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Abstract

The factors regulating Ca’* transport by isolated sarcoplasmic reticulum (SR) vesicles have been studied using the
fluorescent indicator Fluo-3 to monitor extravesicular free [Ca>*]. ATP, in the presence of 5 mM oxalate, which clamps
intravesicular [Ca®*] at approximately 10 uM, induced a rapid decline in Fluo-3 fluorescence to reach a limiting steady state
level. This corresponds to a residual medium [Ca?'] of 100 to 200 nM, and has been defined as [Ca>*];, whilst
thermodynamic considerations predict a level of less than 1 nM. This value is similar to that measured in intact muscle with
Ca?* fluophores, where it is presumed that sarcoplasmic free [Ca>*] is a balance between pump and leaks. Fluorescence of
Fluo-3 at [Ca**]m was decreased 70% to 80% by histidine, imidazole and cysteine. The Kj 5 value for histidine was 3 mM,
suggesting that residual [Ca®* ], fluorescence is due to Zn>*. The level of Zn>* in preparations of SR vesicles, measured by
atomic absorption, was 0.47 = 0.04 nmol/mg, corresponding to 0.1 mol per mol Ca-ATPase. This is in agreement with
findings of Papp et al. (Arch. Biochem. Biophys., 243 (1985) 254-263). Histidine, 20 mM, included in the buffer, gave a
corrected value for [Ca> ], of 49+ 1.8 nM, which is still higher than predicted on thermodynamic grounds. A possible
‘pump/leak’ mechanism was tested by the effects of varying active Ca®* transport 1 to 2 orders with temperature and pH.
[Ca*]jim remained relatively constant under these conditions. Alternate substrates acetyl phosphate and p-NPP gave similar
[Ca®t]jim levels even though the latter substrate supported transport 500-fold slower than with ATP. In fact, [Ca®*];, was
lower with 10 mM p-NPP than with 5 mM ATP. The magnitude of passive efflux from Ca-oxalate loaded SR during the
steady state of [Ca®* i was estimated by the unidirectional flux of 4°Ca’*, and directly, following depletion of ATP, by
measuring release of “°Ca’*, and was 0.02% of Vpax. Constant infusion of CaCl, at [Ca?* ]y, resulted in a new steady state, in
which active transport into SR vesicles balances the infusion rate. Varying infusion rates allows determination of [Ca®*]-
dependence of transport in the absence of chelating agents. Parameters of non-linear regression were Viax =853 nmol/min
per mg, Ko s5(ca) =279 nM, and nyc,) = 1.89. Since conditions employed in this study are similar to those in the sarcoplasm of
relaxed muscle, it is suggested that histidine, added to media in studies of intracellular Ca®* transients, and in the relaxed
state, will minimise contribution of Zn>* to fluophore fluorescence, since it occurs at levels predicted in this study to cause
significant overestimation of cytoplasmic free [Ca>*] in the relaxed state. Similar precautions may apply to non-muscle cells

Abbreviations: AcP, acetyl phosphate; [Ca’*];y,, limiting concentration of medium or cytosolic free calcium ions; DMSO, dimethyl
sulfoxide; E-P, phosphorylated forms of the Ca>"-ATPase; EGTA, ethyleneglycol bis(B-amino ethyl ether)-N,N,N’, N -tetraacetic acid;
Fjin, Fluorescence of fluophore, Fluo-3, at limiting [Ca?*]; Fpin and Fiay, Fluorescence of Fluo-3 with excess EGTA and with saturating
[Ca?]; MOPS, 3-(N-morpholino)propanesulfonic acid; p-NPP, p-nitrophenyl phosphate; SDS-PAGE, sodium dodecyl sulphate—poly-
acrylamide gel electrophoresis; SR, sarcoplasmic reticulum
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as well. This study also suggests that [Ca?*];, in the resting state is a characteristic feature of Ca?>* pump function, rather
than a balance between active transport and passive leakage pathways. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sarcoplasmic and endoplasmic reticulum Ca’*-
ATPases (SERCAs) are present in all nucleated
mammalian cells and function as calcium pumps to
restore cytoplasmic Ca’* levels following stimuli that
are mediated by calcium signalling, and are therefore
responsible for regulating resting levels of cytoplas-
mic [Ca’*]. The Ca**-ATPase of skeletal muscle has
been particularly well studied and characterised, and
is perhaps one of the best understood examples of
energy transduction, in which chemical energy of
ATP is converted into the energy of an osmotic gra-
dient [1-6]. Isolated vesicles from rabbit skeletal
muscle sarcoplasmic reticulum (SR) are particularly
suitable for transport and energy coupling studies.
They are obtained in high yield, with > 80% purity
of Ca’>t-ATPase pump protein, are physiologically
orientated with cytoplasmic surface outwards, and
are tightly sealed.

Early studies, using steady state flux ratios for
ATP hydrolysis and calcium transport, showed Ca/
ATP ratios that approached 2, suggesting that two
Ca’* ions are translocated per pump cycle [1]. This is
in agreement with passive binding studies, which
have characterised two high affinity Ca?* binding
sites facing the cytoplasmic surface of SR membranes
[7]. Although there is not complete agreement with
respect to all the intermediate states of the catalytic
cycle [8], it appears that all of the partial reactions
can be accomplished by the 110 kDa pump monomer
[9], and that following binding of cytoplasmic Ca’*,
phosphorylation to form E-P leads to occlusion of
the two transported cations. Subsequent reorienta-
tion and decrease in affinity of the transport sites
leads to deocclusion and release of the two calcium
ions onto the lumenal surface of SR membranes [10].
A single unbranched catalytic cycle, originally pro-
posed by de Meis and Vianna [11], is consistent with
this model and with tight coupling of transport to
ATP hydrolysis. This view is consistent with the ap-
parent equilibrium state of the SR Ca’"-ATPase

under physiological conditions in vivo and in vitro
[12].

