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Abstract. We have characterized the conduction andreversed by addition of Cl Our results suggest that
blocking properties of a chloride channel from rough channel block involves the interaction of HPQwith a
endoplasmic reticulum membranes of rat hepatocytes afite located at 70% of the membrane span.
ter incorporation into a planar lipid bilayer. Our experi-
ments revealed the existence of a channel with a mealiey words: Endoplasmic reticulum — Clchannel —
conductance of 6+ 5 pS insymmetrical 200 m KCI Phosphate — Bilayer — Vesicles — OChannel in ER
solutions. We determined that the channel was ten times
more permeable for Clthan for K, calculated from the |ntroduction
reversal potential using the Goldman-Hodgkin-Katz
equation. The channel was voltage dependent, with afhloride is the most abundant physiological anion. One
open probability value ranging from 0.9 at —20 mV to 0.4 of the key mechanisms responsible for the transport of
at +60 mV. In addition to its fully open state, the chan- Cl” ions across biological membranes consists of pore-
nel could also enter a flickering state, which appeared tdorming proteins through which Clions diffuse down
involve rapid transitions to zero current level. Our re-their electrochemical gradient. Numerous studies have
sults showed a decrease of the channel mean open tingown that the Cl channels localized at the plasma
combined with an increase of the channel mean closethembrane of excitable and nonexcitable cells are in-
time at positive potentials. An analysis of the dwell time volved in a large variety of cellular events including cell
distributions for the open and closed intervals led to thevolume regulation [12], salt secretion processes [1, 6, 16]
conclusion that the observed fluctuation pattern wasand modulation of membrane potential [7]."Glelective
compatible with a kinetic scheme containing a singlechannels have also been identified in intracellular organ-
open state and a minimum of three closed states. Thelles such as Golgi apparatus [9], lysosomes [30], endo-
permeability sequence for test halides determined fronsomes [23], sarcoplasmic reticulum (SR) [21, 29] and
reversal potentials was Be CI” > 1~ = F . The voltage mitochondria [5]. For instance, CTéelective channels of
dependence of the open probability was modified by theb5 pS (260 mn CI™) and 130 pS have been reported in
presence of halides itrans with a sequence reflecting two different bilayer studies on cardiac SR [21, 31]
the permeability sequence, suggesting that permeant amhereas a Cl channel of 505 pS in 200 mCI~ was
ions such as Brand CI' have access to an internal site identified by Palade and coworkers (1989) in membrane
capable of controlling channel gating. Adding NPPB to preparations of SR skeletal muscles [10].” @ermeant
thecis chamber inhibited the channel activity by increas-channels have also been characterized in patch clamg
ing fast flickering and generating long silent periods, experiments carried out on giant rough endoplasmic re-
whereas channel activity was not affected by 5@ ticulum (RER) liposomes. This approach provided evi-
DNDS intrans. The channel was reversibly inhibited by dence for a voltage-sensitive Cthannel with a mean
adding phosphate to theans chamber. The inhibitory conductance of 260 pS (140mKCI on both sides), and
effect of phosphate was voltage-dependent and could bier a voltage-insensitive channel also permeable o Cl
ions but of smaller conductance (70 pS) [24]. The tech-
nigue of vesicle fusion with a lipid bilayer was also used
I to identify a voltage-regulated double-barreled €han-
Correspondence taR. Sauve nel of 160 pS in RER membranes from rat hepatocytes
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[15]. A kinetic analysis of this channel showed that this Single-channel currents were measured with a BC-525A amplifier
double-barreled system could be interpreted in terms of &Varner Instrument). Theanschamber was voltage-clamped relative
model in which all the states resulting from the super-to thecis chamber, which was grounded. Electrical connections were

L. . . made by using Ag/AgCl electrodes and agar salt bridgesKgl) to
position of two mdependent monomeric channels haV%‘linimize liquid junction potentials. Signals were stored on videotapes

access to a common inactivated state. The phy5|0|09'c"i1§ONY, SL-300) and subsequently transferred to a PC for off-line
role of these channels remains to be confirmed in manynalysis. Recordings were digitized at sampling rates between 500 Hz
cases, but several studies have already indicated that Cind 3 kHz which corresponded to five times the cutoff frequencies
channels in organelles may be involved in the releasghosen for filtering (8-pole Bessel: Frequency Devices 902). The uni-

and/or uptake of C4 and H ions in intracellular stores t@ry current ampli_tude apd channel open prqbability were estimated
by generating an opposite charge movement essential lfi:)om current amplitude histograms or from noise-free Markov signals
maintaining electroneutrality [2 18 25] generated by processing experimental current records using an algo-

. e ! rithm based on the Baum-Welch reestimation formulae [15]. For
Despite the intrinsic role of Clselective channels to  muytti-channel recordings, the open probability was calculated assum-
Ca&* liberation and/or Hl uptake-related processes in the ing that the current levels were distributed according to a binomial
ER, there is currently limited information on the bio- statistic. The validity of the binomial distribution was tested by per-
physical properties and gating mechanisms of the C| forming ax? analysis based on the procedure described previously [15].

channels in ER structures. In this study, we used thé” experiments were performed at room temperature (20° + 2°C).
channel incorporation technique to explore the ionic se-

lectivity, a_ctivation processes and pharmacological proCpemicaL REAGENTS

file of a CI” channel present in RER membranes from rat

hepatocytes. Our results indicate that RER membranesll chemicals were obtained from commercial sources. POPC and
contain a voltage-dependent Glhannel of 164 pS, the POPE were obtained from Avanti Polar Lipids (Alabaster, AL) and

activity of which can be in part controlled by the per- decane from Fisher Scientific (Pittsburgh). Triolein, HEPES,
meant anions ifrans NaH,PO, and Tris were purchased from Sigma. NPPB and DNDS

were obtained from RBI (Research Biochemicals International, Natick,
MA). Salts and solvent were analytical grade. Salt solutions were fil-
tered through microfilters with a pore size of QuZn (Millipore Cor-

Materials and Methods poration, Boston, MA).

