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Properties of the SR Ca-ATPase in an Open Microsomal Membrane

Preparation
A. Fibich, C. Jingst and H.-J. Apell*

Department of Biology, University of Konstanz, Konstanz Germany

Abstract: SR vesicles isolated from rabbit muscle were treated by a SDS incubation and subsequent dialysis to obtain
open membrane fragments that allow a direct access to the luminal membrane surface and especially to the ion-binding
sites in the P-E, conformation of the Ca-ATPase. The open membrane fragments showed about 80% of the enzyme activ-
ity in the untreated membranes. Pump function was investigated by using electrochromic styryl dyes. The Kinetic proper-
ties of cytoplasmic ion binding showed no significant differences between the Ca-ATPases in SR vesicles and in mem-
brane fragments. From pH-dependent Ca®* binding it could be deduced that due to the SDS treatment the density of nega-
tively charged lipid was increased by one elementary charge per 12 lipid molecules. Major differences between Ca-
ATPase from SR vesicles and membrane fragments were the respective fluorescence amplitudes. This effect is, however,
produced by dye-lipid interaction and not by pump function. It was demonstrated that time-resolved kinetics may be study
by the use of caged compounds such as caged ATP or caged calcium also in the case of the membrane fragments.
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INTRODUCTION

The Ca-ATPase of the sarcoplasmic reticulum (SR) is
present in high concentrations in the SR membrane in mus-
cle cells to promote speedy muscle relaxation by pumping
Ca’* ions back into the SR until a cytoplasmic concentration
of about 100 nM is maintained, which represents the resting
state of the muscle fibres. The stoichiometry of the SR Ca-
ATPase was determined to be 2 Ca®*/2 H'/1 ATP [1-3]. The
counter transport of H* was under debate for quite a while
since the SR has a high permeability for cations other than
Ca’*. Therefore, electrophysiological experiments were un-
suitable to measure charge transport by the ion pump, and H*
counter transport was not obvious since no pH gradient
could build up due to the high leak conductance. Eventually,
reconstitution of the calcium pump in tight lipid vesicles
allowed experiments that provided the answer to this open
question and established the mentioned transport stoichiome-
try [2]. In addition, recent considerations based on highly
resolved structural details of several conformations of the SR
Ca-ATPase provided arguments on the role of protons in the
binding sites. It was concluded that the stability of the ion-
binding sites in the E2 conformation of the protein is main-
tained by protons bound to these sites in the absence of Ca®*
ions, by neutralizing negatively charged side chains, or by
forming hydrogen bonds between side chains [4]. In the E;
conformation it was shown that the binding sites are also
occupied either by protons or Ca®* ions at physiological pH
[5]. These observations provide a genuine reason for the
transport of H* ions in the second half of the pump cycle
after the Ca?* ions were released from their sites to the lumi-
nal aqueous compartment of the SR.
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Both structural and functional details are necessary to
understand the molecular mechanism of ion transport
through the pump. In the case of structural aspects of the SR
Ca-ATPase numerous details became available on atomic
level during recent years [6-12]. Complementary functional
aspect have to be gained by kinetical investigations, such as
phosphorylation/dephosphorylation steps or ion binding and
release reactions, and their corresponding rate and equilib-
rium constants. Significant information on the transport
mechanism can be determined by time-resolved investiga-
tions of partial reactions in the pump cycle of the Ca-
ATPase. So far they could be measured, however, only in the
E; conformation of the protein in which ion-binding sites are
facing the cytoplasm, and thus are directly accessible on the
outside of the SR vesicles. In the P-E, conformation concen-
tration-jump experiments of substrate ions are difficult to
accomplish with a sufficiently high time resolution since the
kinetics may be affected by diffusion of the ions through the
membrane to reach the luminal compartment, even if this
process is facilitated by a fast-acting ionophore. Therefore, it
was desirable to have a membrane preparation available cor-
responding to the purified microsomal preparations of the
Na,K-ATPase [13, 14]. Such an open membrane preparation
would be beneficial since unrestricted access to the ion-
binding sites in the P-E, conformation would allow time-
resolved relaxation experiments with Ca®*-concentration and
pH jumps as applied before to the cytoplasmic side [5, 15].

Although membrane fragments with diameters in the
order of 0.1 to 2 um diameter cannot be investigated with
electrophysiological methods, Ca®* and H* movements into
and out of the binding sites of the SR Ca-ATPase can be
detected even in open membrane fragments by a fluores-
cence technique using electrochromic styryl dyes as intro-
duced and applied successfully during the last decade [16,
17]. With reference fluorescence levels of defined states in
the pump cycle even the amount of charges in the binding
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sites can be determined [5]. In this presentation we introduce
a method to produce open membrane fragments from SR
vesicles, show that the properties of the SR Ca-ATPase in
this preparation are essentially the same when compared to
the untreated vesicles and characterize the binding properties
of the ion sites in both principal conformations of ion pump.

