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The interaction between Ca’*-ATPase molecules in the native lasmi icul b
Jutions was analyzed by i linking, high

and in

polarization of of fi in 5'-isothi

liquid (HPLC), and by “the

(FITC) coval

to the Ca?*-ATPase. Reaction

of sarcoplasmic reticulum vesicles with glutaraldehyde causes the crosslmkmg of Ca’*-ATPase molecules with the

formation of dimers, tetramers and higher oli Al of gl Idehyde solubilization of
sarccplasmic reticllum by C,;Eg or Brij 36T (=4 mg/mg protein) d d the of higher olig
without significant interf with the app of inked ATPase d:mers. ‘These observations are consistent

with the existence of Ca**-ATPase dimers in

Mubilized i

Ca®* (2-20 mM) and

glycerol (10-20%) increased the degree of cmslinklng at pH 6.0 both in vesicular and in solubilized sarcoplasmic

bly by p

ATPase molecul

at pH 7.8 (he effect of Cat* was less

pronounced In agreement with these observations, high liquid ¢k hy of lasmit
proteins solubilized by Brij 36T or C ,,Ew led the of with the exp eluﬁon h
istics of Ca®*-ATPase olig ior: of fi of FITC d to the Ca**-ATPase is

low in the native sarcoplasmlc reticulum due to energy transfer, consistent with the existence of ATPase oligomers
(ngl-smlth, S. and Cahen J.AL (198T) Bmchemlstry 26, 154-161), upon solubilization of the sarcoplasmic reticulum by
the p

of ATPase oligomers. Based on its effects on

ization of fl d due to d iati
the fluorescen:e of FITC-, ATPase, Ca** p d the
and in d
Introduction

The self-association of Ca?*-ATPase into olxgomers
in native and in detergent-solubilized sarcopl. Te-

ion b ATPase molecules, both in the native

the field. In spite of intense effort at its solution {1-5],
there is still disagreement about the size of the putative
ATPas: ali their on and

ticulum continues to be one of the major problems of

10 fawryl ether; Cy,Es.
oclaelhyleneglywl dodecyl ether; Cp,Eq, polyoxyethylene 9 lauryl
ether; Cy,Ey, polyoxyethylene 10 lauryl ether; DOC, deoxycholate;
DTT, dithiothreitol: EGTA, ethylene glycol bis{ 8-amincethy! ether)-
N,N.N'.N'-tetraacetic acid; FITC, fluorescein-5" -lso(hmcyanale.

L

HPLC, high liquid Mops, 4-morph:
mcpmpanesull’omc acid; SDS, sodmm doduyl sulfate; SR sarco-
plasmic Tes, N-

1 significance.

The tendency of the Ca>*-ATPase to undergo self-as-
sociation in the native membrane with the formation of
ATPase oligomers of various sizes is supported by elec-
tron microscopy [6-20], by target inactivation data
{21-24] and by fluorescence studies [25-33], There are,
however, considerable uncertainties about the precise
implications of many of these results.

The interp ion of fl energy transfer
data, both in intact sarcoplasmic reticulum and in re-
constituted Ca?*-ATPase vesicles [25-33] is com-

anesulfonic acid.

C A, i, Dep of Bi istry and
Molecular Biology, State University of New York, Health Science
Center, Syracuse, NY 13210, US.A.

plicated by the possibility of energy transfer between

iated ATPase molecules due to the high den-
sity of Ca*-ATPase in the membrane [34,35). So, while
these experiments provide strong indication for the ex-
istence of ATPase oligomers in both the native and
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reconstituted membranes, they leave the size of these
oligomers uncertain.

Target inactivation data on skeletal [21.23,24] and
cardiac sarcoplasmic reticulum [22], and on recon-
stituted vesicles of skeletal muscle Ca?*-ATPase at
varying lipid: protein mole ratios [23] suggest that the
catalytic unit of the Ca?*-ATPase is a dimer. However,
Grover et al. [36] obtained a target size closer to a
tetramer for the oxalate-stimulated Ca’* transport in
cardiac sarcoplasmic reticulum and a target size ap-
proaching one million for smooth muscle preparations.
The target sizes of 400-1000 kDa are closer to the
average size of ATPase oligomers suggested by the
relationship between surface and intramembrane par-
ticles seen by electron microscopy [8,19} than to the
values obtained by Chamberlain et al. [22] and Hymel
et al. {23,24]. These discrepancies may be due to the
uncontrolled effects of free radicals, that could extend
the effects of radiation to ATPase molecules not in-
volved directly in collision {37].

Covalent crosslinking of the Ca®>"-ATPase by a
variety of crosslinking reagents, both in native sarco-
plasmic reticalum and in d lubilized p
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gent-solubilized preparations of the Ca® *-ATPase, using
ultracentrifugation and ge! exclusion chromatography in
conjunction with rapid and steady-state Kkinetic mea-
surements of the clementary steps of ATP hydrolysis
{1-5,53-60}. Silva and Verjovski-Almeida [57.58] con-
cluded from gel filtration data on Sephacryl S-300 col-
umns that at protein concentrations higher than =50
pg/mi most of the soluble Ca®*-ATPase remained in
associated form even at C,,E,: protein ratios as high as
5000: the dimeric enzyme showed half of the sites
reactivity with respect to Ca** binding, and the associa-
tion constant for the monomer-dimer equilibrium was
estimated at 9.37-107 M~', They suggested that at a
C,E, concentration of 3-7 mM, monomeric solution
of Ca**-ATPase is obtained only at protein concentra-
tions of 10 pg/ml or less. In contrast to these observa-
tions. Andersen et al. {4,59.60] reported a pronounced
tendency for reversible formation of ATPase oligomers
only at detergent: protein rauos less than 2: according
to their estimates the for dimer
formation was only 10°-10° M, depending on deter-
gent concentration, i.e. much lower than the values

tions, generally leads to the formation of Ca®*-ATPase
dimers; howcver, in mosl studies the dimers form part
of a series of it prod of i ing size. up
to very large polymers that do not enter the polyacryb
amide -, Such results were obtained with dimethyl