PREPARATION OF MEMBRANE VESICLES ABBREVIATIONS

DNDS: 4.,4-dinitrostilbene-2,2disulfonic acid

Rough microsomes (RM) derived from RER of rat liver cells were . S . e . .
prepared as previously described [11, 15], with the exception that pro-HEPES' N-2-Hydroxylethylenepiperaziné-R-ethanesulfonic acid

NPPB: 5-nitro-2-(3-phenyl lamine)b i id
tease inhibitors (1 m EDTA; 0.1 mm PMSF; 2pm leupeptin and 10 Phngsrohat(id 7 ieggrzfiopy amine)benzoic aci
wM pepstatin A) were added throughout the vesicle preparation pro-PM'SF_ PhenF;/Imetli/y?sﬁlfonyl Fluoride
cedure. RM were stored in 1@l aliquots in 250 nw sucrose/3 m POPCi 1-palmitoyl-2-oleoylphosphatidylcholine
imidazole, pH 7.4 at —80°C until used. The final concentration of RM POPE: 1-palmitoyl-2-oleoylphosphatidylethanolamine
ranged from 8 to 9 mg protein/ml and morphological measurementsi. - . )

: Tris(hyd thyl th
carried out by Paiement and Bergeron (1983), [17] confirmed that these ns ris(hydroxymethylaminomethane

vesicles were oriented in the right-side out configuration.

Results
BILAYER FORMATION

Single-channel measurements were carried out using the chamber pagI SINGLE-CHANNEL CHARACTERISTICS

tition technique. Planar phospholipid bilayers were formed in a 300

pm-diameter hole drilled in a Delrin partition, which separated two Figure 1A shows examples of current fluctuations ob-
chambers. Theisandtranschambers held respectively 5 ml and 3 ml tgined following the incorporation of liver RER vesicles
of solution. The pH on both sides was adjusted to 7.4 with Tris-HEPESintO a planar |ipid bilayer. Channel incorporation was
and thecis solution was always hyperosmotic relative to tihans carried out in asymmetric Clconditions (200 m KCl
solution as to improve vesicle fusion. The outline of the aperture was_. . .
coated with triolein before the application of the lipid suspension to 0'3/_59 mm KClI trans), and Fhe resultlng smgle Channel_
improve membrane stability. Planar phospholipid bilayers wereactivity recorded at the various membrane voltages indi-
painted using a 1:1 mixed suspension of POPC:POPE in decane at@ated. Experiments performed under these conditions
final concentration of 20 mg lipid/ml. Fusion of the vesicles was ini- showed a significant increase of the current jump ampli-
tiated mechanically by gently touching the bilayer from tieside  tyde for applied potentials positive to —30 mV, but clear
using‘a small stainlgss steel wire (Kerr) of 145m_diameter,_ on the tip_ single-channel events could not be unambiguously re-
of which was deposited a small drop of the vesicle-containing solutlon.Corded at more negative potential values. Despite these

Formation and thinning of the bilayer were monitored electrically. .~ =~ . . L
Typical capacitance values ranged from 400 pF to 500 pF. When rel'm'tatlonsv the results in Flg.ﬁllndlcate a zero current

quired, perfusion of thérans chamber was carried out using a peri- potential value close to —34 mV, the equilibrium poten-
staltic perfusion pump set at 25 ml/min (Masterflex, Cole-Parmer Ins.).tial expected for Clions under the prevailing ionic con-
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A chamber. Figure B shows the resulting channéV
30 mV 30 mv curves for different Cl concentrations. Under sym-
e mwm metrical 200 nw KCI conditions (filled circles), the
c >y T e o M channell/V curve appeared slightly rectifying with a
¢ - MY mean slope conductance for inward currents of 164 + 5
2.my W‘MLWW pS ( = 2). Furthermore Fig. B shows that a decrease
°> 10 mV c> 50 mV of the trans CI~ concentration caused a shift of the re-

trans conditions (open circles), the mean reversal poten-
3 tial from four different bilayers was estimated at -28 + 3
mV. This value is in agreement with the Nernst equilib-
rium potential expected for a Ckelective channeBEg-
B = —-34 mV) and corresponds to a permeability ratig/ P
12 P« > 10 as calculated on the basis of the Goldman-
/ Hodgkin-Katz equation. This conclusion was further
T substantiated in experiments carried out in 200 ais/
10 mv transKCI (filled squares) for which extrapolated
({4/” d zero current potential values more negative than -45 mV
were obtainedr{ = 2). Precise estimations of the zero
current potential could not, however, be obtained under
these experimental conditions due to the absence of re-

liable inward current measurements with 1& dCl in
40 20 0 2 40 60 80 the trans chamber.