MATERIALS AND METHODS

The chelator BAPTA (1,2bis(2-aminophenoxy)-ethane-
N,N,N9,-tetrasodium salt, B1214), DMNP-EDTA, caged
calcium (1-(4,5-dimethoxy-2-nitrophenyl)-1,2-  diami-
noethane-N,N,N',N'-tetraacetic acid, “DM-nitrophen”), and
NPE-caged ATP (P3-(-(2-nitrophenyl)ethyl)ester-ATP, diso-
dium salt) were obtained from MoBiTec, Géttingen, Ger-
many. Sodium dodecylsulfate (SDS) was obtained from
Pierce Chemical Company (Rockford,lIl.), the calcium iono-
phore A23187 from Boehringer (Mannheim, Germany).
Thapsigargin was purchased from Alomone Labs Ltd. (Jeru-
salem, Israel). The styryl dyes 2HITC and 2BITC [17] were
a gift from Dr. H.-D. Martin, University of Disseldorf,
Dusseldorf, Germany. Caged proton (2-methoxy-5-
nitrophenyl sulfate sodium, “MNPS.Na”) was synthesized by
Karl Janko in our laboratory. All other reagents were of the
highest grade commercially available.

Ca-ATPase was prepared in form of SR vesicles from
psoas muscles of rabbits by a slightly modified method of
Heilmann and collaborators [18]. The whole procedure was
performed at temperatures below 4°C. The determination of
the protein content of the membrane preparation was per-
formed according to Markwell et al. [19]. The most active
fractions of the final density gradient separation had a pro-
tein content of 2-3 mg per ml. The enzyme activity was de-
termined by the coupled pyruvate kinase/lactate dehydro-
genase assay [20]. Background enzyme activity of the iso-
lated preparation was measured by addition of 10 uM thap-
sigargin that blocked the SR Ca-ATPase completely. The
Ca-ATPase-specific activity of the used preparation was 2.92
umol P; per mg protein and min at 37 °C in the absence and
5.83 umol P; per mg protein and min in the presence of
A223187 which short-circuits the vesicles membranes for
Ca™.

Electron-microscopic images were performed in the EM
service unit of the Biological Department (University of
Konstanz) to visualize the isolated SR vesicles and the open
membrane fragments. A transmission EM (Zeiss TEM
912Q) was used to study negative-stain treated samples on
copper grids. The preparations were stained by a 1% solution
of ammonium heptamolybdate. Images were taken at a
100.000 fold magnification and analyzed.

Gel electrophoresis of proteins in SR vesicles and mem-
brane preparations was performed according to standard pro-
cedures with SDS polyacryl gel electrophoresis. The SDS-
denatured protein mixtures were run through 10% polyacryl
amide gels and the molar masses were obtained by compari-
son with marker proteins.

The fluorescence measurements in equilibrium-titration
experiments were performed with a self-constructed setup
using a HeNe laser with a wavelength of 543 nm (Laser
2000, Wessling, Germany) to excite the fluorescence of the
electrochromic dye 2BITC or 2HITC [21]. The emitted light
was collected perpendicularly to the incident light, filtered
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by a narrow-band interference filter (Anax = 589 nm, half
width 10.6 nm) and detected by a head-on photo multiplier
(R2066, Hamamatsu, Japan). The photo current was ampli-
fied by a Keithley current amplifier 427 (Keithley Instru-
ments, Cleveland, OH) and collected by a data-acquisition
board of a PC (PCI-9112, Imtec, Backnang, Germany) with
sampling frequencies between 1 and 10 Hz. The experimen-
tal data were displayed on the monitor, stored and analyzed
on the PC. The temperature in the cuvette (2 ml) was main-
tained by a Peltier thermostat at 20 °C. Due to the fact that in
various experiments the Ca** chelator BAPTA was used the
actual free Ca®* concentrations was determined by the pro-
gram WinMaxC (http://www.stanford.edu/~patton/).

Time-resolved fluorescence responses on pH jumps in-
duced by proton release from caged proton, MNPS.Na, were
performed at the same wavelength settings in an appropriate
setup as described recently [5]. The same method applies
also to Ca®*-concentration jump experiments with caged cal-
cium [22], and ATP concentration jump experiments with
NPE-caged ATP [15]. The electrochromic fluorescent dye,
2BITC was excited by a 543 nm HeNe laser from the top of
the setup. A quartz lens was adjusted to widen the laser beam
and to illuminate the whole solution almost homogeneously.
The emitted light was collected by the ellipsoidal mirror and
reflected into the second focus of the mirror. An interference
light filter (589 £ 10 nm) selected the emitted light of the
styryl dye before passing the entrance window of a photo
multiplier (PM, R928, Hamamatsu Photonics, Japan). An
additional UV cut-off filter reduced the effect of the UV-
laser flash used to photo-cleave the caged compound. The
output current was amplified by an I/V converter and fed
into a 12-bit data-acquisition board of a PC with sampling
frequency of 100 kHz. The bottom of the cuvette was in con-
tact with a thermostated copper socket (that also stopped the
incident light). The temperature was 20 °C. In order to re-
lease a substrate from its caged precursor an UV-light flash
(mean duration 14 ns, wavelength 351 nm, max. power 6
MW) was generated by an EMG 100 excimer laser (Lambda
Physics, Goéttingen, Germany) and directed through a quartz
lens into the cuvette, illuminating the whole buffer volume.
Data output was collected, stored and analyzed on a com-
puter using DASY -lab software.

