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We analyzed the interaction of 14 monoclonal and 5 polyclonal anti-ATPase antibodies with the Ca 2 +-ATPase of rabbit 
sarcoplasmic reticulum and correlated the location of their epitopes with their effects on ATPase-ATPase  interactions 
and Ca 2 + transport activity. All antibodies were found to bind with high affinity to the denatured Ca 2 +-ATPase, but the 
binding to the native enzyme showed significant differences, depending on the location of antigenic sites within the 
ATPase molecule. Of the seven monoclonal antibodies directed against epitopes on the B tryptic fragment of the 
Ca2+-ATPase, all except one (VIES) reacted with the enzyme in native sarcoplasmic reticulum vesicles in both the Et  
and EzV conformations. Therefore these regions of the Ca2+-ATPase molecule are freely accessible in the native 
enzyme. The monoclonai antibody VIE8 bound with high affinity to the Ca2+-ATPase only in the E t conformation 
stabilized by 0.5 m M C a  2+ but not in the E2V conformation stabilized by 0.5 mM EGTA and 5 mM vanadate. Several 
antibodies that reacted with the B fragment interfered with the crystallization of Ca2+-ATPase in the presence of EGTA 
and vanadate and at least two of them destabilized preformed Ca2+-ATPase crystals, suggesting inhibition of 
interactions between ATPase molecules. Of five monoclonal antibodies with epitopes on the A 1 tryptic fragment of the 
Ca2+-ATPase only one gave strong reaction with the native enzyme, and none interfered with ATPase-ATPase  
interactions as measured by the polarization of fluorescence of FITC-labeled Ca2+-ATPase. Therefore the regions of 
the molecule containing these epitopes are relatively inaccessible in the native structure. Partial tryptic cleavage of the 
Ca2+-ATPase into the A 1, A 2 and B fragments did not promote the reaction of anti-A! antibodies with sarcoplasmic 
reticnlum vesicles, but solubilization of the membrane with C12Es rendered the antigenic site fully accessible to several 
of them, suggesting that their epitopes are located in areas of contacts between ATPase molecules. Two monodonal 
anti-B antibodies that interfered with ATPase-ATPase  interactions, produced close to 50% inhibition of the rate of 
ATP-dependent Ca 2+ transport, with significant inhibition of ATPase activity; this may suggest a role for ATPase 
oligomers in the regulation of Ca 2+ transport. The other antibodies that interact with the native Ca2+-ATPase produced 
no significant inhibition of ATPase activity even at saturating concentrations; therefore their antigenic sites do not 
undergo major movements during Ca 2 + transport. 
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Abbreviations: ELISA, enzyme-linked immunoadsorbent assay; SR, 
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(5-sulfo-l-naphthyl)ethylenediamine; AEDANS, IAEDANS cova- 
lently attached to the protein; C12Es, octaethyleneglycol dodecyl 
ether; AMP-PNP, 5'-adenylyl imidodiphosphate (p[NH]ppA). 
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Introduction 

About two-thirds of the mass of the Ca2+-ATPase is 
exposed on the cytoplasmic surface of native sarco- 
plasmic reticulum; most of the remaining one-third is 
embedded into the lipid phase, and only small poly- 
peptide segments may be exposed on the luminal side of 
the membrane [1-5]. 

The cytoplasmic domain of Ca2+-ATPase contains 
the phosphate acceptor Asp-351 residue [6-8] and the 
binding site for ATP [9-11], while the residues involved 
in Ca 2+ transit)cation are likely to be distributed in or 
near the transmembrane domain [12-15]. 
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The location of functional sites on the Ca 2 +-ATPase 
has been analyzed by fluorescent probes and by mono- 
clonal and polyclonal antibodies. 

The Ca2+-ATPase can be selectively labeled with 
N-iodoacetyl-N '-(5-sulfo-l-naphthyl)ethylenediamine 
(IAEDANS) at Cys-670 and Cys-674 [16,17], and with 
fluorescein 5'-isothiocyanate (FITC) at Lys-515 [7,18], 
within the cytoplasmic domain. The distance between 
the AEDANS and FITC sites is 56 ,~, based on fluores- 
cenc resonance energy transfer measurements [19]. A 
similar distance of 68 ,~ was obtained between the 
covalently bound AEDANS and TNP-AMP presumed 
to be bound at the ATP binding site [19]. Competition 
between FITC and ATP for reaction with the Ca 2÷- 
ATPase [20], places the FITC binding site (Lys-515) in 
the vicinity of the ATP binding domain. The 56-68 ~, 
distance between the AEDANS and ATP binding sites 
roughly corresponds to the maximum dimension of the 
pear-shaped cytoplasmic domain of Ca2+-ATPase, de- 
rived from electron microscope reconstructions of two- 
dimensional membrane crystals of the enzyme [2,3]. The 
distance between the calcium transport sites labeled 
with lanthanides and the binding sites for TNP-AMP or 
FITC was estimated to be 35 and 47 .~, respectively 
[12]. 

A wide selection of monoclonal and polyclonal anti- 
bodies with epitopes located on different regions of the 
Ca2+-ATPase molecule have become available in recent 
years in various laboratories [21-51]. Most of these 
studies dealt with the cross-reactivity between Ca 2+- 
ATPase isoenzymes, their cellular localization and with 
the effects of antibodies on ATPase activity and Ca 2+ 
transport. The localization of their epitopes within the 
ATPase contours defined by crystallography remains 
unknown. 

The purpose of these studies was to obtain informa- 
tion on the accessibility of different regions of the 
Ca2+-ATPase molecule to monoclonal and polyclonal 
antibodies of defined specificity and to relate the loca- 
tion of these antigenic sites to the effects of the antibod- 
ies on the ATPase-ATPase interactions and on the 
C a  2 + transport activity of sarcoplasmic reticulum. 

Experimental Procedures 

Materials 
The sources of antibodies. Antibodies A22, A25, A52, 

E and N were provided by Dr. David H. MacLennan, 
Banting and Best Department of Medical Research, 
C.H. Best Institute, Faculty of Medicine, University of 
Toronto, Ontario, Canada M5G 1L6. Antibodies I IHl l ,  
VE121G9, VIE8 and IID8 were supplied by Dr. Kevin 
P. Campbell, Department of Physiology and Biophysics, 
University of Iowa, Iowa City, IA 52242, U.S.A. and 
antibodies 5C3, 5D2, 7C6, 4B4 and 8A6 by Dr. Douglas 
M. Fambrough, Department of Biology, Johns Hopkins 

University, Baltimore, MD 21218, U.S.A. Antibody D12 
was from Dr. Angela F. Dulhunty, Department of Phys- 
iology and Experimental Pathology, John Curtin School 
of Medical Research, Australian National University, 
Canberra, A.C.T. 2601 Australia. Antibodies EM-1, 
EM-2 and EM-3 were prepared by Dr. Elek Molnar at 
the Institute of Biochemistry, Albert Szent-Gyorgyi 
University Medical School, H-6701 Szeged, Hungary. 

