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Abstract. The present study demonstrates that B-typeevidenced over ten years ago in the sarcoplasmic mem-
Ca* channels observed in rat ventricular myocytesbrane of cardiac cells. Rosenberg and colleagues (1988)
markedly reacted to agents known to affect the ion-observed background or B-type €ahannels in sarco-
motive plasma membrane €aATPase (PMCA) pump. lemmal vesicles from calf ventricular muscle incorpo-
Chlorpromazine (CPZ)-activated B-type Lachannels rated into artificial lipid bilayers. Such channels have
were completely blocked by internal application of also been observed in native membranes of rat ventricu-
PMCA pump inhibitors, namely L% (100 um), eosin  [ar myocytes (Coulombe et al., 1989; Wang, Clague &
(10 pm) and AlF; (100 pm). Calmodulin (50 U/ml), the  |anger, 1995), of rat aortic smooth muscle cells (Lefevre
main endogenous positive regulator of PMCA, was un-et al., 1995) and more recently in human atrial myocytes
able to activate but significantly reduced CPZ-activated(antoine et al., 1998). B-type Gachannels are differ-
B-type channel activity. In the same manner, ATP (lent from other known C4 channels in that they are
and 4 nm), the main energizing substrate of PMCA, was jhdependent of membrane potential, being observed over
able to reversibly and significantly reduce this activity in 5 large range of membrane potential (from —180 to +60
a dose-dependent manner. Interestingly, anti-PMCA anmv). They can be detected in nearly 20% of tested
tibody 5F10, but not anti-Na/K ATPase antibody (Usedpatches and are insensitive to L-type’Cahannel block-

as a negative control) induced a marked Beonducting ers (NP, C&*, C®* and D600). In control conditions,
channel activity_that shared the same characteristi_cs Withheir sparsely spontaneous activity occurs in irregular
that of CPZ-activated B-type channels, SF10-Activatedy, ;g separated by long-lasting quiescent periods. They
channels were mostly selective toward$ Banainly had re activated by anticalmodulin compounds such as
three observed cqnductance levels (23, 47 and 85 pS hlorpromazine (CPZ), trifluoperazine and W7 (Lefevre
were observed with a frequency of about 1 out of 5 t al., 1995). Their activity is markedly enhanced by
membrane patches and were completely blocked by 1 etabolic inhibition and hydrogen peroxide in rat ven-

H +
ﬁgsegfénéoméa?grﬁsoﬂli:uglaecspt\ thjrtnB'typé @han-yicular (Wang et al., 1995) and in human atrial myocytes
pump. (Antoine et al., 1998). They exhibit variable degrees of
complex gating patterns with one-to-three most fre-

Key words: B-type C&* channel — Eosin — AIE—  quently observed conductance states (around 20, 50 and
Lanthanum — Calmodulin — Plasma membrane’Ta 80 pS in 48 nw Ba®*) sometimes combining to give
ATPase (PMCA) larger levels.

In a previous paper (Lefevre et al., 1995), we sug-
gested that B-type G4 channels might not be genuine
Introduction ionic channels but rather result from a functioning of the
plasma membrane aATPase pump (PMCA) similar
The existence of divalent cation permeable channels diff® that reported in the case of the sarcoplasmic reticulum
ferent from L-, T- or R-type C& channels was first CaATPase, SERCA (de Meis, 1991; de Meis & Inesi,
1992; Wang, Tang & Eisenberg, 1992; de Meis, Wolo-
sker & Engelenger, 1996; Du, Ashley & Lea, 1998),
- which is believed to operate either as a pump or as a
Correspondence toA. Coulombe passive cation channel. Because CPZ an®H(Le-
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fevre etal., 1995; Wang et al., 1995; Antoine et al., 1998)The perfusion solution was then switched to a recirculating"@ae

activate B-type C& channels, it is tempting to formulate Tyrode’s solution containing collagenase (Type A, Boehringer Mann-
h imole h hesis th he PMCA function heim, Germany), 1 g/l; BSA (Bovine Serum Albumin, Sigma, Saint
the simple hypothesis that the C unctions as aLouis, MO), 5 g/I; hyaluronidase (Sigma), 0.4 g/I; pH 7.4 (NaOH) for

pump in _the presence of m_temal CalmOdu“_n (CaM) 10-20 min. The heart was then rinsed during 3 min witlf'deee
whereas in the absence of this substance, or in the pregyode's solution. The digested heart was placed irt-aih medium

ence of a CaM inhibitor like CPZ (Prozialeck & Weiss, (seecomposition below) with 5 g/l BSA. The atria were removed, the
1982), the C&" transport function would be lost and the left and right ventricles were dissected into small fragments of tissue
PMCA molecule may behave as aC@ermeable chan- (=1 mn?) and incubated for 5 min in Krich medium at 37°C con-
nel. At least two results are in favor of this assumption_taining BSA, 5 g/l. Cells were dispersed by gentle agitation of the

(i) CaM is known as an endogenous activator of PMCA_tissue pieces and filtered. After slow centrifugation (1 min, 5@)x
9 "cells were resuspended in*ich medium containing BSA, 5 g/l;

the, CaM bmdmg,domam O_f the pump n_mleCUIe acts aSprotease (type X1V, Sigma), 1 g/l; and incubated for 5-15 min at 37°C.
an internal res:tramer of active transport in th? absence Ofinally, they were gently centrifuged, resuspended trri¢h solution,
CaM (Carafoli et al., 1992). Therefore, it might be as- plated in 35 mm plastic Petri dishes (Nunclon), and kept at +4°C at
sumed that CaM inhibitors, such as CPZ, restrain thaeast 1 hr before being used. They were then washed with Tyrode’s
active function of PMCA, thus allowing it to shift to- solution containing 1.8 m CaCl.

