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In squid axons the Ca 2÷ regulatory site of the Na÷/Ca 2÷ 
exchanger is drastically modified by sulfhydryl blocking agents. 
Evidences that intracellular ÷ regulatory and transport sites 

are different 
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We have explored the effect of the sulfhydryi group blocker p-chloromercuryphenylsulfonic acid (PCMBS) on Ca 2+ and Na ÷ 
interactions with the Na+/Ca 2+ exchanger in squid giant nerve fibers. Steady-state Nao+-dependent Ca 2+ efflux (forward) and 
Na~--dependent Ca 2+ influx (reverse) were measured in internally dialyzed, voltage clamped squid axons. External PCMBS (0.5 
mM, for 25-35 min) has no effect on the activation of Ca 2÷ efflux by Nao + , and Ca 2+ or on the activatory external monovalent 
cation site. In contrast, when applied internally it drastically reduces the affinity of the Na÷/Ca 2+ exchanger towards Ca 2+ ions 
without affecting its maximal rate of transport; in the presence of MgATP the Ko. 5 for Ca 2+ activation of forward Na+/Ca 2÷ 
exchange increases from 1.5 /zM to 95 tzM; likewise the apparent affinity of the Ca 2+ stimulation of the reversal exchange 
decreases 100-fold. Interestingly, no effect of PCMBS was found on the interactions between Na + and Ca 2+ ions with the 
internal transport site(s) (inhibition of Nao + and Ca2+-dependent Ca 2÷ efflux by Na~-). On the other hand, Na~ ions do not 
modify the interactions of Ca 2+ with that site. Two important characteristics of the Ca 2+ regulatory site are uncover in this 
work: (i) sulfhydryl groups are important in maintaining the integrity of the Ca 2÷ binding domain of the Ca 2+ regulatory site and 
(ii) Na~" and Ca 2+ regulatory, or Na~- and Ca 2÷ transporting sites, are different entities. 

Introduction 

The N a ÷ / C a  2÷ exchange is one of the major plasma 
membrane bound mechanism responsible for both net 
Ca 2÷ extrusion from and Ca 2+ entry into the cell. The 
physiological relevance of this system can be inferred 
from its role in regulating cardiac and arterial muscle 
contraction, photoreception, neural-transmission and 
secretion [1]. There  is now evidences of the existence 
of more than one N a + / C a  2+ exchange molecule with 
different characteristics. Thus, the retinal rod ex- 
changer requires the presence of potassium ions for 
activity (4 Na+/ (1  Ca2÷+ 1 K ÷) stoichiometry) [2,3], 
while no such requirement exist for the cardiac and 
squid exchanger (3 Na+ /1  Ca 2÷) [4,5]. 

A complete understanding of this countertransport 
system requires information at the molecular level: i.e., 
detail of the structure-function relationship. An impor- 
tant step towards this goal has been the recent cloning 
and expression of functional Na + /Ca  2÷ exchange from 
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cardiac and retinal rods [6,7]. In principle two comple- 
mentary studies can provide information about the 
regions of the molecule at which the different ligands 
bind: (a) selective mutagenesis in the case of the cloned 
and expressed carriers, and /o r ,  (b) chemical block of 
specific groups in vivo. In the case of the squid 
N a + / C a  2÷ exchanger which has not yet been cloned, 
the second approach seems a logical approach to iden- 
tify functionally important chemical groups. The dia- 
lyzed squid axon, which allows complete control of the 
intra and extracellular environment and membrane 
potential while accurately measuring ionic fluxes is an 
ideal preparation to study the sidedness of chemical 
modifiers. 

