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Release of Ca’* from the (Ca>* + Mg2*)-ATPase into the interior of intact sarcoplasmic reticulum vesicles
was measured using arsenazo III, a metallochromic indicator of Ca?*. Arsenazo III was placed inside the
sarcoplasmic reticulum vesicles by making the vesicles transiently leaky with an osmotic gradient in the
presence of arsenazo IIl. External arsenazo III was then removed by centrifugation. Addition of ATP to the
(Ca’* + Mg?*)-ATPase in the presence of Ca>* causes the rapid phosphorylation of the enzyme at which
time the bound Ca’* becomes inaccessible to external EGTA. The release of Ca’* from the (Ca’* +
Mg?*)-ATPase to the interior of the vesicle measured with intravesicular arsenazo III was much slower
indicating that there is an occluded form of the Ca’* -binding site which precedes the release of Ca?* into the
vesicle. The rate of Ca’* accumulation by sarcoplasmic reticulum vesicles is increased by K* (5-100 mM)
and ATP (50-1000 pM) but the initial rate of Ca?* translocation measured after the simultaneous addition
of ATP and EGTA to vesicles that were preincubated in Ca?* was not influenced by these concentrations of
K™* and ATP.

Introduction

Ca’* transport by sarcoplasmic reticulum
vesicles is mediated by the (Ca’* + Mg?*)-
ATPase. The generally accepted mechanism for
(Ca’* + Mg2*)-ATPase is shown in Scheme I
[1-4).
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Abbreviation: EGTA, ethyleneglycol bis(8-aminoethyl ether)-
N, N’-tetraacetic acid.
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Following the binding of external Ca’* to the
high affinity Ca®>*-binding sites on the (Ca®* +
Mg?*)-ATPase (Step 1), the enzyme is rapidly
phosphorylated by ATP (Step 3). The phosphory-
lation presumably causes a conformational change
of the ATPase which alters both the affinity and
orientation of the Ca?* binding sites (Step 4).
Ca’* is then released into the lumen of the
sarcoplasmic reticulum (Step 5) and the phos-
phoenzyme bond is hydrolyzed (step 6).

Upon phosphorylation, the Ca’>* bound to the
(Ca’* + Mg?")-ATPase rapidly becomes inacces-
sible to external EGTA [5-8]. Addition of ADP
along with EGTA causes the rapid release of Ca®*
due to the reversal of Step 3 [8-10]. Dupont
demonstrated that the release of Ca’* by EGTA
+ ADP was much faster than the relase of Ca®*
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from the phosphoenzyme by EGTA + X537A (a
Ca’* ionophore) [8]. The former condition causes
the reversal of Step 3 while the latter condition
depends on the rate at which Ca’* is released
from the (Ca’* + Mg?*)-ATPase into the interior
of the sarcoplasmic reticulum vesicle and trans-
located out of the vesicle by X537A. It is also
possible that X537A directly removes Ca** bound
to the protein at a site not exposed to the aqueous
phase [11,12].

We have developed a more direct method to
measure the rate of Ca®* release from the (Ca®* +
Mg2*)-ATPase into intact vesicles using the Ca**
indicator arsenazo III inside the vesicle. Our re-
sults indicate that the release of Ca’* into the
interior of the vesicle is relatively slow while the
removal of bound Ca®* from the external medium
is quite rapid. Therefore the Ca?>* must reside in
an occluded form during much of the transport
cycle.

Methods and Materials

“CaCl, and [y-32PJATP were purchased from
New England Nuclear (Boston, MA). All other

chemicals were obtained from Sigma (St. Louis,
MO).

