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Luminal pH Regulates Calcium Release Kinetics in Sarcoplasmic Reticulum
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ABSTRACT: Calcium binding to triads isolated from rabbit skeletal muscle followed a single hyperbolic
function in the pH range 5:58.0. Maximal binding was obtained at pH 8.0; decreasing the pH decreased
the binding capacity and, at pH6.0, increasedy 2-fold. These results indicate that lowering the pH
diminished calcium binding to calsequestrin, since this protein is the primary source of calcium binding
sites in triads. Luminal pH had a marked effect on calcium release induced by 2 mM ATP, at pCa 5.0,
pH 6.8. At a constant luminal [C&d] of 0.1 mM, release rate constant§ @nd initial rates of release
increased steadily as a function of decreasing luminal pH; at luminal pH 7.5, valles 6f4 s* were

found, whereas at pH 5.5 valueslofc 10 s were obtained. Increasing luminal [€&from 0.05 mM

to 0.7 mM had no effect on thievalues measured at luminal pH 5.5. In contrast, at pH 6.8, increasing
luminal [C&"] produced a marked increasekivalues, that reached maximal valuesket 10 st at 0.7

mM luminal [C&*]. Control experiments using fluorescent pH indicators showed that luminal pH did
not change significantly during calcium release. It is proposed that luminal protons or calcium induces
conformational changes in calsequestrin that in turn promote activation of the calcium release channels.

Calcium release in skeletal muscle proceeds through the Luminal regulation of the calcium release channels has
ryanodine receptor-calcium release channels located in thereceived less attention [for a review, see Hidalgo and Donoso
sarcoplasmic reticulum (SR)terminal cisternae regions (1995)]. Only a few studies have described activation of
(Melzer et al., 1995). The cytoplasmic regulation of the calcium release in vesicles by increasing the lumina*Ca
calcium release channels has been extensively studied. It iconcentration (lkemoto et al., 1989; Nelson & Nelson, 1990;
known that several agonists, such as micromolar calcium andGilchrist et al., 1992; Donoso et al., 1995). After fusion of
millimolar ATP, or antagonists, millimolar magnesium and SR vesicles with bilayers, the calcium channel opening
micromolar Ruthenium Red, ait vitro on the cytoplasmic  probability (P) is also activated by increasing theans
side of the channel (Meissner, 1994; Coronado et al., 1994).(luminal) C&* concentration (Sitsapesan & Williams, 1994,

Cytoplasmic pH has a marked effect on single channel 1995). Decreasing thigans pH inhibits P, after fusion of
activity (Ma et al., 1988; Rousseau & Pinkos, 1990) and on the purified ryanodine receptors with the bilayer (Ma et al.,
calcium release kinetics in vesicles isolated either from rabbit 1988) or induces a decrease in channel conductance after
or from frog skeletal muscle. Alkaline pH increases release fusion of SR vesicles (Rousseau & Pinkos, 1990).
rate constants (Meissner, 1990; Donoso & Hidalgo, 1993), |n the present work, we studied the effect of luminal pH
and the rate of alkalinization-induced calcium release dependson calcium release kinetics in triads isolated from rabbit
on the preloading pH: vesicles actively preloaded with skeletal muscle. We determined as a first step the effect of
calcium at acid pH display higher release rates than vesiclespH on calcium binding to triads. We found that calcium
preloaded at alkaline pH (Dettbarn & Palade, 1991). binding followed a single hyperbolic binding function in the
pH range 5.5-8.0; lowering the pH decreas&i.« but did
C.*'I;?is stL_JI_dy W:[as.su;()lngﬁ%ng&_llf)ogdo Nalcé%rl?)lsge Igvlegs‘tl’lggggo not changeKy in the range pH 8.86.5, and increased the

ientfica y ecnolgica 1) Grants an ' Kg2-fold at pH 6.0 and 5.5. We investigated next the effect
by European Econome Communty, Grant CHLCTS0129. a4 bY of luminal pH on calcium release from vesicles passively
Centro de Estudios Ciefitos de Santiago provided by SAREC equilibrated with varying luminal [C4]. We found that