; 1 by Silva and Verjovski-Almeida [58]. Andersen
et al. [4] suggested that irreversible aggregation of
Ca**-ATPase into inactive dimers and higher oligomers
in the experiments of Silva and Verjovski-Almeida
[57,58] may have contributed to the differences between

suberimudate [38-40), glutaraldehyde [39.41,42], Cu-
phenanthroline [39-41,43-45}, 1, [40], dithio-bis(succi-
nimidyl propionate) [41,43,46,47], dimethyl 3,3’-dithio-
bis(propionimidate) [43], di-N-(2-nitro-4-azido-phenyl)-
cystamine-S, S-dioxide [43], and 1,5-difluoro-24-dini-
trobenzene [48, 49] The repon by Murphy [50] on the

p ion of Ca“-ATPase tetra-
mers by ion of pl 1 with Cu-
line was not fi d [39,40,43-45]. Pre-

llmmary reports by Tkemoto et al. {51] on the selective
formation of hexamers in the presence of N,N’-p-phen-
ylenedimaleimide and by Giotta [52] of the formation of
dimers have not been followed up by detailed reports.
The interp of the inking data is com-
plicated by the serial nature of the crosslinking; most of
the reagents produced a spectrum of ATPase polymers,
with no clear indication of a preferred size of oligomers.
In the presence of detergents such as Triton X-100
[42, 45], C,ZEs {41}, or deoxycholate [46], the extent of
was d; at low detergent
concentration dimers were usually snll ohserved [42 45},
but at higher d ily com-
plete conversion of the Ca?*-ATPase into monomeric
form was suggested to occur, even at relatively high
protein concemrauon [4,41,42,45-46).

the concl of the two groups. According to Martin
[54]), monomers are the dominant species at protein
concentrations ranging from 25 to 150 pg/mi; by active
enzyme i ion only the were found
to be enzymatically active. Thus while these observa-
tions confirm the strong propensity of Ca?*-ATPase for
self-association, the size and association constant of the
dominant oligomeric species of Ca**-ATPase is left
undefined.

In our previous studies on the crystallization of
Ca?*-ATPase in detergent solutions [61-63] we ob-
served that preservation of ATPase activity and the
formation of three-dimensional arrays of Ca**-ATPase
molecules v/as optimal at pH 6.0 and required the
presence of 20% glycerol and 20 mM CaCl, in the
incubation medinm. These data suggested a relationship
between the formation of ATPase aggregates and the
long-term stability of the enzyme. In the studies re-
ported here the effect of Ca* on the ATPase-ATPase
interactions was further analyzed wnh the use ol‘ h:gh
p liquid ch
and fluorescence polarization spectroscopy. The ob-
servations suggest that the stability of Ca®*-ATPase in
detergent solutions, and by inference in native mem-
branes, requires interactions between ATPase mole-
cules.

C ble effort was ded to obtain informa- A prelimi ary Teport was d at the Interna-
tion on the size of the ATPase oli; their tional Sy on Motecular Basis of Bi b
tion and functional signifi in deter- Transport, Bari, Italy, May, 1988,
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Experimentat procedures

a monomer of =110000 kDa (Flg 1). Among the
minor pl’O(cll"l

Materials are the cal: in, with an app lecular mass
Acrylamxde bis- acrylamxde (N N’-methylene-bis- of about 63 kDa, and the high-affinity Ca?*-binding
acryl i bnlllant protein of 55 kDa {67]. A sharp band of "300 kDa
blue R-250, and B hanel were p may rep P of the sp g protein
from Bio-Rad Labora(ones‘ Richmond, CA. The deter- complex, tha( lmks the T-tubules to the Juncuonal
gents Brij 36T (polyoxyethylene 10-lauryl ether), and iculum [68,69]. C of =400
C,,E; (octaethyleneglycol dodecyl ether), as well as kDa ar hxgher are present only in trace amounts.
diethylamine, Mops, and Tris were obtained from Sigma of sarcopl. iculum vesicles with 0.1

Chemical Co., St. Louis, MO. Glutaraldehyde and

mM giutaraldehyde at 25°C for 1 h causes a significant

sodium dodecyl sulfate were lied by Pol,
Inc., Warrington, Pennsylvania. Glycine was

d in the amount of Ca?*-ATPase monomers,

from Aldrich Chemical Co., Milwaukee, WI, and
TEMED (N,N,N’,N'-tetramethylethylenediamine) from
Eastman-Kodak Company, Rochester, NY. Glycerine
and B henol blue were supplied by Fisher Scien-
tific Co., Fairlawn, NJ, and the molecular weight
calibration kits by Pharmacia Fine Chemicals AB, Upp-
sala, Sweden.

Methods

Sarcoplasmic reticulum vesicles were isolated as de-
scribed by Pikula et al. {62). The measurement of ATPase
activity was performed according to Varga et al. [64],
and the assay of protein according to Lowry et al. [65].