Other chemicals. Disodium-ATP, EGTA, Tris, 
NADH, imidazole, phosphoenolpyruvate, pyruvate 
kinase (rabbit muscle), lactate dehydrogenase (rabbit 
muscle), trypsin (bovine pancreas), trypsin inhibitor 
(soybean), acrylamide, bisacrylamide, ammonium per- 
sulfate, albumin (bovine serum), Tris-maleate, 4-chloro- 
1-naphthol, thimerosal, antifoam A concentrate, anti- 
rabbit, anti-sheep and anti-mouse IgG (whole molecule) 
peroxidase conjugates, polyoxyethylene sorbitan mono- 
laurate (Tween 20), octaethyleneglycol dodecyl ether 
(C12E8), and o-phenylenediamine were supplied by 
Sigma Chemical Co., St. Louis, MO 63178, U.S.A. 
Sodium vanadate, potassium oxalate and 2-mercapto- 
ethanol were purchased from Fisher Scientific Co., Fair 
Lawn, NJ 07410, U.S.A. Sodium dodecylsulfate was 
obtained from Polysciences, Inc., Washington, PA 
18975, U.S.A.; N,N,N',N'-tetramethylethylenediamine 
(TEMED) from Eastman Organic Chemicals, Roches- 
ter, NY 14650, U.S.A.; Coomassie brilliant blue R-250, 
nitrocellulose sheets for Western blots and the ELISA 
plates were from Bio-Rad Laboratories, Richmond, CA 
94804, U.S.A., and molecular weight markers from 
Pharmacia, Piscataway, NJ 08854, U.S.A. Fluorescein 
5'-isothiocyanate was purchased from Molecular Probes, 
Inc., Eugene, OR 97402, U.S.A.; Ca 2÷ ionophore 
A23187 and Amido black 10-B was from Behring Di- 
agnostics, La Jolla, CA 92037, U.S.A. Amersham Cor- 
poration provided 45CAC12. Rabbit anti-fluorescein anti- 
body was supplied by Biomedical Technologies, Inc., 
Stoughton, MA 02072, U.S.A., and glycylglycine came 
from Aldrich Chemical Co., Milwaukee, WI 53233, 
U.S.A. All other chemicals were of analytical grade. 

Methods 
Isolation of sarcoplasmic reticulum. Sarcoplasmic re- 

ticulum (SR) vesicles were obtained by differential cen- 
trifugation of homogenates of predominantly white, 
rabbit skeletal muscle [52-54] and stored in 0.3 M 
sucrose and 10 mM Tris-maleate, pH 7.0 at - 7 0  ° C. 
Before assays, the sarcoplasmic reticulum vesicles were 
washed by centrifugation and resuspended in 0.1 M 
KC1, 10 mM imidazole (pH 7.4) and 5.0 mM MgC12. 
Protein was determined according to Lowry et al. [55]. 

Measurement of ATPase activity. The rate of Ca 2+- 
dependent ATP hydrolysis was determined by a cou- 
pled-enzyme system [54,56]. The assay was performed in 
a medium of 0.1 M KC1, 20 mM Tris-HC1 (pH 7.5), 5 
mM MgC12, +0.5 mM CaC12, 0.5 mM EGTA, 5 mM 
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ATP, 0.2 mM NADH, 7.5 IU/ml  pyruvate kinase, 18 
IU/ml  lactate dehydrogenase, 0.42 mM phosphoenol- 
pyruvate and 1-2 #M A23187. Sarcoplasmic reticulum 
vesicles at a final concentration of 1-5 pg protein/ml 
were preincubated with various amounts of antibody, 
antiserum, preimmune serum, or buffer for 5 min at 
24°C; the reaction was started with the addition of 
ATP-containing medium. The change in absorbance 
was measured at 340 nm at 24 °C using a Perkin-Elmer 
Lambda 3B spectrophotometer. The CaE+-insensitive 
component of ATP hydrolysis was determined by omit- 
ting Ca 2+ from the medium. CaE+-stimulated ATPase 
activity was obtained as the difference between the total 
and CaE+-insensitive rates of ATP hydrolysis. ATPase 
activities of the various antibody preparations were also 
measured in the absence of sarcoplasmic reticulum; 
some ascites fluid contained moderate ATPase activity 
and in these cases appropriate corrections were made to 
obtain the ATPase activity attributable to the Ca 2+- 
ATPase of sarcoplasmic reticulum. 

Measurement of Ca 2 ÷ uptake. Ca 2+ transport activ- 
ity was determined by measuring the rate of ATP-de- 
pendent oxalate-potentiated uptake of 45Ca2+ into 
sarcoplasmic reticulum vesicles. The final reaction mix- 
ture contained 0.1 M KC1, 10 mM imidazole (pH 7.4), 5 
mM MgC12, 5 mM ATP, 10-100 #M 45CAC12 (0.02 
#Ci/ml) and 5 mM potassium oxalate. Sarcoplasmic 
reticulum vesicles (2-10 #g protein/ml) were prein- 
cubated in the presence of 0.1 M KC1, 10 mM imidazole 
(pH 7.4) and 5 mM MgC12 with various dilutions of 
antibody, antiserum, preimmune serum or buffer for 
5-10 min at 20°C, before initiating the reaction by 
adding the Ca 2+ uptake medium. Ca 2+ uptake was 
followed at 20 °C by filtering aliquots of the reaction 
mixture at intervals of 30 s through Millipore filters 
(0.45 #m pore size) for times ranging up to 5 rain, as 
described by Martonosi and Feretos [57]. The rate of 
Ca 2+ uptake was linear up to about 2 min of incubation 
time. 

The preparation of polyclonal antibodies. For the pre- 
paration of antibodies against the rat skeletal muscle 
sarcoplasmic reticulum CaE+-ATPase, New Zealand 
rabbits were immunized with 2 mg sarcoplasmic reticu- 
lum Ca2+-ATPase prepared from the gastrocnemius 
muscle of rats by the method of MacLerman [58]. For 
immunization the purified enzyme was suspended in 
complete Freund adjuvant and injected four times sub- 
cutaneously at 3-week intervals. The reactivity of the 
sera was tested using an ELISA method according to 
Goding [59]. The crossreaction with rabbit and fish 
sarcoplasmic reticulum CaE+-ATPase was established 
by immunoblotting [43]. The antisera were dialyzed at 
4°C against 0.1 M KC1, 10 mM imidazole (pH 7.4), 5 
mM MgC12 and 0.5 mM EGTA, before use in the 
experiments, to reduce the Ca 2+ concentration. 

Partial tryptic proteolysis of sarcoplasmic reticulum. 

The sarcoplasmic reticulum vesicles (2 mg protein/ml) 
were resuspended in 0.1 M KCI, 10 mM imidazole (pH 
7.4), 5 mM MgC12 and 0.5 mM EGTA, and after 
preincubation for 5 min at 25 o C, digestion was started 
with 0.05 mg trypsin/ml (25 #g trypsin/mg sarco- 
plasmic reticulum protein) at 25°C for 15 re_in, as 
described earlier [60]. The digestion was stopped with 
0.2 mg soybean trypsin inhibitor/ml of solution, and 
the samples were processed for SDS-polyacrylamide gel 
electrophoresis in 6-18% gradient gels, essentially 
according to Laemmli [61]. Control samples, without 
trypsin and trypsin inhibitor, were included in each 
experiment. 

Labeling of Ca 2 +-A TPase with fluorescein 5'-isothio- 
cyanate (FITC). Sarcoplasmic reticulum vesicles (2 mg 
protein/ml) suspended in 0.3 M sucrose, 50 mM Tris- 
HC1 (pH 8.0), 5 mM MgCI2, 0.1 mM EGTA, were 
reacted with 5 nmol FITC/mg SR protein, at 25 o C for 
30 min in the dark. After labeling the samples were 
diluted 10-fold with 20 mM K-Mops (pH 7) and centri- 
fuged at 2°C at 49 000 × g for 40 min to remove the 
unreacted dye; the sedimented vesicles were resus- 
pended in 0.1 M KC1, 10 mM imidazole (pH 7.4) and 5 
mM MgC12. 

For electrophoresis on sodium dodecylsulfate-poly- 
acrylamide gradient (6-18%) gels [61], the samples were 
dissolved in a solution of 5% sodium dodecylsulfate, 10 
mM Tris-HC1 (pH 8.0), 1% fl-mercaptoethanol, 10% 
glycerol, and 0.05% Bromophenol blue; after incubation 
for 5 min at 100 o C, aliquots containing 30/tg protein 
were applied to the gels. Phosphorylase b (94 kDa), 
bovine serum albumin (67 kDa), ovalbumin (43 kDa), 
carbonic anhydrase (30 kDa), soybean trypsin inhibitor 
(20 kDa) and ct-lactalbumin (14.4 kDa) were used as 
molecular weight markers (Pharmacia, Piscataway, NJ 
08854, U.S.A.). 