Methods

Preparation of arsenazo 111-loaded sarcoplasmic
reticulum vesicles. The microsomal fraction from
rabbit skeletal muscle was prepared as previously
described [13]. The microsome fraction contains
mostly fragmented sarcoplasmic reticulum vesicles.
This fraction was then placed on a 30-45% sucrose
gradient and centrifuged for 15 h at 4°C at
100000 X g. The low-density sarcoplasmic reticu-
lum vesicle fraction (32-34%) was removed from
the gradient and diluted 1:7 into 20 mM arsenazo
111 /25 mM MgSO, (pH 6.8). The osmotic imbal-
ance across the membrane of the vesicles causes
them to swell [14] allowing the influx of arsenazo
II1. The free arsenazo III was then removed by
collecting the sarcoplasmic reticulum by centrifu-
gation (100000 X g for 30 min.) and resuspending
them in arsenazo III-free medium (0.15 M potas-
stum glutamate /10 mM histidine/5 mM MgSO,/
0.5 mM EGTA /0.45 mM CaCl,). The centrifuga-
tion was repeated four times. The final pellet was

resuspended to a protein concentration of 16
mg/ml, frozen in liquid nitrogen, and stored at
=70°C.

Phosphorylation of the (Ca’* + Mg’ )-ATPase
by ATP. Ca** transport was initiated in medium
containing 0.1 mM [y-¥PJATP (1 uCi/ml). At
various times the reaction was stopped by the
addition of 5% trichloroacetic acid, 0.1 M
KH,PO,, 5% polyphosphate. The samples were
centrifuged at 1000 X g for 20 min. The super-
natant was removed and the amount of *PO,
determined by the method described by De Meis
and Carvalho [15]. The pellets were washed three
times by centrifugation using the trichloroacetic
acid solution. The final pellet was resuspended in
Lowry C reagent [16] and the amount of *?P in the
pellet was determined by measuring the Cerenkov
radiation in a scintillation counter. The protein
content in each sample was then assayed by the
method of Lowry et al. [16].

Results

Our procedure for preparing arsenazo I1I-loaded
sarcoplasmic reticulum vesicles did not differ from
the standard way of isolating sarcoplasmic reticu-
lum vesicles except that the vesicles obtained from
the sucrose gradient following centrifugation were
diluted into an arsenazo IIl-containing medium.
The transient swelling of the sucrose-equilibrated
vesicles following dilution in a hypotonic solution
made the membrane leaky [14] allowing arsenazo

. III to enter the vesicles. Following equilibration of

the vesicles, the extravesicular arsenazo III was
then removed by centrifugation. Neither the
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Fig. 1. Difference spectrum of arsenazo Ill-loaded sarcop-
lasmic reticulum vesicles following Ca?* uptake. The sample
and reference cuvettes contained 0.15 M potassium glutamate,
10 mM histidine, 5 mM MgSO,, 50 uM CaCl, and arsenazo
Il-loaded sarcoplasmic reticulum (0.4 mg/ml protein). The
spectrum was taken 1 min after the addition of 0.1 mM ATP to
the sample cuvette. Temperature =1°C,



Ca?*-loading capacity (120-150 nmol Ca®* /mg)
nor the Ca’*-dependent ATPase activity (0.5-0.8
pmol/mg min) at 25°C was significantly altered
by the arsenazo 111 loading procedure.

Fig. 1 shows the difference spectrum of arsenazo
I1I-loaded vesicles following the addition of ATP
in the presence of Ca?*. Under these conditions
the vesicles accumulate Ca®*. The spectrum is
identical to the difference spectrum obtained when
2.5 mM Ca®* is added to the sarcoplasmic reticu-
lum vesicles in the presence of the Ca’* iono-
phore, A23187. In the absence of free Ca’>*, ATP
did not alter the arsenazo III spectrum. Following
Ca’* uptake by the sarcoplasmic reticulum
vesicles, removal of the free extravesicular Ca’* by
EGTA did not have an immediate effect on the
arsenazo III spectrum. These experiments demon-
strate that arsenazo III was responding only to
intravesicular Ca’*.