wards the passive channel mode. (i@, the most

abundant regctlve oxygen species normally produ_ced b}éNGLE—CHANNEL RECORDINGS AND DATA ANALYSIS

cell metabolism, has recently been reported to induce

oxidative modification of a S'_te of the Cam m‘?'e‘?u'e Experiments were performed with the classical inside-out patch-clamp
composed of carboxyl-terminal vicinal methionines configuration. Only rod-shaped adherent cells with clear striations,
which are conserved between all calmodulins fromsharp edges, without granulation and showing no spontaneous contrac-
higher plants to humans. Thezez-induced alteration tile activity, were chosen. Patch pipetes were pulled from borosilicate
does not prevent the inactive CaM from binding to thedlass capillaries (Corning code 7740, Corning Glass, or Corning Kovar
autoinhibitory sequence of PMCA but prevents the na_Sealmg code 7052, WPI, FL) using a horizontal puller (DMZ-Universal

. S oo . Puller, Zeitz Instrument, Germany) and fire-polished before use. The
tive, normal, CaM from binding to this site and activat- pipette resistance was 5-1). The currents were recorded using a

ing_the pump_(Ya_o etal, 2_1-996)- This suggests t_hat theyatch-clamp amplifier (Axopatch 200A, Axon Instruments, CA) and
main mechanism involved in the,B,-induced openings filtered through an eight-pole Bessel low pass filter 920LPF (Fre-
of B-type C&* channel might be the same as that of CaMquency devices) setting of 1 or 2 kHz, and stored upon digital audio
inhibitors, i.e., preventing PMCA from CaM-induced ac- tape (DTR 1200, Bio-Logic, France). Data were digitized at 5 or 10
tivation. kHz with a Digidata 1200 (Axon Instruments) using Acquisl software

The aim of the present work was to bring further (Bio-Logic, France), and stored in a computer file for latter analysis.

. | he ab ion b | Currents were retrieved on a HP Laserjet 4000 N (Hewlett-Packard,
experimental support to the above assumption by exp OrCA). All experiments were conducted at room temperature (20-24°C).

ing whether agents known to act on PMCA pump couldgjementary conductance were determined as previously reported (Cou-
also act on B-type Ca channel activity. The results lombe et al., 1989). Channel activity (mean patch current) was calcu-

show that CPZ-induced B-type €=channel activity was lated by integrating current flow during the channel openings and di-

markedly blocked by PMCA inhibitors eosin, AJland viding the integral by the total sampli_ng_ time. When a_lppr_opriate, data

lanthanum, and was reduced by ATd?ld CaM. In ad- @are given as mean 4D (standard deviation) afi determinations.

dition, anti-PMCA antibody 5F10 clearly activatedBa
conducting channels similar to that of B-type®Cahan-
nels.

SOLUTIONS

Before use, all the solutions were filter-sterilized using @i filtra-

tion membranes. Tyrode’'s solution contained (im)nmNaCl, 135;
Materials and Methods KCl, 4; Na-pyruvate, 2.5; MgG| 2; NaH,PO, 1; HEPES, 10; glucose,

20; pH was adjusted to 7.4 with NaOH. Thé-Kich medium in which

cells were maintained before use, contained (vm)m.-glutamic acid
PREPARATION OF RAT VENTRICULAR MYOCYTES monopotassium salt, 70; KCI, 25; KRO,, 10; MgCl, 3; EGTA, 0.5;