Previous reports on the [Ca’"]-dependence of
transport by isolated SR, showing Hill coefficients
of two lead to the consensus that occupation of
two Ca’" sites is required both for the activation
of catalysis and of transport, and that this 2:1 cou-
pling ratio was maintained over a wide Ca’>* concen-
tration range [13], where Ca’* buffers, usually
CaEGTA, were used to vary free [Ca®*] in the sub-
micromolar range. However, EGTA and/or CaEG-
TA have been shown to enhance the apparent affinity
of the Ca?* pump [14]. The [Ca®*]-dependence of
transport has been estimated in the absence of che-
lators by Klein et al. [15], from the decline in myo-
plasmic Ca®* following contraction in skinned frog
skeletal muscle, and they have proposed that the
high cooperativity (ny=3.6) favours a functional
pump dimer.

Coupling ratios, in the absence of EGTA, decline
in the submicromolar Ca’* range from 2.0 to near
zero, implying that the pump may ‘slip’ under these
conditions [16]. Inesi and de Meis [17] have described
slippage when transport into isolated SR vesicles is
limited by high intravesicular [Ca®*] and 10000:1
gradient, conditions referred to as ‘static head’.

The Ca>* pump of SR is in thermodynamic equi-
librium in the physiological state [12]. The present
study of Ca?* transport by isolated SR vesicles has
been characterised, using the fluophore, Fluo-3 [18],
at low free external calcium ion concentrations that
are limiting for Ca?* ([Ca>*]jim), without the con-
straint of a significant concentration gradient. In
the presence of oxalate both external high affinity
and internal low affinity calcium binding sites are
expected to be vacant. Interference from Zn>* has
been minimised with a histidine buffer. Ca®>* concen-
tration dependence of transport, determined in the
absence of EGTA, is cooperative, with a Hill coeffi-
cient approaching 2, suggesting that the monomeric
Ca’*-ATPase is competent to form an isolated pump
unit.
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2. Materials and methods
2.1. Materials

The sources of materials were as follows: ATP,
Sigma; amylase, Boehringer Mannheim. Standard-
ised 100 mM CaCl, solution was prepared from
Analar CaCOs;, adjusted to pH 5.6 with 1 M HCI.
The penta-ammonium salt of Fluo-3, lot number
2641-4, was obtained from Molecular Probes (Eu-
gene, OR, USA). A I-mM stock solution was made
up in DMSO and kept at —20°C in the dark.

2.2. Preparation of skeletal muscle sarcoplasmic
reticulum vesicles

Isolated sarcoplasmic reticulum vesicles were pre-
pared from the back and hind leg muscle of white
rabbits by the method of Champeil et al. [19]. Amyl-
ase, 1 ug/ml, was added to the initial homogenate in
order to decrease glycogen content and phosphoryl-
ase contamination to less than 5%, as determined by
PAGE [20]. Protein concentrations were determined
from the optical absorbance at 280 nm in 50 mM
sodium phosphate (pH 7.0), 1% (w/v) sodium dodec-
yl sulfate [19]. Suspensions of SR vesicles, 35 to 40
mg/ml, were stored at —70°C.

2.3. Determination of steady state levels of
extravesicular [Ca’*], Ca®" uptake
and release

The kinetics of calcium uptake and release, and of
steady-state levels of extravesicular free [Ca’t] were
monitored under standard conditions at 25°C in me-
dium containing 20 mM MOPS-Tris (pH 6.8), 5 mM
MgCl,, 5 mM sodium oxalate, and 20 nM Fluo-3.
The final concentration of SR vesicles was main-
tained at 0.25 mg protein per ml for all experiments.
Fluorescence was recorded in a 1 cm cuvette with
continuous magnetic stirring, using a SPEX ‘Fluoro-
max’ spectrofluorimeter, with excitation at 509 nm
and emission of 535 nm. Maximum fluorescence,
Foax, was established by preincubation with 20 uM
CaCl,, prior to addition of 2 mM ATP, unless oth-
erwise stated.

Free [Ca”>"] was calculated from the observed flu-
orescence, F, according to the equation

[CaZJr]free = Kd(F_Fmin)/(Fmax_F)) (1)

assuming Kgs for Ca’>* binding of 450 nM at 25°C
[18], and of 864 nM at 37°C [21]. For purposes of
calculation of [Ca’"]fce, the Kyg was assumed to re-
main constant between 10°C and 25°C, and increase
linearly up to 42°C.

Vinax of Ca>* transport was measured by monitor-
ing [Ca”"]ee following rapid injection of 100 pM
CaCl, into the cuvette. The reciprocal of the time
taken for [Ca’* e to return to the midpoint between
Frax and Fpi, was used to calculate Viay, since dur-
ing the major fraction of the timed period [Ca®*]fce
would be near to saturation of high affinity Ca>*
binding by the Ca’*-ATPase.

Ca’*-dependence of transport was determined by
a constant infusion method. SR vesicles were incu-
bated with 20 pM Ca’* and 2 mM ATP for 100 s,
during which time a steady state at [Ca’t]y, was
established. Infusion of 5 mM or 50 mM standard-
ised CaCl, was added, with continuous magnetic
stirring, by means of a Welmed P1000 constant in-
fusion pump fitted with a 1-ml syringe. The resulting
pseudo-steady-state of [Ca’']pee was extrapolated
back to 7y, the time of beginning of infusion. Trans-
port is assumed to be equal to infusion rate during
steady state.

2.4. Determination of Zn*" content of preparations of
SR vesicles

Suspensions of SR vesicles, 25 to 35 mg/ml, were
diluted 1:1 with 10% TCA, mixed and allowed to
stand a room temperature for 10-15 min. The mix-
ture was centrifuged at 3000 rpm and the superna-
tant analysed in a Varian AA10 Atomic Absorption
spectrophotometer. Standards of 4 to 24 uM Zn>*
were prepared from a 1-mM Commercial zinc acetate
solution.