RESULTS
Membrane Purification

Jorgensen introduced in the late 1960s purified microso-
mal preparations of the Na,K-ATPase from kidneys of vari-
ous animal species [23]. This approach was the pattern for
the development of the procedure applied to SR vesicles
isolated from rabbit psoas muscle. Based on the optimized
conditions that were elaborated for the Na,K-ATPase of rab-
bit kidney, the SR vesicles were treated by an SDS incuba-
tion with variable protein/detergent ratios. The composition
of the incubation buffer was 50 mM imidazole, 2 mM
EDTA, and 3 mM ATP at pH 7.5. The SDS concentration
was kept constant at 1.9 mM, the protein concentration was
varied between 1.9 mg/ml and 2.3 mg/ml, the incubation
time was chosen between 10 and 30 min at 25 °C, stabilized
in a thermostated water bath. After incubation the specific
enzyme activity was determined in the presence and absence
of the Ca ionophore A23187 to test for vesicular structures,
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and in the presence and absence of thapsigargin, a specific
inhibitor of the SR Ca-ATPase, to detect the presence of
other ATPases. From series of these experiments the optimal
purification conditions were found for a protein concentra-
tion of 2.2 mg/ml, and an incubation time of 15 min at 25 °C.
A comparison of the specific activity of untreated SR vesi-
cles and the optimized open membrane preparation is shown
in Fig. (1) for a typical preparation. A23187 could not in-
crease the enzyme activity in the case of the open mem-
branes but produced reproducibly a minor reduction (< 10
%). This fact indicates that no longer vesicular membranes
were present, since in the SR vesicles the luminal accumula-
tion of Ca’* reduces the enzyme activity which can be re-
stored by short-circuiting the membrane for Ca®* with
A23187. After addition of thapsigargin the residual, unspe-
cific ATPase activity was about 1% of the uninhibited activ-
ity. This negligible amount was similar in the SR vesicles
and the open membranes.
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Fig. (1). Comparison of enzyme activities in isolated SR
vesicles and open membrane patches from a single prepara-
tion. Enzyme activity was determined by the coupled pyru-
vate kinase/lactate dehydrogenase assay [20]. In both col-
umns 1 enzyme activity is shown without further additions,
in columns 2 the activity is shown after addition of 12.5 pM
of the Ca ionophore A23187. In the case of the SR vesicles a
significant increase of the enzyme activity was observed due
to the disappearance of the Ca®* concentration gradient
across the SR membrane. As expected, in the open mem-
branes the ionophore had no amplifying effect. In columns 3
the action of the specific inhibitor thapsigargin is demon-
strated. The negligible remaining enzyme activity proves that
no significant amounts of other ATPase are present in both
preparations.

In the case of the SR vesicles used for the presented ex-
periments the specific enzyme activity was 5.83 + 0.1 umol
Pi per mg and min in the presence of A23187 and at 37 °C.
The open membranes had a specific activity of about 3.67 +
0.3 pmol Pi per mg and min in the presence of SDS. After
the detergent was removed from the incubation solution by
dialysis in a dialysis tubing (Visking®, dialysis tubing 8/32)
for three days against an 1000-fold excess volume containing
8.8 mM sucrose and 20 mM Trizma-maleate, pH 7.0, en-
zyme activity increased to 5.0 £ 0.2 umol Pi per mg and min
as determined from ten different preparations. (Errors are
given ins.e.m.)
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Characterization of the Open Membrane Preparation

The lipid and protein content of the open preparation was
estimated by determination of the protein content with the
Markwell method [19], and the content of lipids by the en-
zymatic phospholipid B test [24]. This test provides the con-
tents of phosphatidylcholine lipids (PC). Typical ratios of
protein/PC (w/w) were 8.0 (compared to the SR vesicles:
2.6). Assuming a PC content of 68.4% of the total lipid [25],
the protein/lipid ratio would be 5.5 in the open membranes.
The purity of the Ca-ATPase in the open membranes was
checked by SDS gel electrophoresis as shown in Fig. (2A).
The dominant band of the gels corresponded to the molar
mass of the SR Ca-ATPase [26]. No significant differences
in sequence and density of protein bands could be detected
between proteins from the SR vesicles and the open mem-
brane fragments. This indicates that the SDS treatments pri-
marily removed lipids from the SR membrane, and this proc-
ess led to membrane preparations in which the protein den-
sity became so high that no longer a curvature of the mem-
brane was possible that is needed to form vesicular struc-
tures.

Electron-microscopical images in negative stain of the
native SR membrane vesicles and the open membrane prepa-
ration are shown in Fig. (2B and 2C). The SDS treatment of
the more or less spherical vesicles and the subsequent dialy-
sis produced irregularly shaped flat membrane fragments
with diameters of 50 to 200 nm with a slightly elevated (un-
stained) edge, correspondingly to what was observed with
membrane fragments from the Na,K-ATPase before [27].