HEPES, 10; glucose, 20; taurine, 10; pH was adjusted to 7.4 with KOH.
All experiments were performed in accordance with institutional guide- A stream of solution from one of a series of five piped outlets con-
lines for animal care. Single ventricular cells were obtained from adulttinuously superfused the membrane patch from which recording was
rat hearts by an enzymatic dissociation procedure. Male Wistar ratdeing made. The flow rate of superfusion was 50—L0tin. For all
(180-200 g) were anesthetized by intraperitoneal pentobarbital sodiurexperiments, the superfusion solution contained (im):nK-aspartate,
injection (35 mg/kg body weight). The heart was quickly excised and128; KClI, 2; BaC}, 1; EGTA, 5; HEPES, 10; glucose, 10; pH was
cannulated by the aorta and then mounted on a Langendorff columadjusted to 7.2 with KOH. In experiments where chlorpromazine
before being retorgradely perfused. During all the dissociation proce{CPZ) or eosin was used, ethanol was added at the appropriate con-
dure, solutions were continuously bubbled with 100% &d main- centration to the control superfusion solution. PMCA antibody (IgG2A
tained at 37°C. A first perfusion of 5 min with Tyrode’s solutiseé clone 5F10, from Affinity Bioreagents (ABR), CO), and M&™-
composition below) containing 1.8nmCaCl,, was followed by a sec-  ATPase antibody (IgG1 clone M8-P1-A3, ABR) were used at a dilution
ond perfusion of 3 min with nominally G&free Tyrode’s solution.  of 1/500 and 1/100 respectively, in accordance with specifications of
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the distributor. As antibodies were delivered in a solution of sodiumchannel current corresponding to the most commonly
azide (Nal\;) for their conservation, NalNwas addgd at the‘appr_opriate “observed conductance levels for B-typeZCahanneI
concen_trano_n to thg control and CPZ superfusm_n solutions in experl-p_efevre et al., 1995; Antoine et al., 1998). Lanthanum
ments in which antibodies were used. Calmodulin (CaM) was used a . L
a concentration of 50 U/ml. For experiments in which CaM was usr—)d,IS a We”?known _typlcal and effectlv_e inhibitor of the P
250 1M C&* was added to all the superfusion solutions. In all experi- €lass of ion-motive ATPases to which the PMCA pump
ments, CPZ was used at a concentration ofisQaccording tothe I, belongs (for reviewsee Carafoli, 1991, 1994). In rat
of 160 um obtained for B-Type channel activation by CPZ (Lefevre et aortic myocytes, L (0.006—0.25 m1) reversibly inhib-
al., 1995). For all experiments, the pipette solution contained @ixm  jts the ATPase activity of PMCA, without affecting the
BaCI_z, 48; HEPES,_lO_; pH was a_djusted to 7.4 with C_sOH. Otherwise,Na+_CaZ+ exchange activity (Shimizu, Borin & Blaus-
solu+t|ons were as indicated in flgure Iggends. In spite of the fact thattein, 1997)_ Figure B shows a typical effect of applica-
Ca* can be used as charge carrier in order to record B-typg€ Ca . 3+ .
channels (Lefevre et al., 1995), Bawas used as the charge carrier tion of 109“"" La>" to the internal f_ace of a membrane
because it is generally admitted tha?Bins are more permeable than Patch. L&" markedly blocked CPZ-induced B-typeTa
ca* ions through several types of €achannel (L- and T-type), this channel activity. This result was confirmed in 8 other
property appeared to be also true for B-type Qzhannel éeelefevre measurements. The effect ofi*aeversed more slowly
etal., 1995). The use of Bamade it easier to dist_inguish st_chonduc— with Ionger durations of application. Interestingly, when
ta”cte C;et"e's "_‘;he”tt?,ey °°t‘?“r{_ed' 'fnéf’“ftPfetV'gug ;t‘gﬂecsh:’rf alsqested with patch pipettes containing 10& La®*, in
wanted to avoid putative activation of Caactivate - P .
nels, and to avoicFi) possible inactivation or modulation of B-type chan-four inside-out membrane patche_s, CPZ W.as able to in-
nels by C&* flowing through these channels. As#ds a blocker of duce normal B'type.Channel activity, 'ndlcatmg thafLa
practically all known K channels (Hille, 1992) and of some other acted only on the internal face of the cell membrane.
channel types, it is a useful tool to study®ahannels (especially to  As La®* is also known to be a potent blocker of Ca
establishl-V curves when K ions are used on one side of the mem- channels (Herrington et al., 1996), we chose to test an-
brane). Eosirl refers to gosin Y. Chemicals were purchased fronhther type of C&*-ATPase inhibitor, AlR.
Sigma Chemical (St. Louis, MO). Aluminofluorides affect the activity of enzymatic sys-
tems such as G-proteins and“G&TPase. Among nu-

merous aluminofluoride complexes, AJF AlFg,

Results Al(OH)F3™~ have been shown to inhibit the sarcoplasmic
reticulum C&"-ATPase (SERCA) (Troullier, Girardet &

ErFFecT oFPMCA PUMP INHIBITORS ON B-TYPE Dupont, 1992). They inhibit SERCA by acting as an

Ca* CHANNELS analogue of inorganic phosphate, binding to thddEm

of the enzyme and preventing its return to thgedén-
As previously described in quiescent inside-out mem-formation (Wang et al., 1992). Rao (1990) has shown
brane patches from rat ventricular and human atrial myothat AlF; is a powerful noncompetitive inhibitor of syn-
cytes, application to the internal face of the membrane ofiptosomal C&-ATPase. Figure @ shows a current
micromolar concentration of CPZ, markedly induced, intrace exemplifying the effect of application of 1Q0
a few seconds, B-type €achannel activity in patches AIF; to the cytosolic face of an inside-out membrane
held at a potential of =80 mV (Lefevre et al., 1995; patch exhibiting CPZ-induced B-type channel activity.
Antoine et al., 1998). In spite of the fact thatCaan be  The activity was completely and irreversibly inhibited in
used as charge carrier in order to record B-typé'Ca a few seconds or less. The same result was obtained in
channels (Lefevre et al., 1995; Antoine et al., 1998), inthree other experiments. As AJfis a well known acti-
the present study, Bawas used for reasons stated in thevator of G-proteins, we used internal application of
Materials and Methods. Figure 1 shows typical seg-GTPyS (100 pum) in order to test for a putative G-
ments of single-channel current recordings obtainedrotein-gating of B-type channels. In four inside-out
from 3 different membrane patches illustrating such atémembrane patches showing a marked activation of B-
activation and the inhibition of this activity by eosin, type channels by CPZ, no evidence of block was ob-
lanthanum and aluminum fluoride. Eosin, by interactingserved after addition of GHS. In the same way, in
with the nucleotide binding site, has been shown to be anembrane patches responding to CPZ, application of
potent inhibitor of PMCA in red blood cell inside-out GTPyS prior to activation by CPZ had failed to induce
vesicles (IGy = 0.3 um; Gatto & Milanick, 1993), in  any channel activityr( = 4, not showi).
bovine sarcolemmal cardiac vesicles{}& 1 pm; Gatto
et al.,, 1995) and in rat ventricular myocytes (Choi &
Eisner, 1998). Figure 1A exemplifies that application EFFECT OFINTERNAL ATP
of 10 uwm eosin to the internal face of the patch mem-
brane completely and irreversibly blocked CPZ-activated®MCA, as a member of the P-class of ion-motive
B-type C&" channels. This blocking effect was repro- ATPases, uses the energy of ATP hydrolysis in order to
duced in 10 other membrane patches. The lower tracesxtrude intracellular C4; it was therefore of interest to
in Fig. 1A show at least three amplitudes of single- test the effect of ATP on CPZ-induced B-type*Cahan-
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Fig. 1. Inhibition of chlorpromazine
(CP2)-induced B-type Ca channel activity by
eosin, lanthanum and aluminum fluoride. Upper
traces: representative inside-out recordings
illustrating that CPZ-activated B-type €a