3. Results

3.1. Factors determining limiting medium [Ca’”]
during Ca’” uptake into isolated SR vesicles

Initial experiments were carried out to investigate
the suitability of Fluo-3 as a probe of medium or
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extravesicular free [Ca’*]. In order to meet these cri-
teria, Fluo-3 fluorescence should be derived from a
single pool of Ca’*—Fluo-3, with minimum contribu-
tion from intravesicular Ca®*", or deviation from
ideal behaviour due to binding to SR vesicular mem-
branes or glassware. Suitable fluorescence signals
could be recorded with minimum noise from 20
nM total dye concentration. Excitation and emission
spectra from Fluo-3, saturated with excess Ca’"
(Fmax), with excess EGTA (Fuin), and from media
depleted of Ca?* by active transport into vesicles in
the presence of oxalate (Fjy,) are shown in Fig. 1.
These spectra, taken at 10-fold higher concentrations
of Fluo-3 to exclude non-ideal behaviour, illustrate
the large increase in fluorescence with maximum ex-
citation at 509 nm, and emission at 530 nm, between
Fin and F,«. Spectra at Fjj, show peaks at identical
wavelengths, and no evidence of shifts due to bound
dye species, or of more than a single pool of the
fluophore. In all further experiments 20 nM Fluo-3
was used to eliminate any possibility of Ca’>*—Fluo-3
interaction with the Ca>*-ATPase. The contribution
of autofluorescence by vesicles of 0.83% of F.x was
minimal, whilst fluorescence due to Ca>* binding to
Fluo-3 was 97.7% of Fuax. It appears, therefore, that
Fluo-3 behaves as an ideal free [Ca’*] indicator, es-
pecially as its useful concentration of 20 nM is much
lower than that of the CaATPase (0.25 mg/ml or =1
uM), and would have little Ca’>-buffering effect.
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SR vesicles are able to sequester appreciable
amounts of medium Ca”" in the presence of precip-
itable anions [1]. A typical experiment, using oxalate,
is shown in Fig. 2, where free medium [Ca’'],
[Ca’ ]fee, Was monitored with the fluorescent calci-
um indicator, Fluo-3. Initial levels were in the range
0.8 to 1.2 uM, whilst total Ca>*, measured by atomic
absorption, was 5 to 10 uM. Following preincuba-
tion with 100 uM Ca?*, addition of ATP caused a
rapid decrease in fluorescence, which is presumed to
be mostly due to chelation of Ca®>* by ATP, since it
is similar to that in the absence of vesicles. Following
a delay period, uptake is accelerated to V.« due to
‘seeding’ of intravesicular calcium oxalate crystals
[22] Transport ceased abruptly at a characteristic
limiting value (Fy), typically in the range equivalent
to 100 to 200 nM [Ca’"]pe. This value has been
defined operationally as Fj, from which [Ca” i
was calculated according to Eq. 1.

Pulsed additions of Ca?* showed a rapid uptake
and return to relatively constant baseline [Ca’* Jjiy.
Widths of the peaks were used to give an indication
of relative rates of calcium transport under condi-
tions of the assay, and for comparative purposes,
the time to reach half maximum fluorescence,
(Fax—Fnin)/2 or tys, was used as an indication of
uptake rate, since transport is assumed to be near
Vmax above the Ky for binding of Ca’* to Fluo-3
(450 nM).
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Fig. 1. Fluorescence spectra of Fluo-3. The reaction medium, 2.5 ml at 25°C, contained 20 mM Tris-MOPS (pH 6.8), 5 mM sodium
oxalate and 200 nM Fluo-3. Excitation spectra were with 535 nM emission, and emission spectra were with excitation at 509 nM. Ex-
citation (A) and emission (B) spectra were recorded (a) after addition of 100 uM CaCl,, (b) followed by 2.0 mM ATP and further
5 min incubation to reach [Ca®*]jy,, and (c) following addition of 5 mM EGTA.
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Fig. 2. Kinetics of Ca>" uptake recorded with Fluo-3. SR
vesicles, 0.25 mg/ml in standard medium, 2.5 ml, containing
5 mM sodium oxalate, 5 mM MgCl,, and 20 nM Fluo-3, were
incubated at 25°C (Fpax). ATP, 2 mM, was added after 10 s,
followed by three aliquots of 20 uM CaCl, at 100, 200 and 300
s. Ca®*, 100 uM, was added at 450 s, and finally EGTA, 5 mM,
was added at 560 s (Fy;,). The limiting fluorescence, Fy,, and
the corresponding calculated [Ca®*Jfree, [Ca®t]iim, Was measured
immediately before the first addition of Ca?*. Fluorescence
readings are shown in A, and their transform to [Ca®* ], us-
ing Eq. 1, in B.

Both oxalate and phosphate have previously been
used to precipitate intravesicular Ca>* [1,23], and to
ensure maximum rates of transport that are not in-
hibited by internal free Ca>*. The anion dependence
of [Ca> ]jim is shown in Fig. 3. Minimum [Ca®*]im
values occurred with 2 to 5 mM oxalate, whereas 10

mM phosphate was still below the optimum concen-
tration. All further experiments were carried out with
5 mM oxalate, since high levels of phosphate might
cause inhibition of transport by reversal of the cata-
lytic cycle, especially at low medium free [Ca®*].