(Sweden) and by a group of Chilean private companies (Empresasdecreasing the luminal pH from 6.8 to pH 5.5 overruled the

CMPC, CGE, COPEC, Minera Escondida, Novagas, Bussiness Designeffact of luminal calcium on release kinetics, so that after
ASS, Enersis, and Xerox Chile) is also recognized. . . . .
* Correspondence should be addressed to this author at the Depar{figgering release with ATP, high release rate constants were

tamento de Fisioldgy Biofisica, Facultad de Medicina, Universidad  observed even at very low luminal calcium concentrations.
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inhibitors, following a procedure described in detail in
previous work (Hidalgo et al., 1993). Triads were stored at
—80 °C for up to 1 month.

Calcium Loading at Equilibrium. Triads (0.6 mg of
protein/mL) were incubated in loading solutions containing
100 mM KCI and different concentrations of CaQllus
45CaCb (10—20 mCi/mmol). The pH of the equilibration
solution was controlled with 40 mM buffer, using HEPES
titrated with Trizma base (HEPES/Tris) for pH 8.0; MOPS/ 0
Tris for pH 7.5, pH 6.8, and pH 6.5, and MES/Tris for pH
6.0 and pH 5.5. Following incubation of triads for 2 h at
room temperature, luminal [€4 and luminal pH were at
equilibrium with the concentrations present in the incubation \are incubated in solutions of varying [&&and pH, and the total

solution.  After equilibration, 0.05 mL of the vesicle- amount of calcium taken up at equilibrium by the vesicles was
containing solution was diluted in 1 mL of the same loading determined as described in the text. Standard errors for the mean

solution without radioactive calcium, and was filtered through ©of determinations done in triplicate were smaller than the size of
Millipore filters (AA, 0.8 um). The filters were washed with the symbols. The best fit to the experimental points was given by

i . . : . . the function: icul Ici 1/ Bmad{Ca2)/(Ky +
5 mL of nonradioactive loading solution, and their radioac- [Ciz+l]l)n i'%fhﬁg;'ﬁ‘f Sgﬁagggg t(r?anr:&ens]%H Ea.‘é; soli]d(sn;uares,
tivity was determined in a liquid scintillation counter.

pH 6.8; solid triangles, pH 6.5; open squares, pH 6.0; solid circles,
Calcium Release StudiesTo measure calcium release pH 5.5.

kinetics, vesicles (0.6 mg of protein/mL) were equilibrated .
for 2 h at room temperature with solutions containing 100 guenched efficiently the external CF or BCECF fluorescence,

mM KCI and variable concentrations &%CaCh (0.05-3 so that all measured fluorescence originated from indicator

mM), at a specific activity of 1620 mCi/mmol. The pH  contained in the vesicular interior. _ _
of the equilibration solution was controlled with 100 mMm  Other Procedures.Protein was determined according to

buffer, using MOPS/Tris for pH 7.5 and pH 6.8, and MES/ Hartree (1972) using bovine serum albumin as standard. Free
Tris for pH 6.0 and pH 5.5; vesicles passively loaded with [C&']was calculated with a computer program (Goldstein,
45Ca in 100 mM buffer accumulated on average 20% less 1979) using the binding constants_for HEDTA and ATP
45Ca than vesicles equilibrated in 40 mM buffer. In all cases, "€Ported elsewhere (Martell & Smith, 1974). To ensure
release was induced at room temperature by mixing®@a- accuracy, free [Cd] was always measured with a calcium
loaded triads with a solution containing 2 mM ATP, pCa electrode. .