Kinetical Properties of the Ca-ATPase in the Open
Membranes

To test functional integrity of the SR Ca-ATPase experi-
ments with the electrochromic styryl dye 2BITC were per-
formed with both native vesicles and open membrane frag-
ments produced from the same preparation. Since binding
(or release) of ions to (or from) the SR Ca-ATPase is elec-
trogenic, these reaction steps can be detected by the fluores-
cence of styryl dyes [17].

In a first set of experiments binding and release of H* and
Ca’* were studied by equilibrium titration experiments in the
E; conformation of the ion pump. In a cuvette buffer contain-
ing 25 mM 3-(N-Morpholino)-propanesulfonic  acid
(MOPS), 1 mM MgCl,, 50 mM KCI, 200 mM choline chlo-
ride, pH 7.2, were equilibrated at 20 °C with 200 nM 2-BITC
and 18 ug/ml protein in form of SR vesicles or open mem-
branes. The contamination of this aqueous solution with Ca?*
was about 4 uM [16]. After a stable fluorescence level was
obtained, 200 uM BAPTA were added to deplete the buffer
of Ca** (~1 nM free Ca**), and in consequence, to remove
quantitatively the residual Ca®* ions from the binding sites.
The removal of Ca®* was observed by an increase of the
fluorescence level according to the detection mechanism of
2-BITC [21]. This level was used as reference level, Fo, for
the titration experiments. Then appropriate aliquots of CacCl,
solutions were added. The fluorescence levels, F([Ca?']),
were normalized respective to Fq and plotted against the cor-
responding free Ca®* concentration (Fig. 3A). Such experi-
ments were performed with SR vesicles and open membrane
fragments. In both cases the concentration dependence was
fitted by a Hill function,
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Fig. (2). Characterization of the open membrane preparation. (A) SDS gel electrophoresis of SR vesicles and the membrane
preparation obtained therefrom; lane a: marker enzymes, lane b: untreated SR vesicles, lane c: membrane fragments. The SDS
treated membranes exhibit no significant change in the protein composition with respect to the SR vesicles. The prominent
protein is the SR Ca-ATPase with a molecular mass of about 100 kDa. (The mass calculated from the 997 amino acids is
109.763 Da.) Electron-microscopic images of (B) SR vesicles and (C) open membranes obtained with negative stain technique.
While the SR vesicles show globular structures with typical diameters of 100 — 200 nm, the open membranes showed irregu-

larly shaped patches with diameter between 50 nm and 200 nm.

o), e

Fy 1+(k,, /[ca* ]|

While in both experiments the half-saturating Ca** con-
centrations, Ky, and the Hill coefficient, n, were almost the
same (see figure legend), a significant difference was ob-
served for the maximum fluorescence decrease, AF/F,
which was 30% for the SR vesicles and about 20% for the
open membranes. The relative fluorescence change of 2-
BITC depends on the one hand on the amount of charge per
area inside the membrane domain of the membrane, i.e. in
the binding sites, and on the other hand it depends also on
the dielectric coefficient of the membrane, which is con-
trolled by the lipid composition and the protein/lipid ratio.
Since the SDS treatments modifies both properties, it is not
surprising that the fluorescence change, AF/Fy, is altered.
This is, however, a property of the lipid domain of the mem-
brane and not of the ion pumps, and therefore not significant
for an analysis of the pump Kinetics.

Corresponding pH titration experiments were performed
in the nominal absence of Ca®" in buffer containing 25 mM
MOPS, 1 mM MgCl,, 50 mM KCI, and a starting pH of 7.3-
7.4, adjusted by addition of KOH. After equilibration with
200 nM 2-BITC and 18 ug/ml protein in form of SR vesicles
or open membranes pH titrations were performed by addition
of small aliquots of HCI. The results are shown in Fig. (3B).
The experimental data were fitted by a Hill function corre-
sponding to Eq. (1) for the H" concentration. The obtained
pK values were 5.5 (SR vesicles) and 5.46 (membrane frag-
ments), although they are not really significant since the data
do not cover a large enough pH range to justify the determi-
nation. The fits allow us, however, to visualize the close
agreement of the H*-binding properties of both preparations.

Similar equilibrium titration experiments with CaCl,
were performed at various buffer pH between pH 6.4 and

7.8. At each pH at least 3 experiments were performed. In
Fig. (4) the comparison of the results between Ca-ATPase in
SR vesicles and in open membrane fragments are shown.
The increase of Ky, with decreased pH (Fig. 4A) is in agree-
ment with the competition between Ca** and H* for the same
binding sites [5].

If it is assumed that Ca®* binding and competition of H*
and Ca*" in the binding sites is unaffected by the SDS treat-
ment, the pH dependence of the apparent Ky, in both data
sets can be fitted by the same exponential function (solid line
in Fig. 4A). The equilibrium dissociation constant at high pH
(for both curves) was found to be 188 + 60 nM. The curve
for the data obtained with SR vesicles is shifted by ApH of
0.25 to the left. This can be interpreted as the effect of a
higher density of negative charges on the cytoplasmic sur-
face of the membrane fragments which causes an apparent
higher proton concentration (or lower pH) according to the
Gouy-Chapman theory. A quantitative analysis (not shown)
shows that a pH shift of 0.29 is generated by a difference of
the surface-charge density of one elementary charge per 8
nm?. Assuming an average cross-sectional area of a lipid
molecule in the lipid bilayer of 0.64 nm?, 15 lipid molecules
fit in 10 nm?, and the membrane fragments, therefore, may
be expected to have one additional negatively charge per 12
lipid molecules compared to the isolated SR membrane.