channel activity from previously quiescent
membrane patches, was completely inhibited by
eosin @), lanthanum (L&") (B) and aluminum
fluoride (AIF;) (C). In this and other figures,
agents were applied at indicated concentrations to
the cytosolic face of the membrane patches as
indicated by horizontal bars above the current
traces. Membrane patch holding potential (HP)
was -80 mV for all traces. IB is also shown the
partial reversibility of a short exposure to 1M
La®*. Lower traces: expanded time-scale extracts
showing the complexity and the diversity usually
observed for the gating of CPZ-induced B-type
C&* channels. Arrows indicate zero current level.
Recording media were as described in Materials
and Methods.
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Fig. 2. Marked reduction of CPZ-induced B-type
C&* channel activity by ATP.4) and @): upper
1s traces are representative inside-out single-channel
current recordings illustrating the reduction of
CPZ-activated B-type Ca channel activity by
application of ATP, at the indicated concentration,
B to the cytosolic face of membrane patches. Lower
traces: expanded time-scale extract, illustrating
CPZ 50 “M ATP 4 mM that the recorded activity was typical of that of
B-type C&* channels. HP was —-80 mVCJ: Bar
graphs summarizing the significant reduction of
relative mean patch current caused to CPZ-induced
B-type channel activity by the two tested ATP
concentrations. Mean patch currents were
calculated for control (ctrl) period, CPZ activation,
1 and 4 nm ATP applications and for washout
period. Calculations were from 5 and 7 patches
respectively for 1 and 4 m ATP, following the
procedure described in the Materials and Methods.
! The normalization was made with respect to the
mean current calculated during action of CPZ.
Numbers in parentheses correspond to the number
of experiments. Data obtained with 4nmATP
500 ms were not pooled with those obtained with m
ATP. *P < 0.001vs. CPZ alone; Student’stest.

Relative mean patch current
o
9

\
/

nel activity. As illustrated in Fig. 2, application of 1 and respectively, to the mean current activity calculated dur-
4 mm ATP to the internal face of membrane patchesing CPZ activation.

clearly reduced CPZ-induced channel activity in a dose-

dependent manner. The reduction of activity was incom-

plete, since a residual activity persisted even after longEFFECT OF CALMODULIN

lasting exposures to ATP (more than 10 min). The upper

current trace of Fig. & also exemplifies the reversibility PMCA pump activity is directly regulated by the binding
of this inhibitory effect. The lower traces are expandedof calmodulin (CaM), in the presence of €ato a highly
time-scale extracts showing the complex gating usuallybasic C-terminal region (autoinhibitory domain) (Cara-
observed for CPZ-induced B-type €ahannels, even in  foli, 1997; Guerini, 1998; Penniston & Enyedi, 1998).
the residual activity during application of ATP (FigA2  In the absence of G&CaM complex, the PMCA is au-
lower trace). Figure @ presents bar graphs summariz- toinhibited. CaM stimulates the pump by increasing
ing the results obtained from 5 and 7 cumulated experiboth C&" affinity and maximum velocity (Enyedi &
ments, respectively with 1 and 4MmATP, which con-  Penniston, 1993). Thus, it appeared interesting to test
firmed the significant reduction of channel activity by the effect of applications of a high concentration of CaM
ATP, in a dose-dependent manner. The mean currer(60 U/ml) simultaneously with 25@m C&* to the in-
activity was computerized in control, during CPZ acti- ternal face of membrane patches. Figufeshows that
vation and after addition of ATP and subsequently dur-application of CaM to the internal face of a previously
ing the washout of ATP. The normalization was made,quiescent inside-out membrane patch was unable to ac-
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Fig. 3. Calmodulin (CaM) reduced CPZ-induced
. B-type C&* channel activity. &) Example of
CPZ 50 uM CaM 50 U/ml M inside-out current recording, illustrating that
H application of CaM to the cytosolic face of the
membrane patch, failed to induce channel
activity per se,and did not prevent CPZ from
inducing B-type C&" channel activity. The lower
—_— trace is an expanded time-scale extract as
4 pA 100 s indicated. B) Typical inside-out current
recording showing that CaM reduced the B-type
Ca* channel activity previously induced by CPZ, and that eosin application completely blocked this activity. Recording media were as
described in Materials and Methods, and all the internal superfusion media including control medium were supplementedpwmitC &30
Holding potential was —80 mV.Q) Bar graphs showing the significant reduction in relative mean patch current caused by CaM to
CPZ-induced B-type channel activity. Mean patch currents were calculated from 5 experiments similar to that pre&eatetvirere
normalized with respect to the mean current calculated under CPZ activation. Mean patch current was calculated following the procedure
presented in Materials and Method® ¥ 0.01 and *P < 0.001vs.CPZ alone; paired-test.