5.0 (2 mM HEDTA plus 1.33 mM Cag), 100 mM KCl, Materials. All reagents used were of analytical grade.
and 100 mM MOPS/Tris, pH 6.8. Release was determined Anti-fluorescein rabbit antibody, CF, and BCECF were

in a fast filtration system (Biologic) following the procedures ©Ptained from Molecular Probes. Protease inhibitors (leu-
reported in detail elsewhere (Moutin & Dupont, 1988; peptin, pepstatin A, benzamidine, and phenylmethanesulfonyl

Donoso & Hidalgo, 1993), except that the washing solution fluoride) were obtained from Sigma; Biogel A was purchased
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Ficure 1: Effect of pH on the amount of calcium taken up at
equilibrium by triads isolated from rabbit skeletal muscle. Triads

contained 1 mM CaGl For release experiments done in
the presence of valinomycin,:@a valinomycin was added

from Bio-Rad and“*CaCk from DuPont-New England
Nuclear Corp.

both to the vesicles prior to equlibration and to the releasing RESULTS

solution.

Intravesicular pH Changes as a Function of Tim&he
fluorescent pH indicators 5(and 6)-carboxyfluorescein (CF)
or 2,7'-bis(2-carboxyethyl)-5(and 6)-carboxyfluorescein

(1) Calcium Equilibration in the Triads as a Function of
pH. A pH-dependent saturable component of calcium
accumulation as a function of [€3, plus a pH-independent

(BCECF) were used to measure the rate of change oflinear component, was observed in the pH range-8.8

intravesicular pH. The pH indicators were loaded into the

(Figure 1). Triads exhibited the highest calcium binding

vesicles either by three cycles of freezing and thawing or capacity at pH 8.0 Bmax = 167 nmol of calcium/mg of

by incubation during a period of 4 h at room temperature;
in both cases, solutions containing CF (1 mg/mL) or BCECF
(0.5 mg/mL), 100 mM KCI and 100 mM MOPS/Tris, pH

7.0, or 100 mM MES/Tris, pH 6.0, were used. The
extravesicular indicator was rapidly removed by filtration
in a small Biogel A column, preequilibrated in the same
buffer. A pH gradient was imposed by diluting the vesicles
to 0.015 mg/mL in a solution of 100 mM KCI, 100 mM

protein). Values 0By decreased with decreasing pH but
were still significant at pH 6.0 and 5.5, with 40 and 30 nmol
of calcium/mg of protein, respectively (Table 1). In the range
of pH 8.0-pH 6.5, the binding affinity of the saturable
component remained constant, wikh~ 0.65 mM. Further
decreasing the pH to 6.0 and 5.5 increasedKhd¢o 1.2
mM, indicating a 2-fold reduction in calcium affinity in this
pH range.

buffer at the desired pH, and the resulting fluorescence was We have shown in previous work that the saturable
measured as a function of time in a Shimadzu RF540 component of calcium binding to triads is due to calcium
spectrofluorometer. Excitation and emission wavelengths for binding to calsequestrin (Donoso et al., 1995). The triads
CF were 488 and 518 nm, respectively, and for BCECF, 495 used in this work contained 20% calsequestrin, so that after
and 525 nm. The slits for excitation and emission were 5 correction for calsequestrin content, the number of calse-
nm. To quench the external fluorescence due to indicator questrin binding sites as a function of pH can be calculated
leakage from the vesicles, in all experimentsd@mL of a from the Bnax values. The highest number of binding sites,
commercial solution of anti-fluorescein rabbit antibodies was 38 sites per calsequestrin molecule, were obtained at pH 8.0.
added to the dilution solution. This amount of antibody This humber decreased at lower pH values (Table 1); the
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Table 1: Calcium Binding to Triads as a Function of3pH -
pH Kg (MM) Bmax (nmol/mg) N {_E”
o
8.0 0.66+ 0.05 167.0+ 3.5 38 5
75 0.79+ 0.06 134.86- 2.6 30 £
6.8 0.61+ 0.04 130.4+- 2.3 29 z
6.5 0.72+0.10 107.6+ 4.1 24 o
6.0 1.18+0.17 41.5+1.8 9 2
5.5 1.18+0.21 29.7+ 1.6 7 §
>
aData are expressed as mearihe error of the nonlinear fit to the 0 , , , .
experimental points described in the legend to FiguréNistands for 0 200 400 600 800
the number of calcium binding sites per calsequestrin molecule, Release Time, ms
calculated according to a calsequestrin content of 20% relative to total Ficure 3: Effect of valinomycin on ATP-induced calcium release
triad proteins and a calsequestrin molecular mass of 45 kDa. in triads with 0.1 mM luminal free [Cd], luminal pH 5.5. Vesicles

were equilibrated with 0.1 mM [C4], pH 5.5, and release was
induced with 2 mM ATP as stated under Experimental Procedures.
After ATP addition, calcium remaining in the vesicles decayed with