The possible contribution of increased light scat-
tering due to accumulation of intravesicular calcium
oxalate crystals was considered. Fluorescence at zero
[Ca” Jfree, (Fmin) Was established with 5 mM EGTA
after each experiment, and varied in the range 2-5%
of Fax. Emitted light of vesicles with EGTA, loaded
with endogenous Ca’* (= 30 nmol/mg), was 2.9%,
and rose to 6.2% of Fy.x following maximum load-
ing of 2000 nmol/mg. The positive error in estima-
tion of [Ca’ ]y, in a typical experiment was calcu-
lated to be equivalent to 0.12 nM, or 0.15% of Fpax.
It can be concluded, therefore, that light scattering
does not contribute significantly to emitted light at
[Ca”*Jiim.

Feher and Lipford [23] have studied the factors
limiting maximum calcium oxalate loading of 4-6
umol/mg SR, and have concluded that the rate limit-
ing process is due to rupture of vesicles. Loading in
the present study was limited to 1 pmol/mg and
showed no increase of [Ca>* i, with multiple pulsed
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Fig. 3. Oxalate and phosphate dependence of [Ca®*]j,. Stand-
ard conditions were as described in Fig. 2, except that oxalate
was omitted and 20 mM histidine added (see below). SR
vesicles were preincubated with 20 uM Ca’* and varying con-
centrations of sodium oxalate or NaH,POj,. Following addition
of 2 mM ATP, fluorescence was recorded for 100 s, when Fjn
was measured and [Ca®*];, calculated.
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additions of Ca?* within this range. It is therefore
concluded that saturation of loading capacity is not
the cause of the inability of the SR to decrease
[Ca” Jfree below [Ca Jjim. The electrochemical poten-
tial, AW, is also presumed to be minimal in SR due to
an active anion channel [24].

The free energy of hydrolysis of ATP does not
appear to be fully realised for sustaining a Ca’* gra-
dient in the presence of oxalate. Following addition
of 2 mM ATP and transport of 100 uM Ca’*, which,
assuming tight coupling, would result in hydrolysis
of 50 uM ATP, the concentration quotient [ATP]/
[ADP][P;] is 7.8%x10° M~!. Assuming that the free
energy available from ATP hydrolysis is 14 kcal/mol
[25], this will be in equilibrium with a transmem-
brane gradient of 10000:1 [12]. Since intravesicular
free [Ca’*] in oxalate-loaded vesicles is in the range
5-10 uM, at equilibrium extravesicular levels are ex-
pected in the range 0.5 to 1 nM. Observed [Ca’*]iim,
calculated from the lowest fluorescence signal from
Fluo-3, of 100 to 200 nM, is at least two orders of
magnitude higher.

Several mechanisms for spuriously high fluores-
cence at [Ca’*];, are possible. Calculation of free
[Ca’*], based on Eq. 1, assumes a single pool of
fluophore. Mg?* also forms a fluorescent complex
with Fluo-3. The Ky for Mg?>* binding is 9 mM at
25°C [18]. Binding of Mg?* is probably to a site on

Flim (% Fmax )

5 - T T T
0 5 10 15 20

Ligand (mM)

Fluo-3 that is remote from the chromophore since
the Mg?*—Fluo-3 complex is only 1.4-fold more flu-
orescent than the free fluophore, compared to the 40-
fold enhancement following Ca’" binding. Free
Mg?* is not expected to vary during the course of
usual experimental protocols, and would not be
quenched by EGTA. Hence the presence of Mg>*
in the medium, or in vivo in cytoplasm, should not
affect calibration of the Fluo-3 signal.

3.2. Contribution of Zw’" to Fjy

The characteristics of residual fluorescence of
Fluo-3 at [Ca>' ], are that it is resistant to active
uptake of Ca* into vesicles, and that it is quenched
to a large extent by EGTA (Fpin) to levels of 5-8% of
Fnax with excess Ca’". This suggested possible con-
tamination by transition elements, which are known
to form stable complexes with Fluo-3. Zn>* is such a
possible contaminant and is one of the most abun-
dant divalent cations in the cytosol of cells, including
muscle [26]. Varying SR concentration in the range
0.05 to 0.25 mg/ml did not affect Fj,, in the absence
of histidine (data not shown). Zn>* is known to bind
to Fluo-3 more tightly than Ca?* with a Ky of ap-
prox. 1.5 nM [18]. The Zn?** complex is 61% as fluo-
rescent as the Ca’t complex, and therefore satura-
tion with Zn>* is equivalent to a [Ca®*] of 680 nM.
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2,
histidine
1| e—o—o ¢
0 T T T I T T
00 02 04 06 08 10
Zn*" (uM)

Fig. 4. Effects of histidine, imidazole and cysteine on Fj,. SR vesicles, 0.25 mg/ml, were preincubated with 100 uM Ca’* at 25°C.
ATP, 2 mM, was added, and following 100 s, [Ca®*];, was calculated. In A, increasing concentrations of histidine or cysteine were
added and Fyy recorded. Titration of a medium mixture at [Ca®" ], with added Zn**, with and without histidine is shown in B. Fol-
lowing establishment of steady state of Fyy, 100 s after addition of 2 mM ATP, increasing amounts of ZnCl, were added and the in-
crease in fluorescence intensity was recorded, with and without 20 mM histidine.



54 M.C. Berman/ Biochimica et Biophysica Acta 1418 (1999) 48-60

The effects of Zn>* ligands histidine, imidazole
and cysteine on Fluo-3 fluorescence at [Ca>* iy, are
shown in Fig. 4A. Histidine decreased Fj, from 20%
of Fiax to 8% with Ky 5 of 3 mM. Imidazole was less
effective, with a linear decrease up to 20 mM, with
no signs of saturation. Cysteine was somewhat
anomalous in that in the 0 to 5 mM range it had
similar effects to those of histidine, but the decrease
was reversed and even increased to above the zero
value at 20 mM ligand. Addition of ZnCl, confirmed
that the Zn>* complex of Fluo-3 is stable and fluo-
rescent, and that fluorescence is quenched by histi-
dine (Fig. 4B). Extrapolation of Zn>* titration of
fluorescence effects of suspensions of SR vesicles in
the assay medium indicate a Zn>* content of 1.3
nmol/mg.

