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Abstract. The understanding of the role of cytoplasmic Introduction

pH in modulating sarcoplasmic reticulum (SR) ion chan-

nels involved in C&' regulation is important for the un- The adverse effects of hypoxia on the function of smooth
derstanding of the function of normal and adversely af-and cardiac muscles [6, 20, 47] are thought to be medi-
fected muscles. The dependency of the SR small chloatedvia changes in the regulation of ion channels and/or
ride (SCI) channel from rabbit skeletal muscle onmetabolites intimately connected with muscle contrac-
cytoplasmic pH (pHo and luminal pH (pH,,) was tion [13, 30, 47]. One of the early cytosolic changes
investigated using the lipid bilayer-vesicle fusion tech-occurring in cardiac and smooth muscles under hypoxic
nique. Low pH,, 6.75-4.28 modifies the operational conditions and fatigued skeletal muscle is the lower-
mode of this multiconductance channel (conductancéng of pHeyopiasmicWhich depresses force development
levels between 5 and 75 pS). At pH7.26-7.37 the [14] via modifications in the mechanism(s) involved
channel mode is dominated by the conductance and kin C&* homeostasis. The understanding of the role
netics of the main conductance state (65—75 pS) whered® PHeytopiasmicin Mmodulating SR ion channels involved
at low pH,; 6.75-4.28 the channel mode is dominated byin C&* regulation could be important for the understand-
the conductance and kinetics of subconductance statédg of the function of normal and adversely affected
(5-40 pS). Similarly, low pkl,.s 4.07, but not pH,s muscles. Indeed, lipid bilayer studies reveal that;pH
6.28, modified the activity of SCI channels. The effectsmodulation of single C¥ release channels of the SR in
of low pHc are pronounced at Tand 10% m [C&?*],  both cardiac [36] and skeletal muscles [29] has been
but are not apparent at T0m [Ca®"],;, Where the sub- demonstrated. On the other hand, the,pHependency
conductances of the channel are already prominent. Lowf the regulatory counter-current, which must flow dur-
pH.,-induced mode shift in the SCI channel activity is ing contraction and relaxation to reduce the SR potential
due to modification of the channel proteins that cause théhange caused by the transmembrane movement’df Ca
uncoupling of the subconductance states. The results it$ not well known.

this study suggest that low pid can modify the func- In addition to the pH-modulated sarcolemmalCl
tional properties of the skeletal SR ion channels andconductance mediated by CIC-1 [39], which is a major
hence contribute, at least partly, to the malfunction in theCl~ conductance that plays the important role of stabi-

contraction-relaxation mechanism in skeletal muscle unlizing the membrane potential [7] and underlies myoto-
der low cytoplasmic pH levels. nia [38], other CI channels found in the SR membrane

of skeletal and cardiac muscles have been reviewed re-
cently [23]. The pH modulation of these SR Glhan-
Key words: pH — Subconductance — Kinetics — nels is not well understoods¢eDiscussion). These SR
Chloride channels — Sarcoplasmic reticulum — SkeletalCI™ channels have been reported to be insensitive to low
muscle pH.s [35, 37] and only one study using the lipid bilayer
technigue has shown that lowering the gH. increased
current amplitude of the cardiac SR Gthannel [46].
S Using the “sarcoball” preparation technique Hals and
Correspondence tal. Kourie Palade [18] found that luminal alkalization from 7.0 to
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8.0 reduced the unitary conductance of a |arge SR Clhole in the wall  a 1 mldelrin™ cup using a mixture of palmitoyl-
channel from 505 to 257 psS, whereas this channel wagleoyl-phosphatidylethanolamine, palmitoyl-oleoyl-phosphatidylserine
unaffected by changes in luminal pH between 7.0 and’;\nd palmitoyl-oleoyl-phosphatidylcholine (5:3:2, by volume), obtained

. . . . in chloroform from Avanti Polar Lipids (Alabaster, AL). The side of
4.0. The aim of this study was to examine the CIIreCtthe bilayer to which vesicles were added was definedissand the

eﬁ?CtS of low pH_on the conductance and Kinetic prop-gther side agrans. The orientation of the cytoplasmic side of the

erties of the multiconductance SCI channel. The moduvesicle is thought to face thes chamber [33]. This has been verified

lation of an SR, or any other intracellular, voltage- andby using common ligands which are known to bind to the cytoplasmic

C&t-activated CI channel by low pH, has not been domain of the ryanodine G4release channel protein present in the

reported previously. same bilayer [1]. This cytoplasmic orientation is also true for the CI
channel proteins [12, 46].

Materials and Methods RECORDING SINGLE CHANNEL ACTIVITY

PREPARATION OF SR VESICLES The pClamp program (Axon Instruments, Foster City, CA) was used
for voltage command and acquisition of Gurrent families $eeFig.