The use of intravesicular arsenazo II1 the mea-
sure the rate of Ca’* influx is demonstrated in
Fig. 2. Ca’* influx at 1°C was initiated by the
additionof 2.5 mM Ca?* or the addition of ATP
to activate Ca’* transport. The rate of passive
Ca’* influx was dependent on the external Ca2*
concentration and was increased by the addition
of A23187. At 2.5 mM Ca’*, the absorbance
change of the intravesicular arsenazo III was not
linear. About 17% of the Ca®*-induced ab-
sorbance change occurred relatively fast (first order
rate constant = 0.23 s~ !). This initial phase was
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Fig. 2. Absorbance change of arsenazo III-loaded sarcoplasmic
reticulum during Ca’* influx. The sample contained 0.1 M
potassium glutamate, 10 mM histidine (pH 6.8), 5 mM MgSO,,
50 pM CaCl, and arsenazo Ill-loaded vesicles (0.4 mg/ml
protein). Ca?* influx was initiated by the addition of 2.5 mM
CaCl, (---), 2.5 mM CaCl, and 2.5 pM A23187 (---- - - ), 2.5
mM CaCl, and 10 pM A23187 (-~--), or 0.1 mM ATP
( ). The absorbance change of arsenazo IIl was moni-
tored at 660 nm using 685 nm as a reference wavelength.
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Fig. 3. Effect of EGTA on the absorbance change of arsenazo
II-loaded sarcoplasmic reticulum vesicles during Ca®* uptake.
The samples contain 0.1 M potassium glutamate, 10 mM
histidine, 5 mM MgSQO,, 50 uM CaCl, and arsenazo IHl-loaded
sarcoplasmic reticulum vesicles (0.4 mg,/ml protein) at 1°C. At
the indicated time, ATP (0.1 mM), EGTA (1 mM), CaCl, (0.9
mM) or ADP (1 mM) was added. The absorbance change of
arsenazo III at 660 nm was monitored using 685 nm as a
reference wavelength.

followed by a much slower one in which the
absorbance change was less than 3- 107> A4 /min.
The addition of 10 uM A23187 increased the rate
of Ca’* influx 300-fold. The rate of Ca’* influx in
the presence of 2.5 mM CaC(l, and 2.5 uM A23187
was similar to the rate measured during active
Ca’* transport at an external Ca’* concentration
of 50 pM.

As stated before, the removal of external Ca’™*
by EGTA after Ca’* loading does not cause an
immediate change in the arsenazo III absorbance
(Fig. 3, trace A). But the addition of EGTA to the
vesicles before ATP prevents Ca’* uptake and the
corresponding absorbance change of arsenazo 111
(Fig. 3, trace B).

When ATP and EGTA are added at the same
time, only the Ca?* initially bound to the (Ca2* +
Mg?*)-ATPase can be transported (Fig. 3, trace
C) [5,7,22-24). This is demonstrated by the experi-
ment shown in Fig. 4. Ca’* uptake was measured
using ¥ Ca’* as a tracer. When the arsenazo I1I-
loaded vesicles were equilibrated with the 4°Ca®*
containing solution, addition of ATP caused a
rapid accumulation of about 4 nmol Ca’*/mg
protein which was followed by a much slower rate
of Ca’* uptake (0.4 nmol/s per mg). The steady-
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Fig. 4. Ca’* uptake by sarcoplasmic reticulum. The medium
contained 0.1 M potassium glutamate, 10 mM histidine (pH
6.8), 5.0 mM MgSO, 50 pM® CaCl, (1 pCi/ml), and either
arsenazo Ill-loaded sarcoplasmic reticulum vesicles (0.4 mg/ml
protein) (@,0,8) or 0.1 mM ATP (O) at 1°C. Ca®* uptake was
initiated by the addition of either 0.1 mM ATP (e@,0), 0.1 mM
ATP+1 mM EGTA (W), or sarcoplasmic reticulum vesicles (0.4
mg/ml protein) (O) preincubated in potassium glutamate
medium without 43Ca. To one of the samples (O0), 1 mM EGTA
was added 1 s after the ATP addition. At various times, the
samples were diluted 1:10 with 0.1 M potassium glutamate, 10
mM histidine (pH 6.8), 5 mM MgSO, and 1 mM EGTA and
passed through Millipore HA filters. The filters were im-
mediately washed with 2 ml of EGTA wash solution. After
drying the filters, the amount of **Ca®* bound to the filters
was measured in a scintillation counter using a nonaqueous
counting solution.