tivate B-type C&" channels, whereas addition of CPZ to protein. We chose to test the commercially available
the superfusion medium succeeded to activate B-typenonoclonal anti-PMCA antibody 5F10 because it recog-
C&" channels. This absence of activation was observedizes an epitope between amino acids 719-738 of human
in 4 other experiments. The CPZ-induced channel activerythrocyte PMCA, which is highly conserved in all
ity observed in the presence of CaM appeared to be of RMCA isoforms (Caride et al., 1996). This epitope is
lower level than that usually observed under CPZ-located in the highly conserved hinge region which is on
activation 6eeFig. 1). Figure B shows a sample of the cytosolic loop of PMCA between the putative trans-
current trace recorded when CaM was added to the sunembrane domains M4 and M5 (Adamo, Caride & Pen-
perfusion medium after activation of B-type €ahan-  niston, 1992). This large loop contains important regu-
nel by CPZ, illustrating the observation that less pro-latory sites such as an ATP binding site, an aspartic acid
nounced channel openings occurred in the presence @hosphorylation site and the receptor site for the inhibi-
CaM and that, as expected, i eosin completely in- tory calmodulin binding domain (Carafoli, 1997;
hibited channel activity. The bar graphs of Figc 8um-  Guerini, 1998; Penniston & Enyedi, 1998). As it was
marize data pooled from 4 experiments, revealing sigdifficult to predict the putative effect, if any, of clone
nificant differences in normalized mean patch current5F10 anti-PMCA antibody on B-type €achannel ac-
activity observed in control, during CPZ action and aftertivity, the antibody was first evaluated as a possible in-
addition of CaM and subsequently of eosin to the superhibitor of CPZ-induced channel activity. In 6 inside-out
fusion medium. The normalization was made with re-patches exhibiting CPZ-induced channel activity, addi-
spect to the mean current activity calculated during CPZion of anti-PMCA 5F10 to the medium that superfused

activation. the cytosolic face of the membrane patch, held at a po-
tential of -80 mV, produced no appreciable change in

ErreCT OFANTI-PMCA ANTIBODY CLONE 5F10 channel activity ot showi. In a second series of ex-

SPECIFICACTIVATION periments, we investigated whether 5F10 might be en-

dowedper sewith a potency for activating B-type chan-
Another experimental approach to establish the existenceels. Figure A presents a current trace obtained in an
of a link between the PMCA pump and B-type €a inside-out membrane patch before and during application
channels, was to investigate the effect on B-type channedf 5F10 to the cytosolic face of the membrane patch, at
activity of a specific antibody raised against the PMCA a holding potential of —-80 mV, showing that 5F10 mark-
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edly activated B& conducting channels. To eliminate lated in the —80 to —40 mV range, the slopes of the three
the possibility that the 5F10-induced channel activity straight lines gave elementary conductances of 23, 47
might be due to a nonspecific action of the antibody, weand 85 pS (Fig. B). These conductance values are com-
used the anti NdK*-ATPase clone M8-P1-A3 antibody parable to those of 26, 50 and 80 pS obtained for CPZ-
as a negative control. Clone M8-P1-A3 is an antibodyinduced B-type C& channels for the three mostly ob-
that has been raised against a cytosolic loop of the Na/lserved conductance levels (Lefevre et al., 1995).

pump protein (Malik, Jamieson & Ball, 1993). As illus-

trated by the upper current trace of Fid3,4&pplication

of M8-P1-A3 antibody to the medium superfusing the Discussion

cytosolic face of the membrane patch failed to induce

any single-channel activity, whereas addition of 5F10 . . .
antibody to the medium, induced marked channel activ—The main new result reported in the present worl;rg that
ity. This result was confirmed in a total of 3 experi- agents that are known to act on plasma ”.‘embfa Ca
ments. ATPase pump, are able to markedly modify background

The channels evoked by antibody 5F10 shared man B-type) C&" channel activity in rat ventricular myo-

- ) : tes. Lanthanum, eosin and aluminofluoride 4lpo-
characteristics with CPZ-activated B-type“Cahannels. yies. La
Their frequency of observation, 5 out of 26 testedtent inhibitors of PMCA, were able to completely block

patches, was roughly comparable to the reported freQPZ—acnvated B-type channel activity. Both internal

quency of 20% for CPZ-induced channels, in the saméATP’ t'he main energizing substrate of P.MCA and cal-
preparation (Lefevre et al., 1995). Figur€ g¢hows that modulin, the regulator of the pump function of PMCA,

. o ignificantly reduced this channel activity. The mono-
these channels were blocked by cytosolic application of : ; ;
10 wm eosin i = 3). In addition, CPZ failed to induce clonal antibody 5F10, raised against PMCA, was able to

channel activity in patches to which prior application of induce sustained Ba conducting channels sharing the

5F10 had not succeeded to induce any channel activityc.h"’lramenstICS of CPZ-activated B-type*Cahannels.

The lower current traces of FigA4 B and C show that
5F10-induced channels exhibited a complex gating bei +
. . - - NHIBITION OF B-TyPE C&" CHANNELS

havior with different conductance levels similar to those
observed for CPZ-induced activity.