V{mV)
CHANNEL KINETIC PROPERTIES

Fig. 1. (A) Examples of single-channel currents recorded following

fusion of RER vesicles from rat hepatocytes into a planar bilayer. . ) ] ] )
Single-channel currents recorded in 200 #Cl cis/50 mm KCI trans The channel kinetic properties were investigated by mea-

conditions at potentials ranging from —30 to +50 mV. Current tracessuring on stationary single channel records dwell time
filtered at 400 Hz and sampled at 2 kHz. The letteindicates the  djstributions for the open and closed states. Examples of
C'r?sed'State C(;Jfre”t '_e‘l’leBXSCiT?'e'Cha”t”e:_C“"eznéa’o't;g? r?s'lzt(i)on' the resulting distributions where time intervals were
SNIp measured In variousans concentrations: m Cl . . . . . .
mMpKCI tr_ans(O); 200 mm KCI cig/200 mv KClI trans (@); and 200 El.neg a_clz_pord!n? to Eli logarithmic Sca(lje atLe |Ilgstrated Irt‘_
mm KCI cis/10 mm KCI trans (H). The mean slope conductances for | 19. . Ime intervals were measure _GI er by genera
positive currents corresponded to 90 + 12 i8,(164 + 5 pS @) and NG Noise-free current records according to the Baum-
100 + 2 @) respectively. The zero current potentials indicate a per-Welch reestimation formulae, or by using the double
meability ratio R./P, > 10. Data points are meanspfrom 4 (O), and  threshold procedure described in Bellemare et al., (1992)
2 (® ) experiments. [3] on original current traces. The stationarity of the re-
corded signal was tested according to the criteria defined
in Denicourt et al., (1996) [6]. This analysis provided
ditions. In addition, channel fluctuations appeared aslear evidence for a kinetic pattern characterized by a
long channel openings interrupted by fast flickering tran-single open state for time intervals ranging from 1 msec
sitions to the zero current level. The channel-gating beto 1 sec. This conclusion was also supported by an
havior was voltage dependent with increased channeinalysis of multi-channel current records such as the one
flickering separated by longer silent periods at increasshown in Fig. 2\, where the distribution of time intervals
ingly positive potential values. Spontaneous subconducresulting from the simultaneous opening of all the chan-
tance states with current amplitudes corresponding to 1/2els present could be fitted to a single exponential func-
to 3/4 of the full conductance level were occasionallytion. In contrast, the closed time distributions measured
recorded data not showh Because these subconduc- from recordings containing a single channel, required a
tance levels were rarely observed their contribution tominimum of three exponential functions to be properly
the overall channel fluctuation pattern was not consid-itted, indicating a minimum of three closed states. At-
ered. tempts to curvefit these distributions with two exponen-
To investigate the channel current-voltag®/) re-  tial functions only were clearly unsatisfactory. Further-
lationship and Cl-selectivity, experiments were under- more, there was a marked effect of the voltage on the
taken in which thecis CI™ concentration was kept at 200 dwell time interval distributions for the closed states with
mm while varying the CI concentration in thdérans  an increase of the time constants and a greater contribu-

. mmwm versal potential towards more negative values (trans rela-
20 mv tive to cis). For instance, in 200 mn CI™ cis/50 mv CI™
““Hl “HMMH “” c>
c>

I (PA)

o A o o @
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Fig. 2. Dwell time distributions for the open and closed states at +60 1
and +10 mV. The open time distribution was fitted to a single expo- N i‘
nential function while three exponentials were required to account for 0.8 _— ‘% -CB_
the closed time interval distributions. The dwell time distribution ap- 0.6 N\x i
peared voltage-dependent with the channel mean open time decreasil Po " \q@
from 25 msec at 10 mV to 8 msec at 60 mV, and the characteristic time 0.4
for the closed interval distributions varying from 1.5 msec, 10 msec anc
150 msec at 10 mV to 2.5 msec, 20 msec and 400 msec at 60 m\ 0.2
respectively. ) )

o 1 1 1
30 -10 10 30 50 70

tion of the long closures at positive potentials. The time V (mV)
interval distribution for the open state also appeared af-
fected by the voltage, such that the characteristic time OFig. 3. (A) Effect of membrane voltage on channel-gating behavior
the dwell time distribution was reduced at positive po-measured from current records containing multiple channels. Single-
tential values. channel recordings obtained in the presence of 2Q0K@I cis/50 mw

KCI trans. Long interburst silent periods and faster flickering are ob-

served at high positive potential®)(Channel open probabilityP() at
VOLTAGE DEPENDENCE OFOPEN PROBABILITY different membrane voltages. Open channel probability as a function of

voltage computed from current records wi@,( = 4), (@), or without

(O, n = 3) (b) inclusion of long silent periods (>100 msec). Measure-
The effect of voltage on the channel-gating propertieSyents were carried out under asymmetrical 200 KCI cis/50 mv
was next investigated by measuring the channel opeRcl trans conditions. Theoretical curves were calculated according to
probability P,) either directly from current recordings equation (1) withv, = 52 mV andzq = 0.90 fora andV, = 86 mV
containing a single channel (FigAlLor through a bino- andZq = 0.77 forb.
mial analysis of current records with multi-channels (Fig.
3A). In experiments where a single channel was de-

tected, the voltage dependenceRgfduring bursting ac- sures were systematically omitted, an indication that the
tivity V\,/as also estimated by computirig, values after observed voltage dependence is not exclusively related

omission of silent periods >100 msec. This thresholdt© the appearance of long silent periods. These data were
value was selected since it guarantees that more thaift€d to @ Boltzmann distribution according to:

90% of the long closed time intervals were omitted, with- 1
out appreciable effects (0.6%) on the intermediate (20 Po=—————— (1)
msec) and short closed interval (2 msec) distributions 11e ZqV - Vo)

(Fig. 2). Figure B illustrates the relationship between KT

P, and membrane potential measured from four different

experiments in asymmetrical solutions (200 #KCl cis/  whereZq is the apparent gating chargé,is the mem-

50 mv KCI trang). The results show globdt, estima-  brane voltagey, the voltage for half activatiork andT,
tions reaching values close to 0.9 within the potentialthe Boltzmann's constant and the temperature, respec-
range + 20 mV and a decrease of the chafedt more  tively. This procedure led t&/, equal to 52 and 86 mV
positive potential values. A similar voltage dependenceor curvesa andb, respectively, withZq values within
was observed using current records in which long clothe range 0.83] — 0.97q in a and 0.67q — 0.87q in
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Fig. 4. Variation of the channel mean open time and mean closed time
as a function of voltage from 3 experiments. Mean open time decreaselfig. 5. -V relationship with different halides in ttteanschamber. £)
within the voltage range -10 to +70 mV, whereas mean closed timeSingle-channel/V curves were measured in the presence of 260 m
increased over the same Vo|tage span. KCI cig/50 mv KCI + 150 mm KBr trans. (B) Single—channeIN
relationships measured in the presence of 2004€I cis’200 mv KCI
trans (@); 200 mv KCI cig/50 mv KCI + 150 mv Kl trans (O); and

. - 200 mv KCI cig/50 mv KCI + 150 mm KF trans ().
b. Figure 4 shows the variation of the channel mean o)

closed time and mean open time as a function of voltage

computed from three different experiments. These re-

sults confirm a reduction of the channel mean open timesponding to symmetrical 200mCI™ concentrations, the
coupled to an increase of the channel mean closed timéV curve intersected the voltage axis at zero mV as
at positive potentials. The observed voltage dependencexpected (Fig. B, filled circles). However, none of the

of the mean closed time supports the results already prle curves measured with the different halides studied
sented in Fig. 2, where each of the time constants for théesulted in an identical reversal potential value, indicat-
closed interval distribution was found to increase at posiing that the permeability of the test halides differ from
tive potential values. These observations provide evithat obtained for Clions. For instance, Fig./Ashows
dence that the voltage dependenc®gtloes not depend that the reversal potential was shifted to +5 £ 0.7 nmV (
exclusively on the appearance of long channel closures & 2) when CI was substituted by Br a result compat-
positive potentials (Fig. 2) but also involves a decrease ofole with bromide being more permeant than™Cln

the channel open time and an increase of the channgontrast, the/V curves (Fig. B) obtained with 150 m
mean closed time during channel bursts. I~ (open circles) or F(filled squares) irtransintersected
the voltage axis at A4+ 6 mV (n = 2) and -12 + 51§

= 2), respectively, for an overall permeability sequence
Pg; > Pc > P, = Pe. The Table presents the zero current
reversal potentials and unitary channel conductances for
The channel selectivity for different halides was exam-the halide ions indicated in FigAsandB and the asso-
ined by measuring current-voltage relations and zero cureiated permeability ratios relative to Clcomputed ac-
rent reversal potentials in experiments wheredisesso-  cording to the Goldman-Hodgkin-Katz equation. The
lutions were kept at 200 mKCI, while trans solutions  single-channel conductance measured at positive poten:
contained 50 m KCI plus 150 mu of the test halide tials in the presence of 150nml~ in trans appeared
potassium salt. Under these conditions, a permeabilitynarkedly smaller than the conductance values obtained
ratio B/Pg, of 1, where R represented the ionic perme- with Br~, CI” and F. For instance, the conductance for
ability of the test halide, would lead to a reversal poten-I~ and F were estimated at 80 + 14 pS and 140 + 14 pS
tial equal to zero mV. The results are presented in Figrespectively, despite having nearly equivalent permeabil-
5A and B respectively. In control conditions, corre- ity ratios. This latter observation suggests that, in con-

ANION SELECTIVITY
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Table 1. Shift in reversal potentials, permeability ratios, and conduc- V = +40 mV Po
tances for various halogen anions

