the exchanger and induce 
Ca2+-dependent electrogenic currents that can be attrib- 
uted to the cycling of the exchanger. It should now be 
possible to study the individual steps in the exchanger 
cycle with appropriate modification of these methods. 
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