° o 5 time as a single exponential plus an offset (see above equation).
The best fit to the data yieldeN, (nmol mg1) = 2.9+ 0.1, k

(s}) = 10.4+ 0.7, and offset (hmol mgd) = 0.8 + 0.1 for the
control; andNo (nmol mg?) =29+ 0.2,k (s} =111+ 1.7,

and offset (hmol mg') = 0.8+ 0.1 for vesicles preincubated with

® . valinomycin. Key: open circles, control conditions; open squares,
204 vesicles preincubated with valinomycin.

Vesicular calcium, %

00 02 o0<¢ 06 08 10 Dilution of vesicles with luminal pH 5.5 in a solution of
Release time, s pH 6.8 generated a significant proton diffusion potential
FiGURe 2. ATP-induced calcium release in triads with luminal 0.1 _([H_+]i = 3.16 uM, [H]e = 0.16uM, AV = —76.4 mV,
mM [Ca2*], luminal pH 5.5. Vesicles were equilibrated with 0.1  inside — outside). To test if calcium release was inhibited
mM [C&*], pH 5.5, and release was induced with 2 mM ATP as py this negative proton diffusion potential, we measured
stated under Experimental Procedures. Solid symbols, ATP-induced,g|ease from vesicles with luminal pH 5.5, luminal 0.1 mM

release; open symbols, release in the presence of 5 mi plgs ViR : . .
104M Ruthenium Red. After ATP addition, calcium remaining in [C&], in the presence of 2M valinomycin as a highly

the vesiclesl|, as % of total vesicular calcium) decayed with time ~ ffective potassium ionophore that should dissipate proton
as a single exponential plus an offset, such tihat Ny exp(—kt) diffusion potentials by counterflow of potassium ions. The

+ offset. The best fi(} o the experimental data (line through solid same release rates were found with and without valinomycin
symbols) yielded\o (%) = 58.3+ 3.3k = 10.7+ 1.4 5%, offset (Figure 3). These results indicate that even without valino-
(%) = 36.1+ 2.3. ; 0 :
mycin the permeability of the SR membrane to potassium
ions was high enough to effectively compensate for the
proton diffusion potential generated.
We compared next calcium release kinetics in vesicles at

a constant luminal [Gd] of 0.1 mM and at four different
luminal pHs: 7.5, 6.8, 6.0, and 5.5. Vesicles within this

lowest number of sites was obtained at pH 5.5, with only 7
calcium binding sites per molecule.

The linear component of calcium binding to triad vesicles,
that corresponds to nonspecific calcium binding plus intra-