In this work we found that PCMBS has no effect on 
Nao +, Ca2o + and monovalent activatory cation affinities. 
On the other hand, it induces a drastic reduction in the 
apparent affinity of the intracellular Ca 2+ regulatory 
site without affecting the maximal rate of N a + / C a  2÷ 
exchange. These results suggest that sulfhydryl groups 
are structural part or at least influence the Ca 2+ regu- 
latory binding site. In contrast they do not seem rele- 
vant for any of the extracellular binding sites of the 
exchanger. In addition, the differential effect of 
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PCMBS on the intraceUular Ca 2÷ regulatory and Na + 
and Ca 2÷ transport sites suggests that the regulatory 
and transport loci are different entities. A preliminary 
report of part of this work has been presented else- 
where [8]. 

Materials and Methods 

Experimental preparation 
The experiments were carried out on live specimens 

of Loligo pealei at the Marine Biological Laboratory, 
Woods Hole, MA, and with the tropical squid Loligo 
plei at the Instituto Venezolano de Investigaciones 
Cientificas, IVIC, Caracas, Venezuela. For Ca 2+ effiux 
measurements, the axons were mounted in a dialysis 
chamber designed to dialyze and voltage clamp the 
axon [9]. For Ca 2+ influx we used a similar efflux 
chamber modified in order to create a well defined 
region of external isotope solution where the axon was 
immersed [10]. Dialysis capillaries were from regener- 
ated cellulose fibers with a molecular cut off of 9000 
Da (150 /zm o.d.; 141 /zm i.d.; Spector, Los Angeles, 
CA). For axons of smaller diameter such as those of L. 
plei (mean diameter 420 /zm) control of axoplasmic 
constituents could be effectively achieved with cellu- 
lose acetate capillaries (120 /zm o.d., 100 /zm i.d.; 
Fabric Research, MA). The dialysis capillaries con- 
tained a 75/zm platinized platinum iridium wire (20% 
iridium) for passing current. Prior to the addition of 
internal or external radioactive solutions, the axons 
were routinely pre-dialyzed for at least 45 min with an 
isotope free internal dialysis medium containing 1-3 
mM EGTA and no ATP. 

Solutions 
The standard dialysis medium had the following 

composition (mM): Tris-Mops, 385; NaC1, 40; MgCI2, 
5; glycine, 285; Tris-EGTA, 1-3; pH 7.3 (17-18°C). 
The osmolarity of the solutions was adjusted at 940 
mosmol/l. The estimation of the [Ca2+] i was based on 
a dissociation constant of 0.15 /zM for CaEGTA [11]. 
The standard sodium sea water (NaSW) had the fol- 
lowing composition (mM): Na +, 440; Ca 2+, 0.5; Mg 2+, 
60; CI-, 567; Tris-C1, 10; pH 7.6 (17-18°C). Removal of 
external Na + was compensated with isosmolar amounts 
of Tris or Li ions. The external solutions always con- 
tained 1 mM NaCN and 200 nM tetrodotoxin. The 
axons were voltage clamped at their resting membrane 
potential which under the above ionic conditions ranged 
from - 5 to + 10 mV. The leak current was measured 
by applying 20 mV hyperpolarizing pulses of 20 ms 
duration. The membrane resistance of axons bathed in 
these solutions ranged from 1500 to 3500 ohm cm 2. All 
reagents used were of analytical grade, p-Chloro- 
mercuryphenylsulfonic acid (PCMBS) was from Sigma. 
In the present experiments we have used a PCMBS 

concentration ranging from 0.1-0.5 mM. At these con- 
centrations this compound has no effect on the mem- 
brane resistance nor on the 'leak' of 45Ca2+ (see Figs. 1 
and 5 as examples). Radioactive solutions were made 
by adding solid 45CAC12 to the dialysis or external 
medium. In efflux experiments the external medium 
was delivered at a rate of 1.5 ml/min; in influx deter- 
minations the rate was 0.1 ml/min. The flow through 
the dialysis capillary was a.bout 0.001 ml/min in both 
instances. Radioactive samples collected every 3 min 
were mixed with 5 ml of scintillation liquid and counted 
in a liquid scintillation counter. 

In all experiments each axon served as its own 
control since steady-state Ca 2+ efflux and influx were 
always measured before and after a given treatment. 