A F 058
Chloride  Fluoride  Bromide  lodide WWMMWMWW
e—b

Shift of reversal G4 -12+ 5 5+0.7 -14+ 6
potential (MV) n=2 n=2 n=2 n=2 T e Br 0.86
Conductance (pS) 1645 140+ 14 146+ 2 80+ 14 -
n=2 n=2 n=2 n=2 o — MrTwRrTEI_tttrer 1 0.76
P /Pg, 1 0.5 1.3 0.45 T
B ¥ 258
Reversal potentials were measured with tig and trans solutions 1
containing respectively, 200MmKCI and 50 nm KCI plus 150 nm of 0 % f é é & é_g
the test halide K salt (KX). The resulting permeability sequence cor- 0.8 ¢
responded to Br> ClI™ > |I” = F. . o
Po 0.6 =
. . ! 0.4 s
trast to the other halides; lions can interact with the i} .
channel so as to reduce the single-channel conductanc 0.2
To determine whether channel gating was affectec

by permeant halides, experiments were performed wher o

the cis solution remained at 200 mKCI, while trans 50 -30 -10 10 30 S50 70
solutions contained 50 mKCI plus 150 nm of the test V (mV)

halide. Figure 8 andB present the voltage dependence
of the channel open probability as a function of VOltageFig. 6. Variation of P, as a function of voltage.A) Single-channel
for each halide. The effect of voltage & appeared currents recorded in 200mKCI cig/50 mv KCI + 150 mv KX trans
markedly stronger when Hfilled squares) was present at+40 mV (X = Br, |, F). (B) P, as a function of voltage: 200mKClI
in transas compared tBr~ (open triangles) and l(open  cis/50 mwv KCI + 150 mm KX trans (X = Br (V), | (O), F ().
circles). The mean value d&®, was found to increase
with transBr~ and I', indicating that these anions modify

the channel gating process in addition to their effect or V=0mV

the channel current amplitude. In contrast, the voltage control TOUMNPPB 300 yM NPPB

dependence dP, measured using 150NnF + 50 mv

CI” in trans did not differ significantly from that ob- M

tained in control 200 m CI” cis/50 mv CI” transcon- it e

ditions. These results suggest that permeant anions pr control 50 M DNDS

sent intrans may have access to a site which, when

occupied, leads to a greater open channel probability. W [1pA

4sec

c>

CHANNEL BLock
Fig. 7. The blocking effect of NPPB and DNDS on©elective chan-

. . ... nels. Single-channel recordings under control conditions, and immedi-
The pharmacological properties of the voltage SenSItIV(:r':’:ltely aftercis addition of 70pum and 300nm NPPB. There was no

CI” channel in RER vesicles were investigated by teStingapparent inhibition of channel activity in the presence ofls8ODNDS

the blocking effect of specific agents such as NPPB angh the trans chamber. Single-channel currents were recorded in asym-

DNDS. Figure 7 shows that the addition of & NPPB  metrical conditions (200 m KCI cis/50 mv KCl trans) atV = 0 mV.

to the cis chamber reduced the chanrig] from 0.9 to

0.75 at 0 mV. The blocking effect of NPPB was char-

acterized by an increased fast flickering and longer silenFig. 8. At pH 7.4, phosphate is present as HP@

periods. Total block was observed with 30 NPPB  H,PQ, in a 3:2 ratio. The curves in Fig. 8 show that

in the cis chamber. In contrast, DNDS failed to cause addition of phosphate decreased the current amplitude a

channel inhibition when applied atteans concentration potentials more negative than 40 mV, without apparent

of 50 um. effects on the zero current potential value. Figuhea@d
Several reports have indicated that divalent anions illustrates the effect of 50 mtransNaH,PO, on chan-

constitute potent blocking agents of ‘Gthannels.I’V.  nel fluctuations and the dose-dependent blocking action

curves measured in 200Mrcis/50 mv trans KCI (filled of phosphate on Clchannels at 0 mV. These observa-

circles) and in 200 m cig/50 nv KCI trans + 25 mv tions led to the conclusion that part of the action of

NaH,PQ, trans(open circles) conditions are presented inphosphate consisted of a reversible reduction of the
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Fig. 10. Voltage dependent block of NgRQ,. (A) Relationship be-
c> tween the current amplitudd , ratio and thetrans NaH,PO, concen-
50 mM NaH2PO4 tration with |, and| representing the current amplitude in the absence
c>'f LA Mk i anp-caepk gyt and in the presence of NgPO,. Measurements were carried out on 4
control different bilayers. All experiments were done under 200 KCI cis/50
f mm KCI + varioustrans NaH,PO, concentrations at 0 mV. Half inhi-
bition was observed at 25nmNaH,PQO,. (B) I/l ratio as a function of
voltage under 200 m KCI cis/50 mv KCI + 25 mv NaH,PO, trans(n
c-> = 4) (@) and 200 nw KCI symmetrical conditions +25 mNaH,PO,
control trans (n = 1) (O). The inhibitory effect of NaBkPO, is voltage de-
B pendent and can be partially reversed in the presence of 208@
c>
10 mM NaH2PO4
R ‘ plitude in the absence and in the presence of phosphate
c> M il 0 TR i respectively, as a function of thteans phosphate con-
25 mM NaH2PO4 centration. These data indicate that the observed de-
L | e crease in current amplitude is a function of the phosphate
°> 50 mM NaH2PO4 concentration with a half inhibition concentration at 0
© o T e mV of 25 mm. The voltage dependence of thk, ratio