Specificity of inhibition of PMCA by eosin over other

ion transport mechanisms has been assessed by different
CURRENT-VOLTAGE RELATIONSHIPS AND ELEMENTARY groups. Intracellular eosin, at concentrationg0 pm,
CONDUCTANCES OF5F10-ACTIVATED CHANNELS inhibits PMCA, but does not inhibit NaC&* exchange

in ventricular cardiac myocytes (Gatto et al., 1995; Choi

& Eisner, 1999). Intracellular application of 2Q.m car-
In Fig. 5A, current traces recorded at different membraneboxyeosine (IG, of 0.02uMm for inhibition of PMCA), an
potentials are shown in a typical experiment in whichanalogue of eosin (I, of 0.04 um), induced a decrease
Ba®* conducting channels were induced by clone 5F100f 18% of I, in rat ventricular myocytes (Choi & Eis-
applied to the cytosolic face of an inside-out patch.ner, 1999). In the same way, eosin inhibits N&K™
These current traces correspond to periods of recordingump with a potency lower than that for PMCA (Skou &
during which channel activity appeared regular and inEsmann, 1981).
which several current levels are clearly distinguishable.  There are few studies documenting a blocking effect
Three of the current levels were most frequent as showwf eosin on ionic conductances. Photochemical modifi-
by the dashed horizontal lines at —80 mV. Current-cation of externally applied eosin has been shown to
voltage relationships corresponding to the three currenblock I, of squid giant axon (Oxford, Pooler & Nara-
levels most frequently observed in 2 experiments similathashi, 1977) and of lobster axon (Pooler & Valenzeno,
to that of Fig. 3\ are shown in Fig. B. Thel-V curves  1979). External application of eosin blocked NMDA
are not linear, a characteristic that results very likely, atchannels in hippocampal neurons (Sobolevsky, Yelshan
least in part, from asymmetrical concentrations of thesky & Khodorov, 2000) and mitochondrial inner mem-
main permeant ion, B4, the concentration of this ion brane anion channels (Powers, Smith & Beavis, 1994).
being nominally of 1 mn on the internal face of the In the present study, 1AM eosin completely blocked
membrane. In our experimental conditions, the calcu-CPZ-induced B-type channels by acting on the cytosolic
lated Nernst equilibrium potential for B the main side of the cell membrane. This indicates that the
permeant ion, was +47 mV. The fact that the threemechanism underlying this blocking effect appears dif-
curves tend to approach zero current values, only aterent from that of the above reported channel inhibitions
strongly positive potentials, suggests (according to thévy eosin. The fact that eosin inhibits PMCA and B-type
Goldman-Hodgkin-Katz theory) that the channels arechannels by acting on the internal side of the cell mem-
much more permeable to Bathan to K. When calcu- brane may suggest a common site of inhibition. How-
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Fig. 4. Ba®* conducting channel activity similar to
that of B-type C&" channels, induced by the
anti-plasma membrane calcium ATPase (PMCA)
antibody but not by the anti-N&* ATPase
antibody. @ andB) Upper traces: representative
inside-out recordings illustrating the marked
activation of B&* conducting channels by
application of a specific monoclonal anti-PMCA
antibody (clone 5F10) to the cytosolic face of
previously quiescent membrane patchesBli is
shown that cytosolic application of a specific
monoclonal anti-N&K*-ATPase antibody (clone
M8-P1-A3), used as a negative control, failed to
induce B&* conducting channel activity, whereas
addition to the superfusion medium of the
anti-PMCA antibody 5F10 succeeded to induce
channel activity as irA. (C) Eosin blocked
5F10-induced channel activity. Lower traces are
expanded time-scale extracts as indicated, showing
that the induced B4 conducting channel activity
presents gating characteristics similar to that of
CPZ-induced B-type 4 channels. HP was —-80
mV. Solutions were as described in Material and
Methods; the appropriate concentration of NaN
(vehicle) was added to the control perfusion
solutions.
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Fig. 5. Determination of single-channel
current-voltage relationships of
anti-PMCA-activated B& conducting channels.

(A) Representative recordings of single-channel
openings induced by application of anti-PMCA
antibody clone 5F10 to the cystolic face of an
inside-out membrane patch at different membrane
potentials as indicated above each trace. Arrows
indicate zero current levelsB) Single-channel
current amplitudes as a function of membrane
potential for three of the most frequently and
easily detected current levels from 3—-4 membrane
patches. Regression lines are least-squares fit to
the data for membrane potentials more negative
than -40 mV, yielding slope conductance values
of 23, 47 and 85 pS. In theV relationships, the
symbols are connected by an arbitrary polynomial
curve with no theoretical significance.