Results 

The effect of  external PCMBS on the Nao+-dependent 
and Ca 2 +-dependent Ca 2 + efflux components 

Fig. 1 shows an experiment in which the effect of 
external PCMBS was explored on both Nao +- and 
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and 2 +  2 +  Ca o / C a  i exchanges). The axon was predialyzed 
for about 45 rain with 1 mM E G T A  and no ATP prior 
to the addition of the same solution containing ra- 
dioactive 45CaZ+ at a saturating [Ca 2+ ] of 100/xM. An 
eventual effect of PCMBS could be on the maximal 
rate of transport, the apparent  affinity for ligands 
(Nao +, Ca2o + a n d / o r  Li o) or both. Therefore,  Na+-de  - 
pendent  and Lio-aCtivated CaEo+-dependent Ca 2+ e/- 
flux components  were determined at non saturating 
concentrations of these cations. In the standard NaSW 
Ca 2+ e/flux reached a steady state value of 2550 
f m o l / c m  z per s. Upon removal of external Na + and 
Ca 2+, Ca 2+ e/flux dropped to background levels. Addi- 
tion of 100 mM Na + in the absence of Ca2o + brought 
the Nao+-dependent Ca 2+ e/flux to about 1400 
f m o l / c m  2 per  s. Withdrawal of Nao + in the presence of 
0.5 mM Ca2o + and 100 mM Li o induced a Ca2o+-depen - 
dent Ca z+ e/flux of 310 f m o l / c m  2 per s. The addition 
of 0.5 mM PCMBS to the external medium had no 
effect on the 2+ 2+ Ca o / C a  i exchange or the Nao+-depen - 
dent components since their magnitude were the same 
as those observed before the addition of the chemical 
blocker. Fig. 1 also shows that, at the concentration 
used, PCMBS has no detectable effect on the ' leak '  of 
Ca 2+ measured in the absence of external Na ÷ and 
Ca 2 + or the membrane  resistance which in this particu- 
lar experiment was 3275 ohm cm 2 before and 3230 
ohm cm 2 after the addition of PCMBS. 
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The effect of  internal PCMBS on the Nao+-dependent 
Ca 2+ e/flux 

To investigate whether  PCMBS from the cytoplas- 
mic side has any effect on the kinetic parameters  of the 
N a + / C a  2+ exchange, we explored its effect on the 
Nao+-dependent Ca 2+ e/flux both at submicromolar 
(0.7/xM) and saturated (200/zM) [Ca2+] i. In the exper- 
iment of Fig. 2, after the e/flux of Ca 2 ÷ has reached a 
steady value of 78 f m o l / c m  2 per  s, removal of Nao + 
and Ca2o + brings the e/flux to background levels. This 
drop corresponds mostly ( >  90%) to the Nao+-depen - 
dent component  since Ca2o+-dependent Ca 2÷ e/flux is 
very small under this particular condition [12]. Subse- 
quent addition of external Na ÷ and Ca 2 ÷ brought back 
the e/flux to the initial levels. The arrow shows the 
time at which 0.5 mM PCMBS were added to the 
dialysis medium. This produced initially a small in- 
crease in Ca 2÷ e/flux which was followed by a signifi- 
cant (89 + 4%, n = 8) inhibition of the Nao+-dependent 
component.  When Ca 2+ was raised from 0.7 to a 
saturating concentration of 200 /zM the Nao+-depen - 
dent component  increased to about 2200 f m o l / c m  2 
per s. Interestingly, the levels of the Nao+-dependent 
Ca 2÷ e/flux attained at a saturating Ca 2+ concentra- 
tion in the presence of PCMBS are similar to those 
observed in axons dialyzed with high Ca 2 ÷ but without 
PCMBS (not shown); this suggest that the blocker has 
no effect on the maximal rate of the N a + / C a  2+ ex- 
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change. In addition, PCMBS acts irreversibly since its 
removal does not modify the levels of fluxes attained 
after its application. The fact that PCMBS at 0.5 mM 
has no effect on the Nao+-dependent Ca 2+ efflux when 
applied from the extracelular compartment indicates 