For analysis of protein composition by SDS-poly-
acrylamide gel electrophoresis the samples were disper-
sed in a solution of 5% sodium dedecyl sulfate, 10 mM
Tris-HCI buffer, pH 8.0, 1% B-mercaptoethanol and
10% glycerol, at a protein concentration of 1-2 mg/ml.
Aliquots of 50 pl were apphed for e!ectrophoresxs on
6-18% dis gels, g to Lacmmli
{66]. The Coomassie-blue stained gels were analyzed
with an LKB 2202 Ultra-Scan laser densitometer, cou-
pled with a Hewleti- Packard mtegralor plotter (3390A).
The conditions for li ic reticu-

with a ponding in a band at 220 kDa,
that is d to rep crosslinked Ca2*-ATPase
dimers (Fig. 1). The conversion of Ca?*-ATPase into
dimers and higher oligorners becomes nearly complete
at a glutaraldehyde concentration of = 0.5 mM. After
solubilization of sarcoplasmic reticulum with C,,Eq (= 4
mg/mg protein) the formation of Ca?*-ATPase
oligomers larger than dimers is diminished and Ca®*-
ATPase dimers accumulate as the principal product of
the glutaraldehyde reaction. The formation of ATPase
dimers is observed even at Cy, E, concentrations as high
as 16 mg/mg protein. These observations are consistent
with the view that ATPase molecules exist in an
oligomeric state in the native sarcoplasmic reticulum
membrane, and that ATPass dimers may represent the
dominant oligomeric species in sarcoplasmic reticulum
salubilized with C,,Ey.

Similar observations were made at pH 6.0 in a
medium of 0.1 M KCl, 10 mM imidazole, pH 6.0, 1 mM
EGTA, 3 mM MgCl,, 5 mM NaN,, 20% glycerol, 25
1U/ml Trasylol, 2 ug,/ml 1,6-di-ters-butyl-p-cresol (Fig.
2A), except that the glutaraldehyde concentration re-
quired to achieve comparable crosslinking was slightly
hlgher at pH 60 than at pH 7.5. Solubilization of

lum proteins with glutaraldehydc, either in intact vesicles
or in detergent solubilized preparations, are described
in the legends.

lum with Brij 36T (4 mg/mg pro-
tein), as with C,,Eg, reduced the extent of crosslinking;
this is particularly evident with respect to the higher
polymers of Ca?*.ATPase (Fig. 2B). The relatively large

For h:gh perfonnance liquid ol hy of
ins, a Perkin-Elmer Seties
10 Ilqund chromatography apparatus equipped with an
LC-75 detector, an SW TSK guard column and a G
4000 SW TSK gel column was used, as described in the
legends.

The polarization of fl of FITC lently

of crosslinked ATPasc even in
the p of d suggests, in t with
the HPLC and fluorescence data (see below), that in
addition to ATPase monomers and dimers, ATPase
teiramers may also be present m sngmﬁcam amounts in
d olubilized 1 lum. There was
no i ion of the formation of crosslinked ATPase

"

attached to the Ca®*-ATPase [25] was measured in an
SLM 4800 fluorescence spectrophotometer.

Results and Discussion

In sarcoplasmic reticulum vesicles isolated from rab.
bit skeletal muscle, about 60-80 percent of the protein
content is the Ca?*-transport ATFase; the Ca*-ATPase
migrates on SDS-polyacrylamide gel electrophoresis as

trimers in any of the experiments, although on statis-
tical grounds trimers should be present in larger amounts
than tetramers. The protein band of =300 kDa ap-
parent molecular weight, that is sm.n in untreated sarco-
plasmic icul is itive to glu-
taraldehyde and is no longer observed at 0.4 mM glu-
taraldehyde concentration. This unique sensitivity of
the =300 kDa protein to crosslinking supports the
suggestion of Caswell and his colleagues [68,69] that this
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Fig. 1. Effect of and Cp3E, on the i of reticulum proteins by glutaraldehyde. (A)

Sarcoplasmic reticulum vesicles (1 mg protein,/ml) were suspended in 80 mi KCL, 50 mM potassium phosphate buffer, pH 7.5, 10 M MgCl;, 0.1
mM CaCl,, and 10.7 mg C,;E, per mg protein; the reaction was started at 25°C by the addition of to final

indicated on the abscissa and was stopped 1 h later with diethylamine (10 mM}. (B) The reaction was performed under the condhions described for
A, except that the final concentration of glutaraldehyde was 0.5 mM and the concentrauon of €, E, was varied between 0 and 16 mg/mg protein.
as shown on the abscissa. The bands at 110 kDa, 220 kDa and 440 kDa are tentatively identified as ATPase monomer (M), dimer (D} and tetramer
(T), respectively. The bands near 65 kDa and 56 kDa are the calsequestrin and the high-affinity Ca®*-binding protein. For molecular weight
determination, Pharmacia high and low _zolecular weight calibration kits were used in all experiments. {C) Densitometry of the gel pattemns shown
in Fig. 1A. The densitometry was performed as described under Experimental procedures. Symbols: ®, 110 kDa band (ATPase monomer); ®, 220
kDa band (ATPas¢ dimer); &, 400-800 kD= band (putative ATPase tetra- to octamer); a, protein aggregates that did not enter the gel. (D)

Densitometry of the ge) patterns shown in Fig. 1B. Details as under (C).

group of proteins forms part of the large spanning
protein complex that links T-tubules (o the sarco-
plasmic reticulum.

Solubilization of sarcoplasmic reticulum by Brij 36T
{4 mg/mg protein) nearly completely prevented the
crosslinking of calsequestrin (Fig. 2B) that occurred in
intact sarcoplasmic reticulum (Fig. 2A).