Terminal cisternae or longitudinal SR vesicles from rabbit skeletall) With an Axopatch 200 amplifier (Axon Instruments). The current
muscle [27, 40] were incorporated into lipid bilayers [27, 33]. Muscle V&S monitore_d on an oscilloscope and stored on videotape using pulse
was dissected from New Zealand rabbits and either used fresh or stordePde modulation (PCM-501; Sony) and/or compact disc recorder (ACS
at -70°C. Cubes of muscle were homogenized in a Waring blender ir{r?novations In_te?rnational)._ Channel recording was made only from
homogenizing buffer (m: imidazole, 20; sucrose, 300, adjusted to pH b!layers_ C(_)ntalnmg an active SCI channel whose incorporation in the
7.1 with HCI). The homogenate was centrifuged (11,008) 5 min) bilayer is |ndica¥ed by u_sing‘a depolarizing voltage prepulse that re-
and the pellet resuspended, rehomogenized (4 x 15 sec) and recentMOVeS channel |nact_|vat|0n, |nduced_ by sustained hyperpolarizing po-
fuged as above. The supernatant was filtered through cotton gauze arf§ntials, and thus aids channel activation at negative voltages. For
centrifuged at 110,000 gfor 60 min. The crude SR vesicle pellet was practical reasons of avoiding_the large current noise and bilayer break-
layered onto a discontinuous sucrose gradient containing 45, 38, 34, 329€ the reference electrode is usually placed inctaehamber rather
and 28% sucrose (in 20nmimidazole, pH 7.1 adjusted with HCI), and than thgtrans chamber so the direction of the current is inverted for
centrifuged for 16 hr at 20,000 rpm using a Beckman SW28 rotor.convention and the voltages are givercaswith reference to thérans
Vesicles were collected from the following density interfaces: Band 1chamber as previously reported [1, 2, 21-27].
(B1), 28—-32%; Band 2 (B2), 32—-34%; Band 3 (B3), 34-38%; Band 4
(B4), 38-45%. Vesicles were diluted 3-fold in 2Qunmidazole (pH,
7.1), pelleted at 125,000 g, resuspended in homogenizing buffer (at PATA ANALYSIS
10 to 20 mg/ml protein), frozen and stored in liquid. NAll procedures
were performed at 4°C and all buffers contained the protease inhibitorsKinetic analysis was conducted only for optimal bilayers that contained
leupeptin, 1pm; pepstatin A, 1um; benzamidine, 1 m and PMSF, a single active channel [9]. Data were recorded at 5 kHz, filtered at 1
0.7 mv. kHz (4-pole Bessel, -3dB) and digitizeda a TL-1 DMA interface
(Axon Instruments) at 2 kHz. The capacitative current was removed by
using the pClamp software (Axon Instruments) which allows the sub-
SOLUTIONS traction of a family of current traces void of channel activity from
families of current traces containing SCI channel activity. An in-house
Cisandtranssolutions contained choline-Cl (250wtis/50 mm trans) analysis program, CHANNEL 2 (developed by P.W. Gage and M.
plus 1 mv CaCl, and 10 nw HEPES (pH;; andtrans7.2-7.4, adjusted ~ Smith, JCSMR), was used to measure the following parameters of
with Tris). The pH of thecis solution was adjusted by either adding channel activity (34—250 sec long records): mean open tiipéi.e.,
aliquots of 100 mu stock HCI or perfusion of theis chamber with  the average of the open times of all intervals where the current ex-
buffered solutions. In the perfusion experiments the piias buffered  ceeded the baseline noise for 0.5 msec); frequency of opening to all
with 10 mv MES (pH range 5.5-6.7). Both methods of lowering the conductance level§,; the open probabilityP, (i.e., the sum of all
pH.;s produced similar effects on the SCI channel activity. The pH of open times as a fraction of the total time); the average mean current, |
the solutions in theis chamber was measured during pauses (to avoid(i.e., the integral of the current passing through the channel divided by
the large electrical noise pickup and the breaking-up of bilayers) in thethe total time). The integral current is determined by computation of
ion channel recordings between —40 and —30 mV close to the reversdhe area between a line set on the noise of the closed state and channe
potential. A final measurement was also taken after termination of theopening to various levels. Since measurement of open timeand
experiment using custom-made pH-probe combination glass Ag/AgCincluded openings to submaximal conductance levels, the threshold for
(Microelectrodes, NH). [CH].;s was adjusted by adding aliquots of channel opening or closing was normally set at 1.5 times the maximum
100 mm stock 1,2-bis(2-aminoethyl ether)-N,JN',N’-tetraacetic acid  baseline noise and approximately at 10-20%, rather than at 50%, of the
(BAPTA) and the final [C&"];s Was calculated as described previously maximum current amplitude, I. This analysis allows the inclusion of
[26]. current transitions to subconductance states that are less than 50% o
the maximum conductance (e.g., Fi®® &ndC). TheP,,,, is defined
as the fraction of time that the channel is open only at the maximal
LiPiD BILAYER AND VESICLE FUSION conductance state (level 8eeFig. 1). The threshold current level in
this case was set at 40 pS to include only the maximum conductance,
The artificial lipid bilayer technique is widely used to record ion chan- 65-75 pS. The probability of the channel being open to other substates,
nels from internal membranes which otherwise are inaccessible td°, is obtained by subtracting,,, from P,. Ideally, P, of each indi-
patch clamp electrodes. Lipid bilayers were formed across ap50  vidual subconductance state should be determined. However, it was
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not possible to determine thie, dependence of the different individual SC| channels [27], failed to restore the frequency of cur-
subconductance states of the SCI channel as has been done for thant transitions of the maximal conductance (|eve| 6).
double barrel Cl channel of theTorpedo electropla32]. The conventional all-points histograms for the activity of