Direct analysis of four concentrated SR vesicles
suspensions for Zn>* by atomic absorption spectro-
photometry gave values of 0.47 £0.04 nmol/mg pro-
tein, which are comparable to that found by Szabolcs
[27]. Presumably the higher Zn?* content of SR
vesicles suspended in the incubation medium repre-
sents contributions from its components. On the ba-
sis of these findings, all further studies were carried
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Fig. 5. Effects of histidine and Zn?* on the kinetics of Ca®* up-
take and on limiting fluorescence, Fji,. SR vesicles, 0.25 mg/ml,
were incubated with standard buffer (control), or with 20 mM
histidine, or 2 uM zinc acetate. Following addition of 2 mM
ATP, three 20-uM pulses of Ca>* were added at 100, 200 and
300 s, 100 uM Ca’" at 450 s and 5 mM EGTA at 480 s.
Traces have been offset by 10 and 20 s on the x-axis for
clarity.

out on suspensions of vesicles to which 20 mM his-
tidine was added in addition to Tris-MOPS buffer at
pH 6.8. Profiles of Ca>* additions to actively trans-
porting SR vesicles, with and without 20 mM histid-
ine or 2 uM Zn?* are shown in Fig. 5. Histidine
decreased [Ca’'Jjn, resulting in a value for
[Ca® im of 49+ 1.8 nM (n=12).

3.3. Free calcium ion concentration dependence of
Ca®* transport in the absence of EGTA

Previous studies aimed at determining the [Ca’*]-
dependence of transport have relied on Ca/EGTA
buffering systems to clamp extravesicular [Ca®'],
and have used ¥Ca’* as tracer [2]. The present ex-
perimental system suggests an alternate approach
where, following depletion of medium Ca’*, a con-
stant infusion of CaCl, would lead to a rise in me-
dium Ca?* and to a new steady state, at which rates
of infusion and active transport are balanced at a
defined [Ca?*]. Typical traces, with three constant
infusion rates, are shown in Fig. 6A. An initial lag
phase of 10-20 s after infusion commenced is pre-
sumed to be inertia of the infusion system and wash-
out of the infusion tip. Flow rates were typically in
the range of 10-100 ul/min. Total times to reach
plateau phase were 10-30 s. For low infusion rates
the plateau phase was stable for up to 100 s. At
higher rates there was a slow rise, termed a pseu-
do-steady state, since there was a slow increase of
[Ca’*]fee during this phase. This rise is not due to
failure to reach a balance between infusion and ac-
tive uptake rates since [Ca** . declined rapidly and
returned to the steady state when the infusion was
switched off and on again (see inset to Fig. 6A). The
slow rise is presumed to be due to filling of a sub-
population of vesicles. Initial steady state levels of
[Ca’*]ec Were obtained by linear extrapolation to
zero infusion time, which was taken as the beginning
of the rise from [Ca’Jjim.

The constant infusion system for determining
Ca’*-dependence of transport reverses the usual
methods, where [Ca’t]qee, set by Ca/EGTA buffers,
is fixed as the independent variable, and transport,
measured at varying [Ca*], is the dependent varia-
ble. In the constant infusion method, fixed infusion
rates are equivalent to transport, and are plotted on
the y-axis. The data are plotted in Fig. 6B, with
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Fig. 6. Determination of the Ca’"-dependence of transport by
the constant infusion method in the absence of Ca’*-chelators.
SR vesicles were preincubated with 5 mM sodium oxalate, 20
mM histidine, 20 nM Fluo-3 and 100 uM CaCl,. ATP, 2 mM,
was added, and following a delay for attaining the steady state
of [Ca®*}jm, a constant infusion of 5 mM standardised CaCl,
was begun with continuous stirring. The effects of stopping and
starting the infusion pump are shown in the inset to A. The
[Ca?*] at which active transport matched infusion rates were es-
timated from linear extrapolation of the plateau phase back to
ty, the time at which [Ca®*] rose above [Ca’t];y, at the start of
infusion. Three examples at rates of infusion of (a) 157, (b)
98.4 and (c) 19.6 nmol Ca’/mg per min are shown in A.
Many more rates of infusion and matched levels of [Ca>*] were
used to construct the plot showing the [Ca?*]-dependence of
transport in B. The continuous curve is for Vp,x =853 nmol/
min per mg, Kos=279 nM, and ngca) = 1.89.

steady-state [Ca’"] and infusion rates as independent
and dependent variables, respectively. Rates of Ca>*
uptake are generally considered to be tightly coupled
to ATP hydrolysis in the presence of oxalate, with
Ky s in the range 0.1 to 2.0 uM, mainly due to the use
of varying values for the dissociation constant of
CaEGTA, and ny(c,y) in the range 1.6 to 2.0 [2].
The data for the [Ca’*]-dependence of transport in
Fig. 6B were fitted by non-linear regression, assum-
ing (a) that there is no leak, and (b) that nyc,) is
fixed. The best-fit curve is for Viy.x =853 nmol/min
per mg, Kos=279 nM, and nyca) = 1.89. These val-
ues are in good agreement with those obtained with
43Ca?t and Ca/EGTA buffers [3]. The nature of the
constant infusion method is that data are best ob-
tained up to 3-4 times the Ky of the indicator, i.e.,
1.5-2.0 uM, which also coincides with the range of
up to 5-fold that of the Kjs for transport.