1pA|

7 sec

Fig. 9. Effect of NaH,PO, on a CI' channel at 0 mV. 4) Channel
recording under control conditions (200mKCl cig/50 mv KCI trans),
immediately after addition of 50 m NaH,PO, to the trans chamber

measured at two different Ctoncentrations is presented
in Fig. 1. With 25 nv NaH,PO, and 50 mu CI” in
trans (filled circles), the inhibitory action of phosphate
appeared clearly voltage dependent with values de-
creasing significantly at potentials more negative than 40

and after perfusion of the chamber with a phosphate-free control soMV. An analysis based on the model pr_opolsed by
lution. (B) Single-channel currents recorded in control conditions (200 Woodhull (1973), [33] showed that the data in FigB10

mm KCI cig/50 mv KCI trans) and after addition of various concen- can be approximated by a Boltzmann equation of the

trations of NaHPQ, in trans. NaH,PO, decreased the current ampli-

tude in a dose dependent manner.

form

I 1

channel unitary current amplitude, a result compatible
with the expected effect of a fast blocking agent. Figure
10A illustrates the dose-response curve of kthg ratio,

Ef( quV—vc,)) @)
l+e————

KT

wherel, andl represent the channel unitary current am-with V, = 2.3 mV andZd = 1.43. A value forZq> 1
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single open state and a minimum of three closed states.

control NaH2PO4 The channel open probability appeared voltage depen-
0mV 0mv dent with higheP, values at positive applied potentials.
> e> Evidence was also presented indicating a voltage depen-
10 mv 10 mv dent block by phosphate, suggesting the presence of ¢
> e> binding site located at an electrical distance equal to 70%
20 mv nmm‘m '“me of the membrane span from tles side.
L c->
g
B ~ Fsec CHANNEL CONDUCTANCE AND VOLTAGE DEPENDENCE
1 F ¥ x 1
0.8 Tz | 3 The channel reported in this work has a single-channel
1 - conductance of 164 pS in symmetrical 200 t&CI with
Po 0.6 ik P, varying from 0.9 at 0 mV to 0.4 at +60 mV in 200vm
0.4 = cig/50 mm trans KCI conditions. In one occasion we
0.2 measured a channel of identical conductance but with an
opposite voltage dependence. This single observation
0 was interpreted as resulting from an inverse channel ori-
30 -10 10 30 50 70

entation upon fusion into the planar bilayer, and con-
firmed because of its low occurrence, the morphological
measurements of Paiement and Bergeron (1983), [17]
supporting a right-side out configuration for the RER
vesicles used. A Kselective channel of small conduc-
tance (10 pS in 200 mn KCI) was also observed in 10

V (mV)

Fig. 11. The effect of NaHPQ, on the channeP, as a function of
voltage. ) The effect of NaHPQO, on channel-gating behavior ob-
tained under control conditions (200K Cl cis/50 mv KClI trans) and
in the presence of NajfO, (200 mv KCI cig/50 mv KCI + 25 mm Na

H,PQ, trang). Long silent periods and faster flickering are decreased
by NaH,PQO,. (B) Open channel as a function of membrane voltage
under above conditionsQ control, @: in presence of NaiPQO,).
There was an increase of the channel mBgwvalue 6 = 3) in the
presence of NagPO,.

different bilayers. This channel appeared®Cmsensi-
tive and could not be blocked by either TEA (1@jror
Ba?* (10 mv). The results in Fig. 2 show that the dwell
time distribution of the open intervals for the @hannel
can be accounted for by a single exponential function

while the distribution of the closed intervals required at

least three different states. It is clear also from this fig-
suggests that channel block involves the interaction ofire that the occupancy of the long lasting closed state is
doubly charge phosphate (HEQ with a site located at increased at more positive potential values. Additional
70% of the membrane span. In contrast, the presence observations indicated also that the mean closed time
200 mv KCI with 25 mm NaH,PO, (open circles) in the increased at positive potentials while there was a de-
trans compartment resulted in a reduction of the block-crease of the mean open time over the same voltage
ing action of phosphate. Finally, the effect of phosphateange (Fig. 4). These findings suggest that the voltage
on the channel open probability as a function of voltagedependence d?, in fact results from the appearance at
is illustrated in Fig. 1A andB. The mean value d?, (n  positive potentials of long silence periods coupled to
= 3), slightly increased in the presence of phosphateshorter open time and longer closed time intervals during
(filled circles), indicating that, in addition to an effect on channel bursts. Voltage-gated €hannels have already
the channel unitary current amplitude, phosphate appeaRgen identified in several internal organelles. For in-
also to modify the channel gating process, witans  stance, a 300 pS channel (15mmKCl) slightly more
phosphate inducing an enhanced channel activity. selective for anions than cations was reported in RER
membrane vesicles from canine pancreas [26]. This
channel was open most of the time at negative potentials
(cis relative totrans) and largely closed at positive po-
tential values. Such a behavior cannot account for the
results presented in FigB3 Similarly, a 260 pS anion
The present work reports the basic characterization of ashannel was measured in giant liposomes made of ER
anion-selective channel obtained by fusion of RERfrom rat exocrine pancreas [24]. This channel showed,
vesicles from rat hepatocytes into POPE/POPC bilayersn symmetrical salt solutions, a maximal open probability
The identified channel showed a selectivity sequencet 0 mV that declined for voltages with + 20 mV. A 130
corresponding to B > P, > P, = P, and a fluctuation pS CI' channel (symmetrical 250 m KCI) was also
pattern compatible with a kinetic scheme containing acharacterized by Townsend and Rosenberg (1995) [31]