Current amplitudel, was obtained by measuring the distance (in
pA) between the peak at O pA (representing the closed state) and th@n SCI channel are shown below the eXpanded current

extreme peak on the left (representing the open state for the majority off@C€S in Fig. A—C (bottom rOW)- The disappearance of
distinct events) in the all-points histogram generated using CHANNELalmost all transitions to the high conductance states were
2. The value of the current amplitude was also obtained by measuringndicated by the absence of peaks at —5.44 and —7.48 pA
the distance (in pA) between two lines, one set on the maximum basef|leyvels 5 and 6) and the prominence of a submaximal
line noise of the closed level, where the current amplitude is considere onductance (|eve| 2), i.e., -1.61 pA at @4_5‘75 (Fig.

0 pA, and the other set on the noise of the majority of distinct events,lB middle and bottom rows). The submaximal level of

longer than 0.5 msec, which were in the open state. Both methods were . .
used and the results were generally in agreement. —-1.61 pAis one of the six conductance levels (-1.71 pA)

The reversal potential was determined by using minimum poly-0Pbserved at pH 7-3__7-4 (FigAland detailed p.reV?OUSW
nomial fits of the current-voltage curves. The reversal potential was[27]. The changes in the conductance and kinetics of the
then corrected for the liquid junction potential and ionic mobility which submaximal state by further reduction in cp;-lo 4.28 is

were calculated by using the JPCalc software [4, 34]. characterized by a further shift in the probability of the
current peak towards the immediate subconductance
STATISTICS -0.66 pA level 1) and the closed state (0 pA level 0) (Fig.

Unless stated, each SCI channel was used as its own control and tHkC). This shift in the current peak is despite the appear-
comparison was between kinetic parameters of the channel before ar@ince of some transitions to the fifth subconductance level
after changing the pii. The data are reported as means + SEM<( -5 44 pA. The inspection of the data traces presented in
replicates) and the dif_ference in‘m_eans was _analyzed by Studt_e_nt’?igs. 1B andC (middle row) shows that the current tran-
Eg;eitéll?ea;iyg;(? considered statistically significant when probabllltySitions to higher sybconductance states (-5.44 pA) in-
creased when theis pH was lowered from pH 6.75 to
4.28. However, because of the low frequency of these
current transitions they do not appear as a significant
Initial experiments were conducted to examine the pospeak on the current amplitude histogram.
sibility that low pH,; might indirectly exert its effects on Current amplitudel, is reduced from -6.42 + 0.18
the SCI channel activity by modifying the bilayer prop- pA (n = 16) at pH,; 7.26 to —1.34 + 0.06 pA at pkl
erties. These experiments revealed that the biophysic@.75 P < 0.01,n = 16) and —-1.33 + 0.22 pA at pH
properties of the phospholipids forming the bilayer= 4.28 P <0.01,n = 16). Similarly, the mean currerit,
3 bilayers) are not affected by pglas low as 4. The is reduced from -3.57 + 0.17 pA(= 16) at pH, 7.26
bilayers maintained a specific bilayer capacitance valugo —1.31 + 0.06 pA at pH6.75 P < 0.01,n = 16) and
of [0.42 pF/cn? and a chord conductance value for the -1.53 + 0.10 pA at pH. 4.28 P < 0.01,n = 16). At
leak of [112.5 pS. Under the experimental conditions re-low pH, the decline inl’ is largely the result of the
ported here, these values are indicative of the formationlisappearance of maximal current transitions (Fig. 1
of optimal bilayers. level 6) and changes in the kinetics of current transitions
The effects of low cytoplasmic pid on a typical to the maximal current level (level 6) (FigC) rather
SCI channel activity recorded from an optimal bilayer than a reduction in the amplitude of the current levels (1
(250 mm cis/50 mm trans CI™) are shown in Fig. 1. The to 6).
conductance and kinetic properties of the SCI channel  The effects of low pk,,s on the SCI channel activ-
are modified at low plds (n = 24 channels in 24 bilay- ity (250 nm cig/50 mv trans CI”) are shown in Fig. 2.
ers) (e.g., Fig. B andC). In addition, four runs of low The conductance and kinetic parameters of the channel
pH.s were repeated on three of these channels. The efre not affected significantly?(> 0.05,n = 3 channels)
fect of lowering the pHg to 6.75 on this multiconduc- when the pH,,. is lowered from 7.4 to 6.28n( = 3
tance SCI channel is characterized by a shift in currenthannels in 3 bilayers) (e.g., FigBR The values of, I,
transitions from those corresponding to the opening ofP, andT, being —7.18 + 0.15 pA, —3.52 + 0.49 pA, 0.65
the maximal conductance (level 6) (FigA iniddle row)  +0.05 and 8.07 + 0.69 sec, respectively atpH 7.4 and
to those where the prominent current transitions are be-7.13 + 0.16 pA, —3.37 £ 0.17 pA, 0.63 + 0.04 and 8.23
tween the closed and low conductance states (level 2 angl 0.59 sec, respectively at pkl,s 6.28. However, the
level 1) (middle row in Fig. B and C, respectively). effect of further lowering the pf,,.to 4.07 on the SCI
It is important to note that the amplitude of these sub-channel, like that of low pl, is significant P < 0.01)
conductances was not affected significantly by the pH ofand characterized by a shift in current transitions towards
thecis solution Geelegend of Fig. 1). They can be seen, the closed and low conductance states (level 2 and level
though at a different frequency, at different gHevels 1) (Fig. 2C). The values of, I’, P, andT, are reduced
(middle row Fig. B—C). The prepulses to a positive to -1.79 + 0.06 pA, —-0.64 + 0.05 pA, 0.21 + 0.02 and
potential of +40 mV, which remove the inactivation of 0.76 + 0.07 sec, respectively at pHs 4.07.