that this coumpound is relatively impermeable to the 
squid axon membrane. A similar situation occurs in 
barnacle muscle fibers in which the permeable 
sulfhydryl reagent N-ethylmaleimide (NEM) inhibits 
Na+/Mg 2+ exchange and releases Ca 2+ from intra- 
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cellular stores, contrary to external PCMBS which has 
no effect [13,14]. 

The effect of  PCMBS on the transport and regulatory 
Ca 2+ sites 

The next step was to explore the possibility that 
PCMBS modifies only the affinity of the exchanger 
towards internal Ca 2+. To that aim we analyzed the 
Ca 2+ activation of the Nao+-dependent Ca 2÷ efflux in 
axons dialyzed without (Fig. 3A) and with (Fig. 3B) 
MgATP. Fig. 3A shows the inhibition of Ca 2 ÷ efflux by 
PCMBS at 0.7/~M CaT + and its progressive restoration 
to normal efflux values when c a t  + is increased step- 
wise up to 500/zM. It can be observed that the amount 
of Ca z+ required to take that activation to half maxi- 
mal value is much higher than in untreated axons 
(about 12 /zM, see below). Fig. 3B shows that at 0.7 
~M  Ca 2+ all ATP stimulated Nao+-dependent C a  2+ 

efflux is abolished by PCMBS. Similar to the experi- 
ment of Fig. 3A the Nao+-dependent C a / +  efflux can 
be completely restored by increasing internal Ca 2+ 
concentration. Fig. 4 summarizes the results on differ- 
ent axons. In the absence of PCMBS, the K015 for CaT + 
with or without ATP determined in two axons coin- 
cides with the values reported previously from our 
laboratory (1.5 + 0 .3 /zM with ATP (n = 15) and 12 + 
1.3/zM without ATP (n = 10)). One of the main char- 
acteristics of the MgATP effect is a marked increase in 
Ca T+ affinity with no change in the maximal fluxes 
[15]. In axons treated with PCMBS, Ca 2+ stimulation 
of Nao+-dependent Ca 2+ efflux is similar in the pres- 
ence and absence of ATP. Therefore,  in the presence 
of PCMBS the axons behaves as if they have not seen 
MgATP at all. Comparing with untreated axons, 
PCMBS decreases the apparent affinity for Ca 2 + about 
10-fold in the absence of MgATP but one hundred fold 
in its presence. 

