
J. Membrane Biol. 146, 315-326 (1995) The Journal of 

Membrane 
Biology 
�9 Springer-Verlag New York Inc. 1995 

Examinat ion of  the Role of  Phosphorylat ion and Phospholamban in the Regulation of  the 
Cardiac Sarcoplasmic Ret iculum CI-  Channel  

A. Decrouy, M. Juteau, E. Rousseau 
Le Bilarium, Department of Physiology and Biophysics, Faculty of Medicine, University of Sherbrooke, Sherbrooke, Quebec, Canada J1H 5N4 

Received: 7 November 1994/Revised: 31 March 1995 

Abstract. Sarcoplasmic reticulum (SR) vesicles were 
prepared from either canine or sheep heart and fused into 
lipid bilayers to study their ionic channels. A 92 _+ 5 pS 
anion-selective channel was recorded in asymmetric 50 
mu trans/250 mu cis CsC1 buffer system. Reversal po- 
tentials and theoretical equilibrium potentials for C1- 
ions obtained under various experimental conditions al- 
lowed us to confirm the C1- selectivity of this SR chan- 
nel. The majority (69%) of channel recordings (n = 45) 
displayed steady-state kinetics and a slight voltage de- 
pendency of the open probability. However, 31% of the 
channels inactivated after their incorporation. We now 
report that the channel might be reactivated by depolar- 
izing voltage steps. Furthermore, the use of either PKA 
or PKG in association with adequate phosphorylating 
buffers lengthens the deactivation process at the end of 
the voltage pulses, but does not prevent the inactivation. 
It was assumed that the change in gating mode was due 
to a voltage-sensitive association/dissociation mecha- 
nism with a phosphorylated protein of the SR membrane 
such as phospholamban (PL). We demonstrated that a 
specific monoclonal antibody raised against canine PL 
inhibited the activity of the channel and prevented its 
reactivation by depolarizing steps. 400 to 800 ng/ml of 
Anti-PL Ab consistently and sequentially turned off the 
channel activities. In contrast, heat inactivated Anti-PL 
Ab had no effect. We propose that phospholamban may 
be a primer of the SR C1- channel whereby C1- anions 
would play the role of counter-charge carrier during 
rapid Ca 2+ release and Ca 2+ uptake by the SR. 
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Introduction 

The existence of a large chloride conductance in mem- 
brane vesicles derived either from skeletal or cardiac 
sarcoplasmic reticulum (SR) has been reported by sev- 
eral independent laboratories [11, 26, 30]. Although 
such anion conductance initially seemed to be a specific 
feature of isolated SR vesicles, this no longer appears to 
be the case since C1- channels have also been recorded, 
in situ, on SR membrane [29] and sarcoball preparations 
[9] from various striated muscles and in different species. 
The basic properties of the SR C1- channel from either 
cardiac or skeletal muscle have been previously de- 
scribed by this [26] and other laboratories [11, 30]. This 
channel is believed to be derived from the SR membrane 
since it has often, if not always, been associated with hte 
large conducting Ca 2+ release channel recognized as the 
ryanodine receptor [24-25]. However the physiological 
role and regulation of the SR C1- channel remains ob- 
scure and needs to be clarified. It is speculated that the 
net C1- current across the SR membrane might represent 
one of the counter charge-transport during rapid Ca 2+ 
release and uptake that characterizes the contractile cycle 
in cardiac cells. Up to now, the anion selective pathway 
of the SR membrane system which is quite different from 
the sarcolemmal C1- selective channels (2, 21) has not 
been under extensive study. 

The planar lipid bilayer (PLB) technique is a con- 
venient approach to probe ion channels from intracellular 
membranes which are not readily accessible by other 
electrophysiological methods [18]. The fusion of native 
SR vesicles are of interest since other specific membrane 
components are also transferred into the experimental 
bilayers along with channel proteins. The careful choice 
of experimental conditions allow us to record the activity 
of various types of ion-selective pathways [27]. 

Using this methodological approach, Kawano et al. 
[11] have reported that the activity of hte SR C1- chan- 
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nels f rom swine heart undergoes  spontaneous deact iva-  
tion and that a PKA-dependen t  phosphoryla t ion  was able 

to induce the react ivat ion of  this channel  under steady 
state conditions.  Recent ly ,  the same group reported that 

the SR CI-  channel  was inhibi ted by the Ca2+-calmodulin 

complex  [12]. However ,  we  had previous ly  reported that 
the gating and conduct ing behaviour  of  the CI-  channel  
was insensi t ive to a large range of  free [Ca 2+]: 0.1 btM to 

4 rnM [26]. 

In the present  report,  we specify the SR local izat ion 

of  this channel  and its b iophysical  properties under  var-  

ious exper imenta l  conditions.  W e  conf i rm its suscepti-  

bil i ty to spontaneous inactivation,  and descr ibe for the 
first t ime a vol tage-dependent  react ivat ion and deact iva-  

tion process.  Since we were  not  able to prove  that the 

direct phosphoryla t ion of  the channel  was responsible  for 

its upregulat ion,  we  hypothes ized  an interact ion of  the 
C1- channel  wi th  a phosphoryla ted  componen t  of  the SR 

membrane .  Tak ing  into account  that phospho lamban  

(PL) molecu les  in their dephosphoryla ted  form down  
regulate the act ivi ty of  Ca2+-Mg 2§ ATPase  [28] and that 

their  phosphoryla ted  fo rm do not bind to the Ca 2+ pump 

[3, 6], it was of  interest  to invest igate  whether  the PL 
molecules  might  also interact with other  ion transporters 

o f  the SR membrane .  Us ing  a highly specific monoc lo -  

nal an t iphospholamban ant ibody we  now report  a con- 
sistent and posi t ive  interaction of  phospholamban mole-  

cules with the SR CI-  channel.  Together ,  these observa-  

tions support  the concept  that phospholamban molecules  
might  represent  a toggle  switch be tween  Ca 2§ uptake 
supported by the Ca2+-Mg2+-ATPase and the necessary 

counter-charge  mechan i sm that woud  be sustained by the 

paral lel  anions flux. 
A pre l iminary  report  o f  some of  these findings has 

appeared e lsewhere  [4]. 