Results
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Fig. 1. Representative current traces illustrating the effects of changes.jngstkingle SCI channel activity recorded from an optimal bilayer, i.e.,
specific bilayer capacitance >4iF/cn?, held at ~40 mV and asymmetrical choline-Cis(trans;250/40 nu) plus 1 mu CaCl, and 10 nm HEPES.

(A) pHgis 7.26. B) pH.is 6.75, and C) pH,;s 4.28. Following the convention the downward deflections denote activation of the inwami@nt,

i.e., chloride ions moving from theis chamber to thérans chamber. Solid bars (top row) indicate portions of the current traces presented at «
different scale (middle row). For a better display the data are filtered at 1 kHz, digitized at 2 kHz and reduced by a factor of 10, the fast trans
capacitative currents are removed and the traces are offset by 10 pA. Filled triangles and Arabic numerals point to current levels in the all-p
histograms (bottom rowA—C) which correspond to current levels shown in the middle rowsd). The mean of the submaximal current levels at
all three pH,;are 1= -0.71; 2= -1.62; 3= -2.68; 4= -3.96; 5= -5.43 and 6= -7.15 pA. The all-points histograms were constructed from
longer segments of 57.69 sek)(57.39 secB) and 54.89 sec(). The bin width was 0.05 pA. The effects of low pH on the SCI channel were
observed in every single bilayer containing SCI channels.

Analysis of channel activity at —40 mV reveals pH.s6.75 and returned to%+ 5 events/sed{> 0.05,n
pH.s-modification of channel gating, as deduced from = 16) at pH,;;4.28. It is apparent that the valuelgf at
kinetic parameters. There was no significant differencdow pH; is, almost entirely, for transitions to the sub-
(P >0.05) inP, at pH,;s 7.26 and pH,6.75. The values conductance states (levels 1-5). The mean open time.
of P, being 0.73 = 0.08 B, (level 6) is 0.57 andP,, T, increased from 22.47 + 2.02 msec at H.26 to
levels 1-5) is 0.16] and 0.68 + 0.06 (entirely duePg  33.78 + 1.21 msec at pH4 6.75 P < 0.01,n = 16) and
of the subconductance levels 1-5), respectively. Atdecreased to 9.28 + 1.32 msec at.p4.28 P < 0.01,n
pH.is 4.28 P, decreased significantly to 0.34 + 0.0B € = 16). These changes in the kinetic parameters, like the
0.01) [P, (levels 1-5) is 0.33]. This is despite the ap- changes in the conductance parameters, are indicative o
pearance of a current transition to the maximal conduca mode shift in the activity of the SCI channels.
tance stateH,,, (level 6) is 0.01]. The effects of low pldg on the conductance and

The frequencyK,) of current transitions to all con- kinetics of the SCI channel at different voltages are
ductance states decreased frodnts4 events/s,(= 16)  shown in Fig. 3. Families of single current traces re-
at pH,s 7.26 to © £ 2 events/secR < 0.01,n = 16) at  corded at voltages between —60 and +60 mV in control



J. Kourie: pH Modulation of SR ClChannels 77

A pH, . 7.40
. 0 >
{— i Z1 = 002F
8] - 3
=i g 001
S~ s
N S 000F T
-8-6-4-20 2
>
z é 0.02 |-
£
3 s 0.01F
TS
A
6
-8-6-4-20 2
2
1 5 004 Fig. 2. Effects of pHns 0N the SCI channel
: ..g activity. Current traces recorded at —40 mV in
4 a2 0.02 |- asymmetrical choline-Cl (250 m50 mw;
: E 0.00 . cis/trang (A) pHyans 7-40, B) PHyans 6.28 and