In squid axons as well as in cardiac and barnacle 
muscle, Ca 2 + ions from the cytoplasmic side are essen- 
tial for the proper  functioning of all partial reactions of 
the N a + / C a  2+ exchanger [16-18]. The fact that 
PCMBS largely reduces the affinity for Ca T+ without 
modifying the maximal rate of transport might indicate 
an alteration of the Ca 2 + regulatory site without modi- 
fication of that from which Ca 2 + is transported. In the 
experiments described above (see Fig. 4) it is not 
possible to discern whether the sulfhydryl blocker af- 
fects the Ca 2+ transport, the Ca 2+ regulatory site, or 
both. Examination of the Ca 2+ regulatory site can be 
done taken advantage of the fact that Na + inhibits the 
Na +- and Ca:o+-dependent Ca 2+ efflux. At 0.7 /zM 
Ca T+ inhibition is complete with 100 mM Na~-; when 
Ca 2+ is 200 /~M, 200 mM Na + are required [19,20]. 
Under high Na + conditions and with no external Na +, 
Ca T+ ions activate in a saturable fashion (no C a  2+ exit 
through the N a + / C a  2+ exchanger) the Na+/Ca2o+ ex- 
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change through the N a + / C a  2÷ exchanger; this stimula- 
tion follows the binding of Ca 2+ ions to the regulatory 
site [16]. Fig. 5 shows the CaT + activation of the 
Na~--dependent Ca 2÷ influx under conditions in which 
all 2+ 2+ C a  o / C a  i exchange is absent. The external 
medium contained Li ions (200 raM) to activate the 
external monovalent cation site. In the first part of the 
experiment the axon was dialyzed with 100 mM Na~- 
no Ca 2+ (3 mM EG TA  and no added calcium; [Ca 2+] 
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< 10 -9 M) and no MgATP. Under these conditions 
Ca 2+ influx is very low. Increasing [Ca2+]i to 0.7/xM, a 
value close to the K0. 5 of the regulatory site caused a 
significant increase in Ca 2 ÷ influx to a steady value of 
about 1400 fmol /cm 2 per s. Addition of 0.25 mM 
PCMBS inhibited most of the Na~--dependent Ca 2÷ 
influx. Increasing the [Ca2+] i from 0.7 to 200 /zM 
augmented the Na~--dependent Ca 2÷ influx to values 
similar to that seen in untreated nerve fibers, thus 
indicating that PCMBS has no effect on the Vma x of the 
reverse exchange. Finally, removal of Na~- brought the 
influx of Ca 2÷ to about 400 fmol /cm 2 per s which 
corresponds to the magnitude of the Ca o2+/Cai2+ ex- 
change component. 

Fig. 6 summarizes the results on the Ca 2 + activation 
of the Na~--dependent Ca 2÷ influx in the presence of 
200 mM Na~- and 2 mM MgATP. It can be observed 
that the K0. 5 for Ca 2+ of the Ca 2+ regulatory site 
shifted from 0.63 tzM to about 60 /zM in the presence 
of PCMBS. 

Sodium and calcium interactions at the intracellular 
transporting Sites 

In squid axons, internal Na ÷ and Ca 2+ interactions 
on the transport sites can be adequately explained by a 
competition model in which three Na ÷ ions and one 
calcium can attach to the carrier molecule. The K0. 5 
for Na~- inhibition of Nap +- and Ca2+-dependent Ca 2÷ 
efflux is 25 mM and 54 mM at 0.7 and 200/zM Ca 2÷, 
respectively (ReL 20; see also Fig. 11). 

From the experiments described so far it is clear 
that PCMBS affects essentially the Ca 2+ regulatory 
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site of the N a + / C a  2+ exchanger. Therefore,  an impor- 
tant point to explored is whether PCMBS also affects 
Na~--Ca 2+ interactions at the transport sites. Fig. 7A 
describes the inhibition of the Nao+-dependent Ca 2÷ 
efflux by internal Na t at saturating Ca 2+ (200/zM) in 
the absence and presence of PCMBS. It is clear that 
the inhibition by Na~ is the same with or without the 
chemical modifier. The data points in Fig. 7B are taken 
from experiments similar to that described in Fig. 7A. 
The line through the points corresponds to a model of 
3 Na ÷ and 1 Ca 2÷ binding site where the binding of 
one Na t is sufficient to displace Ca 2÷ (see Fig. 11 and 



Discussion). The dissociation constants for Na~- and 
Ca 2÷ were obtained from previously reported data by 
simultaneously fitting Na~- inhibition at two Cai 2÷ con- 
centrations (0.7 and 200/~M, [20]). 

If the inhibition of Ca 2÷ efflux and the stimulation 
of Ca 2÷ influx by Na~ takes place on the same site, 
PCMBS should not affect the stimulation of Ca 2÷ 
influx by Na~- at saturating Ca 2+ concentrations. These 
expectations were borne out. Fig. 8 shows that the 
activation of the Ca 2÷ influx by Na~- in four different 
axons dialyzed with a saturating Ca 2+ concentration 
(500 ~M) is the same with or without PCMBS. The 
line through the data points correspond to the theoret- 
ical equation used in Fig. 7B employing the same Na ~- 
and Ca 2÷ dissociation constants. 