Electrophoretic transfer for immunoblot analysis of 
sarcoplasmic reticulum proteins. After SDS-polyacryl- 
amide gel electrophoresis, the proteins were transferred 
to nitrocellulose sheets (Bio-Rad 14 × 18 cm, 0.45 /~m 
pore size) using an LKB Transphor-electroblotting unit. 
The transfer buffer contained 10 mM imidazole, 30 mM 
glycylglycine, 0.1% sodium dodecylsulfate, and 20% 
methanol (pH 8.3). The transfer required 3 h at 40 V, 
and a temperature of 10-15 o C. 

For localization of proteins the nitrocellulose sheets 
were stained with 0.2% (w/v) Amido black for 5 min in 
45% methanol, 10% acetic acid solution and then de- 
stained in 25% methanol, 5% acetic acid. 

Immunostaining of nitrocellulose membranes. After the 
electrophoretic transfer, the nitrocellulose sheets were 
immersed in a solution of 5% (w/v) nonfat dry milk, 
0.01% Antifoam A, and 0.0001% merthiolate in a phos- 
phate-buffered saline (PBS) solution containing 1.5 mM 
KHEPO4, 8.1 mM NaEHPO 4 (pH 7.2), 0.137 M NaC1 
and 2.7 mM KC1, for 2 h [62]. The sheets were then 
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incubated for 2 h with a 1 : 1000 dilution of the various 
antisera in phosphate-buffered saline, containing 1% 
milk powder at room temperature. After washing twice 
for 5 min with phosphate-buffered saline containing 
0.05% Tween 20, and once with phosphate-buffered 
saline containing 1% milk powder, the membrane filters 
were incubated for 2 h at room temperature with 
horseradish-peroxidase conjugated anti-mouse, anti- 
sheep or anti-rabbit IgG (Sigma Chemical Co., St. Louis, 
MO 63178, U.S.A.), diluted to 1:1000 in phosphate- 
buffered saline containing 1% milk powder. The reac- 
tion was terminated by washing the sheets twice for 5 
min each with phosphate-buffered saline containing 
0.05% Tween 20 and once with a solution of 0.9% NaC1 
and 10 mM Tris (pH 7.4). The bound, conjugated IgG 
was visualized by reaction for -=- 15 min with a solution 
containing 10 ml 0.9% NaC1, 10 mM Tris (pH 7.4), 1 ml 
of 0.3% 4-chioro-l-naphthol in methanol and 0.01 ml of 
30% (v/v) H202. When bands became visible, the nitro- 
cellulose filters were rinsed with distilled water, photo- 
graphed and dried at room temperature for subsequent 
analysis. 

Enzyme-linked immunoadsorbent assay (ELISA). 
Sarcoplasmic reticulum proteins (0.03, 0.1, 0.3 and 1 #g) 
were dispersed in 100 #1 coating buffer (13 mM sodium 
carbonate, 35 mM sodium bicarbonate, pH 9.6) and 
immobilized in polyvinyl chloride microtiter wells (Bio- 
Rad), at 4°C for 12 h. The plates were washed three 
times for 3 min each with washing buffer containing 
0.05% Tween 20 in phosphate-buffered saline (PBS) 
(pH 7.2). 100-#1 aliquots of 1% solution of bovine serum 
albumin in PBS were added to each well and incubated 
for 1 h at room temperature. The plates were then 
reacted with a 1 : 1000 dilution of the antibody for 1 h 
at room temperature, followed by washing the wells 
with the washing buffer. The bound antibody was re- 
acted with horseradish peroxidase conjugates of anti- 
mouse, anti-rabbit or anti-sheep antibodies (1 : 1000 di- 
lution) for 1 hour at room temperature. Finally, the 
plates were rinsed and reacted for 30 min with a sub- 
strate solution of 67 mM sodium dibasic phosphate, 35 
mM citric acid (pH 5.0), 0.08% o-phenylenediamine and 
0.03% H202, to form a colored product for spec- 
troscopy. The reaction was terminated with 50/~1 of 2 
M sulfuric acid, and the absorbance was determined at 
405 nm with a Titertek Multiskan microtitration plate 
photometer (No. 78504) produced by Flow Laborato- 
ries, Inc., McLean, VA 22102, U.S.A. 

The amount of fixed antigen on the ELISA plates 
(Bio-Rad) was determined by the malachite green mod- 
ification of the Lowry protein assay, as described by 
Sargent [63]. The modified Lowry assay was performed 
in the wells of the ELISA plate in a final volume of 220 
/~1; the absorbance was measured at 700 nm with a 
Titertek Multiskan microtitration plate photometer 
(Flow Laboratories, Inc.). 

Crystallization of Ca2+-ATPase and electron mi- 
croscopy. A stock suspension of sarcoplasmic reticulum 
vesicles (_--35 mg protein/ml) was washed by centrif- 
ugation and resuspended in 0.1 M KC1, 10 mM im- 
idazole (pH 7.4), and 10 mg protein/m1 just prior to the 
experiments. The standard crystallization medium con- 
sisted of 0.1 M KC1, 10 mM imidazole (pH 7.4), 5 mM 
MgC12, 0.5 mM EGTA and 5 mM Na3VO 4. Sarco- 
plasmic reticulum protein concentration was 0.67-1 
mg/ml. The formation of two-dimensional Ca 2+- 
ATPase crystals at 2°C can be seen within a few hours 
and becomes quite extensive after 24 h [64-67]. 

Antibody preparations were added either before or 
after crystallization of Ca2+-ATPase. When added be- 
fore crystallization, antibodies at several concentrations 
were incubated at 2 -4°C with sarcoplasmic reticulum 
vesicles for various times in 0.1 M KC1, 10 mM im- 
idazole (pH 7.4) and 5.0 mM MgC12 prior to addition 
of standard crystallization medium. The crystallization 
was allowed to proceed for a 24 h period, and aliquots 
were taken for electron microscopy. Alternatively, 
CaE+-ATPase crystals were first induced by overnight 
incubation at 2 -4°C in the vanadate-containing crys- 
tallization medium prior to adding varying amounts of 
antibody. Aliquots were removed for electron mi- 
croscopy on the following day. 

For electron microscopy, a small volume of the in- 
cubation mixture was deposited on a carbon-coated 
parlodion film, and negatively stained with 1% uranyl 
acetate, pH 4.3 at 4°C. The samples were viewed in a 
Siemens Elmiskop I microscope at 60 kV. 

Results 

The monoclonal and polyclonal antibodies used in 
these studies are listed in Table I, together with infor- 
mation about their specificity, and host species. Previ- 
ous reports on monoclonal antibodies A25, A22, and 
A52 established their specificity with respect to isoen- 
zymes of Ca 2 +-ATPase obtained from different types of 
muscles of various species [33,34]. Based on personal 
communication from Dr. D.H. MacLennan, the epitope 
for A25 is located in the sequence region 328-505, that 
for A22 in 506-738, and that for A52 in 659-668 of the 
Ca2+-ATPase. Monoclonal antibody D12 was used by 
Dulhunty et al. [40], for quantitative immuno- 
histochemical analysis of Ca2+-ATPase distribution in 
slow-twitch and fast-twitch skeletal muscles of rabbit, 
rat and toad. Immunohistochemical localization and 
cross-reaction of Ca2+-ATPase isoenzyr#es from dog 
cardiac and skeletal muscles with antibodies IID8 and 
I IHl l  was reported by Jorgensen et al. [28]. Antibodies 
5C3, 5D2, 7C6, 4B4, 8A6 and l lA4 were analyzed for 
isoenzyme and species specificity by Karin et al. [50]. 
Polyclonal antibodies EM-1, EM-2 and EM-3 were 
raised against Ca2+-ATPase from rat skeletal muscle 
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TABLE I 