3.4. Effects of varying V,.x with temperature, pH and
alternate substrates on [Ca®” ]

Under physiological conditions the Ca-ATPase op-
erates at near equilibrium [12]. Possible mechanisms
for the observed higher than predicted [Ca®*];y, in
vitro were explored. This behaviour may be an in-
trinsic feature of the Ca®* pump, or a kinetic barrier,
such that medium free Ca’>* cannot be decreased
below 35 to 45 nM. Alternatively it may represent
a steady state in which either active transport balan-
ces reversal of the pump mechanism, or that it is a
manifestation of steady state cycling between active
uptake and non-specific passive leakage pathways.
For the Ilatter mechanism it is expected that
[Ca®*]jim would be sensitive to conditions which af-
fect Ca’" pump activity.

Temperature and pH changes were varied to mod-
ulate Ca2t-ATPase turnover. Their effects on Viyax of
transport and on the levels of [Ca**];m, are shown in
Fig. 7. In the range 10-37°C transport varied > 500-
fold. [Ca**];m Was relatively constant between 30 and
50 nM over the range 15-40°C. Similarly, pH
changes had relatively little effect on [Ca>* i, Which
was constant between pH 6 and 8, when maximum
transport activity varied 10-fold.

Alternate substrates can support Ca’>" transport at
widely varying rates. Traces of uptake of Ca’*, when
supported by ATP, AcP and by p-NPP, are shown in
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Fig. 7. Effects of temperature and pH on V. of Ca?* trans-
port and on [Ca’*];,. SR vesicles were suspended in standard
buffer, containing 20 uM Ca?* and 20 mM histidine at varying
temperatures (A), and at constant temperature of 25°C and
varying pH in (B). [Ca®*], was taken from the minimum fluo-
rescence value after addition of ATP. Maximum transport rates
were calculated from the widths of peaks following addition of
100 uM, as described in Section 2.

Fig. 8. Rates of transport with AcP and p-NPP are
approximately one and two orders slower than with
ATP, nevertheless final [Ca®*];, values with p-NPP
were lower than with the natural substrate. Fluores-
cence excitation and emission spectra taken at
[Ca” ]ji;m were similar for all three substrates (data
not shown). It may be concluded that changes in
temperature, pH and substrate, which vary Vp.x of

transport over a wide range, have little effect on the
steady state levels of Ca’" at [Ca®*]jin.

3.5. Estimation of the magnitude of leakage pathways
at [Ca [im

It can be assumed that at the steady state, charac-
terised as [Ca> ]im, active transport is balanced by
efflux from SR vesicles. Efflux pathways from SR
vesicles in the absence of precipitable anions, and
consequent high millimolar [Ca®']y,, are divided
roughly equally between back inhibition or reversal
of the pump cycle, slippage or turnover in the ab-
sence of a transport cycle, and passive efflux through
the SR membrane independent of the Ca’>*-ATPase
[17]. An estimate of the magnitude of total efflux of
Ca’* can be obtained from the unidirectional inward
flux, as estimated with ¥Ca’*, during steady state,
and is shown in Fig. 9. Addition of tracer to the
medium at [Ca®*];y, resulted in finite binding to SR
at time zero (10 s), which explains initial levels of 1.7
nmol/mg when tracer is in rapid equilibrium with
high affinity transport sites. Further slow exchange
is due to unidirectional inward flux of Cat, and was
calculated from the initial slope at 7 to be 0.19 nmol/

600
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400 -|
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£ 00 pNPP
£
©
O,
200
100 ~ AcP
0 ATP o
T T T T
0 1000 2000 3000
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Fig. 8. Kinetics of Ca?* transport and [Ca®*];, values with
ATP and pseudosubstrates, acetyl phosphate and p-NPP. SR
vesicles, 0.25 mg/ml were suspended in buffer at pH 6.8 and
25°C, containing 20 mM histidine, 5 mM oxalate, 20 uM Ca**
and 20 nM Fluo-3. Substrates, added at r=15 s, were 5 mM
ATP, 5 mM acetyl phosphate (AcP) or 10 mM p-NPP. EGTA,
5 mM, was added at +=3550 s.
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Fig. 9. Exchange of ¥Ca?" into SR vesicles, preloaded with
40Ca. Oxalate, at [Ca’*]jm. SR vesicles, 0.25 mg/ml, were ac-
tively preloaded with 2 mM ATP and 400 nmol/mg “°Ca’*.
Following achievement of [Ca®t]i, after 5 min, 0.1 uCi/ml
$CaCl, was added at time zero. Samples, 0.1 ml, were taken
first at 10 s and at timed intervals, filtered onto Millipore 0.45-
um filters, and washed with medium containing 10 mM
40CaCl,. Uptake of Ca®* was calculated assuming medium free
[Ca?*] of 100 nM. Total extravesicular Ca’>* was assumed to be
1.5 uM based on 15-fold buffering,as determined from titration
of SR vesicles at [Ca®*];, with Ca?* following inhibition of up-
take with 5 uM thapsigargin. The initial rate of uptake at zero
time was calculated to be 0.19 nmol/mg per min from the slope
of the second-order fitted curve.

mg/min, or 0.02% of Vp.x. Near maximum equilibra-
tion of approx. half of total **Ca** occurred after 10
min.

Leakage was also estimated from efflux at [Ca?* i,
following depletion of substrate, ATP. A typical ex-
periment is shown in the inset to Fig. 10. ATP, 0.25
mg, was added, following preincubation with 100
uM Ca’*. Following uptake of this pulse of Ca’*,
it is presumed that 0.2 mM ATP remains. This was
depleted within 70 min at 25°C, following which near
linear efflux occurred. Rates of efflux and their tem-
perature dependence are shown in Fig. 10. Efflux at
25°C, the temperature at which [Ca®*];, was usually
monitored, was 2.8 nmol/min per mg, i.e., 0.3% of
Vinax of transport. It is possible that efflux pathways
are greater during active uptake due to a non-equi-
librium state of intravesicular Ca’* stores [22,23,28].
This is supported by higher ATPase activity in the
presence of ionophore A23187 than with oxalate [29].