Internal Na + and the Ca 2 + regulatory site 

For a system where the Ca 2+ regulatory and trans- 
port sites are different entities, one would expect a 
different sensitivity of each site towards inhibition by 
internal Na ÷ ions. We have already shown (Fig. 7A 
and B) that Na~- competitively inhibits Ca 2+ efflux. In 
this section we attempted to study the possible interac- 
tions of intracellular Na ÷ with the Ca 2+ regulatory 
site. In order to do so, we have chosen the conditions 
in which only the Na~--dependent Ca 2÷ influx is in 
operation (no exit of Ca 2÷ through the N a + / C a  2÷ 
exchange); therefore, any effect of Na~- will reflect an 
interaction that takes place at the Ca 2+ regulatory site. 
If cytoplasmic Na ÷ competed with Ca 2÷, increasing 
Na ÷ concentration should displace Ca 2÷ ions from the 
regulatory site and therefore inhibit Na i+/Cap2+ ex- 
change. Fig. 9A describes an experiment in which 
internal Na ÷ was varied at a constant submicromolar 
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the beginning of the experiment that in the absence of internal Na~- 
and Ca 2+ Ca 2+ influx is closed to background. Axon diameter 600 
p.m. Temperature 17°C. (B) Activation of Na+-dependent  Ca 2+ 
influx by Na~- ions at a submicromolar [Ca 2÷ ]i (0.7/zM). Notice that 
Na~ always activates Ca 2÷ influx even at extreme high Na + concen- 
trations. The experimental points on the abscissa represent three 
different experiments in which the effect of Na~- was tested in the 

complete absence of Ca 2+ ions (3 mM EGTA no added Ca 2÷ ). 

Ca 2+ concentration of 0.7/zM. This allowed us to used 
Na~- concentrations as low as 50 mM without any 
carrier mediated Ca 2+ efflux [20]. The results of sev- 
eral experiments of these type are shown in Fig. 9B. 



82 
Mg A'TP 
(mM) 

co2+l 

Na i 
(mM)  

Ca2 
mM) 
Lio 
(rnM) 

~,~o 

~g 
~ zooo 

~ o 

1,0 

0.3 0.7 

/ /  

# 

I00 # 

2 # 

2OO # 

A 6OOO 

Co z+ ~ . l ~ y  

Ca 2÷ 

_ _ ~ ~  i - 2000 

4 /  I 
0.5 

I00 

E 

8 

,5 

i 

E 5O 
z 
"6 
$ 

15 

o~ 

0.3 
0.7 

360  

I0 

20O 

I I / /  I I I 
I 0  1.5 20 2.5 .3.0 

TIME (hr) 

8 

i o o,OO MNo" 
o 

I I 
i.o IO 

[C~z+] i (pM) 
Fig. 10. (A) The effect of step increases in [Ca 2+ ]i (0.3, 0.7 and 10/zM) on Ca 2+ influx at two different Na~- concentrations (100 and 360 mM) in 
an axon dialyzed with 2 mM MgATP. Ordinate: Na~--dependent Ca 2+ influx in fmol/cm 2 per s. Abscissa: time in hours. Notice the change in 
the ordinate scale upon changing Na + from 100 to 360 mM. (B) Activation of Na+-dependent Ca z+ influx by Cai 2+ ions (0.3, 0.7, 10/zM) at two 
different [Na+]i (100 and 360 mM) in axons dialyzed with 2 mM MgATP. The K~/2 for Ca 2+ is close to 0.5 ~M. Notice that even at this 

2+ + 2+ submicromolar C a  i c o n c e n t r a t i o n s  N a  i ions do not displace C a  i from the regulatory site. 

The relevant feature is the fact that Na~- at high 
concentrations not only do not inhibit, but monotoni- 
cally stimulate Ca 2÷ influx (K0.5 of about 100 mM). 
Fig. 9B also shows that Ca~ + behaves as an essential 
activator of the exchanger since under these conditions 
no Na~--dependent Ca 2÷ influx exist in the absence of 
internal Ca 2÷ ions. 