Z%Sr:ﬁ?g:;tg eaeﬁ:ggéug/ t(rlia Ogﬁzﬂg:tma:)'i_i 1995), was not luminal pH range had the same concentration of free luminal
' [Ca&*], 0.1 mM, but at pH 6.0 and pH 5.5 they contained
(2) Effect of Luminal pH on Calcium Releasén all less total calcium than vesicles with luminal pH 6.8 or pH
experiments, release was induced by mixing triads with well- 7.5 (Figure 1). Yet decreasing the luminal pH had a marked
defined luminal [C&'] and luminal pH, with a solution of 2 stimulatory effect on calcium release kinetics. Vesicles with
mM ATP, pCa 5.0, pH 6.8. These conditions generated a juminal pH 5.5 released calcium faster than vesicles with
positive or negative pH gradient, as well as a calcium |uminal pH 6.0, 6.8, and 7.5 (Figure 4), and had the highest
concentration gradient that in the range of luminalfCa  rate constants, witk values in the range of 105 (Figure
studied, 0.053.0 mM, should always promote calcium 5A). These values are about 2.5-fold higher than those
efflux from the vesicles. The imposed pH gradient did not measured in vesicles with luminal pH 6.0, and about 10-
change significantly during the time course of calcium fold higher than thek values determined in vesicles with
release, as described below. luminal pH 6.8; vesicles with luminal pH 7.5 hadvalues
Triads with luminal pH 5.5, 0.1 mM luminal [C4], <0.4 s (Figure 5A). From the values of release rate
released 6888% of their accumulated calcium following a constants and from the total amount of calcium released,
single exponential decay function, that in the experiment initial release rates were calculated (Figure 5B). In spite of
shown in Figure 2 (solid symbols) had a rate constant of their lower content of total releasable calcium, vesicles with
10.6 s1. Addition of 10 mM Mg plus 10zM Ruthenium luminal pH 5.5 and luminal pH 6.0 exhibited considerably
Red thoroughly inhibited the specific release component higher release rates than vesicles with luminal pH 6.8 and
(Figure 2, open symbols), leaving only the small release 7-5-
component previously shown to correspond to nonspecific  The samek values were obtained in vesicles with luminal
calcium release (Donoso & Hidalgo, 1993). These results pH 5.5 when luminal [CH] was increased from 0.05 to 3.0
demonstrate that equilibration at pH 5.5 did not alter vesicular mM, showing that at this luminal pHk values were
integrity, since release was still inhibited by calcium channel independent of luminal [C&] (Figure 6, filled bars). These
blockers. results contrast sharply with the marked changes in rate
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Ficure 4: Effect of luminal pH on ATP-induced calcium release
in triads with 0.1 mM luminal free [Cd]. Vesicles were equili-
brated with 0.1 mM [C#&] at pH 5.5 (solid circles), pH 6.0 (open

squares), pH 6.8 (solid squares), or pH 7.5 (open circles). Release'F

was induced with 2 mM ATP as stated under Experimental
Procedures. After ATP addition, calcium remaining in the vesicles
decayed with time as a single exponential plus an offset. Only the

fraction of calcium released through the channels, scaled to 100%,

is given in the figure. Thé values obtained from the best fit to
the experimental points (lines through symbols) werg)(sk =
9.8+ 0.4 atpH55k=4.3+0.2atpH 6.0k=1.3+0.1 at pH
6.8;k=0.3+ 0.1 at pH 7.5.
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FiIcure 5: (A) Effect of luminal pH on the rate constants of ATP-
induced calcium release at 0.1 mM free luminal{gaThe values

of k were obtained as shown in the legend to Figure 4. Mean values
+ standard error of 35 determinations are shown. (B) Effect of
luminal pH on the initial release rates of ATP-induced calcium
release at 0.1 mM free luminal [€4. Initial rates of calcium

release were calculated by multiplying the release rate constant

obtained at each pH by the corresponding total amount of calcium
released. Mean valuels standard error of 35 determinations are
shown.

constants caused by increasing luminal{Qdrom 0.05 to
3.0 mM in vesicles with luminal pH 6.8 (Figure 6, empty
bars).

(3) Luminal pH Dissipation.The time course of dissipa-
tion of pH gradients, that is a function of the vesicular proton
permeability and of the buffering capacity of the vesicles,
was measured in triads loaded with the fluorescent pH
indicators CF or BCECF, and containing a luminal buffer
concentration of 100 mM. Both indicators undergo a strong
fluorescence enhancement at alkaline pH, with a reported

Luminal [Ca2+], mM

Ficure 6: Effect of intraluminal pH on the rate constants of ATP-
triggered calcium release as a function of the concentration of free
uminal C&*. Values ofk were obtained as shown in the legend to
igure 4. Empty bars, pH 6.8; filled bars, pH 5.5. Mean valties
SEM of 2-5 determinations are shown.

pKa, = 6.5 for CF (Thomas et al., 1979), and K p— 6.96

for BCECF (Rink et al., 1982). The sam&pvalues were
found in our experimental conditions for both indicators in
solution, as well as for CF loaded inside the vesicles (results
not shown).

