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We have studied crnss-linking o! the (Ca 2+ + MgZ+)-ATPase in sarcoplasmic reticulum and in reconstituted 
systems, using glutaraldehyde, eupric-l,10-phenanthroline and 3,3'-dithiobis(sulphosuccinimidyipropionate). 
All reagents produce extensive cross-linking, forming aggregates too large to enter polyacrylamide gels. 
Only traces of cross-linked dimeric ATPase species are formed. Saturation transfer electron spin resonance 
spectra of spin-labelled sarcoplasmic reticnlum cross-linked with glutaraldehyde are also consistent with the 
formation of extensively cross-linked aggregates in the membrane. The results are interpreted in terms of 
dynamic clusters of ATPase molecules in the membrane, probably in the form of rows of ATPase molecules. 

Introduction 

As described in the previous paper [1], electron 
micrographs of negatively stained samples of 
sarcoplasmic reticulum show the presence of ex- 
tended linear arrays of dimers of the (Ca2÷+ 
Mg2+)-ATPase [2-4]. Studies of spin-labelled 
ATPase using saturation-transfer electron spin 
resonance (ST-ESR), however, show that the 
ATPase molecules have considerable rotational 
freedom of motion within the membrane [1]. These 
apparently disparate results can be reconciled if 
the lifetime of any particular ATPase molecule in 
a crystalline cluster of ATPase molecules is short 
(on the millisecond time scale), with ATPase 

Abbreviations: ATPase, (Ca 2+ + Mg 2+ )-ATPase; ESR elec- 
tron spin resonance; Mops, 4-rnorpholinepropanesulphonic 
acid; MSL, N-(1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl) 
maleimide; SDS, sodium dodecyl sulphate; DTSP, 3,3'-dithio- 
bis(sulphosuccinimidylpropionate). 
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molecules rapidly entering and leaving the clus- 
ters. 

Another technique for investigating the state of 
aggregation of membrane proteins is chemical 
cross-linking [5], but unfortunately previous appli- 
cations of this technique to the (Ca2++ Mg2+)- 
ATPase have given contradictory results. Louis 
and Shooter [6] reported that cross-linking the 
ATPase with suberimidate led to the successive 
formation of dimers, trimers, tetramers, pentamers 
and hexamers. Murphy [7] reported that cross-lin- 
king with cupric phenanthroline formed tetramers 
with no dimers or trimers, from which he con- 
cluded that the ATPase was present in the sarcop- 
lasmic reticulum membrane as a tetramer. In more 
recent studies, however, no specific oligomeric 
forms were found to predominate [6-11]. Here we 
have re-examined the patterns of cross-linking, in 
conjunction with saturation-transfer ESR studies. 

Materials and Methods 

Sarcoplasmic reticulum vesicles and (Ca2++ 
Mg 2÷)-ATPase were prepared as described in the 
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previous paper [1]. ATPase was reconstituted into 
lipid vesicles at a molar ratio of lipid to protein of 
3000:1 as described (Gould, G.W., McWhirter, 
J.M., East, J.M. and Lee, A.G., unpublished stud- 
ies). Briefly, phospholipid was dispersed into 
buffer (0.25 M sucrose, 1 M KC1, 50 mM potas- 
sium phosphate, pH 8.0) and potassium cholate 
was added to give a cholate:lipid ratio (w/w) of 
1 : 1, and the suspension sonicated to clarity in a 
bath sonicator (Branson). The purified ATPase 
(0.3-1.0 mg protein in 15-50 /~1 of buffer) was 
mixed with deoxycholate to give a deoxycholate to 
ATPase ratio of 0.6:1.0 (mg/mg). The mixture 
was vortexed for 5 s and then spun at 10000 × g 
in a microfuge for 5 rain to remove any unsolubi- 
lized aggregates. The lipid and protein samples 
were then mixed to give the required lipid to 
protein ratio. The detergent was removed by 
centrifugation through a Sephadex G-50 column 
(5 mi). 

For cross-linking with glutaraldehyde, sarcop- 
lasmic reticulum vesicles were suspended in buffer 
(50 mM Mops, 20 mM KCI, 5 mM MgSO4, 50 
/~M Ca 2+ (pH 6.8)) at 1.6 mg protein/ml. 
Glutaraldehyde was added at 23°C to give a final 
concentration of 20 raM, and at given times sam- 
pies were removed and the reaction quenched with 
hydrazine (100 mM). For saturation-transfer ESR, 
samples were labelled at a 1:1 molar ratio of 
maleimide spin label (MSL) to ATPase following 
cross-linking with glutaraldehyde, as described in 
Ref. 1. For electrophoresis, samples were solubi- 
lized in 60 mM Tris-HC1 (pH 6.8) containing 2% 
(w/v) sodium dodecyl sulphate (SDS), 1% fl- 
mercaptoethanol, 0.002% bromophenol blue and 
10% (v/v) glycerol, and incubated at 37 °C for 30 
min before electrophoresis. 