In the case of SR vesicles the maximum fluorescence
change (see Fig. 3A) is significantly larger at buffer pH 7
and above (Fig. 4B). The Hill coefficient obtained from the
fits of the Ca’" titration curves was in the average 2.4 + 0.4
(SR vesicles) and 1.5 £ 0.1 (membrane fragments).

These results indicate that the kinetical properties of the
binding sites in the E; conformation were not significantly
altered by the SDS treatment of the SR vesicles to obtain the
open membrane fragments.

Similar equilibrium titration experiments were performed
also in the P-E, conformation of the Ca-ATPase. These
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Fig. (3). Comparison of Ca®* and H* binding to the SR Ca-ATPase in SR vesicles (open circles) and open membrane prepara-
tions (solid circles). (A) The experiment was performed at pH 7.2. The fluorescence intensities were normalized to the level in
the nominal absence of Ca®*. The normalized fluorescence amplitude was plotted against the calculated free Ca>* concentration
in the buffer solution. The data points were fitted with a Hill function (Eq. 1). The half saturating Ca®* concentration was 0.25
uM (vesicles) and 0.3 uM (membrane fragments). The Hill coefficients were 1.7 in both cases, and the maximum fluorescence
changes was 0.3 for the vesicle preparation and 0.19 for the open membrane fragments. (B) pH titration in the absence of Ca®*
was started in buffer adjusted to pH 7.3-7.4 and performed by addition of small aliquots of HCI. pH was measured after each
addition with a pH microelectrode. The lines through the data sets are Hill fits that show the close proximity of the H" binding
properties of the SR Ca-ATPase in both preparations.
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Fig. (4). Comparison of the pH-dependent Ca** binding in the E; conformation of the SR Ca-ATPase. Titration experiments as
shown in Fig. (3) were analyzed and the characteristic fitting parameters in the Hill function, Ky, and AF/F,, were plotted
against the pH of the buffer solution in the cuvette. (A) The half-saturating Ca®* concentration, Ky, increased in both prepara-
tions with lower pH, indicating a competition between Ca** and H" in the binding sites. At high pH the Ky, of both preparation
merges at 188 nM. The data are fitted with an exponential curve as expected for the pH dependence of the Ky, for Ca’* value
when competitive inhibition by protons is occurring (cf. Discussion). The plotted fit curves differ only in a pH shift of 0.29
between both data sets. (B) The fluorescence change upon addition of saturating Ca?* (here plotted as absolute value) is larger
for the experiments with SR vesicles above pH 6.5. This effect is mainly cause by a difference in the lipid composition of the
membranes and does not affect significantly the ion-pump Kinetics.

experiments were performed in a buffer containing 25 mM
MOPS, 1 mM MgCl,, 50 mM KCI, 200 mM choline chlo-
ride, 200 nM 2-BITC, 18 pg/ml enzyme prep, 200 pM
BAPTA, 12.5 uM A23187, and 200 uM Na,ATP. The Ca**
ionophore A23187 was necessary to allow an equilibration
of Ca?* across the membrane in the case of SR vesicles. In
the presence of Ca”" ions and ATP in the aqueous electrolyte
the ion pump works under turnover conditions. It is known,
however, from recent studies [21] that the return from the
E,P to the E; conformation is slow. Therefore, a predominant
fraction of the enzyme is present in its phosphorylated con-
formation and allows titration experiments with the ion-

binding sites accessible from the luminal side of the mem-
brane. Experiments were performed in buffer solutions with
a pH between pH 6.2 and 7.4.

The titration curves (not shown) were analyzed using the
Hill function, Eq. (1), and the results are shown in Fig. (5).
The obvious differences from the results obtained in the E;
conformation (Fig. 4) are an additional indication that the
binding sites of the ion pump were probed in the E,P con-
formation. The pH dependence of the half-saturating Ca®*
concentration, Ky, was the same in both membrane prepara-
tions (Fig. 5A). No significant pH dependence was observed
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Fig. (5). Comparison of the pH-dependent Ca®* binding in the E,P conformation of the SR Ca-ATPase in which the ion-
binding sites are accessible from the luminal side of the membrane. Titration experiments were analyzed and the characteristic
fitting parameters in the Hill function, Ky and AF/F,, were plotted against the pH of the buffer solution in the cuvette. (A) The
half-saturating Ca®* concentration, Ky, from both preparation did not significantly differ from each other over the pH range
covered by experiments. Below pH 7 it was approximately constant with a value of 0.86+0.06 uM and increased to about 2 pM
at pH 7.4. In contrast to the results in the E; conformation no competition between Ca** and H" is evident. (B) At pH 7 and
below the fluorescence change upon addition of saturating Ca®* (here plotted as absolute value) is the same for the experiments
with both preparations. The decrease of AF/Fq in the case of the SR vesicles may not be significant, it was not found before

[21].

below pH 7, while above pH 7.0 the values of Ky, increased
from about 1 uM to 2 uM.