state level of the phosphorylated intermediate of
these vesicles was about 2.5 nmol E-P/mg protein
(Fig. 5). Even when EGTA was added together
with ATP there was a rapid uptake of about 3
nmol Ca’* /mg but no subsequent accumulation
since the free Ca** was chelated by EGTA. When
Ca’* transport was initiated by the simultaneous
addition of ATP and *Ca’* to vesicles equi-
librated in the absence of **Ca, there was no burst
of ¥*Ca’* uptake since only the unlabeled bound
Ca?* was carried by the first turnover. The ap-
pearance of the bound Ca’* in the interior of
sarcoplasmic reticulum vesicle following ATP
addition as detected by intravesicular arsenazo III
was much slower (first order rate = 0.45 s~ ') (Fig.
3, trace C) than the rate at which it becomes
inaccessible to external EGTA. The rate of Ca’*
release into the interior of the vesicle was com-
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Fig. 5. Formation of the phosphorylated enzyme intermediate
and the release of inorganic phosphate by the (Ca?* +Mg?* )-
ATPase during Ca?* transport. The medium contained 0.1 M
potassium glutamate, 10 mM histidine (pH 6.8), 5 mM MgSO,,
0.1 mM [y-3PJATP (1 pCi/ml), and either 50 uM CaCl,
(2,8,0) or 1.0 mM EGTA (0). Ca?* transport was initiated by
the addition of sarcoplasmic reticulum vesicles (0.4 mg/ml)
which were equilibrated in potassium glutamate solution con-
taining S0 uM CaCl,. To one sample, 1 mM EGTA was added
to the medium 2 s after the reaction was initiated (a). All
values represent the Ca’*.dependent E~P formation or
Ca?*-dependent release since the background obtained from
experiments in which the vesicles and media contained 1 mM
EGTA was subtacted from the data obtained when the medium
and/or the vesicles contained Ca?*.

parable to the rate at which the phosphoenzyme
intermediate decomposes (Fig. 5).

When 1 mM ADP was added along with ATP
and EGTA, neither Ca®* translocation (Fig. 3,
trace D) nor “Ca’* uptake (data not shown)
[9,10] was observed. Since ADP accelerates the
reversal of Step 3 of Scheme I it is likely that in
the presence of ADP the rate of Ca’* release by
the reversal of steps 1-4 or steps 1-3 is much
faster than Ca®* translocation (steps 3-5).

The (Ca®* + Mg?2*)-ATPase is activated by K*
[25-31] and high concentrations of ATP [32-35].
The initial rate of absorbance change of arsenazo
IlI-loaded vesicles during Ca’* uptake at 1°C
increased from 5.1-10"* AA /s in the presence of
2 mM K" to 11-107* A4 /s in the presence of
100 mM K* (Fig. 6). Increasing the ATP con-
centration from 50 pM to 1.0 mM increased the
initial rate of absorbance change from 9.5-107*
AA/s to21-10"* AA4/s (Fig. 7A). Since the K,
of the Ca?*-ATPase for ATP is about 3 pM [9],
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Fig. 6. Effect of K* on the rate of Ca?* translocation by
sarcoplasmic reticulum. The medium contained 10 mM histi-
dine (pH 6.8), 5.0 mM MgS0O,, 50 uM CaCl,, arsenazo 11I-
loaded sarcoplasmic reticulum vesicles (0.4 mg/ml) and vary-
ing ratios of 0.2 M glycine and 0.1 M potassium glutamate.
Ca?* uptake was initiated by the addition of 0.1 mM ATP
(left) or 0.1 mM ATP+1 mM EGTA (right). The absorbance
change at 660 nm was monitored in an Aminco DW-2 spectro-
photometer in the dual wavelength mode using 685 nm as the
reference wavelength.
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most of this increase in the uptake rate is attri-
buted to an activation of an intermediate step in
the reaction cycle. When Ca?* transport was ini-
tiated by the simultaneous addition of ATP and
EGTA there was no effect of high concentrations
of ATP (0.1-1.0 mM) (Fig. 7B) or K* (Fig. 6) on
the appearance of Ca’* inside the vesicles. This
data suggests that K* and ATP activate an inter-
mediate reaction which follows the release of Ca?™*
into the vesicle.