We also explored the Ca~ ÷ activation of the Na +- 
dependent Ca 2+ influx under conditions where there 
was no Ca 2÷ effiux. Fig. 10A describes one experiment 
and Fig. 10B summarizes several, where Cai z+ was 
varied between 0.3 and 10/zM at two fixed and differ- 
ent Na + concentrations (100 and 360 mM). It is clear 
from the figures that the activation of Na~--dependent 
Ca 2÷ influx by the binding of Ca 2÷ ions to the intra- 

cellular regulatory site takes place with the same ap- 
parent affinity at the two Na~ concentrations used. 
The most reasonable explanation for the results of 
Figs. 9 and 10 is that internal sodium ions do not have 
access to the intracellular Ca 2+ regulatory site. 

Discuss ion  

In this work we have examined the functional 
changes produce in the squid axon N a + / C a  2+ ex- 
changer by the relatively impermeant p-chloro- 
mercuryphenylsulfonic acid (PCMBS), a specific 
sulfhydryl group blocker [21]. Mercurial compounds 
are highly specific sulfhydryl reagents, and among them, 
the organomercurial p-chloromereurybenzoate has 



been widely used. PCMBS binds to sulfhydryl groups 
with exceedingly high affinity with a dissociation con- 
stant of about 10 -20 M [22]. Therefore,  a reasonable 
expectation is that this compound will bind only to 
those sulfur-containing amino acids (cysteine and me- 
thionine). The amino acid sequence of the squid 
N a + / C a  2÷ exchanger is not yet known. However, if a 
substantial homology exist between the cardiac and 
squid N a + / C a  2+ exchanger, one can expect the pres- 
ence of cysteine groups in the highly acidic region of 
the cytoplasmic (f-loop) squid antiporter. This domain 
which has been suggested to be involved in cation 
binding [6] has two cystein residues groups (one sur- 
rounded by acidic aminoacids (position 762) and the 
other very near by (position 770)) [6]. Nevertheless, no 
experimental data exist that this corresponds to the 
Ca 2+ binding site. 

The fact that externally applied PCMBS has no 
effect on the Nao +- and Ca2o ÷ dependent  Ca 2+ efflux as 
well as on the external monovalent activatory cation 
site could mean either that cystein residues are not 
part of the site structure or that they are not accessible 
to the chemical blocker. 

The intracellular effect of PCMBS is very marked 
and consist in a tremendous decrease in the MgATP 
induce affinity change of the Ca 2 ÷ regulatory site and 
the disapperance of the MgATP effect. By linking 
these findings we could conclude that the MgATP 
effect take place primarily through a modification of 
the Ca~ + regulatory site. In fact, we have already 
shown that MgATP largely increases the affinity of the 
Ca 2+ regulatory site for calcium ions [19]. A crucial 
feature of the effect is that with PCMBS the ability of 
the N a + / C a  2+ exchanger to translocate ions across the 
membrane remains intact since the maximal rate of 
exchange is not affected. This is strong evidence against 
an unspecific pharmacological effect of the sulfhydryl 
blocker. 

There are three pieces of evidence that support the 
notion of a structural difference between the Ca 2+ 
regulatory and the Na~- transport site: (1) PCMBS at 
the concentration that modifies the affinity of the Cai 2 + 
regulatory site has no effect either on the inhibition of 
Ca 2÷ efflux or activation of Ca 2+ influx by Na~-; (2) at 
the same concentration of Ca~ ÷ at which Na~- strongly 
inhibits the efflux of Ca 2÷, it stimulates the influx of 
Ca 2÷. (3) At Na~ concentrations which completely 
block Ca 2÷ efflux, Ca 2+ ions still bind to the intra- 
cellular regulatory site with an apparent affinity inde- 
pendent  of the Na + concentration. The present results 
are consistent with studies in cardiac N a + / C a  2+ ex- 
changer in which proteolysis of the exchanger at the 
cytoplasmic surface abolished Ca 2 ÷ regulation without 
inhibiting N a + / C a  2÷ exchange [23]. 