(C) pHians 4.07. The all-points histograms were
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solution, pH,, 7.37 are shown in Fig.AL Typically the Analysis of the SCI channel activity, at all current
sensitivity of the SCI channel to low pid4.48 is char- levels 0 to 6, reveals that low pddepresses and reduces
acterized by the domination of the transitions to sub-the steepness of the bell-shaped voltage dependency o
maximal open states and the absence of transitions to titbe probability of the channel being op&j and mean
maximal open state at all voltages between -60 and +60@pen timeT, (Fig. 5A andC). The frequencyF, (Fig.
mV (Fig. 3B). The effects of low pH on the time 5B) and the mean closed tim&, were not affected at
course of single channel current activity and transition tolow pHs (Fig. D). These findings also suggest that the
the maximal conductance state are reversible after petew pHinduced decrease iR, is due to a reduction in
fusion with control solution pH. 7.37, e.g., current T, and not to changes ifi,. However, at low pH, the
traces at —60, —40, and -20 (FigCB In addition, the calculated values oP,, T, and F, are mainly for the
transitions to submaximal levels, which are present undesubmaximal conductance states (levels 1 and 2). This
the control condition, are also clearly apparent (e.g., seanalysis together with the channel activity shown in Fig.
arrows). 1C (and also in Fig. B) suggest that low pkl enhances
Current-voltage relationships constructed to exam-<channel fluctuations at the submaximal conductance
ine the voltage-dependence of pHnduced changes in states (levels 1 and 2). Low pKlinduced a nonsignif-
channel conductance are shown in Fig. 4. The currenticant voltage shift of —6.86 and —9.60 mV in the voltage-
voltage relationship shows that at low giH4.48 current  dependency of th®, andF, peaks, respectively.
amplitude is reduced from —4.12 pA to —2.56 pA at —40 The SCI channel is modulated by physiological
mV. This reduction in current amplitude is in agreement[Ca?*] [26] on the cytoplasmic side of the channel, hence
with a conductance shift to subconductance states (levelbe effects of lowering pk on the activity of SCI chan-
2 and 3). However, the reversal potential, determinechels were also examined at different physiological
from the fitted curves and then corrected for the liquid[Ca®"] . It was found that, like the low pkl 6.75-
junction potential and ionic activity [4, 34], shifts non- induced reversible effects on the SCI channels at 10
significantly P > 0.05;n = 3 |-V relations at each [Ca?"]. (Fig. 1), exposure of SCI channels to low gH
condition from the same channel) from +36.36 + 2.586.65 modified the channel at 1bm [Ca?*].; (Fig. 6B).
mV at pH, 7.37 to +34.28 + 1.64 mV at pi{ 4.48 and  On the other hand at I®m [C&®*].,, Where the subcon-
recovers to +36.17 = 1.72 mV after perfusion with con- ductances of the channel are already uncoupled [26], the
trol solution pH,, 7.37. This insignificant shift in the effect of low pH,; 6.57 on the same SCI is not apparent
reversal potential confirms the nature of this submaximalFig. 6E). The effect of lowering the pkl to 6.64 at
current as being a Clcurrent. According to the Gold- 107* m [Ca?*]s on the SCI channel is typically charac-
man, Hodgkin and Katz equation te,,indPcr- IS be-  terized by a shift in current transitions from the maximal
tween(0.03 andD.07 indicative of a high selectivity of conductance (level 6) (Fig.A to those transitions be-
these subconductance states to. Cl tween the closed and low conductance states (FBY. 6
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Fig. 3. Effects of pH,s on the voltage-dependence of SCI channel
activity. A voltage protocol is used to activate the voltage- ané"Ca
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Fig. 4. Effects of pH, on the voltage-dependence of the SCI channel
maximal current amplitude atY) control pH, 7.37, (J) pH. 4.48

and (V) wash pH,s 7.37. The solid lines are drawn to a third-order
polynomial fits. Family of curves are for the same channel. Four ex-
ponentials would have a smoother fit of all data points, however a
minimum of third order exponential was sufficient and most suitable
since the reversal potential for the maintained 250/%0ais/transCI™
gradient did not change significantly.

a submaximal conductance (levels 1-3) at low;pHFig.
6B andE).

At [Ca®"] s of 10 m the conductance and kinetic
parameters of the SCI channel are affected significantly
(P < 0.01,n = 3 channels) when the pHis lowered
from 7.4 to 6.6410 = 3 channels in 3 bilayers) (e.qg., Fig.
6B). The values ofl, I', P, and T, are reduced from
-7.21+0.17 pA, -3.10 £ 0.11 pA, 0.68 £ 0.02 and 8.44
+ 0.58 sec, respectively at p7.4 to —3.31 £ 0.16 pA,
—-0.64 + 0.08 pA, 0.21 + 0.01 and 0.64 £ 0.09 sec, re-
spectively at pH¢ 6.64. On the other hand, at [€%.;s
of 107° m the conductance and kinetic parameters of the
SCl channel are not affected significant$ 0.01,n =
3 channels) when the pHis lowered from 7.38 to 6.57
(n = 3 channels in 3 bilayers) (e.g., Figep The values

dependent SCI channels currents. From an initial holding potential of Qof |, |, P, and T, being —2.86 + 0.14 pA, -0.60 = 0.08

mV lasting 250 msec the bilayer potenti&l.{) is stepped to voltages

between —-60 and +60 mV, in steps of +10 mV, for periods lasting 15007
msec. The steps are also separated by 250 msec interval where the

holding potential is also kept at 0 mVAY Control current traces
recorded in asymmetrical choline-Cl (250wm50 mw; cis/trang pH.s