The effect of Ca’* on the crosslinking of Ca®*-ATPase
by giutaraldehyde

The Ca?*-ATPase exists in two principal conforma-
tions as deiined by the ion composition, temperature,
and pH of the incubation medium [13,70,71] The E,
conformation can be stabilized by saturaiion of the
high-affinity Ca®*-binding sites of the Ca**-ATPase by
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Fig. 2. The effect of ion on the jic reticulum proteins. (A,B) Sarcoplusmic reticulum vesicles (1

mg protein,/m} wete suspended in & medium of 0.1 M KCI. 10 mM mudawle pH 6.0, 1 mM EGTA, 3 mM MgCl,, 5 mM NaN,, 20% glycerol, 25
[U/m| Trasylol, 2 pg/mi 1,6-di-tert-butyl-p-cresol without (A}, or with 4 mg/ml Brij 36T (B), and incubated for 1 b at 2°C. The reaction was
started at 25° C by the addition of glutaraldeliyde to final concentrations of 0-1.6 mM, as indicaied on the abscissa; 1 h Iater the reaction was
stopped with diethylamine {15 mM) and the samples were processed for electrophoresis. The following bands are marked: ATPase tetramer (T),
dimer (D), monomer (M), calsequestrin (Cal) and the high-affinity Ca?*-binding protein (CaBP). (C) Densi y of the of
Fig. 2A. Symbols: ®, ATPase monomer; ®, ATPase dimer; a, ATPase etra- (o octamer; 4, ATPase polymer; O, calsequestrin; £, 300 kDa protein

complex. (D) D« data of the

0.1 mM Ca?*, or =10 pM lanthanides [72] accompa-
nied by the formation of P1 type membrane crystals of
Ca?*-ATPase [15]. Vanadate (V) ions in the absence of
calcium convert the enzyme into a stable E,-V form
[70,71] associated with the formation of P2 type crystals
containing Ca®*-ATPase dimers as structural units
{11-14,16-18]. These observations indicate that the
conformation of Ca?*-ATPase exerts an influence on
the interactions betwesn ATPase molecules.

The effect of EGTA, EGTA + vanadate, and Ca®*
on the crosslinking of the Ca?*-ATPase by 0.4 mM
glutaraldehyde was analyzed at pH 6.0, in the absence
of detergents and at Bri) 36T conccmrauon; of 4- 12
mg/mg protein {Fig. 3). Solubili of 1

of Fig. 28. Details as in (C).

ing 1 mM EGTA (Fig. 3A) or 1 mM EGTA +5 mM
monovanadate (Fig. 3B). In both cases significant
amount of Ca?*-ATPase monomer remained in the
system after reaction with glutaraldehyde (0.4 mM) for
1 h at 25°C. The crosslinking reaction was promoted by
0.2 mM Ca®* (Fig. 3C), particularly at low detergent
concentration (0-4 mg Brij 36T/mg) thxs effect be-
came more pro d with i Ca?

tion (Fig. 3D,E), and in the presence of 20 mM Ca®*
(Fig. 3F) extensive conversion of Ca?*-ATPase into
higher oligomers occurred, even at a Brij 36T concentra-
tion as high as 12 mg,/mg protein.

The conditions of these experiments are essentially

reticulum by Brij 36T had relatively little effect on the

formation of Ca?* ATPase dimers in solutions contain-

{ to those used for the long-term stabilization
and crys-allization of Ca?*-ATPase in detergent solu-
tions [62,63]. Therefore the Ca?*-induced i
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Fig. 3. Effect of detergent ion on the linking of

ic reticutum proteins by glutaraldchyde. Sarcoplasmic reticulum vesicles

(1 mg protein/ml) were suspended in a medium of 0.1 M KCl, 10 mM imidazole, pH 6.0, 3 mM MgCl,. 3 mM NaN,, 20% glycerol, 25 TU/mi
Trasylol, 2 pg/ml 1,6-di-rers-butyl-p-cresol, and 1 mM EGTA (A), I mM EGTA + 5 mM monovanadate (B), 0.2 mM CaCl, (C), 2 mM CaCl, (D)
10 mM CaCl, (E), or 20 mM CaCl, (F), at detergent concentrations indicated on the abscissa. After incubation for 2 b at 2°C the reaction was
started with the addition of gl (0.4 mM). The i was allowed (o proceed for 1 h at 25°C. The reaction was stopped with
diethylamine (15 mM) and the samples were processed for electraphoresis. Control samples (c) contained glutaraldehyde previously mixed with
dicthylamine without detergent. ATPase (M), (D). and (T), indicate Ca?*-ATPase monomers, dimers and tetramers, respectively.

b ATPase molecules in d ) at pH p d at Ca* of 0.2-5 mM in the
6.0, reflected by the i d linking with glu- presence of 12 mg Brij 36T per mg protein (Fig. 4C). At
taraldehyde, and by the fc ion of three-di ional higher Ca’* concentration (20 mM), large Ca®*-ATPase

crystals of Ca®*-ATPase, probably contribute to the
long-term preservation of the ATPase activity.
This conclusion is further supported by the experi-
ments of Fig, 4, in which the extent of crosslinking was
d as the of Ca?* ion in the
absence of Brij 36T (Fig. 4A) and at Brij 36T concentra-
tions of 4 mg/mg protein {Fig. 4B), 12 mg/mg protein
(Fig. 4C), and 20 mg/mg protein (Fig. 4D). The accu-
mulation of crosslinked ATPase dimers is particularly

aggregates formed that did not enter into the gel. The
increase in the concentration of Ca?*-ATPase dimers at
0.2 mM Ca?*, particularly at high detergent concentra-
tion {12-20 mg/mg protein), occurred with a decrease
in monomer concentration. These observations support
the existence of stable Ca®*-ATPase dimers in detergent
solutions at pH 6.0 in the presence of Ca**. The effect
of Ca’* on the interactions between Ca?*-ATPase
molecules was less pronounced at pH 7.5; this may
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explain the absence of three-dimensional Ca**-ATPase
crystals [62], and the instability of the detergent-solubi-
lized enzyme during long-term storage at pH 7.5.