Characteristics of the antibodies 

Antibodies A22, A25, A52, E and N were provided by Dr. David H. MacLennan, Banting and Best Dept. of Medical Research, C.H. Best Institute, 
Faculty of Medicine, University of Toronto, Ontario, Canada M5G 1L6; antibodies I I H l l ,  VE12qG9, VIE8 and IID8 by Dr. Kevin P. Campbell, 
Dept. of Physiology and Biophysics, University of Iowa, Iowa City, IA 52242, U.S.A.; and antibodies 5C3, 5D2, 7C6, 4B4 and 8A6 by Dr. Douglas 
M. Fambrough, Dept. of Biology, Johns Hopkins University, Baltimore, MD 21218, U.S.A. Antibody D12 was obtained from Dr. Angela F. 
Dulhunty, Dept. of Physiology and Experimental Pathology, John Curtin School of Medical Research, Australian National University, Canberra, 
A.C.T. 2601, Australia. Antibodies EM-1, EM-2 and EM-2 were prepared by Dr. Elek Molnar at the Institute of Biochemistry, Albert 
Szent-Gyorgyi University Medical School, Szeged, Hungary. For other details, see text. SSR, skeletal muscle sarcoplasmic reticulum; CSR, cardiac 
sarcoplasmic reticulum; f Ca2+-ATPase, the fast isoenzyme of Ca2+-ATPase, p, purified IgG or IgM; a, ascites fluid without further purification. 

Antibody Antigen Host Prepar- [Protein] Antigen locus Inhibition 

code type species enzyme species ation (mg/ml)  tryptic sequence exposed in of crystal- 
ization 

fragment native SR 

A25 mono rabbit SSR mouse IgG(p) 1.0 A 1 328-505 - - 
I I H l l  mono rabbit f Ca2-ATPase mouse IgG(a) 30.4 A 1 - - 
7C6 mono rabbit f Ca2-ATPase mouse IgG(p) 2.4 A 1 + - 
8A6 mono rabbit f Ca2-ATPase mouse IgCr(p) 3.9 A 1 - - 
11A4 mono rabbit f Ca2-ATPase mouse IgG(p) 3.9 A 1 - - 
A22 mono rabbit f Ca2-ATPase mouse IgM(p) 4.0 B 506-738 + - 
A52 mono rabbit f Ca2-ATPase mouse IgG(p) 2.0 B 659-668 + + 
VE121G9 mono rabbit f Ca2-ATPase mouse IgG-(a) 30.1 B + + 
VIE8 mono rabbit f Ca2-ATPase mouse IgG(a) 19.5 B + a _ 
5D2 mono rabbit f Ca2-ATPase mouse IgG(p) 1.3 B + - 
4B4 mono rabbit f Ca2-ATPase mouse IgG(p) 5.9 B + + 
D12 mono rabbit f Ca2-ATPase mouse IgG(p) 2.0 B + + 
E poly rabbit f Ca2-ATPase sheep IgG(p) 5.0 A 2 + A  1 + B + + 
N poly rabbit f Ca2-ATPase rabbit serum 72.0 A 2 + A 1 + B + + 
EM-1 poly rat f Ca2-ATPase rabbit serum 46.0 A 2 + B + - 
EM-2 poly rat f Ca2-ATPase rabbit serum 63.0 A 2 + A 1 + B + - 
EM-3 poly rat f Ca2-ATPase rabbit serum 73.0 A 2 + A 1 + B + - 
IID8 mono dog CSR Ca 2+- 

ATPase mouse IgG(a) 23.0 
5C3 mono chicken SSR Ca 2 +- 

ATPase mouse IgG(p) 2.0 

a Binding was observed only in the E a but not in the E2V conformation. 

and tested for cross-reaction with rabbit and carp 
skeletal and rat cardiac muscle sarcoplasmic reticulum 
by Sarkadi et al. [43] and Krenacs et al. [45]. 

The antigenic determinants of the monoclonal and 
polyclonal anti-ATPase antibodies (Table I) were local- 
ized in the structure of Ca2+-ATPase by analyzing their 
reaction with the tryptic fragments of the enzyme pro- 
duced by partial proteolysis (Fig 1). 

Tryptic cleavage at the T 1 bond, located between 
residues 505 and 506, yields an N-terminal A fragment 
of 57 kDa and a C-terminal B fragment of 52 kDa, that 
migrate close to each other on SDS-polyacrylamide gels 
[68]. The B fragment can be selectively labeled by 
fluorescein 5'-isothiocyanate [18] and visualized by its 
fluorescence emission. Secondary cleavage of the A 
fragment at the T 2 cleavage site between residues 198 
and 199 produces the A 2 fragment of 23 kDa, that 
retains the N-terminal segment of the intact ATPase, 
and an A t fragment of 34 kDa that contains the phos- 
phate acceptor aspartyl group at position 351. The 
cleavage of the Ca2+-ATPase at the T 2 site can be 
completely blocked by vanadate in the presence of 

EGTA, without effect on the Ta cleavage [60,65,69], 
permitting the production of A and B fragments from 
the Ca2+-ATPase in good yield, uncomplicated by hy- 
drolysis at secondary sites. 

All antibodies raised against Ca2+-ATPase from rab- 
bit and rat sarcoplasmic reticulum reacted specifically 
with the Ca2+-ATPase after denaturation in sodium 
dodecylsulfate and separation by SDS-polyacrylamide 
gel electrophoresis. Monoclonal antibody IID8 against 
dog cardiac Ca2+-ATPase and 5C3 against chicken 
skeletal muscle Ca2+-ATPase did not react with Ca 2+- 
ATPase from rabbit fast-twitch skeletal muscle. 

For localization of the antigenic determinants in the 
various A"FPase fragments, the intact Ca2+-ATPase and 
its tryptic fragments were separated by SDS-polyacryl- 
amide gel electrophoresis, transferred onto nitrocellu- 
lose sheets and reacted with antibodies. The protein 
bound antibody was coupled with horseradish per- 
oxidase conjugated anti-host IgG, and visualized by 
reacting with the horseradish peroxidase substrates o- 
phenylenediamine and H202. 

As shown in Fig. 1A, the monoclonal antibodies 
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A25, I IHll ,  7C6, 8A6 and 11A4 reacted with the A and 
the A1 fragments of the Ca2+-ATPase, indicating that 
their antigenic determinants are located between amino 

A 

acid residues 199 and 505. Therefore these antibodies 
are described as anti-A1 antibodies. The binding of A25 
to the A 1 fragment was earlier observed by Zubrzycka- 

kDa I 
94- 

67- 

MW SR TSR TSR + anti-A 1 rn Ab TSR + anti-B rn Ab 

3 -  

30-  

21 

14- 

Amido black 

1 2 3 

A-25 IIH-11 7C6 8A6 11A4 A-22 A-52 

4 5 6 7 8 9 10 

VE121 VIE8 5D2 4B4 D-12 

11 12 13 14 15 

B 

kDa MW 

94- = 
67- 

43- 

SR TSR 

~iiii~ ~!~ ~ ~ii!!i 

SR 

30-  

21-  

14- 
i~ili!~!il ............. 

Amido black 

1 2 3 

I :ITC 

4 15 

ATPase 

KA 

~B 

A 1 

A2 
TI 



Gaarn  et al. [34] and its epitope resides between re- 
sidues 328 and 505 (MacLennan, D.H., personal com- 
munication). 