7.37, @) Current traces recorded at gt#4.48. and C) current traces
recorded after perfusion with control solution fH7.37. At negative

pA, 0.21 + 0.03 and 0.45 + 0.04 sec, respectively atpH
;38 and -2.81 + 0.10 pA, -0.52 + 0.07 pA, 0.21 £ 0.03
nd 0.47 + 0.03 sec, respectively at oH6.57.

Although current amplitude histograms and their re-
sponse to low pH are qualitatively similar, there were
some quantitative variations (Figs. 1, 2 and 6). The am-

al

voltages downward deflections indicate an inward current. The SprIitude histogram in Fig. 1, lower left panel was con-
maximal current levels (arrows) became more prominent after Washstructed from data obtained in response to a 16-episode

with control solution pH, 7.37. The current traces are filteredfat=
0.2 kHz. Similar effects were obtained for three other channels with
slightly different pH,; of 4.67, 4.28 and 4.23.

voltage protocol at pH 7.26 and TOm C&*. In Fig. 2

the amplitude histogram was constructed from data ob-
tained for a channel that is clamped to —-40 mV at pH
7.40 and 10° m C&"* for longer periods of recordings

Prepulses to a positive potential of +40 mV also failed tothan those in Fig. 1. The quantitative differences in am-
remove the inactivation of SCI channels and restore thgyjitude histograms are due to differences irfClevels
frequency of current transitions of the maximal conduc-(Figs. 1 and 6), pH (Figs. 1A and 23) and the degree of
tance (level 6). The conventional all-points histogramsthe prominence of the subconductance states (Fg. 1
for the activity of an SCI channel also confirm that the Fig. 2A and Fig. & andB). The data in Fig. 8 andC
effect of lowering the pijs at 10° and 10* m [C&®"]s  indeed highlights the subconductance states of the SCI
is to lower the frequency of transitions to the high con-channel at 10" C&*. The C&*-dependence of these
ductance states as indicated by the absence of peaks d@ibconductances of the SCI channel has been detailec
-5.44 at -7.48 pA (levels 5 and 6) and the prominence opreviously [26]. The incomplete reversibilitysée Fig.
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6A andB) at cis pHs 7.40 and 7.38 respectively, could states (Os) (levels 1-5) and a closed state (C) (level 0)
reflect differences in the recovery rates of the main con+epresenting the closed conductance state. In such &
ductance and subconductance states. An§" @ale in  model current transitions to the maximal conductance
the reversibility of low pH-induced change in the con- state (level 6), i.e., a fully open state 6575 pS (Fiy 1
ductance states of the SCI channel needs further charademinate at pHs 7.2—7.4 representing a largely unpro-
terization. tonated gating mechanism. Current transitions to the
subconductance states (levels 1-3) (FB). dominate at
pH.s 6.75 representing a partially protonated gating
mechanism. Current transitions to the immediate sub-
conductance state (level 1) and the closed state (level 0)
(Fig. 1C) dominate at low pl 4.48 representing a

The low pH,<induced changes in the biophysical prop- highly though not fully protonated gating mechanism.
erties of the SCI channel (Fig. 1) could be interpreted in ~ The large effect of low pl; on current amplitude
terms of a qualitative three states kinetic scheme reporte@dssociated with small changes in the reversal potential,

previously for low G tension-induced modification of reflects a transition to a low Cpermeating conductance
the SCI channel [21] and shown here: state (subconductance state), and the otherwise unaltere

CI™ selectivity, of the SCI channel. The low pg&t
induced enhancement of the current fluctuations at the
Of submaximal conductance states (levels 1-3) represents
/ typical channel behavior that is also observed after the
Os exposure of the channel toJ®r low [C&*] s [25, 26].
\\\ The findings reported in this study indicate that the chan-
nel protein in the main conductance state configuration
responds differently to low pH compared with the chan-
The model is consistent with the channel activity thatnel protein when in the subconductance states configu-

shows transitions between a maximum opening or a fullyration.
open state (Of) (level 6), a group of subconductance Two SR CI channels, a 100 p&i6/trans100/100

Discussion

MODEL OF THE pH,,; EFFECTS
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Probability

mm CI7) and a 130 pSdfs/trans250/50 mu CI7) from  muscles respectively, were insensitive to low._pHPer-
skeletal and cardiac muscles respectively, have been ré&aps, this is because the pH was not lowered below 6.8.
ported to be modified by changes in the pH [31, 46].Decrouy, Juteau & Rousseau [12] reported that the open
Miller [31] observed that low pH on bothis andtrans  probability of the 90 pS channetié/trans 250/50 nm
sides of the channel induces a substantial inhibition ofCI") was insensitive to raising the pglfrom 7.4 to 9.