Material and Methods 

PREPARATION OF SARCOPLASMIC RETICULUM VESICLES 

Microseomal fractions enriched in SR vesicles were prepared from 
canine heart using a method derived from the procedure initially pro- 
posed by Meissner and Henderson [17]. Canine hearts were obtained 
from mongrel dogs anesthetized with pentobarbital (40 mg/kg, i.v.) in 
accordance with Canadian and international standards for animal use. 
Sheep hearts, recovered from healthy animals, were obtained from the 
local slaughterhouse. Briefly, right and left ventricles were homoge- 
nized in a buffer containing (raM): 300 sucrose, 20 K-HEPES, 3 
K-EGTA, 0.1 di-isopropylfluorophosphate, 2 dithiothreitol, 1 ascorbic 
acid, plus 1 gg pepstatin, 1 gM leupeptin and 2.5 UI/ml aprotinin, pH 
7.4, and centrifuged at 7500 rpm for 20 min (7,500 x g) at 4~ in a Ti/6 
rotor (Beckman). The supernatant was filtered through two layers of 
cheesecloth and centrifuged at 33,000 rpm for 1 hr 20 min (90,000 • g) 
in a Ti 35 rotor (Beckman). The pellet was resuspended in a buffer 
containing (mM): 300 sucrose, 400 KC1, 1 K-EGTA, 5 K-PIPES, 0.1 
MgC12, pH 6.8. This crude fraction was either stored at -85~ or 
centrifuged overnight at 24,000 rpm (80,000 x g) through a discon- 

tinuous sucrose gradient 25, 30, 35, 40 and 45% w/w in a SW 28 rotor 
(Beckman). Six fractions were recovered from the sucrose gradient, 
diluted in a 1.5 volume of 0.4 M KC1, 5 mM K-PIPES, 0.1 mM EGTA, 
0.1 mM CaC12, pH 7.0 and sedimented by centrifugation at 40,000 rpm 
for 1 hr 20 min (120,000 x g). The pellets wre resuspended in 300 mM 
sucrose and 20 mM Tris-maleate, pH 6.8, quickly frozen in liquid 
nitrogen and stored at -85~ until used [15]. 

BIOCHEMICAL ASSAYS 

Protein concentrations were determined by the Lowry method [14] 
using bovine serum albumin as a standard. Ryanodine binding assays 
were performed using the procedure previously described [15] with 
slight modifications. Briefly, SR vesicles (100 ~tg of protein) from 
each fraction were incubated in the presence of [3H]ryanodine (with or 
without nonradioactive ryanodine) for 90 rain at 37~ in the presence 
of 50 JIM free Ca 2+. The mixture was then centrifuged twice and pellet 
radioactivity was determined by liquid scintillation. Specific [3H]ry- 
anodine binding was calculated by subtracting nonspecific binding (10 
nM [3H]ryanodine + 10 BM ryanodine) from total binding (10 nM 
[3H]ryanodine alone). Free Ca z+ concentrations were calculated using 
apparent stability constants of 1.543 10 .7 pH 7.4 for Ca-EGTA buffers 
along with computer programs published by Fabiato [7]. Mg 2+ and 
ATP concentrations were also taken into account when these com- 
pounds were used. Western Blot analysis were performed after protein 
separation on 12% SDS-PAGE and transferred on nitrocellulose, typ- 
ically 2 hr at 70 V and 4~ The primary antibody was a mouse 
antiphospholamban (monoclonal, IgG1) raised against canine cardiac 
phospholamban. The secondary antibody was an anti mouse IgG 1 cou- 
pled to horse radish peroxydase (HRP). 

CHEMICAL REAGENTS 

Trizma base (Tris), HEPES (N-2-Hydroxyathylpiperazine-N'-2- 
ethanesulfonic acid), PIPES (Piperazine-N,N'-Bis(2-ethanesulfonic 
acid), protease inhibitors, protein kinase A and alkaline phosphatase 
were obtaned from Sigma (St. Louis, MO.). The isoform of bovine 
lung cyclic GMP-dependent kinase (PKG) used int this study was a gift 
from Dr. J. Huggings (Marion Merrell Dow, Strasbourg, France). Both 
PKA and PKG activities have been tested using in vitro phosphoryla- 
tion assays prior planar lipid bilayer measurements. The monoclonal 
antiphospholamban antibody raised in mouse against the canine cardiac 
phospholamban isoform, (monoclonal IgG 1 - -  lot # 12255) was pur- 
chased from UBI, Lake Placid, NY. The radioligands used for binding 
assays were purchased from New England Nuclear (NEN-Dupont Can- 
ada). All other materials were of reagent grade. Deionized water from 
a Millipore Ro-Milli-Q-UF system (18 + 0.2 M f~/cm 2) was used for 
preparing all buffer solutions. 

BILAYER FORMATION AND VESICLE FUSION 

The planar lipid bilayers (PLB) were formed at room temperature from 
a lipid mixture containing phosphatidylethanolamine, phosphatidyl- 
serine and diphytanoylphosphatidyl choline in a ratio of 3:2:1 [24, 27]. 
The final lipid concentration was 25 mg/ml dissolved in decane. A 250 
gm diameter hole, drilled in a DELRIN cup, was pretreated with the 
same lipid mixture dissolved in chloroform. Using a Teflon stick, a 
drop of the decane lipid mixture was gently spread across the aperture 
in order to obtain an artificial membrane. Membrane thinning was 
assayed by applying a triangular wave test pulse. Typical capacitance 
values were 150-300 pF. Aliquots of SR vesicles (10-60 gg of pro- 
tein) were added to the cis chamber in the proximity of the bilayer. 
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The cis- and trans-chamber contained (in mM): 250/50 CsC1, respec- 
tively, plus 2 CaC12, 20 Tris-HEPES, pH 7.4. The fusions were either 
spontaneous, induced by stirring, or by applying negative holding po- 
tentials across the bilayer [26]. Followign a fusion event resulting in 
single or multiple channel incorporation, subsequent fusions were pre- 
vented either by lowering the free [Ca 2+] cis to 10 p.M (by addition of 
Tris-EGTA in the cis chamber) or by neutralizing the CsC1 gradient. 