The polarization of fluorescence of fluorescein-5'-isothio-
cyanate labeled Ca’*-ATPase

Highsmith and Cohen [26) observed that the polar-
ization of fluc of FITC lently bound to
Ca?*-ATPase is relatively low in the native sarco-

dence of polarization on the extent of labeling of the
Ca?*-ATPase with FITC, they concluded that the domi-
nant oligomeric form of the Ca?*-ATPase in sarco-
plasmic reticulom may be the tetramer.

We confirmed these observations under the experi-
menta) conditions used in our studies and utilized the
method for the characterization of the effect of CaZ*,
Mg2*, and K* on the state of association of the Ca?*-
ATPase in the native membrane and in solubilized

plasmic but upon solu-
blization of Ca?*-ATPase with C,,E,. From the depen-

preparauons As shown in Flg 5, the polarization of
of FITC Iy bound to the Ca?*-

Crafins @uine. 4ELGB!  Foiguicg

Fig. 4, Effect of [Ca®* ] ion on the il of

2 34 56 7

ic reticulum proleins by glutaraldehyde in the presence of detergents.

{A~D) Sarcoplasmic reticulom vesicles (1 mg protein,/mi) were suspended in a medium of 0.1 M KCl, 10 raM imidazole, pH 6.0, 3 mM MgCl,, 3
mM NaN;, 20% glycerol, 25 IU/ml Trasylol, 2 pg/ml 1,6-di-tert-butyl-p-cresol without detergent (A), or with Brij 36T at a concentration of 4
mg/mg protein (B), 12 mg/mg protein (CJ, or 20 mg/mg protein (D); the media of the samples in each series contained the following additions:

lane 1, 1 mM EGTA; lane 2, 1 mM EGTA +5 mM monovanadate; lane 3, 6.2 mM CaCly; lane 4, 1 mM CaCl,; lane 5, 5 mM -CaCly; lane 6, 10
mM CaCly; lane 7, 20 mM CaCl,. After incubation for 2 h at 2°C, ghuaraldehyde was added to a final ion of 0.4 mM and i

continued for 1 h at 25° C. The crosslinking reaction was stopped wun dlclhylnmlne (15 mM) and the samples were prepared for SDS-polyacryl-
amide gel electropharesis. Control samples (lane ) contained gh i mixed with di ine. (E,F) Densi y data on the
electrophoretograms of Figs. 4 A-D. The relative areas under the 110 kDa ATPase monomer (E) and the 220 kDa ATPase dimer (F) bands was
evaluated by densitometry. Symbols: @, no detergent; @, 4 mg Brij 36T/mg prolein; 4, 12 mg Brij 36T /mg protein; 4, 20 mg Brij 36T /mg protein,




o——0—"

Polarization
=
N
s

0 5 10 15 20 25
Temperature, °C

Fig. 5. The polarizaton of fluorescence of FITC-labeled Ca®*-ATPase

at different labeling ratios. Sarcoplasmic reticulum vesicles wers

labeled with FITC at a final concentration of 2.5 (0), 5.0 (2). and 7.5

{t) nmol/mg protein, as described earlier (25). The ization of the
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TABLE 1

Effect of FITC labeling on the ATPase and acetyiphosphatase acticity
and on the polarization of FITC fluorescence

Sarcoplasmic reticulum vesicles were labelled with Fi7C at a final
cancentration of 0, 2.5, 5.0. 7.5 and 15.0 nmol/mg protein, as
described earlier [25]. After labeting, the vesicles wers resuspended in
10 mM K-Mops, pH 7.5 at 2 mg/ml protein concentration and were
used for assay of ATPase aclivity as described carlier [64).
Acetylphosphatase activity was measured by assaying the concentra-
tion of acetyl ph ian was carried out in
a medium of 0.1 M KC!, 20 mM imidazole, pH 7.4, 0.5 mM EGTA,
0.5 mM CaCly. 5 mM MgCl, £1 pM A23187, 5 mM acetyl phos-
phate and 0.5 mg protein/g1 at 25°C for 20 min in a volume of 1.2
ml. Reaction was stopped by cooling 0.5 ml aliquots and the acety!
phosphate content was measured uccording to Lipmann and Tuttle
(74]. For Cal*i itive acetyl activity. Ca?*
was omitted from the medium. The pelarization of FITC fluorescence
in the samples were measured at 25°C (A, =490 nm; A, = 520
nm).

samples was measured at a final protein concentration of 0.1 mg/m!
at 25°C using 490 nm light beam for exeitation, as described in
Methods (A, = 520 nm).