It was previously demonstrated that Ca’*
transport is activated by inside negative membrane
potentials generated by K* gradients in the pres-
ence of the K* ionophore valinomycin [36-38). In
order to measure the effect of K* gradients on the
rate of Ca’* transport at 1°C, arsenazo I1I-loaded
vesicles equilibrated in potassium glutamate were
diluted 50-fold into either glycine or potassium
glutamate medium containing valinomycin. When
Ca’" transport was initiated at the time of the
dilution, the rate of Ca’* uptake in the glycine
and potassium glutamate solutions monitored by
both the absorbance change of the intravesicular
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Fig. 7. Effect of ATP on the initial rate of Ca?>* translocation into sarcoplasmic reticulum vesicles. The medium contained 0.1 M
potassium glutamate, 10 mM histidine (pH 6.8), 5 mM MgSO,, 50 uM CaCl,, and arsenazo IlI-loaded sarcoplasmic vesicles (0.4
mg,/ml). CaZ* transport was initiated by the addition of varying amounts of ATP with (Panel B) or without (Panel A) 1 mM EGTA.
The absorbance change of arsenazo III at 660 nm was monitored in an Aminco DW-2 spectrophotometer in the dual wavelength
mode using 685 nm as a reference wavelength. An increase in the asorbance at 660 nm is indicated by downward trace.
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arsenazo III (as in Fig. 6) or by the accumulation
of ¥*Ca’* (as in Fig. 5) was essentially the same.
Allowing the vesicles to equilibrate in the dilution
medium before the initiation of Ca®* transport
gives the same results as shown in Fig. 6. Under
these conditions (1°C) the activation of Ca?*
transport by K* is the same whether the K* is on
both sides of the membrane or just on the internal
side. At 15°C, the rate of Ca?* accumulation of
K " -equilibrated vesicles was much greater in
glycine (+ valinomycin) than in potassium gluta-
mate ( + valinomycin) medium {37].

The rate of Ca?* translocation measured by the
absorbance change of arsenazo IIl-loaded sarcop-
lasmic reticulum vesicles equilibrated in potassium
glutamate medium following a 50-fold dilution
into glycine medium containing ATP, EGTA and
valinomycin did not significantly differ from that
observed after diluting into potassium glutamate
medium containing ATP and EGTA. These ex-
periments along with the one in Fig. 6 indicate
that the rate of the initial Ca’* translocation by
vesicle equilibrated in K* medium is the same in
glycine medium as that in potassium glutamate
even when a K* gradient (and therefore a mem-
brane potential [37-39]) is present.

Discussion

A technique was developed to prepare sarcop-
lasmic reticulum vesicles loaded with arsenazo III.
Other optical probes such as chlortetracycline
[40,41] and 8-anilino-1-naphthalenesulfonate
[12,42-44] can measure internal Ca’* but they
lack specificity and have slow response times. The
response time of arsenazo III is quite rapid (Ca**
on an off time = 2—5 ms) [45,46] and the change in
the absorbance spectrum of arsenazo III due to
Ca®* is very different than that caused by changes
in the Mg?* or H* concentration. Because the
affinity of arsenazo III for Ca’* is so high and the
amount of dye that is trapped by the vesicles (=3
nmol /mg protein) was well below the capacity of
the vesicles to accumulate Ca?*, the intravesicular
arsenazo III rapidly became saturated with Ca®*
after initiation of Ca?* transport. This makes
quantitation of the amount of Ca’* translocated
difficult. A Ca** indication of much lower affinity
would be more useful in measuring the intravesicu-