RECORDING INSTRUMENTATION AND STATISTICAL ANALYSIS 

The currents were recorded using a low noise amplifier (Dagan 3900). 
The currents were then filtered (cut off frequency 5 kHz) and recorded 
on a digital audio tape recorder through a pulse code modulation device 
(75 ES-SONY, Unitrade). The currents were simultaneously displayed 
online on a chart recorder (DASH II MT, Astro Med.) and an oscillo- 
scope (Kikusui, 5020A). Current recordings wre played back, filtered 
at 550 Hz and sampled at 2 kHz for storage on hard disk and for further 
analysis using a DTK-FEAT-5030 computer with programs kindly 
provided by Dr. M. Nelson, University of Vermont. The open proba- 
bility values, (Po) were determined from data stored in 40 to 90 sec- 
duration files unless specified otherwise, and the half-threshold dis- 
criminator method was used. Applied voltages were defined with re- 
spect to the cis-chamber, which was held at virtual ground. All bilayer 
experiments were performed at room temperature (20 + 2~ 

The average values are given as means _+ SEM and n represents the 
number of measurements. Regression curves were calculated by the 
least squares methods with the Windows version of the Sigma Plot 
program from Jandel Scientific. 

R e s u l t s  

STEADY-STATE BEHAVIOR AND ELECTROPHYSIOLOGICAL 

PROPERTIES OF THE S R  C1-  CHANNEL 

Either single or multiple SR C1- channel activities were 
recorded in asymmetric CsC1 concentrations (50 mM 
trans/250 mM cis pH 7.4) which represent our standard 
experimental conditions. Figure 1A shows unitary cur- 
rents measured at various steady-state holding potentials. 
Although it is known that Cs § ion may permeate through 
the SR Ca 2§ release channel (characterized as the ryan- 
odine receptor) and generate outward currents at 0 mV in 
asymmetrical CsC1 buffer 50 mM trans/250 mM cis [31], 
it is possible to record the activity of anion-selective 
channels either in choline chloride or CsC1 buffer solu- 
tions [11, 26]. At a cut off frequency of 550 Hz, steady- 
state current traces showed a good resolution of the tran- 
sition between the main open and closed levels. Under 
these experimental conditions, the current amplitude was 
minimal for potentials close to 30 mV. Below this volt- 
age, the ionic currents shown as downward deflections 
flowed from the cis to the trans chamber. The current 
voltage relationships were obtained under various asym- 
metrical CsCI- gradients ( s e e  Fig. 1B) or in symmetrical 
condition (250 mM trans/250 mM cis CsC1). The analysis 
of the unitary conductances revealed that they were de- 
pendent on CI- concentrations below 100 mM [CI-] trans. 
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Fig. 1. Channel activity and conducting properties of the cardiac SR 
C1 channel. (A) Unitary current traces were recorded at various hold- 
ing potentials (HP). The experimental conditions were (in raM): 50 
CsC1- trans/250 CsC1 cis, 2 CaC12, 20 Tris-HEPES, pH 7.4. The zero 
current potential was just above +30 inV. Current fluctuations were 
shown as downward deflections for voltages below the reversal poten- 
tial. (B) Mean I/V curves of the C1- channel determined in the presence 
of various [CI ]t~ans- from 25 to 335 raM-, while that of the cis side was 
maintained at 250 raM. The respective conductances (in pS) were: 
�9 95.2 + 5 (n = 3), �9 91.7 + 5.1 (n = 7), �9 114.3 + 1.8 (n = 3), �9 121.3 
+ 8.4 (n = 4), * 135.8 + 7.2 (n = 3). Error bars were omitted on this 
graph for clarity. (C) Semilogarithmic plot of the theoretical and ex- 
perimental reversal potential (RP) as a function of [C1-]trans. Ecl 
was calculated according to the Nernst equation: Eci = 58.17 log 
([C1-]cls/[C1-]~.ans). Experimental RP were obtained from the I/V curves 
(panel B). The slope values of the regression lines were respectively 
-58.18 ( � 9  and -51.31 ( � 9  
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However the slope conductance value was similar across h 1.0 
the range of high trans C1- concentrations (>100 rnM; cis 
[C1-] was maintained at 250 mM). Furthermore, the value 
and the shift of the experimental reversal potentials (zero 0.8 
current voltage) argue in favour of a C1- selectivity for 
this anion conducting channel. Figure 1C illustrates the ~. 0.8 
variation of the reversal potential as a function of the 
various trans C1- concentrations used in different sets of 0.4 
experiments. The theoretical RP values were calculated 
according to the Nernst equation. The experimental re- o.2 
versal potential values were derived from the results in 
Fig. 1B and reported in a semilogarithmic plot; the slope 
coefficients were similar although not identical; -58.17 
and -51.31 mV per decade, respectively. To facilitate 
the resolution of the unit current fluctuations, most of our 
experiments were performed in the presence of high C1- B 1.0 
concentrations. However, a series of experiments was 
conducted at lower C1- concentrations and larger holding 
potentials (-100 to +100 mV) to determine the unitary 
conductance under physiological intracellular [C1-]: 5 to 
25 ms  in cardiac cells [1]. The results obtained in such 
experimental conditions (5 mM trans/25 mM cis) yielded 
a mean conductance value of 11 + 1 pS (n -- 3). 

VOLTAGE DEPENDENCE OF THE OPEN PROBABILITY 

Our methodological approach allowed us to address the 
direct effects of the transmembrane voltage on activity of 
the SR channels. Data from steady state activated chan- 
nels were collected from several single channel experi- 
ments performed under identical experimental condi- 
tions. As reported in Fig. 2A, the open probability (Po)of 
the cardiac SR C1--selective channel was very high (Po 
/> 0.90) at negative voltage decreased for holding poten- 
tials toward 0 mV and remained above 0.45 for positive 
voltages. Despite some scattering, this voltage depen- 
dency summarized the steady-state behavior of the Sr C1- 
channel. Due to a small current amplitude, it was not 
possible to determine reliable Po values for holding po- 
tentials close to the equilibrium potential for CI- ions, 
(+40 mV in 50 rnv~250 mM CsC1). However, Po values 
calculated at +60 mV attest that this channel might re- 
main active over a large range of voltage. 