The maximum fluorescence decrease, AF/Fq, (Fig. 5B)
was 0.22 + 0.01 for the open membrane fragments through-
out (with a slight tendency to increase at higher pH). In the
case of the SR vesicles a deviation from the fluorescence
changes of the membrane fragments was found only at high
pH > 7. The Hill coefficient of 0.84 + 0.04 was pH inde-
pendent and the same for both membrane preparations (not
shown).

Time-Resolved Experiments

In a final series of experiments time-resolved concentra-
tion-jump experiments were performed by substrate release
from caged compounds as published recently [5, 15, 22]. For
each substrate, H*, Ca**, and ATP, corresponding experi-
ments were performed with SR vesicles and membrane frag-

fragments to compare the response to the stepwise increase
of concentration upon the flash-induced release from the
inactive caged precursor. Typical experiments are shown in
Fig. (6). The kinetic parameters are shown in Table 1.

The electrolyte for pH-jump experiments contained 50
mM KCI, 200 mM choline chloride, 400 uM BAPTA, 200
nM 2BITC, 18 ug/ml Ca-ATPase in form of SR vesicles or
membrane fragments, and 300 M MNPS.Na. The initial pH
was set to 7.0 by addition of KOH. Five identical experi-
ments were averaged to increase the signal/noise ratio. The
time courses of the fluorescence signal for both preparations
are shown in Fig. (6A). Similar to what was found in equilib-
rium titration experiments, the amplitude of the fluorescence
decrease was smaller in the case of membrane fragments.
Both signals could be fitted with the sum of two exponentials

Table 1. Comparison of the Parameters of the Time-Resolved Relaxation Experiments with SR Vesicles and Membrane Frag-
ments
preparation 2 T2 F2
caged H*
vesicles 1.4+0.1 ms 0.030+0.001 31.9+0.1 ms 0.052+0.001
fragments 2.5+0.1 ms 0.025+0.001 34.2+0.6 ms 0.002+0.001
caged Ca®
vesicles 44.3+2.6 ms 0.021+0.001 302.6+6.7 ms 0.041+0.001
fragments 41.945.0 ms 0.005+0.001 272.6+8.0 ms 0.020+0.001
caged ATP
vesicles 101.5%£3.2 ms 0.083+0.001 5.4+0.03s 0.200+0.001
fragments 105.0+2.9 ms 0.055+0.001 >6.0s (n.s.) 0.004 (n.s.)
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Fig. (6). Time-resolved response of the fluorescence signal in concentration-jump experiments performed by UV-flash induced
substrate release from a caged precursor with SR vesicles (ves.) and purified membrane fragments (fragm.). (A) pH jump ex-
periment in the electrolyte that maintains the SR Ca-ATPase in its E; conformation. The release of protons causes a right shift
in the reaction sequence, E; <> H,E; <> H4E; [5]. In both preparations the time course could be fitted with a sum of two expo-
nential functions (Eqg. 2). While the time constants were comparable, the amplitudes differed significantly, Fi/F,(ves.) = 0.5
and Fy/F,(fragm.) = 5. (B) Ca®*-concentration jump in the E; conformation of the SR Ca-ATPase lead to a right shift in the
reaction sequence, E; <> CaE; <> CaE;. Again, the fits of the data with Eq. (2) revealed comparable time constants, the ampli-
tude ratios, F1/F,(ves.) = 0.28 and F;/F,(fragm.) = 0.21, were not to far from each other, however, the total fluorescence ampli-
tude differed by more than a factor of 2. (C) ATP-jump experiments were performed under the condition that release of the
nucleotide triggered the reaction, Ca,E; — (Ca,)E;-P — P-Ey(Ca,) — P-E,, and then all substrates are present to allow pump
turnover, controlled by the rate-limiting step, P-E, — P-E,H, [22]. While the SR vesicles show a biphasic behavior the mem-
brane fragments exhibit only the rising phase of the fluorescence with a time constant similar to that for the Ca-ATPase in the

vesicles.

Ft)=Fxe™"™ +F,xe™™ +F . )

The time constants were comparable (z; = 1.4 ms and 7, =
31.9 ms for SR vesicles and 71 = 2.5 ms and , = 34.2 ms for
membrane fragments). The amplitudes differed significantly.
In the case of SR vesicles the contribution of both processes
were F; = 0.03 and F, = 0.052. In contrast the amplitudes
were F; = 0.025 and F, = 0.002 in the case of membrane
fragments. It is obvious that the slower process did not sig-
nificantly contribute to the fluorescence signal in the ex-
periments with membrane fragments.