To determine the time course of pH gradient dissipation,
we first measured the time course of leakage of both CF
and BCECF from the vesicles, after quenching the external
fluorescence as described under Experimental Procedures.
Both pH indicators had a slow rate of leakage, with half-
times of 69 min for BCECF and of 23 min for CF at pH
7.0, indicating that at pH 7.0 BCECF is less permeable than
CF, as expected from its higher negative charge density. At
pH 6.0, the half-time of decay for CF decreased to 13.9 min;
for BCECF, the half-time remained at 69 min at pH 6.0.

The dissipation of pH gradients was0-fold faster than
indicator leakage. Vesicles loaded with CF in 100 mM
MOPS/Tris, pH 7.0, showed a decrease in fluorescence with
time after dilution at pH 6.0, that followed a double
exponential decay function (Figure 7A). The fast component
had a half decay time of 1.15 min (rate constant0.6
min~Y). The slow component exhibited a rate constant of
0.05 mir?, giving the same half-time, 13.9 min, as that of
CF leakage from the vesicles at pH 6.0.

Similar results were obtained with BCECF-loaded vesicles
equilibrated at pH 7.0 and diluted at pH 5.5. In the
experiment shown in Figure 7B, the fast component had a
half decay time of 0.6 min (rate constant 1.15 min?),
and the slow component had a half-time of 69 min, consistent
with indicator leakage.

To corroborate that the fast fluorescence decay was due
to internal pH changes, CF-containing vesicles equilibrated
at pH 6.0 were diluted at pH 7.0 (Figure 7C). As expected
for an increase in internal pH, we observed an initial increase
in fluorescence with a half-time of 0.63 mik€ 1.1 mirr?);
this increase was completed in 2 min, and it was followed
by a slow decrease in fluorescence with a half-time of 23
min (k = 0.03 mirl), the same half-time of CF leakage
from the vesicles measured at pH 7.0.

A summary of the rate constant values of pH gradient
dissipation (pH 6.0/pH 7.0) is shown in Table 2. In all
conditions measured, the average values for vesicles contain-
ing 100 mM luminal buffer concentration were0.8 mir?
(half-time = 0.8 min).
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100 " It has been questioned (Williams & Beeler, 1986) whether
the changes determined in dilute calsequestrin solutions
reflect the changes of the protein in the native triad structure,
where it is compacted in a quasi-crystalline array (Saito et
al., 1984). The present results suggest that, as far as calcium
binding is concerned, calsequestrin behaves similarly in triads
as it does in solution (Krause et al., 1991): in both

Fluorescence
change, %
[=2] o
Q@ ?

I
hnd

02 4 6 8 10 12 conditions, calcium binding is noncooperative, and when
Time, min measured at the same pH, simiB.x and K4 values are
100 obtained.
B (2) Effect of pH on Calcium Binding to TriadsCalse-

@
id

questrin is a highly acidic protein with a large calcium

binding capacity at neutral pH; although the structure of
calcium binding sites in calsequestrin is not known, pairs of
acidic residues have been implicated (Yano & Zarain-
Herzberg, 1994). If so, calcium binding to calsequestrin, or
to any other protein that binds calcium to negatively charged

Fluorescence
change, %
[=23
o
;

o
o
I

[=]
N
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Time, min amino acids, would be expected to decrease at acidic pH by
competition of protons with Ca.