We did observe variability in the gating behaviors of 
these CI- channels which also displayed a rapid flicker- 
ing mode, instead of the slow one, characterized by long 
lasting open events as illustrated in Fig. 1A. Neverthe- 
less, the voltage-dependent behavior of this fast- 
fluctuating CI- channel remained similar. These chan- 
nels showed high Po values for long periods of time, but 
we also recorded long-lasting inactivations of the cardiac 
SR C1- channel. These spontaneous inactivations of ei- 
ther single or multiple channel recordings at constant 
voltage were observed at various time intervals, ranging 
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Fig .  2. Voltage and time dependence of the SR C1- channel open 
probability. (14) Data derived from four independent experiments under 
identical conditions, were combined on the same graph. Steady-state Po 
values were calculated from 40- to 90-sec files for each potential. The 
open probability (Po) of steady-state activated SR C1- channels was 
slightly voltage-dependent. Po decreased as the holding potential in- 
creased, but remained above 0.45. (B) Time dependent variation of the 
open probability at -40  mV. Filled squares represent a channel that 
remained active for a long time, up to 19 min in this case. The other 
data points (open symbols) are measurements derived from 4 represen- 
tative experiments where SR C1- channels inactivate at various time 
intervals. Po values were determined from 30-sec digital files prior, 
during and after changes in gating behavior. 

from 0.5 to 7 rain (Fig. 2B). Kawano et al. [11] already 
reported such inactivations in swine SR preparations, 
which occurred after 20 rain during long-lasting PLB 
recordings. In some experiments, careful scrutinizing of 
the recordings revealed that the complete inactivation 
was preceded by a transient behavior involving an in- 
crease in the number of long closed states. To get some 
insight concerning the inactivation process the gating 
behavior of the channel was challenged by various ex- 
perimental protocols involving either voltage clamp 
steps or immunochemistry. 
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Fig. 3. Spontaneous inactivation, voltage dependent reactivation and 
deactivation of the SR C1- channel. In our standard experimental con- 
ditions (see Fig. 1A), the CV channel could inactivate spontaneously at 
constant voltage: -40 mV (A'). It remained in this state until it was 
reactivated by long (B') or short (C') depolarizing voltage steps. For 
this recording, the reversal potential was estimated at +35 mV, thus the 
amplitude of the unitary current during the test pulses at +40mV was 
less than 1 pA. The channel deactivated rapidly when the potential was 
returned to the initial HP (B', C'). A, B, C: show the sequential voltage 
protocol. A', B', C': corresponding current traces. The large capacitive 
transients were partially wiped out, however the small leak current was 
not substrated. 

INACTIVATI ON,  V O L T A G E  D E P E N D E N T  R E A C T I V A T I O N  

AND D E A C T I V A T I O N  

To test the status of  the inactivated C1- channel ,  we 
performed a series of  exper iments  on single- and mult i-  
p le- inact ivat ing channels .  Figure 3 illustrates the inacti-  
vat ion of a SR C1- channel  previous ly  activated in stan- 
dard exper imenta l  cond i t ions  and in  the absence  of  
any  exogenous  phosphory la t i on  cocktai l ,  G prote in-  
activators, inhibi tors  or Ca 2+ chelat ing agents. The pres- 
ence of  long- las t ing closed states could be observed be- 
fore complete  inact ivat ion occurred at - 4 0  m V  (upper 
trace). U p o n  5 or 2 sec-depolar izing voltage-steps to- 
ward posi t ive potentials (middle and lower traces, re- 
spectively),  the channel  reactivated wi thin  a few hundred  
mil l iseconds,  then deactivated wi thin  a few sec after the 
end of the pulses and general ly  remained  in this noncon-  
duct ing state for long periods of  t ime (exceeding 35 
min).  Despite the small  ampl i tude of  the uni tary CI-  
current  at posit ive holding potentials  close to the zero 
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Fig. 4. Steady-state and voltage dependent behavior of a multiple 
channel recording under phosphorylating conditions. (A) Fusion of a 
vesicle (t = 0) containing two active C1- channels (HP = -40 rnV) in 
asymmetrical condition 50/250 mM CsC1 trans/cis. However, the cis 
chamber contained 2 mM ATP-Mg and 10gg/ml Protein Kinase A. 
Even in the presence of a phosphorylation cocktail, the channels inac- 
tivate within 1 min, as illustrated in these sequential traces. (B) Volt- 
age-dependent reactivation of the channels (t = 107 see) followed by a 
long deactivation process of the C1- channel activities. (C) Complete 
channel deactivation. We conclude that, when compared to the channel 
behavior reported in Fig. 3, B' and C', the deactivation process was 
delayed in the presence of the phosphorylation cocktail. Mean deacti- 
vation time was 20 sec instead of 1.5 sec in control conditions. 

current  voltage value, consistent  reactivations of  the C1- 
channel  were obtained with depolarizing voltage steps 
exceeding 0 inV. 

Alternatively,  we invest igated channel  behavior  un-  
der phosphoryla t ion condi t ions  since it was previously  
reported that channel  activity might  be upregulated by 
the addi t ion of  a phosphoryla t ion  cocktail  in the cis 
chamber  corresponding to the cytoplasmic side of  the 
conduct ing  protein [11, 26]. However,  we must  empha-  
size that we have never  been able to reactivate the inac- 
t ivated SR C1- channel  upon addit ion of  the phosphory-  
lat ion cocktail (2 mM A T P - M g  and 10 IU/ml  of cz cata- 
lytic subuni t  of  PKA,  _+ 50 gM cAMP)  under  steady-state 
condi t ions  (n = 11). In contrast, Fig. 4 shows that upon  
a single vesicle fusion (t = 0), two C1- channels  fluctuate 
into the PLB; subsequent ly  they inact ivated (Fig. 4A, 
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Fig. 5. Effect of the PKG-dependent phosphorylation on the inactivated channel in the presence of okadaic acid. (A) In our standard experimental 
condition, a single channel inactivated at negative steady-state voltage where it is known to maintain high Po. The channel was subsequently 
reactivated during a positive square voltage pulse and deactivated at the end of the test pulse as already shown in Fig. 3. (B) The addition of 2 mM 
Mg-ATP + 100 gM cGMP in the presence of 1 mM okadaic acid had basically no effect. (C) The addition of PKG facilitated reactivation of the 
channel. It also increased the deactivation time and modified its gating behavior. The mean deactivation times were 2 + 0.8 sec and 19 + 2.4 sec. 
(n = 13 and 9) for control and PKG dependent-phosphorylating conditions, respectively. These results suggest that a phosphoprotein could be 

involved in the regulation of the SR CF channel kinetics. 