Discussion
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in cardiac SR with a voltage dependency opposite to thaCHANNEL SELECTIVITY
presented in Fig. B. Schmid et al., (1989) [23] have
reported in a study on endosomal vesicles from_rat kld-.l.he channel obtained from RER was found to be highly
ney cortex, t.h € presence of a 73 .p_S @han.nel with @ selective for chloride over potassiumdfP > 10) with
mean open time increasing at positive applied potentlalsa permeability sequence for anions given by Bi.3) >
Such a behavior is at variance with the findings iIIus-Cl_ (1) > I (0.45) = F (0.50). This channel a' >
trated in Fig. A of the present work. Finally, a ClI | o bp

. . i more anion selective than the Gthannel measured by
selective channel of 150 pS activated at negative potergchmiol and coworkers (1989) [23] in endosomal

tials (lumen relative to cytosol) was described by~ . :
; esicles from rat kidney cortex, and presents a perme-
Tabaras et al. (1991) [27] in the nuclear membrane O%allbility sequence different from that reported by

liver cells. This channel presents conductance prOpertie‘?ownsend and Rosenberg (1995), [31] in their study on

and a voltage dependence which are in accordance with_ . : ; "
9 P cardiac sarcoplasmic reticulum where a permeability ra-

thef[ results p{ezented_(ljn t_h|s \g]ortk_. Suchtan ﬁlgr?hementt jo P/Ps > 1 was observed. The 164 pS channel de-
nuclear membrane is confinuous with the RER. It shoulgE1228 I this work aiso differs from the outward rect
be noticed that because of the limited voltage range use ing Cl .channels |dgnt|f|ed in a large variety of cellular

) . : . reparations and which show a permeability sequence
In our experiments at negative potential yalues (F&). 3 haracteristic of the Eisenman Il serieg(P Pg, > P, >

our observations do not rule out a possible decrease )[4, 13]. In addition, Fig. & andB provides evidence

lhe absoliteans O concentation has boen found to (12 the voliage dependenceRyesiimated from record
ings where the long closed times were included, was

affect the gating process of several’@blectiye chan- affected by the presence of 150untrans halide ions.

nels [19, 32.]’ the fact that most of our experiments Wereror instance th®, values measured with Biions was

Eg:lfsor;nneddr:gtzigosmm}r(nceltr(i:clzz??((r:rlm (;OCOI p:w;aggﬁggg; clearly higher than with F In this case, the selectivity
y ' of conductance was reflected in the ion selectivity of

limits the comparisons that can be made betweerPthe ating. One may therefore hypothesize that this channel

voltage dependence presenteq in this w_ork and the re'g'ontains anion-selective sites which can modulate chan-
sults from the other preparations described here. Th

fiel gating. Accordingly, less permeant ions such as F

\F/)vrlfr?(tar?é :)ebssu?tr: aotg?cg;erg Tna: rgli;\\:g(;tr\]/\ilj?lfsoﬁ or;ntﬁ?\ttéelgre not expected to affect the channel gating process
ecause of their limited access to the sites. Our results

RER vesicles where each monomer of a double-barrelegre thus in agreement with the findings reported for ha-

CI” channel showed &, vs. voltage relationship with I : . .
S Y : ide anions on the gating properties of therpedoelec-
characteristics similar to the ones presented in Fig). 3 tric organ Cl-channel CIC-0 [19]. This proposal also

[15]. A double-barreled type fluctuation pattern was nmsuggests that increasing theGloncentration irtrans

however observed in the present case. A binomial analy= . ) .
sis of current records such as that illustrated in Fi§. 3 should promote channel opening. Experiments carried

(data not show) indicated that our results support a out in symmetrical 200 m KCl (data not showppro-
system in which two identical 164 pS channels ﬂuctuateV'ded preliminary evidence that tii, values measured

independently. The absence of double-barreled behavi under these conditions approximate the values obtained

in the present case may be partially related to difference%ith Br in trans solution as illustrated in Fig.& Less
P ybep y Zonclusive results were obtained, however, usingTlhe

in experimental conditions such as charged (PG) vs neus= ; 2
. : ' , values observed in the presencetrains I~ were not
tral (PE/PC)) lipids and/or Clion concentrations. An significantly different from that estimated in Bcondi-

effect of the CT ion transmembrane gradient dorpedo . . : - ,
CI™ channel double-barreled kinetics has already beei{ons’ despite evidence for a permeability ratig/P > 1

reported [14]. Because previous measurements wer.Fig' %B). These results suggest.thaimterferes in mul-
carried out in .450 m cis/50 mm trans KCI conditions ple ways with b(_)t_h_channel gating and channel conduc-
the possibility that the appearance of a double-bar,relet nce. The possibility that, as for CFTR Ghannels, 1