ever, B-type channels are irreversibly blocked by eosimpresent study, this is not the case, since we observed that
whereas the inhibition of cardiac PMCA by eosin hasonly internal application of L& reversibly blocked
been reported to be reversible (Gatto et al., 1995). ArCPZ-activated B-type channels. This observation im-
explanation could be that the concentration of eosin usedplies the existence of a binding site fori‘zon the cy-
in order to achieve a clear marked block of CPZ-tosolic part of the B-type channel protein. P-type
activated B-type channels, was rather high in compariso®TPases, to which the PMCA belongs, form a phosphor-
with the 1G5, of 1 um reported for cardiac PMCA inhi- ylated intermediate during the pump cycle. In contrast
bition by eosin (Gatto et al., 1995). with other P-type pumps, 4 inhibits PMCA by in-
External L&" is a potent blocker of many types of creasing the steady-state level of the phosphorylated in-
Ca* channels (Hille, 1992). This block seems to occurtermediate. It has been postulated that the competitive
simply by plugging the channel as shown for the?Ca binding of L&* on the Md* phosphorylation site inhibits
release-activated channel (Aussel et al., 1996). In th¢he hydrolysis of this phosphorylated intermediate (Ca-
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rafoli, 1994; Herscher & Rega, 1996). This site is pre-complex (Carafoli, 1991), since there are two ATP bind-
sumably located at the inner side of the membraneing sites. The high-affinity site is the catalytic site and
However, the internal L concentrations that com- has a Michaelis constant (i of 1-2 um. The low-
pletely block the C& transport of PMCA only inhibit  affinity site which is assumed to play a role in the de-
the C&*-dependent ATPase activity by 50%, suggestingcomposition of the phosphorylated intermediatg [EP
that the fraction of ATP hydrolysis that is £ainsensi- in the conventional formalism) which undergoes a con-
tive is not related to C& transport (Carafoli, formational transition to a state calleg EP, has a kK,
1991). From our results obtained with ¥aon CPZ-  of 145-180um. The latter K,, values are within a range
activated B-type channels, we can infer that PMCA andof concentration slightly lower than the ATP concentra-
B-type C&* channels may possess a similar inner memdion (1 mv) for which we observed a significant reduc-
brane site which, when occupied by ¥aprevents the tion of CPZ-enhanced B-type channel activity.
translocation of C& from the inside to the outside of the In the absence of CaM, the PMCA is autoinhibited
membrane. by a region of the C-terminal cytosolic unit of the mol-
Aluminum fluoride complexes (Alg AlF, etc.) ecule, containing the CaM-binding domain (Penniston &
have a variety of biological actions such as activation ofEnyedi, 1998). Binding of CaM activates PMCA by re-
GTP binding proteins and inhibition of P-type ATPaseslieving this autoinhibition. It is tempting to argue that, in
(Chabre, 1990). AlFhas been shown to activate G pro- its autoinhibited state, the PMCA may act as a divalent
tein-gated muscarinic atrial Kchannels (Yatani & cation-permeable channel. The anti-CaM action of CPZ
Brown, 1991), stretch-activated cationic channels incould then promote the channel mode of PMCA. How-
smooth muscle (Hisada, Singer & Walsh, 1993), epiderever, in the absence of CaM, PMCA, in its natural habi-
mal growth factor-activated Gapermeable channels in tat, is surrounded by enough acidic phospholipids to be
A431 cells (Kuryshev et al., 1993), L-type €xhannels partially activated (Niggli et al., 1981; Carafoli, 1997).
in rabbit femoral arteries (Ratz & Blackmore, 1990) andBeing an amphipathic molecule, another role of CPZ
CI” and K" channels in T84 cells (Hwang et al., 1994). would be to accumulate in the membrane (Martinac, Ad-
In the present study, the possibility that B-type?Ca ler & Kung, 1990) and then, by interfering with acidic
channels are gated by G proteins could be excluded bghospholipids, to relieve or strongly attenuate their en-
cause (i) application of internal G}B was unable to hancing effect on PMCA, increasing the probability for
activate B-type channels or inhibit their activation by PMCA to switch to the channel mode. Addition of CaM
CPz; (i) the blocking effect of Alg on B-type channels would then be able to partially reactivate the pump mode
was irreversible, an observation that is in contradistinc-of PMCA and to reduce the activity of the channel mode.
tion with other studies where activation of G protein-
gated channels by AlFhas been found to be reversible
(Yatani & Brown, 1991). Aluminofluorides, by mimick- Ecrect or5F10
ing inorganic phosphate, inhibit P-type pumps by bind-
ing to the phosphate-binding site of the ATPase (Troul-
lier et al., 1992). Additional experiments are required toThe marked and clear activating effect of monoclonal
understand the mechanism of block of B-type channelanti-PMCA antibody 5F10 was surprising and unex-
by AlF;, and to verify whether it has some similitude pected. 5F10 recognizes a region highly specialized in
with that of P-type pumps or not. But if so, this would the regulation of PMCA molecule, containing one ATP
mean that the uncoupling of the ATPase from the PMCADbinding site and the receptor site for the autoinhibitory
is not necessary to observe a channel form of PMCA. CaM-binding domain. 5F10 has been shown to recog-
nize all known isoforms of the human PMCA and to
react with many tested rat tissues, in particular the heart
ATP AND CALMODULIN (Caride et al., 1996). It is difficult at the present time to
figure out how 5F10 exerts its activatory effect, be it by
ATP and calmodulin, respectively the main energizingdisplacing, removing or competing with CaM still pres-
substrate and the primary activator-regulator of PMCAent on its site. The binding of CaM to PMCA is slow and
ATPase significantly reduced CPZ-activated B-typethe dissociation seems to be even slower because of the
channels. A straightforward explanation, if we admit high affinity of CaM for PMCA (Penniston & Enyedi,
that PMCA could, under CPZ, act as a channel, would be1998). As stated in the results section, 5F10-induced
that in presence of high concentrations of ATP or CaM,channel activity shares all the main characteristics of
the PMCA molecule can then switch to the pump modeCPZ-activated B-type channels. Thus, the activating ef-
or just reboot the pump, ceasing to act as a passive chaffect of 5F10 brings strong experimental evidence in fa-
nel. vor of the hypothesis of a link between B-type %Ca
The matter of the affinity of ATP for the PMCA is channels and PMCA.
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B-TYPE CHANNEL SUBSTRATES AND THE OLIGOMERIC gregation inhibits C&-ATPase enzymatic activity. Am-
StATE OF PMCA phipathic peptides such as melittin (Voss et al., 1991)
and C28R2 (Reddy et al., 1999) aggregate SERCA and
The ion channel of P-type ion pumps is believed to beinhibit its activity. We can imagine that the amphipath