lar Ca®* concentration during Ca** accumulation.
Using the same loading technique we were unable
to prepare vesicles with the Ca?* indicators,
murexide or antipyrylazo III, due to problems
with solubility of the probes and damage to the
vesicles.

The appearance of Ca** within the vesicle upon
the initiation of Ca’" transport was much slower
than its removal from the external medium. This
provides direct evidence for an occluded state dur-
ing Ca’* uptake [8,24,47). Ikemoto [48] measured
the rate of Ca’* release from isolated (Ca’* +
Mg2*)-ATPase following phosphorylation with 5
uM ATP at 22°C. This preparation did not accu-
mulate Ca’* due to the leakiness of the membrane
following Triton X-100 treatment. Ca’* release
followed E-P formation with a lag time of 15 ms.
At this low ATP concentration, the maximum
phosphorylation level (0.1 mol E-P/mol ATPase)
was reached within 150 ms after ATP addition
while the maximum level of Ca** release (0.24 mol
Ca’* /mol ATPase) was reached after 250 ms. The
work presented here confirms that with intact
vesicles, there is a lag time between phosphoryla-
tion and Ca?* release from the (Ca?* + Mg?™*)-
ATPase.

Although the rate of Ca’* transport is in-
creased by K™ (10-100 mM) and by ATP (50-1000
M), the initial rate of Ca®>* translocation was not
influenced by K* or high ATP concentrations.
The most likely explanation is that K* and ATP
activates an intermediate reaction which follows
the release of Ca’* from the (Ca’*+ Mg?")-
ATPase into the interior of the vesicle.

Acknowledgements

This work was supported by research grants
from the National Institutes of Health (GM 29300),
from the Office of Naval Research and by the
Uniformed Services University of the Health Sci-
ences.

References

1 Martonosi, A. and Beeler, T.J. (1983) in Handbook of
Physiology (Peachey, L.D. and Adrian, R.H., eds.), Vol 10,
pp. 417-485, Waverly Press, Baltimore, MD

2 Yamamoto, T., Takisawa, H. and Tonomura, Y. (1979)
Curr. Top. Bioenerg. 9, 179-236



»H

o]

10

11

12
13

14

15

16

17

18

19

20

21

22

23

24

25

Hasselbach, W. (1979) Top. Curr. Chem. 78, 1-56
Tkemoto, N. (1982) Annu. Rev. Physiol. 44, 297-317
Verjovski-Almeida, S., Kurzmack, M. and Inesi, G. (1978)
Biochemistry 17, 5006-5013

Sumida, M. and Tonomura, Y. (1974) J. Biochem. (Tokyo)
75, 283-297 .

Ikemoto, N., Garcia, A.M., Kurobe, Y. and Scott, T.L.
(1981) J. Biol. Chem. 256, 8593-8601

Dupont, Y. (1980) Eur. J. Biochem. 109, 231-238
Kanazawa, T., Yamada, S., Yamamoto, T. and Tonomura,
Y. (1971) J. Biochem. (Tokyo) 70, 95-123

Makinose, M. and Hasselbach, W. (1977) FEBS Lett. 12,
271-272

Diamond, E., Norton, K.B., McIntosh, D. and Berman, M.
(1980) J. Biol. Chem. 255, 11351-11356

Pick, U. and Racker, E. (1979) Biochemistry 12 138-113
Duggan, P.F. and Martonosi, A. (1970) J. Gen. Physio. 56,
147-167 . '
Meissner, G. and McKinely, D. (1976) J. Membrane Biol.
30, 79-98