: : cts through a blocking action cannot be currently ruled
system was favored by a high@bn gradient can not be out [28]
ruled out [15]. In addition, the presence of a negative '
surface potential resulting from use of a charged phos-
pholipid such as PG provided conditions wherettiags CHANNEL BLOCK
CI” concentration near the membrane interface was sub-
stantially smaller than that of the bulk (&vmwith 50 nmm
bulk and a surface potential of -53 m¥ee[22]). Our  The channel pharmacological properties were investi-
results show that channel gating is affected by the pergated by testing the effect of NPPB and DNDS. The
meant ion intrans, suggesting that under low Tion  application of 70um NPPB was found to decrease chan-
conditions the channel kinetic scheme may be modifiednel open probability from 0.9 to 0.75 at 0 mV by induc-
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ing fast flickering. We also observed that channel activ-ionic strength, since the results in Fid3 6btained in the

ity was totally blocked using 30@m NPPB. This result presence of Ffailed to indicate a positive shift of the,

is similar to that reported by Schmid et al. [23], in their vs.voltage relationship under similar ionic strength con-
study on endosomal vesicles from rat kidney cortexditions. These two effects, namely the fast blockade by
where total inhibition was measured at 1@ NPPB. phosphate observed at —40 up to 20 mV (Fi§.eéhdB;

A greater NPPB sensitivity was reported by TownsendFig. 1) and the phosphate-dependent variation®of
and Rosenberg [31] in their study on cardiac SR withmeasured at all experimental potentials may be inter-
half inhibition obtained at 52.am NPPB. In contrast preted in terms of a model in which the luminal segment
the 260 pS channel identified by Schmid et al. [24] on(transside) of the channel contains two binding sites for
giant liposomes from rat exocrine pancreas ER could nophosphate; one binding site located in the ion conducting
be inhibited by NPPB at concentrations of 1Qf. In pathway that would be involved in blocking process by
the present case, we could not detect a blocking action PO~ and a second binding site that would be respon-
DNDS when applied at &#rans concentration of 5Gwm.  sible for the effect of HPO, on the channel gating pro-
A fast blocking action of DNDS characterized by a de- cess as observed with the permeant anion Br

crease of the channel unitary amplitude was observed on

CI” channels from SR membrane preparations [10, 31] at )

concentrations > 10Qm, but studies on outward recti- Conclusions

fying Cl™-selective channels showed inhibition of chan-

nel activity at DNDS concentrations as low as &M We have characterized a Tthannel from liver cell
These data indicate that the @hannel identified in this RER. This channel is Clselective and affected by

work display a low sensitivity to this agent [20]. membrane voltage and phosphate ions. Increasing evi-
dence suggests that the ER has an important role in the

regulation of cytosolic free G4 concentrations in a va-
BLOCKING EFFECT OFPHOSPHATE riety of non-muscle cells. The release of°Cfrom the

ER would likely lead to a luminal potential negative with
We found thattrans phosphate inhibited Clcurrents — respect to the cytoplasm, thus limiting Caefflux. Our
reversibly (Figs. 9 and 10). It was concluded on theresults showed that the Gthannel remained very active
basis of Fig. 18 that phosphate blocks the channel ac-within the voltage range + 20 mV. It has been suggested
cording to a competitive blocking model with a binding that CI ion movement through ER Ckhannels attenu-
site located at an equivalent electrical distaide= 1.4  ates the negative potential related to*Caelease by
and with a dissociation constant for phosphate equal t@&cting as a counterion. The importance of this mecha-
25 mv. According to that model, phosphate would enternism remains to be established, the actual concentration
the channel from thgansside, bind to a Clbinding site  of CI” in the ER being unknown. Previously, Fulceri and
and consequently block the flow of Ghrough the chan-  coworkers [8] demonstrated that glucose-6-phosphatase
nel. Increasing thérans CI~ concentration under these Stimulates the MgATP-dependent Tauptake by liver
conditions would prevent phosphate binding resulting inmicrosomes. Their results suggested that such a stimu-
an impaired blocking action of phosphate as illustrated iflatory effect was due to the supply of phosphate ions
Fig. 10B. In addition, an equivalent charge greater thaninside the microsomal vesicles, through the glucose 6-
1 (1.4 q) rules out a potential contribution offX0; as phosphatase mediated hydrolysis of glucose 6-
the blocking agent, but strongly suggests a blocking acphosphate, and that the phosphate ions so supplied act a
tion coming from the divalent anion HBOat a site  physiological entrapping agents by interacting with the
located at distance corresponding to 70% of the memactively transported C& Our results do not rule out
brane span from theis side. The possibility that #?Q,-  that the CT channel identified in this work may consti-
could permeate the channel cannot be ruled out, since tHete a permeation pathway for,FC,. However, the
experimental conditions used to estimate the shift in repassage of kPO, and CI' through this channel will be a
versal potential in the presence of trans phosphate (Figunction of the lumen concentration of HEOin the
8) are limited to low phosphate concentrations due to thdRER.
important channel block at phosphate concentrations >
50 mvm. The effects of phosphate appear not to be limitedrhis work was supported by a grant from the Medical Research Coun-
to a decrease of the channel current jump amplitudegil of Canada. The authors also acknowledge the technical assistance of
Figure 11 reveals thatrans application of phosphate Dr. J. Paiement for the preparation of the vesicles.
resulted in a significant increase of the chanhglas a
function of voltage. Similar findings were presented in
Fig. 6B, where the permeant anion Bbut not F was
found to increas®, at positive potentials. This phenom- 1. anderson, M.P., Sheppard, D.N., Berger, H.A., Welsh, M.J. 1992.
enon cannot be related to a change oftilams solution Chloride channels in the apical membrane of normal and cystic
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