the channel conductance in the SR of skeletal muscleHdowever, they did not report the effects of low gibn
However, no single channel recordings at low pH werethis 90 pS channel. It is not known whether these dif-
presented and the nature of effects on the subconduderences in pH sensitivity are entirely due to variations in
tances and kinetics of the channel were not examinedhe experimental conditions such as tissue types and iso-
The multiconductance Cichannel in the SR of cardiac lation procedures and/or to intrinsic differences in chan-
muscle is modified only by changes in the pH.in such  nel proteins.

a way that the conductance changes betwed0 pS at In addition to the effects of pH on the SR Gihan-
PHians 5.5 andB0 pS at pH,.s 9.0 [46]. However, it  nels it has also been found that lowering the intracellular
appears that there were no apparent effects on the copH (pH) reduces the amplitude and slows the deactiva-
ductance states 130, 61 and 154 pS and the kinetic paion of the macroscopic Clcurrents of sarcolemmal
rameterspP,, T,, and T, of this channel. Rousseau [35] skeletal muscle expressed in Sf-9 insect cells ¥ado-
and Rousseau, Roberson & Meissner [37] reported thgbus oocyteexpression systems [39]. However, the ef-
the conductance and kinetic properties of the 55@§ ( fects of low pH on the conductance and kinetics at a
trans 250/60 mu CI7) and 95 pS ¢is/trans260/50 m single channel level are not known. pH-induced changes
CI") CI” channels, in the SR of skeletal and cardiacin CI- channel properties have also been reported for
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nonmuscle Cl channels. For example, pldlkalization  activating binding sites and/or (ii) binding sites for the
from 6 to 9 reduced Clcurrents in epithelial cells [17] assembly of the subunits of the channel protein. Indeed,
whereas the extracellular acidification decreased the agrotonation-induced separation of subunits of channel
tivity of the cystic fibrosis transmembrane regulator protein as an inhibitory mechanism has also been pro-
(CFTR) CI channels [41] and Clchannels in gastric posed as an explanation for low gHinduced changes in
parietal cells [10]. the gating properties of the ryanodine receptor€a
release [29, 36] and Kchannels [16]. The pkl-in-
duced changes in the SCI channel kinetics and the de-
s ACTION cline in current amplitude, due to uncoupling of the sub-
units of the channel protein, might suggestihinding to
The response of the SCI channel to lowakvas notvia  a site outside the pore. The fact that low pH4.28
changes in the biophysical properties of the phospholipinduced a significant increase in the frequency of tran-
ids forming the bilayer fee Results). Hypothetically sitions to the subconductance states (Fig) éompared
there are few potential mechanisms to explain thggpH with that observed at pfl 6.75 (Fig. B) explains the
induced changes in the conductance and kinetics of thpH-dependent frequency of the subconductance states
SCI channel. These include: (i) protonation of a site inSuch a pH,-dependent transition could lead to synchro-
the pore, (ii) protonation of a site that moves to constrictnization in the transitions to subconductance states in
the pore, (iii) protonation of a site that causes changes isuch a way that transitions to the high conductance states
subunit assembly and (iv) combinations of these mechadevels 5 and 6) will become apparent. However, the
nisms. The protonation-induced reduction in channelsmall number of transitions to the high conductance
conductance, deduced from current amplitude (Figs. 1, 2states suggests that such synchronization is partial (Fig.
3 and 6), results either from a compression mechanism ofC middle row) and thus indicates incomplete proton-
the channel subconductance states or from a mechanisation of the channel protein. The effects of low jptbn
that involves uncoupling of these subconductances othe conductance and kinetic properties of the*'€a
both [16]. In the first mechanism, the pHinduced activated SCI channel are consistent with tifration or
modification in the gating of the ion channel proteins binding to C&" activating binding sites in the cytoplas-
could be caused by the acifification-induced flexible car-mic domains of the channel proteins in a manner similar
boxyl end that acts as a “movable particle” of the chan- to that suggested for the multiligand gatec?Cehannel
nel protein blocking the movement of ions through the[36].
channel in analogy with the “ball and chain” model
proposed for the skeletal muscle Ghannels [15] and
Shaker K channels [5]. However, the primary structure PHYSIOLOGICAL AND PATHOLOGICAL SIGNIFICANCE
of the SCI channel has not yet been determined and thus,
it is not known whether these channels are regulated byow pH induced a mode shift in the conductance and
the “ball and chain” as described for the Shakef K kinetics of the SCI channel (Figs. 1, 2, 3 and 6). The low
channels and the skeletal muscle” €hannel. In the pH,, mediated subconductances (levels 1-3) not only
second mechanism, the effects of low atbn the SCI  change the amount of the current, indicated fidnthat
channel are due to the competition betweeR'@ad H' passes through the SCI channel but also could have sig-
for binding sites leading to protonation of the channelnificantly different functional behavior than the main
protein. This causes the uncoupling or loosening of theopen state (level 6). For example, subconductances dif-
Ca*-dependent channel proteins and thus induces curfer in their sensitivity to the metabolic state of the muscle
rent transitions that are dominated by those of the lowfiber [22] and to second messengers such as cytosolic
subconductance states. The data reported in this studga?* and IR, [25, 26]. These facts which point to the
regarding a low pHginduced shift to subconductance presence of multiregulatory mechanisms in vivo together
states is in agreement with the second mechanism. Theaith the variable subconductance states of the SCI chan-
conductance and kinetics parameters of the channel atel that indicate a channel substructure fluctuating be-
low pH,s are determined by those of the subconductancéween opening and closing of nonidentical @iffusion
states (level 1-3). For example, at low pHhe value of  pathways could provide a mechanism for a tightly regu-
P, 0.68 = 0.08 is equivalent t®,, of the submaximal lated response to changes in the intracellular environ-
conductance levels. ment. It is concluded that adverse physiological condi-
We have previously demonstrated that the SCI chantions (e.g., hypoxia and fatigue) under which the gH
nel is C&*-dependent and exposure of the channel to lowbecomes acidic could affect contractigia modification
[Ca®"].e as with low pH, uncouples the subconduc- of the C&" counter-current through SCI channels. The
tances of the channel [26]. However, it is difficult to fact that both SCI channels (this study) and*Geelease
ascertain whether the effects of low pHseeFig. 6) are  channels [29, 36] are similarly modulated by low jJaH
due to a competition between €aand H' for (i) Ca*- and the redox state of these channels [48] supports a