Monoclonal antibodies A22, A52, VE121G9, VIE8, 
5D2, 4B4 and D12 react exclusively with the B fragment 
of the Ca2÷-ATPase (Fig. 1A). In agreement with these 
observations, the antigenic determinants of antibodies 
A22 and A52 were assigned to the regions between 
residues 506-738 and residues 659-668, respectively 
(MacLennan, D.H., personal communication). Antibod- 
ies A22, A52, VE121G9, VIE8, 5D2, 4B4 and D12 are 
collectively described as anti-B antibodies. The anti- 
F ITC antibody prepared in rabbits against FITC-labeled 
keyhole limpet hemocyanine also reacts, as expected, 
with the B fragment covalently labeled with FITC at 
lysine 515 (Fig. 1B). 

Curiously, so far we have not found a monoclonal 
antibody with an antigenic determinant in the A 2 frag- 
ment  of the Ca2+-ATPase. Therefore the A 2 region may 
remain folded or obstructed by aggregation during im- 
munization. Similar observation was reported recently 
by Colyer et al. [51] with a different set of monoclonal 
antibodies. 

As expected, the reaction pattern of polyclonal anti- 
ATPase antibodies is more complex (Fig. 1B). All poly- 
clonal antibodies reacted with the intact ATPase and 
with the tryptic B fragment, but in addition, antibody 
EM-1 also reacted with the A 2 fragment and antibodies 
E, N, EM-2 and EM-3 with the A 1 and A 2 fragments. 
Other bands indicate reaction of antibodies with minor 
cleavage products due to continued slow hydrolysis of 
the Aa, A 2 and B fragments. 

The reaction pattern of the various antibodies is 
summarized in Fig. 2. 

The reaction of anti-ATPase antibodies with the Ca 2+- 
A TPase in the E 1 and E2V conformation in native sarco- 
plasmic reticulum vesicles 

The monoclonal and polyclonal antibodies are pro- 
duced against denatured Ca 2 +-ATPase. Since denatura- 
tion presumably unfolds the molecule, antigenic sites 
may become exposed that are not readily accessible in 

153 

Tryptic f r a g m e n t s  

Ca 2+-ATPase N 

Trypfic fragments N 

A 
57kDa 

A 2 1981~]199 A 1 
23kDa 34kDa 

[] 
50S J506 

i 

[ ]  
,515 

' FITC 

B 
52kDa 

B 

52 k Da 

Ic 

Ic 

L o c a t i o n  of  A n t i g e n i c  S i t e s  

1) Monoclonal antibodies  

A25 
II H 11 
7C6 
8A6 
11A4 
A22 
A52 
VE12 x G9 
VIE8 
5D2 
4B4 
D12 

2) Polyclonal antibodies  

E I 
N I 
EM-1 I 
EM-2 I 
EM-3 I 

ANTI-FITC 

328 
I 

5~5 

506 

515 

I 
H TM 

t 

Fig. 2. Scheme of the distribution of antigenic sites for the various 
antibodies in the tryptic fragments of the Ca2+-ATPase. For details, 

see text. 

the native enzyme [70]. The accessibility of the antigenic 
determinants in the native Ca2+-ATPase was investi- 
gated by measuring the antigen binding capacity of the 
various ant ibody preparations before and after incuba- 
tion with native sarcoplasmic reticulum vesicles in the 
E a and E2V state using a quantitative ELISA technique. 

Various dilutions of antibody solutions (1:5 ,  1:20,  
1:100) were preincubated with sarcoplasmic reticulum 
vesicles (0.67 mg pro te in /ml)  either in a medium con- 
taining 0.1M KC1, 10 mM imidazole (pH 7.4), 5 mM 
MgC12 and 0.5 m M  CaC12 (E x state), or in a medium of 
0.1 M KC1, 10 mM imidazole (pH 7.4), 5 mM MgC12, 
0.5 m M  E G T A  and 5 mM sodium vanadate (E2V state). 

Fig. 1. Reaction of antibodies with the tryptic fragments of the Ca2+-ATPase. Sarcoplasmic reticulum proteins were partially digested with trypsin 
(25/~g trypsin/mg SR protein, 15 minutes at 25°C) to yield the A, A1, A 2 and B tryptic fragments, as described in Methods. The products of 
proteolysis were separated by SDS-polyacrylamide gel electrophoresis on 6-18% gradient gels [61], transferred to nitrocellulose sheets, and either 
stained with Amido black or incubated with 1 : 1000 dilution of the various antibodies, as described under Methods. Each sample contained the 
equivalent of 30 ~tg of sarcoplasmic reticulum protein. The bound antibodies were detected by reaction with horseradish peroxidase-conjugated 
anti-host IgG antibody. (A) Monoelonal antibodies. Lane 1, molecular weight markers; lane 2, sarcoplasmic reticulum proteins stained'with Amido 
black; lane 3, trypsin cleaved sarcoplasmic reticulum proteins, stained with Amido black. Lanes 4-15, the monoclonal antibodies used for reaction 
are from left to right as follows: A25, IIHll, 7C6, 8A6, llA4, A22, A52, VE121G9 , VIES, 5D2, 4134 and D12; the antigen in each case was 
sarcoplasmic reticulum digested with trypsin, as described above. (B) Polyclonal antibodies. Lane 1, molecular weight markers. Lanes 2 and 3 
contain native and trypsin-cleaved sarcoplasmic reticulum, stained with Amido black. In lanes 4-15 the polyclonal antibodies used were N (lanes 4, 
5), E (lanes 6, 7), EM-1 (lanes 8, 9), EM-2 (lanes 10, 11), EM-3 (lanes 12, 13), and an anti-FITC antibody supplied by Biomedical Technologies, 
Inc., Stoughton, MA 02072, U.S.A. (lanes 14, 15). The Ca2+-ATPase used as antigen with the anti-FITC antibody in lanes 14, 15 was covalently 
labeled with FITC, as described under Experimental Procedures. In lanes 2, 4, 6, 8, 10, 12 and 14 the antigen was undigested sarcoplasmic 

reticulum, while in lanes 3, 5, 7, 9, 11, 13 and 15 sarcoplasmic reticulum was previously digested with trypsin as described above. 
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Control antibody solutions were incubated under the 
same conditions without sarcoplasmic reticulum. After 
preincubation both solutions were centrifuged at 10 000 
× g for 1 h and the supernatants containing the un- 
bound antibody were analyzed by ELISA. 

(a) Anti-A 1 antibodies. Preincubation with native 
sarcoplasmic reticulum in the E 1 or E2V states had no 
measurable influence on the antigen binding capacity of 
supernatant solutions in the case of monoclonal anti- 
bodies A25, III-bll, 8A6 and l lA4 even at 1 : 100 dilu- 
tion where the assay is most sensitive (Fig. 3, Table II); 
therefore these antibodies did not interact significantly 
with their antigenic determinants in the native sarco- 
plasmic reticulum. Of the five anti-A I antibodies that 
were tested, only mAb 7C6 reacted significantly with 
the Ca2+-ATPase in native sarcoplasmic reticulum, as 
indicated by the diminished ELISA reaction in the 
supernatant solution after preincubation with 0.67 mg 
sarcoplasmic reticulum protein/ml (Fig. 3, Table II). 
The binding of mAb 7C6 to the Ca2÷-ATPase was 
similar in the E 1 and E2V states (Table II). 

The binding capacity of the anti A 1 antibodies A25, 
I IHl l ,  8A6 and IIA4 to the tryptic fragments of the 
Ca2+-ATPase was tested by competitive ELISA, essen- 
tially as described in Figs. 3-4, except that the prein- 
cubation of antibodies was performed with sarco- 
plasmic reticulum vesicles that were previously digested 
with trypsin. The digestion was done either in the 
presence of 0.1 mM Ca 2÷ that resulted in cleavage at 
the T1 and T 2 sites, or in the presence of 0.5 mM EGTA 
and 5mM vanadate, where the cleavage was restricted to 
the "1"1 site. Even after tryptic hydrolysis under either 
conditions, the antigenic sites of the Ca2+-ATPase re- 
mained inaccessible to all four anti-A 1 antibodies that 
were tested. This is not surprising in view of the reten- 
tion of ATPase activity and conformational responses 
of the Ca 2 +-ATPase after partial proteolysis [60]. 