second and third traces) despite the presence of the phos- 
phorylation mixture (see figure legend). Of interest was 
the fact that the CI- channels could be reactivated by a 
large depolarizing voltage step (as shown in Fig. 4B). 
Later on, the CI- channels deactivated slowly in the pres- 
ence of the phosphorylating mixture. To reconcile cur- 
rent results with the conclusions proposed by Kawano et 
al. [11], we can argue that the presence of the phosphor- 
ylation cocktail might help to delay the deactivation pro- 
cess, at least in this specific experiment. At this point we 
should point out that we performed a series of experi- 
ments (n = 7) involving the use of a nonspecific protein 
phosphatase in order to induce the inactivation of the 
active channel that might have been phosphorylated. 
The addition of alkaline phosphatase in the cis chamber 
had no downregulating effect on the gating behavior of 
the cardiac SR CI- channel. Since maximum activity of 
the alkaline phosphatase is obtained at pH 9, we first had 
to raise the pH from 7.4 to 9. This step did not affect the 
Po and gating behavior of the channel. Consequently, we 
were able to verify that the C1- channel activity was 
poorly pH-dependent, as previously reported [26]. 

To evaluate the putative involvement of a phosphor- 
ylation step mediated by cyclic GMP-dependent protein 
kinase (PKG) in the upregulation of the channel, a series 
of in vitro phosphorylation experiments were performed 
(n = 9) on inactivated channels. As illustrated in Fig. 
5A-C, the addition of a phosphorylation cocktail in the 
presence of PKG and 1 nM okadaic acid, a potent inhib- 
itor of protein phosphatase 1 and 2A, did not reactivate 
the SR CI- channel. However, the channels were con- 
sistently reactivated by long-lasting voltage steps. A few 
minutes after the addition of the phosphorylation cock- 
tail, reactivation of the channel occurred earlier during 
the test pulse, while deactivation was slowed down (Fig. 
5C) comparatively to the reactivation/deactivation phe- 
nomena observed under control conditions (Fig. 5A'). 
It appears that the gating behavior of the SR CI- channel 
was modified by the addition of PKG, cGMP and Mg- 
ATP. These observations do not prove that the channel 
protein is phosphorylated by PKG. Nevertheless, since 
the deactivation process was delayed by both PKG (and 
PKA) phosphorylation cocktails, resulting in 10-fold 
increase of the total deactivation time, it is thought 
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that a phosphoprotein might be involved in channel reg- 
ulation. 

Together, these results (Figs. 3, 4 and 5) strongly 
suggest that the gating behavior of the cardiac SR CI- 
channel is not directly controlled by a phosphorylation- 
dephosphorylation mechanism. However it is plausible 
that, during the cotractile cycles, the channel might in- 
teract with other protein of the SR membrane. Since we 
did observe that SR CI- channels could inactivate spon- 
taneously and that phosphorylating conditions slow 
down the deactivation process at the end of voltage 
pulses, an association-dissociation mechanism with a 
phosphorylated SR protein was postulated. We hypoth- 
esized that phospholamban might be a likely candidate. 
This small molecular weight SR protein can be simulta- 
neously transferred into PLB with other membrane pro- 
teins of the SR vesicles. Furthermore, this typical SR 
peptide is suitable for PKG and PKC dependent phos- 
phorylation [3, 23]. 

EFFECT OF ANTIPHOSPHOLAMBAN ANTIBODY 

To test this working hypothesis, a highly specific mono- 
clonal antibody raised against canine cardiac phospho- 
lamban was used. Phospholamban was found in our car- 
diac SR microsomal fractions mainly in the form of pen- 
tameres (data not shown), thus confirming the results 
from other laboratories [3, 19]. Figure 6 shows the re- 
sults obtained from a typical experiment in which graded 
increases of antiphospholamban antibody (Anti-PL Ab) 
consistently turned off the SR channel activity. The 
Anti-PL Ab was tested at two- to four-fold the suggested 
concentrations normally used to run either radioimmu- 
noassays or western blot experiments. A few minutes 
after the addition of Anti-PL Ab, the current traces re- 
sulted in long lasting nonconducting states, similar to 
those observed previously, when the channel inactivated. 
The Anti-PL Ab effect was observed in 8 our of 9 inde- 
pendent experiments. However, the channel displayed 
sporadic bursts of activity (Fig. 6B and 6C). These ran- 
dom reactivations were interpreted as transient associa- 
tions of the SR C1- channel with other phospholamban 
molecules, freed of antibody interactions. 

In control experiments, the SR CI- channel activity 
was challenged with the heat-denatured Anti-PL Ab. In 
all four experiments, the denatured antibodies had no 
effect on the steady-state channel activity (Fig. 6A" and 
B') thus suggesting that the inhibition induced by Anti- 
PL Ab was specifically due to the neutralization of mo- 
lecular interactions between phospholamban and CI- 
channel. Similar results were obtained in a time- 
dependent manner for a single concentration of Anti-PL 
Ab on a multiple channel recording as reported in Fig.7. 
A few minutes after the addition of the Anti-PL Ab, the 
SR CI- channels wre inactivated sequentially. This pat- 
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Fig. 6. Effect of anti-phospholamban antibody on the SR C1- channel 
activity. We hypothesized that a component of the SR membrane 
(which may not be the C1- channel itself) might be involved in the 
regulation of channel activity. (A) The activity of a single SR 
Cl-channel was recorded for up to 11 rain in control conditions: 50 mM 
CsC1 trans/250 mM CsC1 cis (HP = --40mV). B and C :  SequentiaI traces 
were recorded in the presence of graded increases of anti-Phos- 
pholamban antibody (Ant-PL Ab) 400 ng/ml and 800 ng/ml, respec- 
tively. Addition of Anti-PL Ab induced long-lasting, nonconducting 
closed states. In A' and B', control experiments showed that the heat- 
denatured Anti-PL Ab (10 min at 95~ had no effect on multiple 
channel activity. I~ zero current levels; Dopen state levels, t: indicates 
the time after the sequential addition of the antibody. 