quite narrow (MacLennan, Rice & Green, 1997), andCPZ could act in the same manner, by favoring or modi-
recent 2.6 A resolution of the crystal structure of SERCAfying aggregation of PMCA, inhibiting the pump func-
shows that it is barely wide enough to accommodate twdion and promoting the passive channel mode, thus giv-
ions (Toyoshima et al., 2000). This does not necessarilyng rise to B-type channel activity. Dimers or small
mean that the passive ionic conductance of this channelligomers could promote the smallest detected unit con-
should be small because the conductance depends aldactance level of 5.8 pS and the dynamics of oligomer-
on the speed at which ions go through the channel. Inzation could proceed to the achievement of three most
blebs of sarcoplasmic reticulum (SR) from skeletalstable aggregates corresponding to the most frequently
muscle, calcium conducting channels with three conducebserved large conductance levels. Such dynamics
tance levels (37, 50 and 70 pS) have been observed ammbuld explain the diversity in patterns of current record-
attributed to some form of passive ion channel in the SRngs observed (compare lower traces of Fig. dandD,
calcium pump (Wang et al., 1992; Du et al., 1998). In2A andB and 4) and the complex gating behavior gen-
the case of B-type G4 channels, three conductance lev- erally observed for B-type Ga channels (Coulombe et
els were frequently observed (Coulombe et al., 1989al., 1989; Lefevre et al., 1995; Antoine et al.,
Lefevre et al., 1995; Antoine et al., 1998) which are also1998). This complexity is generally not encountered in
of quite large values (around 20, 45 and 80 pS). But thegenuine ion channels.
dynamics of occurrence of these conductance levels is
still not well understood. The different current extracts
from the same recording presented in Fig. 6 exemplifyANOTHER INTERPRETATION
the way these conductances occurred. In this recording
the current transitions were particularly well defined. Although the hypothesis that the PMCA pump, in some
The lowest detectable unit level of conductance was 5.&ircumstances, could act as a®Caonducting channel is
pS (Fig. &). From cooperative transitions of this unit plausible and attractive, other interpretations cannot be
conductance a large spectrum of conductances occurrediled out. For instance, isoform 4b of PMCA possesses
The three most probable or most often occupied levels o& PDZ domain in its C-terminal tail. This isoform can
conductance were 4, 8 and 14 times the amplitude of théghtly anchor other proteins that possess the same do-
unit transition, leading to the most frequently observedmain and then form clusters of multiprotein complexes
conductances of 23, 46 and 81 pS (Fig)2This was (Kim et al., 1998). This type of complex exists in cer-
clearly demonstrated by the amplitude histogram (Figebellar Purkinje cells, where PMCA is colocalized with
6E) showing three levels of activity in concordance with P-type C&" channels (Hillman et al., 1996). PMCA4B
these conductances. As already reported (Lefevre et alisoform is present in cardiac cells (Penniston & Enyedi,
1995; Antoine et al., 1998), rare large conductances wer&998). The marked effect of PMCA modulatory agents
also observed (Fig.[B). The pattern of transitions pre- on B-type C&" channels could alternatively be explained
vailing was that unitary transitions cooperated to giveby the possibility that in rat ventricular myocytes, PMCA
small transitions of 2—4 levels (FigAp, the small ones could be co-aggregated with B-type channels and act as
combine to give intermediate transitions of 5-8 levelsa kind of controller of these channels.
(Fig. 6B) and the intermediate ones combine to give While the present results bring more indirect evi-
larger transitions around 12-15 levels (Fi@)6 A com-  dences in favor of the hypothesis that the plasma mem-
bination between small, intermediate and large transitiororane C&*-ATPase mediates B-type €achannels, this
was also observed. Staircase openings through differemiroposal clearly requires more experimental investiga-
conductance levels followed by a unique closure stegions to become a fully demonstrated one. For instance,
(Fig. 6B andC) were frequently observed. Staircase clo- it would be particularly interesting to investigate whether
sures preceded by large unique opening step (A). 6 channel activity, similar to that of B-type €achannel
were very rarely observed. activity, can be detected in giant liposomes reincorporat-
A speculative explanation for the dynamics of con-ing purified PMCA proteins. Because the PMCA is as-
ductance levels observed for B-type*Cahannels, if we sumed to be an obligatory component of eukaryotic
postulate that these channels are the passive channel lasma membranes (Carafoli, 1997) its putative dual
PMCA, would be that aggregation of PMCA could give mode of activity might play a role in the control of rest-
rise to the multiplicity of conductance states observeding cell C&* concentration in physiological conditions,
The oligomeric state of PMCA and SERCA is important in addition of being a source of cellular €aoverload in
for their enzymatic function (Reddy et al., 1999). Ag- pathophysiological conditions e.g., in the “calcium para-
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Fig. 6. Selected extracts of CPZ-activated B-type#Cehannel activity from the same current recording. These extrAct8,(CandD) illustrate

how the three most probable and frequently observed conductance |&yedse( generated from the cooperative transitions of a small unit
conductance level. In this particular recording, the transitions between the different levels of conductance were very well resolved in tigme allowi
to easily discriminate between the different patterns of transition and to detect a large spectrum of conductance levels from which the most proba
and thus most frequently observed levels clearly emerge. The inside-out membrane patch was excised from a myocyte which had been expose
1 pm CPZ for 10 min. 50um Gd&®* was added to the standard pipette medium. HP was —80 mV.

dox” in the heart. Moreover, the ability of PMCA to ever, even if it could be demonstrated directly that, under
co-aggregate with different receptors and channelsgertain experimental conditions, the PMCA mediates
brings further scope for regulation of local €aignal-  passive C& fluxes, this does not mean that this activity

ization in microdomains at the plasma membrane. Howwould serve a physiological function. It is possible that
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the enzyme does have a pathway for transmembraneu, G.G., Ashley, C.C., Lea, T.J. 1998. The cation selectivity of the
ca&t fluxes, but this pathway operates in passive mode sarcoball C3&" channel in frog muscle fibresPfluegers Arch.
only under the influence of certain perturbations such as 436:365-370
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