The unexpected finding that Na~- did not affect the 
Ca~ + regulatory site, in contrast to the strong interac- 
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Fig. 11. Kdnetic model of Na + and Ca 2+ interaction at the intra- 
cellular sites of the N a + / C a  2+ exchange carrier (E). The figure 
shows the case where PCMBS (B from blocker) binds to the carrier 
(BE) and modifies the interaction of Ca2+(i) with the intracellular 
Ca 2+ regulatory site. Other Na + and Ca 2+ interactions with the 
carrier remain unaltered (this work). The following additional as- 
sumptions were made: (i) binding of Ca 2+ to the regulatory site is 
essential to allow the interactions of Na~- ions (three) and Ca 2+ ions 
(one) with their transporting sites; (ii) Na ÷ ions do not have access 
to the Ca 2 ÷ regulatory site; (iii) binding of one Na ÷ ion is enough to 
displace Ca 2+ from its transporting site; (iv) rapid equilibrium. The 
resulting equations, ignoring the Cai 2+ interactions with the regula- 
tory site, are: for Ca 2+ efflux (via 2+ + 2+ Ca i -Na o or Ca o / C a  2+ ex- 
changes) :  v / V =  [ C a ] / ( ( K c ( I + [ N a ] / K  t + [ N a ] z / K I K 2  + 
[Na]3/KIK2K3))+[Ca]). For Na + efflux or Ca 2+ influx (via 
Na + / C a  2+ reversal exchange): c / V  = [Na]3/(K1K2K3(1 + 
[Ca] /Kc)+  KzK3[Na] 2 +lNa]3). Taking K c equal to 25/zM [24] the 
fitting of old data [20] gave the following values for the Na + 
dissociation constants: K1, 265 + 66 raM; K 2, 36 + 9 raM; K3, 1.9 + 2 

mM. 

tion with the Ca 2+ transport site, might be explained 
with a simple kinetic scheme model shown in Fig. 11. 
According to this model Ca~ ÷ regulatory and Ca 2÷ 
and Na + transport sites are different and in order to 
be transported Na + and Ca 2+ ions compete for the 
same carrier species. PCMBS only modifies, while Na ÷ 
ions do not interact with, the Cai 2+ regulatory site. The 
function of the Cai 2+ regulatory site is to allow the 
carrier to bind Na ÷ or Ca 2+ ions for transport. In 
addition, the binding of one Na ÷ or 1 Ca 2÷ ion to the 
transport site is sufficient to displace the other ion 
from it. Therefore,  we can treat kinetic data on Na~ 
and Ca 2+ interactions ignoring the Ca~ + regulatory 
site. We have done this with early data [19,20] obtain- 
ing the following values for the dissociation constant: 
K1 = 265 + 66 mM; K 2 = 36 + 9 mM and K 3 = 1.9 + 2 
mM. The dissociation constant for the Ca2i + transport 
site was experimental determined to be 25 /xM in the 
absence of ATP [24]. Figs. 7B and 8 shows that the 
model and the constants obtained adequately fit the 
data reported here. 

The main conclusion from the differential effects of 
PCMBS and Na~- is that Ca 2+ regulatory site most be 
different from the Na~- transport site. Regarding the 
identity of the loci for Ca 2+ regulation and transport 
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we face the following options: (i) if the Ca 2÷ regulatory 
and the Ca 2+ transport sites are different then Na ÷ 
and Ca 2+ interactions reflect a competition for the 
same carrier conformation, which may or may not 
indicate identical sites; (ii) if the Ca 2÷ regulatory and 
transport sites are the same then the place at which 
Na~- binds in order to be transported most be on a 
different structure. 
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