tern of inhibition suggests that despite their functional 
clustering, the CI- channels are independently regulated 
by PL molecules. Although the channel displayed very 
short bursts of activity during the time course of the 
continuous recording of the silent bilayer, this unitary 
current activity is likely due to the sporadic activaiton of 
one of the C1- channels initially present in the artificial 
membrane and not to a new fusion. No effect of the 
Anti-PL Ab was delineated upon reconstitution of the SR 
CI- channel from the fast twitch rabbit skeletal muscle 
[25]. This protocol might be considered as a positive 
control experiment since SR membranes from rapid skel- 
etal muscle are known to be virtually deprived of phos- 
pholamban molecules. As a matter of fact, western blot 
analyses show that the Anti-PL Ab initially raised against 
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Fig. 7. Time-dependent effect of antiphospholamban antibody on multichannel activity. (A) Multichannel recording in control conditions (50 rnm 
CsC1 trans/250 mM CsC1 cis, HP = -40 mV). Three channels were functional into this PLB for up to 12 rain. (B) 2 rain 30 sec after addition of 
400 ng/ml of Anti-PL Ab, one channel became silent. (C) The two remaining channels closed successively. (D) After 2 min without channel activity, 
one channel transiently reactivates, l~ zero current levels; [;>open state levels, t: indicates the time after the sequential addition of the antibody. 
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Fig. 8. Western blot analysis and dose-dependent effect of the Anti-Phospholamban antibody on the SR Ca 2+ channel activity. (A) Immunoblot of 
various SR fractions using a monoclonal Antiphospholamban antibody. Lanes 1 and 2 show the immunoreactivity with a major protein band 
(= 28 kDa dark arrows) for dog and sheep cardiac SR, respectively. Open arrows: monomeric phospholamban. Lane 3 contained SR proteins derived 
from canine Extensor Digitarium Lougus (EDL), which is essentially a fast twitch muscle. This fraction is deprived of immunoreactivity. Left 
column: molecular weight standards. (B) SR vesicles derived from sheep ventficular cells were prepared as described in the Materials and Methods 
section and fused into PLB. C1- channel activities were recorded in the absence (control) and the presence of various amounts of Anti PL antibody. 
Average reduction in channel activity as a function of the Anti-PL Ab concentration values were determined from three independent files and 
expressed as percentage of decrease + SEM of total channel activities under control condition. 

dog  P L - i s o f o r m  r ecogn ize  var ious  h igh ly  c o n s e r v e d  PL 

i so fo rms  a m o n g  severa l  species  inc lud ing  sheep  (Fig. 

8A). Howeve r ,  A n t i - P L  does  not  r ecogn ize  any  pro te in  in  

the  SR f rac t ion  de r ived  f r o m  fast  twi tch  musc le s  (Fig. 

8A, 3rd lane,  can ine  EDL) .  
To asce r ta in  the  i n v o l v e m e n t  o f  PL mo lecu l e s  in  the  

func t iona l  m o d u l a t i o n  of  the  s teady-s ta te  ac t iva ted  car-  

diac  S R  CI -  c h a n n e l s  f r o m  var ious  species,  the  dose-  

d e p e n d e n t  e f fec t  of  the  A n t i - P L  A b  was  quan t i f i ed  f r o m  

mul t ip le  c h a n n e l  r ecord ings  u p o n  recons t i tu t ion  of  sheep  

SR pro te ins  into  PLB.  F igure  8B i l lus t ra tes  the  concen -  

t r a t i o n - d e p e n d e n t  i nh ib i t i on  of  the  S R  CI -  c h a n n e l  by  
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monoclonal Anti-PL Ab upon sequential addition. Cu- 
mulative concentrations of Anti-PL Ab in the cis cham- 
ber (cytoplasmic side) induced dose-dependent increases 
in teh duration of the long nonconducting states, causing 
significant decreases in Po and subsequently in the total 
current. The inhibitory effect was quantified from digital 
recordings in the presence of various concentrations of 
the monoclonal antibody. It was determined that 500 
ng/ml of antibody produces approximately a 50% inhi- 
bition, indicating that several of PL molecules might in- 
teract with SR C1- channels. 

Upon reconstitution into PLB, cardiac SR CI- chan- 
nels might dissociate from PL molecules leading to chan- 
nel inactivation. Since the channel could be systemati- 
cally reactivated by voltage pulses, a voltage-dependent 
associaton between the two SR membrane proteins was 
postulated. To prove that a voltage-dependent associa- 
tion mechanism between the SR CI- channel and the PL 
might be altered, experiments with both the addition of 
Anti-PL Ab in the cis chambers and voltage pulses were 
performed. As shown in Fig. 9, in which we first veri- 
fied that voltage steps did not modify the gating behavior 
of the steady-state activated channel (Fig. 9B), channel 
activity was decreased by cumulative addition of Anti- 
PL Ab (Fig. 9C, D and E). Complete channel inhibition 
(inactivation) followed changes in bursting pattern as 
illustrated in Fig. 9E. Under these conditions, voltage 
steps failed to reactivate the channel despite the presence 
of very brief events attesting that the channel was still 
present in the PLB. Consequently, it was suggested that 
the binding of Anti-PL Ab on its epitope induces the 
dissociation of PL from the CI- channel and prevents the 
steady-state association as well as voltage-dependent re- 
association with the channel protein. We have also ver- 
ified that the Anti-PL Ab does not affect the behavior of 
another cardiac SR channel, the large conducting K § 
selective channel [18, 31]. In three out of three experi- 
ments, the Anti-PL Ab did not modify the gating nor the 
conducting behavior of either single or multiple channel 
recordings. Moreover, SR C1- channels are not affected 
by the addition of polyclonal antibodies initially raised 
against the cardiac ryanodine receptor-Ca 2+ release chan- 
nel (data not shown). 