(b) Anti-B antibodies. In striking contrast to the in- 
accessibility of antigenic sites in the A1 region, most of 
the anti-B antibodies reacted significantly with their 
antigenic determinants in the E 1 and E2V states in the 
native Ca2÷-ATPase (Fig. 4, Table II). Preincubation 
with native sarcoplasmic reticulum produced large de- 
pletion of the free antibody concentration of the super- 
natant solution in the case of mAb A22, A52, 4B4, 5D2, 
VE12~G9 and D12 at 1 : 100 dilution (Fig. 4, Table II); 
significant binding to the Ca2+-ATPase was detected 
with antibody A22 even at 1 : 5 dilution, and with A52 
at 1:20 dilution. It appears from these data that the 
antigenic sites are more accessible to antibodies in the 
region of the native Ca 2 +-ATPase molecule correspond- 
ing to the tryptic B fragment, than in the region of the 
A 1 fragment. 

One of the anti-B monoclonal antibodies, VIE8, did 
not react significantly with the Ca2+-ATPase in the 
native sarcoplasmic reticulum vesicles in the E2V state, 

TABLE II 

The binding of antibodies to the Ca2+-ATPase in the E 1 and E2V 
conformations 

Antibody solutions diluted 1:100 were preincubated at 2°C with 
sarcoplasmic reticulum (0.67 rag protein/ml) or without sarcoplasmic 
reticulum, in a medium of 0.1 M KC1, 10 mM i~tidazole (pH 7.4) and 
5 mM MgC12 and 0.5 mM CaC12 (E 1 state), or in a medium of 0.1 M 
KCI, 10 mM imidazole (pH 7.4), 5 mM MgC12, 0.5 mM EGTA and 5 
mM Na3VO 4 (E2V) state, essentially as described in the legend to 
Figs. 3 and 4. The concentration of free antibody was determined 
after centrifugation at 10000x g for 1 h by analysis of the super- 
natant with ELISA, using 1/~g sarcoplasmic reticulum protein fixed 
to the wells of the microtiter plates. Control antibody solutions were 
subjected to the same procedure except that sarcoplasmic reticulum 
was omitted during preincubation. The absorbance of the products of 
peroxidase reaction was measured at 405 nm, using a Titertek micro- 
titration plate photometer. The difference in absorbance between the 
control samples and the samples obtained after preincubation with 
the sarcoplasmic reticulum was expressed as percent of the control 
absorbance to illustrate the antibody binding to the native sarco- 
plasmic reticulum. Column 1 identifies the code name of the antibody 
and column 2 the location of the epitopes in the various tryptic 
fragments of the Ca2+-ATPase. 

Antibody Epitope Fraction of Ab bound to native 
sarcoplasmic reticulum (5~) 

E1 E 2 

A25 A 1 0 0 
I IHl l  A l 0 0 
7C6 A x 71 48 
8A6 A 1 0 0 
l lA4 A 1 0 0 

A22 B 100 100 
A52 B 75 76 
VE121G9 B 38 38 
VIE8 B 39 0 
5D2 B 80 59 
4B4 B 41 67 
D12 B 90 71 

E A 1 A 2 B 33 23 
N A 1 A 2 B 90 62 
EM-1 A 2 B 34 35 
EM-2 A 1 A 2 B 14 32 
EM-3 A 1 A 2 B 21 19 

IID8 - 0 0 
5C3 - 0 0 
Anti-FITC B 68 75 

although it had relatively high affinity for the Ca 2+- 
ATPase in the native E 1 state or after adsorption to 
plastic in the solid-phase immunoassay (Fig. 4, Table 
II). Therefore the epitope of VIE8 may either undergo 
structural change in the EEV state, causing the loss of its 
antigenic character, or becomes occluded. 

(c) Polyclonal antibodies. All polyclonal antibodies (E, 
N, EM-1, EM-2, EM-3) and the anti-FITC antibody 
reacted freely with the CaE+-ATPase in native sarco- 
plasmic reticulum in both E 1 and E2V conformations, as 
indicated by the depletion of the free antibody con- 
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Fig. 3 and 4. Determination of antibody binding to Ca2+-ATPase in native sarcoplasmic reticulum in the E 1 and E2V states by enzyme-linked 
immunoadsorbent (ELISA) assay. Sarcoplasmic reticulum vesicles (0.67 mg/ml) were preincubated with the various antobidies at 1 : 100 dilution 
for 2 hours at 2°C, in a medium containing 0.1 M KC1, 10 mM imidazole (pH 7.4), 5 mM MgC12, and either 0.5 mM CaC12 (Figs. 3A and 4A, E1 
state), or 0.5 mM EGTA and 5 mM NaaVO 4 (Figs. 3B and 4B, E2V state) (O, II, &, * , . ,  ~; broken lines). In a parallel series of control 
experiments the antibodies were incubated under identical conditions in the absence of sarcoplasmic reticulum (o, [], zx, +, <>, o;  solid lines). The 
unbound antibody in the medium was determined by centrifuging the samples at 10000X g for 1 h and analyzing the supernatant solutions by 
ELISA at a 1 : 10 dilution (total dilution of Ab 1 : 1000), as described under Methods, using sarcoplasmic reticulum vesicles adsorbed to plastic in 
amounts of 0, 0.03, 0.1, 0.3 and 1/~g per well. The absorbance of the products of peroxidase reaction was determined at 405 nm, using a Titertek 
Multiskan microtitration plate photometer (Flow Laboratories, Inc.). The absorbance at 405 nm is plotted versus the concentration of antigen 

expressed as/~g protein/well. 

cen t ra t ion  af ter  p re incuba t ion  of  i m m u n e  sera at  100- 
fold  d i lu t ion  with  sa rcoplasmic  re t icu lum vesicles (Ta-  
b le  II). In  most  cases s ignif icant  b ind ing  was observed  
at  5 -20 - fo ld  a n t i b o d y  d i lu t ions  as well. The  reac t iv i ty  
of  po lyc lona l  an t ibod ies  wi th  the  na t ive  Ca2÷-ATPase  is 
p r o b a b l y  re la ted  to the presence of  ep i topes  in the  
region of  the B fragment ,  a l though these an t ibod ies  
have  ant igenic  sites in the  A f ragment  as well. 

Unmasking of the antigenic sites 
The h idden  ant igenic  site of  the A25 an t i -A  1 ant i -  

b o d y  can be  exposed  b y  so lubi l iza t ion  of  the sarco-  
p lasmic  re t icu lum with  the neut ra l  de te rgent  C12E 8 (Ta-  
ble  III) .  The  subsequent  E L I S A  test  of  the supe rna t an t  

ind ica tes  that  at  an  a n t i b o d y  d i lu t ion  of  1 : 1 0 0  more  
than  90% of  the A25 a n t i b o d y  was b o u n d  to the Ca  2 +- 
A T P a s e  in the  presence  of  4 mg  C 1 2 E s / m g  sarco-  
p lasmic  re t i cu lum prote in ,  while in the  absence  of  C12E 8 
essent ia l ly  no  b ind ing  could  be  observed.  The  b ind ing  
of  a n t i b o d y  8A6 was also p r o m o t e d  b y  C12E 8, while 
under  the same cond i t ions  there  was on ly  slight b ind ing  
of  I I H l l  or  l l A 4  (Table  III) .  Deoxycho la t e  (0 .7-1 .0  
m g / m l )  increased  the b ind ing  of  8A6 and  l l A 4  bu t  had  
no  effect  on  I I H l l  (Table  III) .  These  observa t ions  
imp ly  ei ther  some unfo ld ing  of  the  p ro t e in  in de te rgent  
solut ions,  or  tha t  an t igenic  sites b locked  b y  in te rac t ions  
be tween  A T P a s e  molecules  in the  na t ive  m e m b r a n e  
become  exposed  in de te rgent  solut ions,  due  to dissocia-  
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TABLE III 