However, this cannot explain the steady state of
[Ca®*]iim, Which was stable for up to 12 h, provided
that sufficient ATP is present to sustain the slow
turnover rate (data not shown). It is presumed, there-
fore, that at [Ca®*];m internal [Ca’ e is in equilib-
rium with oxalate bound species, and is of the order
of 10 uM [1]

4. Discussion

This study demonstrates the usefulness of Fluo-3
as a fluophore for determining extravesicular
[Ca’* e in suspensions of SR vesicles. Excitation
and emission spectra are in the visible range, which
obviates autofluorescence from cofactors, such as
NADH, or from protein arising from tryptophan
residues. Another major advantage is that because
of the 40-fold increase in fluorescence on binding
of Ca?*, nanomolar quantities of Fluo-3 give excel-
lent signal to noise ratios, and it should be possible
to conduct studies in vitro at less than 20 nM, whilst
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Fig. 10. Effects of temperature on Ca?t efflux from actively
loaded SR following depletion of substrate. SR vesicles, 0.25
mg/ml in histidine 20 mM, were actively loaded with 100 uM
CaCl, and 0.25 mM ATP. A typical efflux curve is shown in
the inset. Maximum rates of efflux were calculated from the
slopes of the [Ca’*] curve following depletion of ATP, and
from buffering in the medium of 15-fold, described in Fig. 9.
Comparative rates of ATPase activity during the prolonged
steady state were determined from the delay between the initial
transient and the beginning of the efflux phase.
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the Ca’>"-ATPase totals 1 uM (0.25 mg/ml at 4 nmol/
mg). The Ky for Ca>* binding to Fluo-3 (~400 nM)
is similar to the Kjs for Ca>* binding to the Ca’*-
ATPase (~250 nM). For comparison, 20 uM Arsen-
azo III has been shown to interact with SR vesicles,
causing optical artefacts, as well as near 3-fold inhib-
ition of transport and ATPase activity [30]. Furaptra,
a ‘tricarboxylate’ calcium chromophore, has been
shown to bind to myoplasmic constituents in vivo
[31]. Similarly, Indo-1, used to establish resting intra-
cellular [Ca®*]; in cardiac myocytes, shows decreased
affinity for Ca?t that has been related to protein
binding [32]

Initially we used Tris-MOPS buffers and noted
that following prolonged incubation of SR in the
presence of oxalate and excess ATP, the steady-state
fluorescence of Fluo-3, Fjy,, was equivalent to 100 to
200 nM Ca?*. Possible errors in determining
[Ca’]im were investigated. The nature of the fluo-
rescence at [Ca’t];y, is that it is the minimum fluo-
rescence signal following transport of Ca’>* into SR
vesicles and that is quenched by EGTA. Papp et al.
[26] have determined the transitional element content
of SR preparations and media used for assay of the
reaction of the Ca>"-ATPase with N-(1-pyrene)ma-
leimide, and have suggested that Zn’>* may regulate
SH reactivity. This represents interaction with a sub-
population of pump units, since the Zn>* content, as
measured by plasma emission spectroscopy, was 0.75
nmol/mg or 0.19 mol per mol ATPase.

The possibility that Zn>* might be responsible for
the falsely raised Fjj, in the present study was inves-
tigated, since Zn>* is known to bind with high affin-
ity to Fluo-3, and for the adduct to be fluorescent
[18]. The effects of known ligands, histidine, imida-
zole and cysteine (Fig. 4) are consistent with the idea
that Zn>* may contribute to Fj,. Furthermore, ad-
dition of Zn>* can reverse the effects of histidine.
Cysteine effects were anomalous, in that submicro-
molar concentrations quench Fj;,, similar to the ac-
tion of histidine on a mol per mol basis, but higher
concentrations increase Fj, to levels greater than
controls. Cysteine has been shown to interact with
the Ca’"-ATPase, altering its conformation, as
shown by tryptophan autofluorescence [33]. Added
Zn>t was shown to increase Fj,, and the calculated
contribution to F was such that the endogenous con-
tent of SR plus media is by extrapolation equivalent

to 247 nM Zn?*, ie., 1.0 nmol/mg. By comparison,
direct assay gave a value of 0.49 nmol/mg. It appears
that SR vesicles and the medium contribute equally
to the Zn>* content of the experimental system.

Several previous studies have shown evidence for
interaction of Zn>* with components of SR mem-
branes. Papp et al. [26] have determined Zn>* con-
tent of native and water washed SR microsomes at
0.75 to 1.35 nmol/mg, about 30% of which is re-
moved by EGTA or Chelex treatment. Alterations
in Zn>* content could be correlated with SH reactiv-
ity. Picello et al. [34] have found that the histidine-
rich Ca’*-binding protein, located in junctional
membranes of rabbit skeletal muscle, has independ-
ent low-affinity Ca®* binding sites and high-affinity
Zn’7 sites that are inhibited by prior reductive alkyl-
ation. Phosphorylation of phospholamban of cardiac
muscle is decreased by micromolar Zn’>* due to in-
hibition of endogenous Ca?*/calmodulin-dependent
kinases, whilst millimolar concentrations inhibit
Ca’*-independent autophosphorylation [35].

The experimental approach employed in this study
was aimed at characterising calcium transport by iso-
lated SR vesicles at concentrations of medium free
Ca’* that are limiting for uptake. Limiting [Ca*]
was achieved in the absence of chelating agents gen-
erally employed to buffer medium [Ca’*], by trans-
location of medium Ca”* into SR vesicles. The use of
oxalate as a precipitable anion ensured that intraves-
icular [Ca’*] was clamped in the 5 to 10 uM range,
which minimises back inhibition of the transport
cycle, and that the transmembrane gradient was of
the order of 100:1. This condition is designated as
‘free flow’ in terms of irreversible thermodynamics,
since the gradient is lower than could be achieved at
thermodynamic equilibrium, whose calculated value
at [Ca®* ], assuming tight coupling, 10% hydrolysis
of 2 mM ATP (AG = —55.6 kJ/mol) and [Ca®t];, = 10
uM, is 0.14 nM, i.e., more than two orders lower
than that measured. Erythrocyte Na™ KT-ATPase
is not in equilibrium with cytosolic phosphorylation
potential, as determined by 3'P-NMR [36].