ATPase di d with i d ion of the FITC
binding sites and was nearly independent of tempera-
ture in the range of 10-30°C (Fig. 5). At the highest
labeling ratio used in this experiment (7.5 nmol
FITC/mg sarcoplasmic reticalum protein) essentially
all ATPase molecules are expected to be labeled by
FITC; the tow polarization of fluorescence arises from
energy transfer between FITC-labeled Ca’*-ATPase
molecules and implies close proximity or interaction
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between them. At the lowest labeling ratio (2.5 nmol of
FITC/mg proiein) only one out of four ATPase mole-
cules ase labeled, and the high value of polarization is
consistent with the absence of significant energy trans-
fer. FITC does not interfere with ATPase-ATPase in-
teractions [25] or with the crystallization of Ca?*-
ATPase in the presence of EGTA and vanadate [73).
Excitation of FITC-labeled sarcoplasmic reticulum at
wavelengths ranging from 475 to 510 nm yielded fluo-
rescence at 520 nm with a constant polarization of
0.432 +£0.003 at a labeling ratio of 2.5 nmol/mg pro-~
tein, and 0.367 + 0.004 at a labeling ratio of 7.5 nmol
FITC/mg protein. This is consistent with chemical
evidence that FITC selectively labels lysine-515 in the
Ca?*-ATPase, without major contribution by labeling
at secondary sites.

The Ca®*-stimulated ATPase activity progressively
decreased with increasing labeling by FITC, accompa-
nied by the decrease in fluorescence polarization (Table
I), while the Ca®*-inscnsitive (basal) ATPase and
acetylphosph ivities were ially unaffected
by FITC. There was also a moderate inhibition of the
Ca?*-stimulated acetylphosphatase activity by FITC, in
contrast to the observations of Pick and Bassilian [75],
This difference may be due to the different labeling
conditions used in our experiments.
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Polarization

C.ofg. Mgy Grote:n

Fig. 6. Polarization of fluorescence of FITC-5R a5 the function of
Cy3Ey concentration. Sarcoplasmic reticulum vesicles were labelled
with FITC at 5 nmol/mg protein concentration, as described earlier.
The vesicles were in 8.1 M KCL 10 mM K-Mops, pH 6.0, 3 mM
MgCl,. 3 mM NaNy. S mM DTT, 25 1U/ml Trasylol, 2 pg/ml
1,6-di-tert-butyl-p-cresol and 20% glycerol. After addition of 1.0 mM
EGTA (0), 0.2 mM Ca:ll, (®) and 1.0 mM EGTA+5 mM Na YO,
(a). the polarization of the vesicles was determined as described in
Methods, in the presence of different concentrations of Cj,E; at
259C (A, = 490 nm; A, = 520 nm).

The effect of C,,E, conc an the polarization of
fluorescence of FITC-labeled Ca’*-ATPase

In sarcoplasmic reticulum vesicles labeled with 5
nmol of FITC per mg protein the polarization of FITC
fluorescence measured at pH 6.0 was = 0.31 £0.32
(Fig. 6). Addition of 0.2 mM Ca®* or 1 mM EGTA,
with or without 5 mM vanadate immediately prior to
the polarization measurement had relatively little effect,

of the with lubilizing con-
centrations of C;,E; (0.2-0.5 mg per mg protein)
sharply increased the polarization; the polarization of
flucrescence continued to rise with increasing C,,E;
concentration up to (and probably beyond) 8 mg
Cy, Eg/mg protein.

The similar values of fluorescence polarization ob-
tained with Ca?*, that stabilizes the E, conformation,
and with EGTA + vanadate that stabilize the E, confor-
mation of the Ca**-ATPase imply either that the prox-
imity between ATPase molecules is not affected by
transitions between the E; and E, states, or that com-
pensatory changes in the relative orientation of ATPase
molecules within the oligomers cancel the effects of the
changes in intermolecular distances.

The effect of Ca’™ on the polarization of fluorescence of
FITC-labeled Ca®*-ATPasc

Ca?*, at millimolar concentrations, decreased the
polarization of fluorescence of FITC both in native
szrcoplasmic reticulum (Fig. 7A) and in detergent-
solubilized preparations (Fig. 7B), suggesting that Ca>*
promotes the formation of ATPase aggregates. This is
consistent with the effect of Ca®* on the crosslinking of

Ca®*-ATPase oligomers (Fig. 3) and on the crystalliza-
tion of Ca?*.ATPase in detergent-solubilized sarco-
plasmic [ 162]. The d in f1

polarization with increasing concentration of the vesicles
is not fully accounted for by the effect of light scatter-
ing on the polarization of fluorescence [76], and interac-
tion between vesicles probably contributes. Vesicle ag-
gregation that brings the ATPase molecules located in
adjacent vesicles within range for efficient energy trans-
fer may also explain the greater effect of Ca** on
fluorescence polarization at higher protein concentra-
tion. Therefore, two distinct mechanisms are expected
to play a role in the Ca’*-induced decrease in the
polarization of fluorescence of FITC-ATPase in intact
sarcoplasmic reticulum vesicles. (1) Interaction between
ATPase molecules located in the same membrane. (2)
I ion b head; of ATPase molecules

located in distinct vesicles.
The polarization of fluorescence of FITC-ATPase is
greater in the presence of solubilizing concentrations of
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F:g 7. The effect of (Ca®* ] on the polarization of FITC fluorescence

lasmic reticulum. reticulum vesicles were
lnbcl:d with FITC at fina! concentration of 7.5 nmol/mg protein, as
described earlier (25). After labeling, the vesicles were resuspended in
10 mM K-Mops, pH 7.5 at final protein concentrations of 0.05
mg/ml {0), 0.2 mg/ml (a), 0.4 mg/ml (L1) and the polarization of the
FITC fluorescence was measured after additions of CaCl, (0-20 mM
final ion) (A). A similar i was also perfs d (B}
in the presence of 4 mg C,, Eg /mg protein. Proicin concentrations: @,

0.05 mg/ml; &, 0.2 mg/ml and W, 0.4 mg/ml.
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Fig. 8. Effect of Ca>*, Mg®* and K” on the polarization of FITC
fluorescence in SR. Sarcoplasmic reticulum vesicles were labeled with
FITC at final concentrations of 7.5 amol/mg. as described eatlier
[25}. The poiarizaiion of FITC fuorescence was measured after ad-
ditions of CaCl; (0.8), MgCl, (OM) and KCl (a.a) at 25°C, at a
final protein concentration of 0.1 mg/ml. The measurements were
carried ont in 10 mM K-Mops, pH 7.5 buffer (open symbols) or in 10
mM K-Mops pH 7.5, that contained 4 mg,/mg protein C),E5 (filled
symbols). The polarization values were determined as described under
Methods.