A Control (50 mM CsCI trans/250 mM CsCI cis; -40 mV) 

B Control 
+40 mV 
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Fig. 9. Addition of antiphospholamban antibody prevents the reacti- 
vation of the C1- channel during voltage pulses. (A) A single canine C1- 
channel was incorporated in our standard condition as in Fig. 1. While 
the channel displayed a high Po at -40mV its voltage-dependent be- 
havior tested as illustrated in B, C, D and E: Upon subsequent addition 
of And-PL Ab, the channel activity displayed long lasting-inactivated- 
closed state as described earlier (Fig. 6, 7 and 8). (F) the application of 
square voltage pulses 8 min after the addition of 400 ng of Anti-PL Ab 
failed to reactivate the silent CI- channel thus suggesting that the Anti- 
PL Ab prevented the positive interaction of PL molecules with the SR 
CI- channel. This experimental data is representative of the results 
obtained from seven similar experiments. 

nels into the artificial membrane, modulate the gating of 
the anion selective channel. 

Discussion BASIC PROPERTIES OF THE e l -  CHANNEL 

This study defines the conducting properties as well as 
the voltage- and time-dependent behavior of the cardiac 
SR C1- channel under various experimental conditions. 
The most important contribution of the present work was 
to uncover, for the first time, that the SR CI- channel 
might be regulated by cardiac phospholamban mole- 
cules. Using a monoclonal phospholamban-antibody we 
have obtained solid evidences that phospholamban mol- 
ecules, simultaneously transferred with the SR CI- chan- 

Despite several lines of indirect evidence obtained in 
varous laboratories [11, 25-26, 30], we have confirmed 
that the anion-selective channel under investigation was 
an SR channel. Although our experimental approach 
might not represent the ultimate proof for the specific SR 
localization of the CI- channel, most of the recordings 
obtained in KC1 buffer do result in a dual K § and CI- 
channel activity upon single vesicle fusion. The SR K + 
channel from cardiac [10] and skeletal muscles [291 
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preparations are well characterized. The use of CsC1 
gradients was justified in neutralizing most of the con- 
taminating currents through cation selective channels. 
Furthermore, in our reconstitution system, all biochem- 
ical and immunological experiments were performed at 
negative voltage (-40 mV), close to the Cs + equilibrium 
potential, to minimize the contribution of cationic current 
either through SR K + [18] or Ca2+-release channels [27]. 

Our measurements have shown a close similarity 
between the theoretical equilibrium potentials calculated 
for the different Cl--gradients and the corresponding ex- 
perimental zero-current potential values (Fig. 1B and C). 
This would argue in favor of the Cl--selectivity over Cs § 
for this ionic pore. Since the slope coefficients of the 
linear regression (Fig. 1 C) wre not identical, one might 
postulate that other anions (HEPES-) could compete for 
the selective site and eventually permeate the channel, 
although a residual monovalent cation permeability can- 
not be ruled out. When CI- concentrations in the phys- 
iological range for cardiac cells are used -5  to 25 mM-- 
according to Caill6 [1], the SR CI- channel displays a 
mean conductance value of 11 + 1 pS. 

VOLTAGE DEPENDENCY OF THE SR C1-CHANNEL 

The voltage-dependent behavior of the cardiac SR CI- 
channel ws carefully analyzed. The Po, determined for 
channels activated under steady-state conditions, was 
sensitive to the potential applied across the artificial 
membrane (Fig. 2). However, channel activity was char- 
acterized by high Po values. This observation is in 
agreement with the low-voltage sensitivity reported pre- 
viously for the SR CI- channel isolated from swine heart 
[11]. However, it is at variance with the bell-shape re- 
lationship reported for the skeletal muscle isoform stud- 
ied either in PLB or in sarcoball preparations [9, 30]. 
Our previous studies involving the reconstitution and 
analysis of the SR K § channels, allow us to point out that 
the voltage dependency of its open probability [27] is 
basically the mirror image of the relationship determined 
for the SR C1- channel (see Fig. 2A). The crossing-over 
between the two Po/VOltage curves occurs at +5 mV 
which, in the absence of direct electrophysiological mea- 
surements in cardiac SR, correspond to the best estimates 
for SR membrane potential (EsR = 0 to +7 mV) in skel- 
etal muscle [22, 29]. In fact, isotopic flux measurements 
have demonstrated the large permeability of the SR ves- 
icles for monovalent cations and anions [16]. These ob- 
servations support the concept that, in situ, the SR mem- 
brane is not highly polarized, although one cannot rule 
out that the large Ca 2+ fluxes might generate variations 
of membrane potential. However, the extent of the 
membrane potential variations across the SR membrane 
is currently unknown. The large conductance to mono- 
valent ions would maintain the SR potential away from 
the Ca 2+ equilibrium potential, thus facilitating the rapid 
movements of Ca 2+. 