MoOLECULAR MECHANISM OF Low pH
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functional linkage between the SCI and “Gaelease tion requirements for the SCI channel include an increase
channels acting as components of a molecular mechan the cytosolic [Cé*]cyt, development of voltage, reduc-
nism for protecting the muscle from €aloading under tion in the sensitivity of the channel to the redox state and
adverse conditions. a decline in [ATP],,.

Recently, ATP-induced inhibition of the SCI chan- Ahern and Laver [2] speculated that the ATP-
nel was found to beia an open channel block mecha- inhibited SCI channel may provide a pathway for ATP
nism [22]. Furthermore, this channel was modulated bytransport. This is very unlikely for the following rea-
the regulators of the ATP-sensitive*¥hannel [24]. sons: (i) the ATP-inhibited current seen in the presence
The ATP inhibition of the SCI channel has been con-of CI™ gradients remains that of the Thmovement
firmed by Ahern & Laver [2] who suggested that the subthrough the channel, in a manner similar to that seen in
mm ATP-induced block of the SCI channel would com- the presence of any other SCI channel blocker, e.g.,
promise the role of this channel, particularly in the pres-DIDS and IR, and (ii) from an evolutionary stand point,
ence of the “big” chloride channel (BCI channel), for ion _channels evolved as eff|C|ent_ transport pathways, al-
providing a counter-current [2]. Firstly, biophysical pa- 1owing the transfer of 10to _107 ions per second, for
rameters of ion channel activity recorded from artificial Signal transduction mechanisms rather than inefficient

lipid bilayers characterize the minimum requirement for ransport pathways where ion transfer across the mem-
brane has to be achieved by “squeezing” or “gate crash-

the channel function, and do not necessarily quantita: ¢ : »
tively reflect the regulatory mechanisms of the channefNd” through these pathways. The large ATP-insensitive

in vivo. It is too simplistic if these biophysical param- CI” channels are pqtential candidates as pathways for the

eters are used in isolation from other known in vivo gansport of ptzjlyfamor?s. ITdeed(,jsuchda role has a:]ready
een proposed for the voltage-dependent anion channe

regulators, e.g., G4, voltage, pH,s and the reduced en- o .

vironment of the cell. The implication here is that the [8, 42]. Similarly, it has been suggested that the 150 pS

concentration threshold in vivo for the ATP sensitivity of ?o-lr—PgT_Igﬁie(z)mstligr?sCg)rf?(??hnee:uznn?ga{) srioo\lleldoei‘ t?]epgtgv[\/;%

the SCI channel could be modified by gkl ATP/ADP Poly P '

ratio, ADP, lactate, metabolic stress or ATP gradient _

from the cytoplasm to the ATP-binding sites on the chan-! Wot?'d "ketLO thank Dr. f-'IH-ICh“”E a”CI‘ ’(;’"- ?H McCart fOFfCOTh' _

nel protein as has been suggested for ATP-sensitive K™e"'"d 0N € MANUSCTIPL, 14150 acknowledge the reviewers for teir

. onstructive suggestions. Supported by NHMRC project grant 970122.

channels [3, 11, 44]. Secondly, because ion channel 9 PP Y project

pathways are more efficient than pumps and carrisgs (

[19]), it would require only _a_small num_ber of briefly References
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