C,,E; (Fig. 7B), and the influence of Ca?* and protein
concentrauon on the polarization is somewhat less pro-
with an i in the average
ATPase molecules. While the effect of
C,,E, on the polarization of FITC fluorescence devel-
ops rapidly, the decrease in the polarization induced by
Ca®* had a slower time course and required 2-4 h to
develop fully.

The effect of Ca®* was not specific, since qualita-
tively similar change in polarization was observed at
high concentration of Mg2*, either in native mem-
branes or in membrane preparations solubilized with 4
mg C,ZEE/mg protein (Fig. 8). The concentration oi

duce the d in polarization in
!he nauve membrane was about 100-times greater than
that of the divalent cations, and K* had no significant
effect on solubilized sarcoplasmic reticulum.

di h

High perf liquid ch graph
solubilized sarcoplasmic reticulum
Resolution of Ca®*-ATPase monomers from the vari-
ous oligomeric forms can be achieved by high perfor-
mance liquid chromatography on TSK G3000 or G4000
SW molecular sieve columns [4,77). The speed of sep-
aration is importani to prevent the denaturation and
aggregation of Ca?*-ATPase that is known to occur in
detergent solutions [4). We utilized this technique for
the analysis of the effect of Ca* and glycerol on the

of detergent-
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monomer-oligomer equilibrium of Ca®*-ATPase under
conditions that promote the formation of Ca?*-ATPase
crystals,

Typical ¢lution profiles of sarcoplasmic reticulum
proteins solubilized by Brij 36T (5 mg/mg protein) in a
medium of 0.1 M KCl. 10 mM Tes, pH 7.0, 3 mM
MzgCl,. 3 mM NaN,, 25 IU/ml Trasylol and 2 pg/ml
1,6-di-terr-butyl-p-cresol are given in Fig. 9. The ob-
served band pattern is influenced by the treatment of
the solubilized protein sample before application to the
column, by the protein concentration and protein/
detergent ratio and by the pH. ion composition and
glycerol content of the incubation medium.

It is customary to subject the samples to centrifuga-
tion, usually in a Beckman airfuge centrifuge at 130000
x g for 30 min, to remove ‘unsolublized matarial’ be-
fore application for coluran i hy [4.58,77.
78). A comparison of samples centrifuged in a Beckman
microfuge at = 8000 X g for 5 min (Fig. 9A,C.E). and
in a Beckman Airfuge at 130000 x g for 5 min (Fig.
9B,D,F) shows that the high speed centrifugation de-
creases the contribution of ATPase oligomers and shifts

bl
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Fig. 9. High liquid of
reticulum proteins, Sarcoplasmic reticulum vesicles were washed with
a solutica containing 0.1 M KCL, 16 mM Tes, pH 7.0, 3 mM MgCl,.
3mM NaN,, 25 1U/ml Trasylol and 2 pg,/ml 1,6-di-rers-butyl-p-cresol
10 remove sucrose. Afer centrifugation the sediment was resuspended
in the same solution to u protein concentration of 5 mg/ml. Brij 36T
was added to a final concentralion of 5 mg/mg protein followed by
in a Potter izer. After i ion for 60 min
ai 2°C the samples wese cenirifuged in microfuge (8000x g for §
min) (upper panecl), or in airfuge (130000X g for 5 min) (lower
panel): 20 pl samples were applied 1o HPLC in a TSK Gel 4000 SW
column (7.5 mm 1D % 30 cm) protected with TSK guard column SW
{7.5 mm i.d. x7.5 cm) and eluted with the above buffer containing 5
mg of Brij 36T/ml a1 a flow raic of 0.5 mi/min. (A.B) No lurther
additions; in samples (C.D) 20 mM CaCl;, and in samples (E,F) 20
mM CaCl, and 20% glycerol were also present both in the sample
and in the eluant. Elution positions 1, 2, and 3 represent the high
molecular weight oligomers (void volume), dimers, and monomers of
Ca?*-ATPase, respectively; calsequestrin, Ca®*-binding protein and
other low motecular weight components are eluted in bands 4 and 5,
respectively.
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Fig. 10. Solubilization of sarcoplasmic reticulum proteins with sodium dodecyl sulfate (SDS), sodium deoxycholate (DOC) and CjyEjq.
Sarcaplasmic reticulum vesicles (2 mg/ml) were solubilized with SDS, deoxycholate and C,E,, at the detergent: protein ratios indicated, in a
medium containing 0.1 M NaCl, 10 mM Na-Mops, pH 8.0 (SDS and DOC) or 0.1 mM KCl, 10 mM K-Mops, pH 8.0 (Cy,Eyp), together with 3
mM MgCl,, S mM DTT, 3 mM NaNj, 25 [U/ml Trasylol, and 2 ug/ml 1,6-di-terr-butyl-p-cresol. After 30 min incubation a1 2°C the
unsolubilized material was removed by brief centrifugation (10 min at room temperature), using Beckman airfuge (130000 g) and the protein
composition of the supernatants (upper panels) and pellets {lower panels) were analyzed by SDS-polyacrylamide gel electrophoresis {63}, C, conirol

samples before centrifugation.

the apparent equilibrium in favor of the ATPase mono-
mers. The amount of proteins removed by the pre-
liminary figh speed centrifugation was 20-30% in the
experiments of Andersen and Vilsen [77}, and as high as
55% in our studies and in the experiments of Silva and
Verjovski-Almeida [58]. The net effect of this is that the
contribution of oligomers to the system is minimized,
with an apparent i in the dissociati

components, band 2 to ATPase dimers, band 3 to
ATPase monomers and bands 4-5 to low molecular
weight proteins.