MODULATON OF THE GATING BEHAVIOR 

Aside from their conductance and selectivity, canine and 
sheep (this study) as well as swine SR C1- channels [11] 
share similarities in their gating properties. All three 
channel isoforms can inactivate spontaneously after sev- 
eral minutes of activity into the PLB (see Fig. 3, 4 and 5). 
We initially assumed, that the vanishing CI- channel ac- 
tivity might result from a change in the micro-environ- 
ment in the vicinity of the activated channel protein. 
However 69% of the channels do not inactivate while 
some of them (15%) display variations in their gating 
behavior, including longer closed states and shorter open 
times resulting in a bursting pattern. These kinetic 
changes have not been quantified in the present report. 
Nevertheless such variations are readily illustrated in 4 
out of the 9 figures presented herein. Of importance is 
that the depolarizing voltage-steps were systematically 
able to reactivate the silent-inactivated-channel, as dem- 
onstrated in Figs. 3, 4 and 5 as well as in the Table (left 
column). Using either canine or sheep SR preparations, 
we were not able however to reproduce the rapid Mg- 
ATP dependent reactivation of the inactivated C1- chan- 
nel either in the absence or presence of exogenous o~ 
catalytic subunit of PKA under steady state conditions as 
reported previously [11]. It is difficult to give a straight 
forward explanation to account for the differences of 
responsiveness to the phosphorylation condition between 
teh swine [11] and the canine and sheep (this study). 
Apart from interspecies variations, one might also evoke 
experimental conditions such as the PLB composition: 
Kawano et al.[ll] used highly negatively charged PLB 
(PE/PS-: 1/1) while we currently use a lipid mixture 
(PE/PS-/PC: 3/2/1) more similar to the lipid composition 
of the intracellular membrane. Nevertheless, we have 
observed that the addition of a phosphorylation cocktail 
on the cytoplasmic face of the CI- channel could slow 
down the deactivation process after the end of the volt- 
age pulses (see Figs. 4 and 5). It can also be pointed out 
that when a voltage-step protocol (similar to the one used 
in Fig. 3B and C) was applied to the active SR CI- 
channel (Fig. 9B), the Po was decreased durng the pos- 
itive voltage pulses but no deactivation was recorded at 
the pulse offset, suggesting that the SR CI- channel 
might display two distinctive functional gating behav- 
iors. Consequently, our results are consistent with the 
idea that a phosphorylated SR compound might be in- 
volved in the instantaneous regulation of the channel 
gating. However they are both slightly at variance and 
complementary to those reported by Kawano et al. [11] 
who proposed a direct phosphorylation-dephosphoryla- 
tion of the C1- channel protein. We now report the volt- 
age-dependent reactivation and deactivation of the inac- 
tivated SR C1- channel which may correspond to the 
association and dissociation of a regulatory subunit. The 
overall behavior of the cardiac SR CI- channel is now 
sumarized in the Table. 
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Table 1. Time and voltage dependent behavior of the cardiac SR C1- channel 
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Type of channel activity Number of Mean duration of % of Voltage 
experiments channel activity recording dependent 

(min) analyzed reactivation 

Channels displaying a steady state Po 

Spontaneously inactivating channel 

Inactivated channel + MgATP + PKA 
PL-induced inactivation 

31/45 17 + 4 rain 69% Not applicable 
(n = 31) a 

14/45 3 + 2 min 30 sec 31% 7/7 
(n = 14) b 

11/11 No reactivation 100% 10/11 
8/9 4 rain 30 sec 72% 0/4 

(n = 7) ~ 

65 experiments, performed under identical basic control condition, are classified in this table. Several other experiments were discarded from the 
analysis since experimental conditions were changed. 
a This value represents the average duration of steady state recordings, which generally ended by the rupture of the P.L.B. 
b Average time for the first inactivation following channel fusion, then the channel was reactivated by voltage pulses. 
~ Average value determined for 400 ng of Anti-P1.AB/ml. 

THE PHOSPHOLAMBAN CONNECTION 

Taken together, our data prompted us to look for another 
mechanism to explain the important changes in gating 
behavior observed under steady state conditions as well 
as during voltages pulses. 

The specific localization of phospholamban mole- 
cules in the SR membrane and the fact that this peptide 
displays multiple phosphorylation sites, as well as an 
ability to modulate the activity of Ca2+-Mg2+-ATPase 
[28] another well characterized ion transporter, lead us to 
test the effect of a monoclonal antibody raised against 
canine cardiac PL. The phospholamban-dependent acti- 
vation of the cardiac Ca2+-pump is explained by a re- 
moval of inhibition [3, 28] when phospholamban mole- 
cules are phosphorylated by various kinases [20, 23]. 
It is of interest to note that the phospholamban displays 
up to three consensus amino acid sequences that might 
be independently phosphorylated by PKG and/or PKC 
[6, 23] and thus represent relevant biochemical targets 
for these kinases under physiological condiitons. Varia- 
tions in their accessibility might explain why it was im- 
possible to reactivate the SR CI- channel under steady 
state condition in the presence of an adequate phosphor- 
ylation cocktail and either PKG or PKA. This was 
achieved only when the polarity of the holding potential 
was switched toward positive potentials. 

In this context, it was also possible to demonstrate 
that single or multiple CI- channel activities were down- 
regulated by the addition of sensitive amounts of anti-PL 
antibody in a dose dependent manner, to the cytoplasmic 
face (cis side). According to these results, the PL mol- 
ecules would be able to upregulate the CI- channels and 
CI- movement across the SR membrane. The physiolog- 
ical relevance of this interpretation is related to the sus- 
pected role of SR CI- permeability in the modulation of 
rapid Ca 2+ fluxes during the E-C coupling mechanism in 

cardiac cells. Monovalent anions (mainly C1-) and cat- 
ions (K +) fluxes might be used as concomitant counter- 
charge systems during rapid Ca 2+ uptake and, Ca 2+ re- 
lease supported by the ryanodine sensitive-Ca 2+ release 
channel. The imperative presence of permeable ions 
such as K + and C1- in the experimental buffers used to 
measure the Ca 2+ uptake [2] and release [16, 22] is an 
indirect evidence of this assumption. However, the main 
physiological role for the monovalent conductances 
would be to maintain the SR membrane potential away 
from the Ca a+ equilibrium potential, facilitating the rapid 
and alternative movement of Ca 2+ across the SR membrane 
during the beat to beat regulation of the SR function. 

Up to now, it was not possible to establish whether 
cardiac SR C1- channels interact with either monomers 
or pentamers of PL molecules. Native SR membranes 
essentially contain pentameric PL complexes, but vesicle 
fusion into PLB might alter both protein-complex stabil- 
ity as well as the degree of interaction with the channel 
protein. Alternatively, Anti-P1 antibody might bind to 
the phospholamban-C1- channel complex and produce its 
effects that way; rather than by dissociating the phos- 
pholamban from the channel. Finally, the antibody itself 
might be responsible for influencing the channel activity, 
although this hypothesis is unlikley according to the 
Western Blot experiments. 

In conclusion, despite the fact that we cannot rule 
out that other intracellutar second messengers might be 
implicated in the modulation of the SR C1- channel [11- 
12], the present study using the simultaneous reconstitu- 
tion of multiple native proteins of the SR membrane and 
a highly specific monoclonal antibody, reveals an unex- 
pected and thus challenging functional interaction be- 
tween two peptide moieties of the SR membrane and 
provides further evidences attesting to the biochemical 
control of the gating mechanism of the SR C1- channel in 
mammalian heart. 
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