120 C The present results showing that protons diminishett Ca
9 T binding to triads suggest that protons and‘Czompete for
§°\_ 101~ calsequestrin binding sites, and agree with other studies
2 “g’a M demonstrating competition of protons and calcium in induc-
gg 100+ ing conformational changes of the calsequestrin molecule
w 1 (Ostwald et al., 1974; Hidalgo et al., 1996). Lowering the

90 — T pH from 8.0 to 6.5 decreasdsl,.x with no change inKg,

indicating that in this range protons reduced the number of
. . o . calcium binding sites in calsequestrin without changing the
Ficure 7: Time course of pH gradient dissipation. (A) Vesicles affinity of the remaining sites for G&. Further lowering

loaded with CF at pH 7.0 were diluted at pH 6.0 at time zero. :
Vesicular fluorescence followed a two-exponential decay function; the pH t0 6.0 and 5.5 decreasBgh.and increasedly about

the best it to these data yielded decay rate constants of 0.60 and?-fold, implying reduction both in affinity and in number of
0.05 mirr® for each exponential function. (B) Vesicles loaded with calsequestrin binding sites in this pH range.

BCECF at pH 7.0 and diluted at pH 5.5. A two-exponential decay  (3) Dissipation of pH Gradients and Proton Diffusion
function was fitted to the data; rate constants of 1.15 and 0.01'min  pqtentials in Triads. All release experiments described in

were obtained from the best fit to these points. (C) Vesicles loaded ., . - - - . .
with CF at pH 6.0 were diluted at pH 7.0 at time zero. These this work were done by diluting vesicles with varying luminal

experimental points were fitted to the sum of the one-exponential PH in an external solution at pH 6.8. For this reason, it was
increase function (dashed line) plus one-exponential decay function,crucial to verify whether luminal pH remained constant

plus an offset:F(t) = Fi[1 — exp(-kit)] + Flexp(—k:t)] + offset. during release, since isolated SR vesicles are very permeable
The best fit to this equation yielded a rate constant 1.10 mirr?! to protons (Meissner & Young, 1980). Calcium release
for the fluorescence increase, and a rate congtant0.03 mirr? . ' ’ .
for the fluorescence decay. induced by ATP was complete_d in less thanll S gt Iymn_”nal
pH <6.0, and the average half-time of pH gradient dissipation
Table 2: Rate Constants of Intravesicular Fluorescence Changes !N triads contaln]ng an internal buffer Concentrat'on_Of 100
mM was~0.8 min. These results demonstrate that in these
conditions, and in spite of the significant permeability of

Time, min

rate constant

pH indicator luminal pH external pH (min—?) - ’
the SR vesicles to protons (see below), the luminal pH
cF 7.0 6.0 0.730.12(9) remained essentiall h d during the ti f
CF 6.0 70 0.85¢ 0.08 (4) . y unchanged during the time course o
BCECF 7.0 6.0 0.8@: 0.11 (3) calcium release.

aThe rate constant values for the fast component of the two Furthermore, in all (_:ond_itions Wh?re a_pmtor,‘ gradient Wf"‘s
exponential functions (see Figure 7) are given. Values represent meard€nerated, a proton diffusion potential might arise, depending

+ SEM. The number of determinations is in parentheses. on the relative permeabilities of the SR membrane to protons
and other ions. Thus, it became necessary to ascertain
DISCUSSION whether development of significant proton diffusion poten-

tials affected calcium release kinetics. We found the same
(1) Calcium Binding to Triads.The results obtained in  calcium release rates with and without valinomycin at pH

this work are in agreement with our previous findings that 5.5, indicating that the permeability of the SR membrane to
the saturable component of calcium binding to triads stems potassium ions was high enough in the absence of valino-
from calcium binding to calsequestrin (Donoso et al., 1995). mycin to compensate for the eventual proton diffusion
After correction for calsequestrin content, we calculated that potential. In addition, these results indicate that the perme-
there are 30 C4 binding sites per molecule at pH 7.5, with  ability of the SR membrane to potassium ions is high enough
a Ky of 0.8 mM. These values are in good agreement with to compensate for the calcium diffusion potential generated
the values of 31 siteXy = 1-2 mM, reported for C& during release (Garcia & Miller, 1984).
binding to calsequestrin in solution at pH 7.5 (Krause et al.,  Thus, we established that calcium release was much faster
1991). than proton gradient dissipation, and was not affected by
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diffusion potentials generated by proton or calcium gradients. al., 1992). Furthermore, SR calcium chanPRglincreases