Cross-linking with cupric-l,10-phenanthroline 
was performed in buffer (50 mM Tris-HC1 (pH 
8.0) or 50 mM Mops, 100 mM KCI (pH 7.0)) at a 
protein concentration of 4 mg/ml. Cupric-l,10- 
phenanthroline was added from a stock solution 
of cupric sulphate (100 raM) and 1,10-phe- 
nanthroline (15 mM) to give a final concentration 
of 0.2 mM cupric sulphate and 0.6 mM 
phenanthroline. The reaction was terminated by 
addition of N-ethylmaleimide (final concentration 
50 mM) and EDTA (final concentration 10 mM). 

For cross-linking with 3,3'-dithiobis(sulphosuc- 

cinimidylpropionate) (DTSP, Pierce), sarcop- 
lasmic reticulum was resuspended in buffer (10 
mM Tris-HC1, 100 mM NaC1, 5 mM MgSO4, 0.1 
mM Ca 2÷ (pH 8.0)) at 4 mg protein/ml. DTSP 
was added to a final concentration of 0.1 mM 
from a stock solution (100 mM) in dimethyl- 
sulphoxide. After incubation for various times at 
22°C, the reaction was terminated by dilution 
into the SDS solubilization medium containing 50 
mM glycine but no ~-mercaptoethanol. 

Cross-linked and control samples were solubi- 
lized in the sample buffer given above. SDS-poly- 
acrylamide gels were run using the method of 
Laemmli and Faure [12]. Running gels (pH 8.8) 
contained 7% (w/v) acrylamide and 0.1% SDS 
and stacking gels (pH 6.8) 4% acrylamide and 
0.1% SDS. Approx. 16 #g protein were applied per 
track and samples were electrophoresed at a con- 
stant current of 40 mA for 3 h. Gels were stained 
with Coomassie blue, and, after destaining, were 
scanned on a Joyce Loebel gel scanner. Relative 
peak areas were determined by cutting and weigh- 
ing. 

Saturation-transfer ESR spectra were recorded 
as described in Ref. 1. 

Results 

Homogenisation of muscle gives a heteroge- 
neous preparation of vesicles derived from the 
sarcoplasmic reticulum which can be separated by 
sucrose gradient centrifugation into light, inter- 
mediate and heavy sarcoplasmic reticulum [13]. 
Fig. 1 shows densitograms of electrophoretically 
separated components of native sarcoplasmic re- 
ticulum vesicles obtained by our preparative pro- 
cedure. Three major bands were observed at ap- 
parent molecular weights of 97000, 62000 and 
54000 corresponding to (Ca2++ Mg2+)-ATPase, 
calsequestrin and the M55 glycoprotein, respec- 
tively [14]. The relative protein composition esti- 
mated from gels stained with Coomassie blue was 
65% (Ca2++Mg2÷)-ATPase, 25% calsequestrin 
and approx. 8% M55 glycoprotein, consistent with 
our sarcoplasmic reticulum preparation being pre- 
dominantly a mixture of intermediate and heavy 
vesicles. 

On incubation with 20 mM glutaraldehyde, the 
absorbance of the main 97 kDa band decreases as 
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Fig. 1. Densitograms of native and cross-linked sarcoplasmic 
reticulum. Sarcoplasmic reticulum was cross-linked with 20 
mM glutaraldehyde and SDS-polyacrylamide gels were carried 
out as described in Material and Methods. (A) Native sarcop- 
lasmic reticulum and (B-D) sacroplasmic reticulum after 
cross-linking with glutaraldebyde for: (B) 0.5 rain; (C) 3 rain; 

(D) 17 min. 

a function of the time of reaction (Figs. 1 and 2). 
On cross-linking, a band is observed at the top of 
the running gel, attributable to small aggregates of 
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Fig. 2. Time-course of cross-linking determined from poly- 
acrylamide gels stained with Coomassie blue. Reaction condi- 
tions as in legend to Fig. 1. Band intensities are expressed 
relative to total protein in native sarcoplasmic reticulum. O, 
monomeric ATPase; ~, high molecular weight, cross-linked 

species of ATPase; O, calsequestrin; v, M55-glycoprotein. 