Effect of CI2E8 on the binding of monoclonal antibodies to the Ca 2 +- 
A TPase 

Sarcoplasmic reticulum was solubilized with C12E 8 or deoxycholate 
(DOC) at varying detergent/protein ratios. The detergent-treated 
sarcoplasmic reticulum (0.67 mg protein/ml) was preincubated with 
monoclonal antibodies A25, IIHll, 8A6 and llA4 at 1 : 100 dilution 
at 2°C overnight, followed by centrifugation at 10000x g for 1 h. 
The supernatant was tested at 1 : 10 dilution for antibody reaction on 
ELISA plates containing 1/xg sarcoplasmic reticulum protein per well. 
Antibody solutions without C12E8 and with 2.68 mg C12Ea/ml were 
used as control. The reaction obtained in the control samples (100%) 
served as a reference for samples preincubated with sarcoplasmic 
reticulum in the presence of C12E8. After 1 h incubation the binding 
of antibody 8A6 in the presence of 4 mg C12E 8 per mg protein was 
less than 10% of control in media containing 0.5 mM EGTA or 
0.01-10 mM Ca2+; therefore even in the presence of detergents the 
binding of 8A6 to the Ca2+-ATPase is a relatively slow process. 

Detergent Antibody bound (% of control) 

mg/ml mg/mg A25 IIHll 8A6 llA4 
protein 

CI2Es 
0 0.0 
0.26 0.4 
0.52 0.8 
1.34 2.0 
2.68 4.0 

DOC 
0 0.0 
0.13 0.2 
0.47 0.7 
0.67 1.0 

0 0 0 0 
58 0 11 0 
71 2 9 0 
81 4 31 0 
92 3 42 8 

0 0 2 
5 19 1 
1 55 50 
5 75 65 

tion of  ATPase  oligomers. The epitope of  I I H l l  is 
apparent ly exposed only after complete denaturat ion of  
the enzyme. Similar changes may  explain the fact that  
all antibodies used in these studies react with the dena- 
tured Ca2+-ATPase adsorbed on  ELISA wells or sep- 
arated on SDS-polyacrylamide gels. 

Exposure of  sarcoplasmic reticulum vesicles to 1.5 
kbar  pressure for 2 h at 2 1 ° C  inhibits the Ca 2÷ trans- 
por t  activity [54] and produces structural changes in the 
Ca2+-ATPase visible by Fourier  t ransform infrared 
spectroscopy. Vanadate  in a Ca2+-free medium protects  
the Ca2÷-ATPase against inactivation by  high pressure 
[54]. Pressure t reatment  (1.5 kbar  for 2 h) exposed the 
antigenic sites for 8A6 and l l A 4  with or without  E G T A  
(0.5 mM), vanadate  (5 mM) or  Ca 2+ (20 mM)  in the 

incubat ion medium, but  had no significant effect on the 
reaction of  I I H l l  with the Ca2+-ATPase. 

Effect  o f  antibodies on the stability o f  Ca2+-ATPase 

crystals 
The reconstruct ion of  the structure of  Ca2+-ATPase 

by  electron microscopy of the two-dimensional Ca 2÷- 
ATPase  crystals induced by vanadate  or lanthanides 
[1-3,64-67,69]  revealed specific contacts  between dis- 
tinct surface regions of  the ATPase  molecules that give 
rise to the crystal lattice; these interactions were clearly 
different in the P2 type Ca2+-ATPase crystals induced 
by  vanadate  that  represent the E2V conformat ion  and in 
the P1 type crystals induced by lanthanides, that repre- 
sent the E l L a  conformat ion,  indicating that they were 
influenced by  the surface charge a n d / o r  conformat ion  
of  the Ca 2 +-ATPase. 

The vanadate- induced CaZ+-ATPase crystals consist 
of  r ight-handed helical chains of  Ca2+-ATPase dimers 
(Figs. 5A and 6A) that are wound  diagonally around 
the cylindrical sarcoplasmic reticulum at an angle of 
-- 57 ° to the long axis of  the tubules [5]; the superim- 
posit ion of  the front  and rear images of  the flattened 
tubules creates a diamond-l ike pattern. The ATPase  
dimers are held together in an antiparallel arrangement  
by massive bridge-like structures, while the dimer chains 
are stabilized by  interactions between the head and lobe 
regions of  the pear-shaped ATPase  contours  above the 
surface of  the bilayer [2,3]. 

Al though the amino acid sequence of  the Ca 2÷- 
ATPase  is known [6-8]  and there are speculations about  
the probable  folding of  the polypept ide chain into 
structural and functional  domains  [9-11], the relation- 
ship of  the ATPase  contours  revealed by crystallogra- 
phy to the pr imary  sequence is entirely unknown.  

We hoped that  by  analyzing the effect of  monoclonal  
ant i -ATPase antibodies of  defined specificity on the 
stability of  Ca 2 +-ATPase crystals some information may 
be drawn about  the relationship of  the antigenic sites to 
the sites involved in the A T P a s e - A T P a s e  interactions. 
Two types of  experiments were performed. In experi- 
ments  of  one type the an t ibody solutions were prein- 
cubated with sarcoplasmic reticulum vesicles at 2 ° C ,  
followed by  centrifugation and resuspension in an anti- 
body-free  solution; the crystallization of the Ca 2÷- 
ATPase  was induced by  the addit ion of  0.5 m M  E G T A  
and 5 m M  vanadate,  and the effect of  antibodies on the 

Fig. 5. The effect of A52 antibody on the stability of Ca2+-ATPase crystals. The crystallization of Ca2+-ATPase was induced in sarcoplasmic 
reticulum vesicles (0.67-0.9 nag protein/ml) by incubation in a medium containing 0.1 M KC1, 10 mM imidazole (pH 7.4), 5 mM MgC12, 0.5 mM 
EGTA and 5 mM NaaVO 4 at 2°C overnight. Aliquots were negatively stained with 1% uranyl acetate and viewed in a Siemens Elmiskop I electron 
microscope at 60 kV. (A) Control sarcoplasmic reticulum (0.9 nag protein/ml) after crystallization in the absence of antibodies. Magnification: 
186000 ×. (B) Sarcoplasmic reticulum vesicles (0.9 mg protein/ml) crystallized as described above, but in the presence of 0.06 #g A52 antibody per 
#g sarcoplasmic reticulum protein. Magnification: 186000 x. (C) Sarcoplasmic reticulum vesicles (0.67 mg protein/ml) treated as under A, but in 

the presence of 0.8/~g A52 antibody per #g sarcoplasmic reticulum protein. Magnification: 186000 ×. 
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rate and extent of crystallization was followed as de- 
scribed earlier [65,71]. In experiments of the second 
type, Ca2+-ATPase crystals were induced in sarco- 
plasmic reticulum vesicles by EGTA and vanadate in 
the absence of antibodies, and antibodies were intro- 
duced into the system after the crystals were fully 
developed. 

Of the 19 antibodies that were screened, mAb A52 
(Fig. 5), and pAb E (Fig. 6) were the most potent 
inhibitors of the crystallization of Ca2÷-ATPase in- 
duced by vanadate; A52 also decreased the stability of 
preformed Ca2+-ATPase crystals (not shown). Three 
other monoclonal antibodies, VE12aG9, 4B4 and D12, 
and one polyclonal antibody, N, also significantly inter- 
fered with crystallization (Fig. 6). All five antibodies 
have epitopes on the B tryptic fragment (Fig. 1), and all 
were found to react with the Ca 2 ÷-ATPase in the native 
sarcoplasmic reticulum (Fig. 4, Table II). 