Addition of 20 mM Ca®* (Fig. 9C,D) or 20 mM
Ca?* and 20% glycerol (Fig. 9E,F) to the solubilizing
and elution media shifted the equilibrium from mono-
mers in favor of ATPase oligomers, as indicated by the

of monomer-oligomer equilibrium.
The precise assignment of molecular weights to the
various protein bands is complicated by dif in

1 of material in bands eluizd uear the ex-
clusion volume of the columns, This effect was particu-
larly clear in samples (Fig. 9C and E) that were not

the bel of different calibrati dards {77]. We
tentalively assign band 1 to high molecular weight

bj d to high speed centrifugation prior to applica-
tion 10 the HPLC columns. Much of the high molecular
weight ATPase are actually d during




high speed cenlnfuganon (Fig. 9B D, F) Therefore un-
der these the of Ca®*
ATPase caused by 20 mM Ca** (Fig. 9D) or 20 mM
Ca?*20% glycerol (Fig. 9F) resulted in a decreased yield
of protein mass th h the elution except
in the region of band 2 that was tentatively assigned to
Ca**-ATPase dimers.

The observations made by high performance liquid
chromalog,raphy suppor! the earlier conclusions from

and f1 polariza-

tion studies that Ca?* promotes the formation of
ATPase oligomers. The Ca’*-induced formation of
ATPase oligomers probably contributes to the long-term
stability of solubilized Ca**-ATPase in the presence of
20 mM CaCl, {62}, and may represent the structurai
basis of the Ca?*-induced crystallization of the enzyme
in detergent solutions {63].

i

Differential solubilization of sarcoplasmic reticulum pro-
teins by detergents

Inleresling differences were observed batween anionic
and nonionic detergents in their ablhty to solubilize
different proteins <rom 5 lum vesicles.

Sodium dodecyl sulfate caused substantial solublh-
zation of calsequestrin and of the high-affinity Ca®*
binding protein already at concentrations as low as
0.1-02 mg SDS/mg protein; this was followed by
solubilization of the 300 kDa proteins and of the Ca®*.
ATPase as the SDS concentration was increased to
0.5-0.6 mg/mg protein (Fig, 10). The extraction of the
Ca?*-ATPase by sodium dodecyl sulfale was inhibited
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gents, such as sodium dadecyl sulfate or deoxycholate,
but relatively resistant to nonionic detergents, such as
3By or Brij 36T,

The different patterns of solubilization of sarco-
plasmic reticulum proteins by anionic and nonionic
Aetergents sugpest the existence of protein-protein and
proiein-lipid interactions in the sarcoplasmic reticulum
membrane that are seleciively affected by different de-
tergents,

Conclusions

(1) Preferential crosslinking of Ca®*-ATPase dimers
by glutaraldehyde was observed at pH 6.0 in intact
sarcoplasmic reticulum vesicles and after solubilization
by nonionic detcrgeats. suggesting that the dominant
oligomeric form of the Ca’*-ATPase under both condi-
tions is the dimer.

(2) Ca®*, at millimolar concentration, promoted the
formation of Ca®*-ATPase oligomers, both in the native
membrane and in detergent solutions, as shown by
chemical crosslinking, polarization of flucrescence and
high performance liquid chromatography. The shift in
equilibrium in favor of ATPase oligomers probably
contributes to the increased stability and crystallization
of the Ca?*-ATPase in detergent solutions containing
20 mM Ca?*,

(3) The existence of Ca®*-ATPase oligomers in deter-
gent solutions that were previously thought to contain
primarily or only monomers of the Ca®*-ATPase, re-
opens the problem of the functional role of the ATPase

by 2-10 mM CaCf; in the di pre-
sumably due to the formation of Ca?*-dodecy! sulfate
aggregates,

The sequence of the solublllzanon of various proteins
by i of was simi-
lar to that obser\'ed with sodium doducyl sulfate, but
complete solubilization of the Ca?*-ATPase required
deoxycholate concentrations as high as 1-2 mg/mg
protein (Fig. 10).

The pattern of solubilization by the nonionic deter-
gent C; E,, was quite different from that observed with
either of the two anionic detergents (Fig. 10). C,E,q
preferentially solubilized the high-affinity Ca?*-binding
protein at a detergent/ protein ratio of 2, followed by
solubilization of the Ca®*-ATPase as the C,,E,, con-
centration was raised to 4 mg/mg protein or above
(Fig. 10). Much of the calsequestrin, the 300 kDa pro-
teins, and other accessoiy proteins remained in the
unsolubilized sedimcat fraction even at Cy,B,, coi-
centrations as high as 16 mg/mg protein (Fig. 10
Sirniiar observations were made with Brij 36T and other
nomomc detergents (not shown). In view of the known

n of cal in with the j jonal 1
[68.69], these observations imply that the elements of
the triad are susceptible to disruption by anionic deter-
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