De Meis, L. and Carvalho, M.C. (1974) Biochemistry 13,
50325038

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall,
R.J. (1951) J. Biol. Chem. 193, 265-275

Rauch, B., Gahk, D. and Hasselbach, W. (1978) FEBS Lett.
93, 65-68

Sumida, M., Wang, M.T., Mandel, F. Froehlich, J.P.
Schwartz, A. (1978) J. Biol. Chem. 253, 8772-8777
Guillain, F., Gingold, M., Buschlen, S. and Champeil, P.
(1980) J. Biol. Chem. 255, 2072-2076

Mclntosh, D. and Berman, M.C. (1978) J. Biol. Chem. 253,
5140-5146

Chiu, V.C. and Haynes, D.H. (1980) J. Membrane Biol. 56,
219-239

Kurzmack, M., Verjovski-Almeida, S. and Inesi, G. (1977)
Biochem. Biophys. Res. Commun. 78, 772-776

Chiesi, M. and Inesi, G. (1979) J. Biol. Chem. 254,
10370-10377

Takakuwa, Y. and Kanazawa, T. (1979) Biochem. Biophys.
Commun, 88, 1209-1216

Duggan, P.F. (1977) J. Biol. Chem. 252, 1620-1627

26
27

28

29

30

31

32

33

34

35

36

37
38

39

40
41

42

43

44

45

46

47
48

105

Katz, A.M. and Repke, D.1. (1967) Circ. Res. 21, 767-775
Yamada, S.T., Yamamoto, T. and Tonomura, Y. (1970) J.
Biochem. (Tokyo) 67, 789-794

Shigekawa, M. and Pearl, L.J. (1976) J. Biol. Chem. 251,
6947-6952

Shigekawa, M. and Dougherty, J.P. (1978) J. Biol. Chem.
253, 1451-1457

Shigekawa, M. and Dougherty, J.P. (1978) J. Biol. Chem.
253, 1458-1464

Shigekawa, M., Dougherty, J.P. and Katz, AM. (1978) J.
Biol. Chem. 253, 1442-1450

De Meis, L. and De Mello, M.C. (1973) J. Biol. Chem. 248,
3691-3701

Froehlich, J.P. and Taylor, E-W. (1975) J. biol. Chem. 250,
2013-2021

Verjovski-Almeida, S. and Inesi, G. (1979) J. Biol. Chem.
254, 18-21

Yamamoto, T. and Tonomura, Y. (1967) J. Biochem.
(Tokyo) 62, 558-575

Zimniak, P. and Racker, E. (1978) J. Biol. Chem. 253,
4631-4637

Beeler, T.J. (1980) J. Biol. Chem. 255, 9156-9161

Beeler, T.J., Farmen, R.H. and Martonosi, A.N. (1981) J.
Membrane Biol. 62, 113-137

Beeler, T.J., Russell, J.T. and Martonosi, A.N. (1979) Eur.
J. Biochem. 95, 579-591

Caswell, A.H. (1972) J. Membrane Biol. 7, 345-364
Millman, M.S., Caswell, A. and Haynes, D. (1980) Mem-
brane Biochem, 3, 291—1315 .
Chiu, V.C.K., Mourning, D., Watson, B.D. and Haynes, D.
(1980) J. Membrane Biol. 56, 121-132

Vanderkooi, J.M. and Martonosi, A. (1971) Arch. Biochem.
Biophys. 144, 87-98

Vanderkooi, J.M. and Martonosi, A. (1971) Arch. Biochem.
Biophys. 144, 99-106

Scarpa, A., Brinley, F.J., Tiffert, T. and Dubyak, G.R.
(1978) Ann. NY Acad. Sci. 307, 86-111

Scarpa, A. (1979) Methods Enzymol. 56, 301-338
Takisawa, H. and Makinose, M. (1981) Nature 290, 270-273
Ikemoto, N. (1976) J. Biol. Chem. 251, 7272-7277