the ATPase, which first increases in intensity with 
increasing reaction time but then decreases in 
intensity for longer reaction times. The decrease in 
total protein staining with time indicates the for- 
mation of protein aggregates too large to enter the 
stacking gel. No indication was found for the 
formation of a distinct dimeric species. As shown 
in Fig. 1, on cross-linking with glutaraldehyde the 
band attributable to the (Ca2++ Mg2÷)-ATPase 
became distinctly asymmetric due to the ap- 
pearance of a shoulder at 112 kDa. The 112 kDa 
band was attributable to ATPase since, after blot- 
ting onto nitrocellulose paper, it reacted with 
monoclonal antibody 1/2H7 raised to the purified 
ATPase (Colyer, J., Lee, A.G. and East, J.M., 
unpublished observations). Mclntosh and Ross 
[15] have suggested that the new band is due to 
altered hydrodynamic properties of the modified 
ATPase in SDS gels. 

Fig. 3 shows saturation-transfer ESR spectra 
for sarcoplasmic reticulum labelled with the 
maleimide spin label MSL after cross-linking with 
glutaraldehyde. With increasing time of cross-lin- 
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Fig. 3. Saturation-transfer ESR spectra at 4 ° C  of sarcoplasmic 
reticulum (A) and after cross-linking with glutaraldehyde un- 
der the conditions in legend to Fig. 1, for: (13) 0.5 rain; (C) 3 

rain and (D) 17 rain. 



TABLE I 

THE EFFECT OF TIME OF CROSSLINKING OF SARCO- 
PLASMIC RETICULUM WITH 20 mM GLUTARALDE- 
HYDE ON SATURATION-TRANSFER ESR PARAME- 
TERS AND DERIVED EFFECTIVE ROTATIONAL COR- 
RELATION TIMES AT 4 °C  

Reaction time Spectral parameter Effective correlation 
(rain) L" /L  time (gs) 

0 0.61 40 
0.5 0.63 43 
1.0 0.74 70 
3.0 0.76 75 

17.0 0.94 180 

king, the spectra change as expected for a decrease 
in rotational motion for the ATPase (Table I): 
cross linking for longer times than 17 min had no 
further effect. 

Reaction of sarcoplasmic reticulum with 
cupric-l,10-phenanthroline for up to 1 h at 22°C 
also led to the disappearance of the band due to 
the ATPase, with the formation of aggregates too 
large to enter the gel. Only traces of dimeric 
species were observed (data not shown). 

Reaction with DTSP also led to the disap- 
pearance of the band due to monomeric ATPase, 
with relatively little effect on the band due to 
calsequestrin. As shown in Fig. 4, the intensity of 
the monomer band remaining after reaction with 
DTSP at 22 °C  for 30 rain decreased with increas- 
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Fig. 4. Dependence of the extent of cross-linking of sarcop- 
lasmic reticulum on the concentration of DTSP, determined as 
the decrease in density of the ATPase band. Reactions and 
SDS-polyacrylamide gels of the resulting samples were carried 

out as described in Materials and Methods. 
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Fig. 5. Densitograms of reconstituted ATPase cross-linked with 
DTSP. The ATPase was reconstituted with egg yolk phos- 
phatidylcholine at a molar ratio of lipid to protein of 3000 : 1 
(A) and cross-linked with 0.01 mM DTSP for 1 rain (B) or 10 
re_in (C) or with 0.1 mM DTSP for 1 rain (D) or 10 min (E). 
Marked are the expected positions of monomeric and dimeric 

species of the ATPase. 

ing concentration of DTSP. No clear band attri- 
butable to dimeric species appeared in the gels. 
Reaction with 0.05 mM DTSP was studied as a 
function of time, and after 60 min the intensity of 
the band due to monomeric ATPase had de- 
creased to 30$ of its original intensity, but again 
at no time point were any significant amounts of 
dimeric species observed. 

Reaction of the purified ATPase (at a 
lipid: protein molar ratio of 30:1) with DTSP 
gave results very similar to those observed with 
sarcoplasmic reticulum. The effect of DTSP on 
the ATPase reconstituted into bilayers of egg yolk 
phosphatidylcholine at a molar ratio of lipid to 
protein of 3000:1 is shown in Fig. 5. Reaction 
again gave aggregates too large to enter the run- 
ning gel, but intensity attributable to dimer was 
observed under some conditions, although again 
the proportion of such dimeric species was very 
small (Fig. 5). Similar results were obtained with 
cupric-l,10-phenanthroline, with a more distinct 
band attributable to dimeric ATPase being formed 
than with native sarcoplasmic reticulum, but the 
major effect being the formation of large aggre- 
gates (data not shown). 