Passive leaks of Ca>* could explain higher than
expected [Ca®*];m, as originally suggested by Gatass
and de Meis [37]. Measured efflux rates following
substrate ATP depletion were at least two orders
slower than V. of transport, suggesting that pas-
sive leakage cannot explain the anomalous [Ca”* Jjiy.
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Gerdes and Moller [28] have studied the Ca’* per-
meability of SR vesicles, both in the energised and
non-energised states. They have concluded that efflux
is activated, and possibly coupled to active influx,
and have suggested that is involves the partial reac-
tion 2Call+E;© Ey2Ca« E;+2CaZ/,. Since acti-
vated efflux and passive outflow are reciprocally re-
lated, they have also suggested that the two processes
involve a common membrane channel. Although in
the present study efflux is expected to be enhanced
during active uptake at high [Ca>"]oy, the slow pas-
sive outflow at [Ca>* i, is insufficient to explain fail-
ure to reach thermodynamic equilibrium.

A prediction of the pump/leak model is that
[Ca’ Jjim would be expected to vary with changes in
transport rate. The data obtained here show that
when transport rates are varied with changes in pH
and temperature, [Ca>];, remained relatively con-
stant. Perhaps most compelling evidence against the
pump/leak model is the relative constant value for
[Ca’ ] with various substrates, whose Vyax varied
some 500-fold. Paradoxically, the lowest activity sub-
strate, p-NPP, appeared to be the most thermody-
namically efficient. One possibility considered was
that reversal of the pump with accumulation of
ADP, with ATP as substrate, might predispose to
higher levels of [Ca®*];m. However, with acetyl phos-
phate, where there is no possibility of reversal,
[Ca®"]im was similar to that with ATP.

In their original study on the effect of [Ca’*] on
calcium uptake, Weber et al. [13], using Ca/EGTA
buffers, found significant transport activity at resting
muscle levels of calcium (100 nM), which were ap-
prox. 30% of that measured at saturating [Ca®*] (1
uM). In addition the ratios of uptake to ATP hydrol-
ysis that approached 2.0 did not change between 30
to 100 nM [Ca®']. The close agreement between
[Ca’*]-dependencies of binding and of transport
has previously been interpreted as support for tight
coupling and high thermodynamic efficiency. We
have previously shown significant effects of EGTA,
presumed to be due to the species CaEGTA, on
transport rates in the sub-micromolar Ca’>" range
[38]. Combettes et al. [39] have also found anoma-
lous effects of calcium chelators in their studies on
the effects of IP3-induced Ca?* release from cerebel-
lar microsomes, where the inhibitory effect appeared
to be due to metal-free chelator. Activation of lym-

phocyte plasma membrane Nat/K*-ATPase is better
explained by chelation of Zn>* rather than by calci-
um chelation [40]. We now confirm that Ca** de-
pendence of transport is similar in the absence of
chelator with previous findings in their presence. Pre-
viously described effects of chelators can only be im-
plicated if they occur at higher levels than those in
reagents and tissue preparations.

Our current understanding of the possible role of
chelators or their Ca’*-complexes is (a) that the ki-
netics of the Ca’*-dependence of transport are sim-
ilar when determined with or without chelators, (b)
that contaminating Zn>* interferes with calibration
of Fluo-3 determination of free [Ca>"], (c) that this
problem can be minimised with a histidine buffer,
and (d) that Zn>* cannot contribute to modified be-
haviour of the Ca>"-ATPase since it occurs in sub-
stoichiometric amounts (approx. 0.1 mol per mol
ATPase).

A practical issue, arising from the present study,
and relevant for calibration of intracellular Ca** lev-
els in vivo, is that binding of Zn>* to Ca’* fluo-
phores might enhance fluorescence, especially in the
resting state. Since EGTA quenches both Ca®*- and
Zn>*-fluophore signals, histidine buffers may be used
in these circumstances to minimise overestimation of
cytoplasmic [Ca? e

The phenomenon of a non-equilibrium value for
[Ca’*];im in the resting muscle cell, and the possibility
that this may be an intrinsic property of the SR
calcium pump, have interesting physiological impli-
cations. On the basis of occupancy of binding sites
from well-characterised Ca** binding parameters, it
can be calculated that under resting or relaxed
muscle conditions (approx. 100 nM cytosolic free
Ca?*), ATP hydrolysis by SR should be approx 2%
of maximum. Assuming Vy.x at 37°C of 10 umol/mg
per min [41], and skeletal muscle SR content of 52
mg/g muscle protein [42], it can be estimated that
turnover of the Ca’*-ATPase of skeletal SR in the
relaxed state could contribute 10% to 15% of basal
metabolism. Simonides and van Hardeveld [43] have
estimated the ATPase activity required by SR to
maintain the Ca’>" gradient, and have calculated
that this may account for 20% of the resting meta-
bolic rate in skeletal muscle. Although these figures
have a degree of uncertainty, it seems reasonable to
suggest, based on the evidence presented here and
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elsewhere, that skeletal SR can contribute signifi-
cantly to overall basal metabolism in mammals as
a kind of Ca?*-regulated heat organ. De Meis et
al.[44,45] have recently measured heat production
directly during uncoupled Ca’* efflux, confirming
that SR is a major source in animals and humans
in non-shivering thermogenesis.
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