The response on Ca** concentration jumps was measured
in a buffer containing 50 mM Hepes, 100 mM KCI, 600 nM
2BITC, 25 uM CaCl2, 18 pg/ml Ca-ATPase in form of SR
vesicles or membrane fragments, and 25 pM caged calcium
approximately saturated with Ca?* (free [Ca*'] < 100 nM),
pH 7.0. Five identical experiments were averaged to increase
the signal/noise ratio (Fig. 6B). Again, the amplitude of the
fluorescence decrease was smaller in the case of membrane
fragments. When fitted with Eq. (2) the fluorescence ampli-
tudes were: F; = 0.021 and F, = 0.041 (SR vesicles), and F;

= 0.005 and F, = 0.02 (membrane fragments). The ratio
F1/F, was 0.51 in the case of the SR vesicles and 0.25 in the
case of membrane fragments. The relative contribution of the
faster of both processes is somewhat reduced in the case of
membrane fragments. The time constants of both processes
induced by the Ca?* concentration jump were similar (z; =
44.3 ms and 7, = 302 ms for SR vesicles and 7; 41.9 ms and
7, = 272 ms for membrane fragments).

The most significant differences between SR vesicles and
membrane fragments were found in time-resolved ATP-jump
experiments. The experiments were performed in electrolyte
containing 25 mM Tricine, 50 mM KCI, 1 mM MgCl,, 400
uM BAPTA, CaCl, to adjust 2 uM free Ca?*, 200 nM
2BITC, 18 pg/ml Ca-ATPase, 100 uM caged ATP pH 7.0.
Typical experiments are shown in Fig. (6C). The traces
shown are each the average of three identical experiments. In
the case of the SR vesicles a biphasic signal was found with
a rising and falling phase as published before [22]. The time
constants determined were r; = 102 ms for the raising phase
(F1 =0.083) and 7, = 5.4 s for the falling phase (F; = 0.2). In
the corresponding experiment with the membrane fragments
essentially a single raising process was found with a time
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constant of z; = 105 ms (F; = 0.055), and an additional minor
increase of the fluorescence with 7, > 6 s (F; = 0.004). A
similar behavior was found with SR vesicles only at buffer
pH > 8 [22].

DISCUSSION

Due to the recent progress in structure analysis of the SR
Ca-ATPase [4, 7, 8, 10-12] an appropriate kinetical investi-
gation of the calcium pump is desirable to correlate structure
and function to develop a complemented understanding of
the molecular mechanism of ion transport. Recent investiga-
tions of the kinetics of ion-transport reaction steps were fo-
cused on those which are related to substrate interactions
from the cytoplasmic side of the membrane [ 5, 15, 16, 21,
22, 28, 29]. The reason for such a restriction is based on the
available membrane preparations isolated from muscle cells,
which are vesicles from the sarcoplasmic reticulum. These
vesicles can be separated easily from homogenized muscle
cells. They are a preparation of cytoplasmic-side outward
oriented membranes. In consequence, the luminal binding
sides (and their access channels) are not directly accessible.
Although protons equilibrate rather fast across the leaky
membrane and also the Ca?* permeability can be enhanced
significantly by application of the Ca®" ionophore A23187,
time resolved studies of the kinetics may be rate-limited by
processes different from those of the pump function. In addi-
tion, due to the small internal volume of vesicles with a di-
ameter of 100-200 nm (V = 0.5 — 4.2x10™8 I the buffering
capacity of the head groups of the lipid molecules in the lu-
minal leaflet of the membrane may not be neglected inside
the vesicles (nominally cjisig = 80 — 150 mM). Therefore, an
effort was undertaken to produce a membrane preparation in
which the luminal side of the membrane is directly accessi-
ble. Such a preparation was introduced in the case of the
Na,K-ATPase by the purified microsomal preparation.

The biochemical attempt to conduct a treatment analo-
gously to that used for Na,K-ATPase-containing membranes,
namely an SDS incubation to solubilize part of the mem-
brane components, and subsequent dialysis against a deter-
gent-free aqueous medium was successful and could be op-
timized. It resulted in a preparation of open, flat membrane
sheets with active Ca-ATPase. The residual enzyme activity
of the so-called purified preparation was about 80% of the
Ca-ATPase in the untreated SR vesicles. There are several
possible reasons for the reduced enzyme activity. A self-
evident one is first of all inactivated and denatured ATPase
molecules at the edge of the membrane fragments where the
pumps have to be in contact with SDS molecules that form
the boundary of the hydrophobic core of the fragmented
membranes. A second reason is the modified lipid composi-
tion of the purified membrane fragments. From the determi-
nation of the lipid contents of vesicles and membrane frag-
ments it could be estimated (with a protein mass of 100.000
g/mol and average lipid mass of 760 g/mol) that in the vesi-
cles ~55 PC-lipid molecules per pump were present. This
number was reduced to ~16.4 PC molecules per pump in the
case of the membrane fragments. It is this reduced lipid con-
tents that decreases the membrane elasticity and bending,
and therefore, prevents vesicle formation. Since different
lipid species are expected to be removed by SDS with differ-
ent effectiveness, the lipid composition of the purified mem-
branes may be significantly altered and either reduce their

Fibich et al.

enzyme activity or even block part of the ion pumps. A third
reason, a high residual SDS concentration in the membrane
fragments can be ruled out since an increase of the duration
of dialysis by a factor of two did not enhance but reduced
enzyme activity (data not shown).