Discussion 

As described in the previous paper [1], there is 
much evidence that the ATPase is present in the 
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sarcoplasmic reticulum membrane and in recon- 
stituted systems in dimeric form and that, at least 
under some conditions, these dimers can associate 
to give extended arrays [2-4,20]. Chemical cross- 
linking has been used extensively to probe the 
state of aggregation of membrane proteins, with 
variable degrees of success [5,18]. The major prob- 
lem in such studies is to distinguish between 
cross-linking of pre-existing aggregates and cross- 
linking that follows from diffusional collisions be- 
tween initially separated molecules within the 
membrane. Although it is very difficult to dis- 
tinguish rigorously between these two possibilities, 
studies with red blood cell membranes have sug- 
gested that cross-linked products, in fact, derive 
very largely from long-term protein associations 
[18]. Further, Dellweg and Sumper [19] found that 
cross-linking of bacteriorhodopsin in the purple 
membrane gave predominantly trimeric species, 
consistent with the trimeric structure of bac- 
teriorhodopsin in the membrane. In contrast, Brett 
and Findlay [17] found that cross-linking rhodop- 
sin in the retinal rod membrane under a variety of 
conditions gave decreasing amounts of dimeric, 
trimeric and tetrameric species (with most of the 
rhodopsin being present as the monomer), con- 
sistent with a monomeric structure for rhodopsin 
in the membrane, with cross-linking following from 
collisions between molecules. 

The studies of cross-linking of the (Ca2++ 
Mg2+)-ATPase in the sarcoplasmic reticulum 
membrane reported here fail to find evidence for 
clear dimeric or tetrameric species, with cross-lin- 
king predominantly producing aggregates too large 
to enter the gels, in agreement with previous stud- 
ies [8-11,22,23]. As shown in Fig. 2, on cross-lin- 
king with glutaraldehyde, there is a gradual loss of 
monomeric ATPase with increasing time of cross- 
linking, with formation of large aggregates. The 
loss of monomeric ATPase follows pseudo first 
order kinetics, with a half-time of 1.4 rain. First 
order kinetics could follow either from cross-lin- 
king of a pre-existing aggregate of protein mole- 
cules or from an initial rate limiting covalent 
reaction followed by a very rapid collision of 
monomers [5,16], but the formation of large ag- 
gregates of ATPase under a variety of conditions 
of cross-linking with little dimer formation is dif- 
ficult to understand except in terms of pre-existing 

clusters of ATPase molecules. 
The effect of cross-linking on the rotational 

mobility of the ATPase was studied using satura- 
tion-transfer ESR spectroscopy (Fig. 3, Table I). 
As shown in the previous paper [1], the ratio of 
spectral line heights L"/L can be used to char- 
acterise the rotational motion, and the change ofh 
L"/L with time of cross-linking shown in Fig. 3 
is consistent with a gradual reduction in rotation 
rate, in agreement with the results of Thomas and 
Hidalgo [21]. The spectra shown in Fig. 3 could 
represent a fairly homogeneous population of 
cross-linked species, or could represent a mixture 
of monomeric and totally immobilized, large ag- 
gregates. If the population of molecular species is 
homogeneous then the increase in L"/L value 
from 0.61 for native sarcoplasmic reticulum to 
0.94 for sarcoplasmic reticulum cross-linked with 
glutaraldehyde for 17 rain would correspond to a 
change in effective rotational correlation time from 
40 /~s to 180 ~ts (Table I). As shown in the 
previous paper [1] these effective rotational corre- 
lation times can be converted into approximate 
particle radii, indicating that after cross-linking, 
the ATPase would be present in an aggregate of 
approximate radius 120 A, corresponding to a 
16-mer: such a result would be consisitent with 
the results of gel electrophoresis shown in Fig. 1. 

The most interesting of the studies presented 
here is that of cross linking in reconstituted sys- 
tems containing the ATPase at a molar ratio of 
lipid to protein of 3000 : 1 (Fig. 5). Although more 
cross-linked dimeric species are formed in this 
system than in sarcoplasmic reticulum, the pro- 
duction of dimeric species is still very small com- 
pared to that of large aggregates. It might have 
been expected that in these systems, where the 
lipid to protein ratio is very high, the ATPase 
would have been present as a monomeric species, 
as found, for example, under some conditions in 
detergent solution. Cross-linking would then have 
been expected to give a pattern of decreasing 
amounts of dimer, trimer etc., as found for 
rhodopsin [17]: this was not observed. Alterna- 
tively, it might have been expected that the ATPase 
would have been present in the reconstituted 
membranes as isolated dimers, as also found un- 
der the appropriate conditions in detergent solu- 
tion. Cross-linking would then have been expected 
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