(4) Calculation of Proton PermeabilityFrom the rates  aftertransaddition of calsequestrin imansmillimolar [C&?*]
of pH dissipation, it is possible to calculate proton fluxes (Kawasaki & Kasai, 1994).
through the vesicular surface. The initial fluorescence  According to the original proposal (Ikemoto et al., 1989),
changes with time, obtained when imposing a 1 unit pH increasing luminal [C#] produces conformational changes
gradient (pH 6.6-7.0), yielded an initial rate of H move- in calsequestrin that lead to channel activation. Protons
ment into or out of the vesicley), equal to 1.2x 101! effectively replace calcium ions in producing the conforma-
mol st mL~%. Assuming spherical vesicles with an average tional changes of calsequestrin that underlie changes in
radius of 100 nm (Mitchell et al., 1984), a vesicular volume ellipticity (Ostwald et al., 1974) and in intrinsic fluorescence
of 4 x 107*> cm?® is obtained. One milligram of vesicles, (Hidalgo et al., 1996). Based on these results and on the
that occupies a volume of/ (Duggan & Martonosi, 1970;  present findings, we propose that protons, lik&'Cproduce
Kasai, 1980), would have 1 vesicles. Knowing the calsequestrin conformational changes that induce channel
vesicular area, the protein concentration (0.015 mg/mL), and activation even at luminal [G&] below the concentrations
the number of vesicles per milligram of protein, the initial required for calcium binding to calsequestrin.
rate of proton movemen; given above can be converted  (7) Physiological Significance.In resting muscle, the

into a flux of protons) = 6.7 x 10" **mol s™* cm 2, giving calcium concentration inside the SR is in the millimolar range
a permeability coefficienP = 0.74 x 10°cm s*. This  and far from chemical equilibrium (Winegrad, 1968),

value is in reasonable agreement with the estimatidd®sf  whereas the pH of the SR lumen is presumably at equilibrium
1073 cm s reported by Meissner and Young (1980). with cytoplasmic pH and close to neutrality. As a conse-

(5) Effect of Luminal pH on Calcium Release Kinetics. quence, calsequestrin is saturated with calcium and com-
The present work indicates that luminal protons, in the pH pacted in a quasi-crystalline array (Saito et al., 1984). In
range 6.6-5.5, can effectively activate calcium release rates these conditions, if the above proposal is correct, luminal
at 0.1 mM luminal [C&'], a concentration that by itself does  activation of the release channels by calsequestrin should
not cause channel activation at @6.8. In fact, at pH 6.8 be at its optimum.
only by increasing luminal [Cd] to 0.7 mM are the same Physiological activation of the calcium release channels
release rates obtained (Donoso et al., 1995). Thus, activatiorpy transverse tubule depolarization produces substantial
of calcium release rates can be effected either by luminal caicium release from the SR, and should generate unbinding
Ca&* or by luminal protons. At a constant luminal [€% of calcium from calsequestrin as well as a large calcium
release rate constants are a direct function of release channe&litfusion potential. It has been proposed that the generation
conductance and open probability (Garcia & Miller, 1984). of g diffusion potential is prevented by a significant coun-
We propose that the increase in release rate constants causagdrflow of protons (Somlyo et al., 1981) or of potassium ions
by luminal protons in 0.1 mM luminal [C&] most likely (Garcia & Miller, 1984). If protons make a significant
reflects activation of the open probability of the release contribution as counterions, the pH within the SR lumen is
channels, since the channel conductance of SR vesicles fuseqke|y to decrease substantially during calcium release. In
in bilayers is inhibited by decreasin@nspH (Rousseau &  these conditions, proton binding to calsequestrin would

Pinkos, 1990). . . compensate for the loss of bound calcium, preserving, at least
Proton binding to luminal regulatory sites may produce in part, luminal channel activation.

conformational changes of the channel protein itself, or of a
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