How far the SR Ca-ATPase in the membrane fragments
was affected by the purification method was investigated by
comparison of Kinetical properties of the ion pumps in SR
vesicles and membrane fragments. By equilibrium titration
experiments cytoplasmic Ca”" and H* binding was measured
and the results compared between both preparations. In the
absence of ATP and P; the pumps are confined to the states
in reaction sequence, Ca;E; <> CaE; ¢ E; & HyE; «> Hy4E;
[5]. The distribution between the various states can be modi-
fied by buffer pH and Ca®* concentration. The results are
shown in Figs. (3 and 4). It turned out that the equilibrium
dissociation constants for both ion species were not signifi-
cantly different. When Ca®" titrations were performed at dif-
ferent pH, notable deviations were found at pH < 7.0 (Fig.
4). As described in the results section, these differences may
be described by a higher negative charge density of the (cy-
toplasmic) membrane surface in the case of the membrane
fragments which is not an unexpected condition after an SDS
incubation. The only significant difference in the characteris-
tics of both preparations is the fluorescence levels, F/Fq,
obtained in the Ca**-titration experiments at pH values above
6.5.

As discussed and verified before [17], the fluorescence
amplitude of electrochromic dyes is proportional to the local
electric field in the hydrophobic interior of the membrane.
And the electric field strength is proportional to the number
of charges in the binding sites of the ion pumps which are
located in the hydrophobic core of the membrane. The abso-
lute fluorescence, F, and the fluorescence changes, AF/F,
depend, however, due to basic physical principles, not only
on the amount of charge in the binding sites but also on the
dielectric constant, ¢, of the membrane. When the protein
density is increased, as in the case of the membrane frag-
ments, ¢ will be also increased. This property reduces the
spatial range of the electric field and may reduce the fluores-
cence alteration, AF/Fq, upon a change in the occupation of
the ion-binding sites compared to the untreated SR vesicles.
Another mechanism that may affect the fluorescence re-
sponse, AF/Fg, is the position of the dye molecules in the
membrane [17]. A tighter protein packing may affect also the
depth of insertion of the dye molecules into the hydrophobic
membrane core, and tiny shifts in the Angstrom range can
cause the observed reduction in the fluorescence response.
Finally, it has to be mentioned that in the case of the mem-
brane fragments the dye inserts from both sides into the
membrane, in contrast to the vesicles, in which 2BITC enters
only into the cytoplasmic leaflet of the lipid bilayer, since
the inner leaflet is not accessible, and a flip-flop of the polar
head of the dye molecule across the membrane is negligibly
small.

The time-resolved concentration-jump experiments dem-
onstrated that the kinetics of the cytoplasmic ion binding was
not significantly different in both membrane preparations
(Table 1). The differences in the relaxation-time constants
did not vary stronger than within a series of experiments
performed with the same preparation [5, 15]. Clear differ-
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ences were found only in the fluorescence amplitudes of
corresponding relaxation processes in both preparations. As
has been discussed above, these discrepancies have to be
assigned to properties of the lipid matrix of the membrane.
An intriguing disagreement was found, however, in the case
of the ATP-induced partial reaction (Fig. 6C) which shows
after the initial fluorescence rise an explicit decrease in the
case of the vesicle preparation which is absent in the experi-
ments with the membrane fragments. The time constants of
the rising phase is in both experiments the same. The compa-
rable fluorescence rise in both preparations indicates a re-
lease of positive charge from the binding sites which is
caused by the last step in the ATP-induced partial reaction,
CaE; — (Cay)E;-P — P-E,Ca, — P-E,. This sequence is
obviously unmodified by the formation of the open mem-
brane fragments. By contrast, the subsequent reactions differ.
In a previous study [22] the fluorescence decrease in the
vesicle preparation was assigned to proton binding, P-E, + n
H* — P-E,H,, since the descent could be controlled by
buffer pH and disappeared at pH 8 in the extra-vesicular
aqueous phase. Due to the high leak conductance of the SR
membrane for protons, an equilibrium between inside and
outside could be assumed after the incubation time before
the experiments were performed. The absence of H* binding
observed in the experiments with open membrane fragments
might be caused by apparent pH differences on the luminal
side of the membrane. However, in Fig. (5A) the pH-
dependent Ca** binding behavior from the luminal side in the
P-E, conformation is the same in both membrane prepara-
tions, and therefore differences in apparent pH at the mem-
brane surface may be excluded. A possible proposal are
modifications in the Ca-ATPase that lead to changes in the
binding sites that affect proton binding affinities. The inves-
tigation of functional and mechanistic details is subject of
running and forthcoming experimental studies.

In summary, it can be stated that the differences in the
fluorescence amplitude of both membrane preparations in
the corresponding experiments shown can be assigned to
interactions between the dye 2BITC and the lipid matrix of
the membranes, and they do not reflect modified properties
of the Ca-ATPase in the purified membrane fragments.
Therefore, the introduced methods provides a membrane
preparation that will be the basis of forthcoming studies of
the Kkinetic properties of the luminal binding sites and their
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access channel which are functional active in the P-E, con-
formation of the SR Ca-ATPase by time-resolved concentra-
tion-jump experiments.
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