Antibody A52 is particularly interesting, since its 
epitope is in a well defined region between residues 659 
and 668, near Cys-670 and Cys-674, that serve as specific 
sites for reaction of Ca2+-ATPase with IAEDANS 
[16,17]. The sequence of the A52 epitope is: Asp-Asp- 
Leu-Pro-Leu-Ala-Glu-Gln-Arg-Glu (MacLennan, D.H., 
personal communication). 

The disordering of Ca2+-ATPase crystals by mAb 
A52 begins at low A52 concentration (0.06/~g IgG/#g  
SR protein) by separation of the dimer chains from 
each other, producing disorganization of the lattice and 
the conversion of the elongated cylindrical tubules into 
spherical vesicles (Fig. 5B). At higher concentration of 
antibody (0.8 ~tg IgG//~g SR protein), the dimer chains 
completely disappear and aggregates of spherical vesicles 
with a random arrangement of surface particles form 
(Fig. 5C). The association of antibodies with the surface 
of the vesicles does not significantly increase the 
penetration of the negative stain into the vesicle inter- 
ior, suggesting that the permeability properties of the 
membrane are not altered significantly. However, due 
to the binding of the antibody on the surface, the 
intermembrane space between aggregated vesicles in- 
creases from --- 100 ~, in control sarcoplasmic reticulum 
(Fig. 5A), to ----200 ,~ or more in sarcoplasmic reticu- 
lum treated with saturating concentration of A52 (Fig. 
5C). 

The amount of mAb A52 antibody bound to the 
sarcoplasmic reticulum was similar in the absence or 

presence of vanadate (Table II), indicating that the 
conformational change induced by vanadate did not 
alter the exposure of antigenic site or the affinity of the 
antibody toward the antigens. Therefore the affinity of 
A52 for its respective site on the Ca2÷-ATPase is suffi- 
ciently large to prevent the interaction between ATPase 
molecules that leads to crystallization in the absence of 
antibodies. 

The binding of monoclonal and polyclonal antibod- 
ies to the Ca2÷-ATPase was similar whether they were 
added before or after the formation of extensive arrays 
of Ca2÷-ATPase crystals in the presence of vanadate 
(Table IV). Therefore the formation of the crystal lattice 
does not impose steric interference on the interaction of 
antibodies with their epitopes. 

The simplest interpretation of the destabilization of 
Ca2+-ATPase crystals by mAb A52 is that binding of 
the antibody to its antigenic site prevents the interac- 
tion between ATPase molecules by physical blocking of 
the surface where such interactions would take place. 
Considering the large bulk of the antibody, such inter- 
ference is not unexpected, yet only few of the antibodies 
that bind to the Ca2÷-ATPase in the native sarco- 
plasmic reticulum produced disruption of the crystals, 
suggesting some degree of specificity in the effect. Fur- 
ther refinement of these experiments using Fab frag- 
ments will soon begin. 

The polyclonal antibody E also completely prevented 
the formation of Ca2÷-ATPase crystals after incubation 
with sarcoplasmic reticulum at a concentration of 1.3 #g 
IgG//xg SR protein (Fig. 6B); under the same condi- 
tions incubation with control serum had no significant 
effect on crystallization (Fig. 6A). Some disorganization 
of the crystals was also observed after incubation with 
0.8-1.2/xg 7C6 or VE121G9/#g SR protein (not shown). 

Several antibodies altered in specific ways the pat- 
tern of crystallization without completely disrupting the 
crystal lattice. For example, the monoclonal antibody 
D12 caused marked separation of the dimer chains of 
Ca2+-ATPase (Fig. 6D), suggesting that it interfered 
selectively with interaction between dimer chains that 
define their distance of separation within the lattice, but 
had no effect on the stability of ATPase dimers or their 
association into dimer chains. These observations sug- 
gest that D12 may be positioned between ATPase mole- 
cules in neighboring dimer chains. Similarly, mono- 
clonal antibody 4B4 did not prevent crystallization, but 

Fig. 6. The effect of antibodies on the crystallization of Ca2+-ATPase in sarcoplasmic reticulum. Sarcoplasmic reticulum vesicles (0.5 mg//ml) were 
incubated in a medium of 0.1 M KC1, 10 mM imidazole (pH 7.4) and 5 mM MgC12 at 2 °C for 1 h in the presence of control serum (A), 1.3 ~g pAb 
E///~g SR protein (B), 0.75 ~g 4B4/~g SR protein (C), 1 ~g D12/~g SR protein (D), or anti-ATPase serum N at 1 : 5 dilution (E). After incubation 
the suspensions were diluted 100=fold with antibody=free medium, and centrifuged at 41000 × g for 40 min; the sedimented vesicles were suspended 
in an antibody-free crystallization medium containing 0.1 M KC1, 10 mM imidazole (pH 7.4), 5 mM MgC12, 0.5 mM EGTA and 5 mM vanadate to 
a protein concentration of 1 mg/ml and the crystallization was allowed to proceed for 24 h at 2°C. Samples wcrc processed for electron 

microscopy as described in Methods. Magnification: 186000 ×. 
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TABLE IV 

The binding of antibodies to the Ca 2 +-.4 TPase before (column A) and 
after (column B) crystallization 

A, antibodies added before crystallization. Antibody solutions diluted 
1:5, 1:20 and 1:100 were preincubated at 2 ° C  for 30 min with 
sarcoplasmic reticulum (0.67 mg protein/ml) or without sarcoplasmic 
reticulum, in a medium of 0.1 M KC1, 10 mM imidazole (pH 7.4) and 
5 mM MgC12; after preincubation, 0.5 mM EGTA and 5 mM 
Na3VO 4 were added and crystallization was allowed to proceed for 24 
h at 2 ° C. The concentration of free antibody was determined after 
centrifugation at 10000× g for 1 h by analysis of the supernatant 
with ELISA, using 1 /~g sarcoplasmic reticulum protein fixed to the 
wells of the microtiter plates. Control antibody solutions were sub- 
jected to the same procedure except that sarcoplasmic reticulum was 
omitted during preincubation. The absorbance of the products of 
peroxidase reaction was measured at 405 nm. The difference in 
absorbance between the control samples and the samples obtained 
after preincubation with the sarcoplasmic reticulum was expressed as 
percent of the control absorbance. Column 1 identifies the code name 
of antibody. B, antibodies added after crystallization. To sarcoplasmic 
reticulum vesicles crystallized in a medium of 0.1 M KC1, 10 mM 
imidazole (pH 7.4), 5 mM MgC12, 0.5 mM EGTA and 5 mM Na3VO 4 
at 2 ° C  for 24 h antibodies were added at 1:5, 1:20 and 1:100 
dilution. After incubation for 24 h at 2 ° C  the samples were centri- 
fuged for 1 h at 10000×g and the antibody content of the super- 
natant was measured, as described under A. The formation of crystals 
was tested by electron microscopy. 

Antibody Fraction of Ab bound to native 
sarcoplasmic reticulum (%) 

1 : 5 dilution 1 : 20 dilution 1 : 100 dilution 

A B A B A B 

A25 1 - 2 3 4 8 
IIH11 0 - 0 - 4 - 
7C6 9 4 38 39 76 76 
8A6 0 0 0 0 17 10 
l lA4  0 6 0 0 0 0 

A22 100 a 100 a 98 - 98 - 
A52 1 0 84 94 79 91 
VE121G9 0 - 7 - 40 - 
VIE8 0 - 0 0 0 - 
5D2 0 0 0 0 " 63 65 
4B4 0 0 1 0 72 71 

E 38 34 67 44 86 47 
N 71 71 86 82 90 85 
EM-1 41 - 78 - 85 - 
EM-2 b 54 - 44 - 51 - 
EM-3 b 18 - -  37 - 40 - 

a Note 1 : 2 dilution. 
b Note 1 : 10, 1 : 30, 1 : 100 dilution. 

the crystals lost their P2 symmetry; there were no 
clearly defined dimer chains (Fig. 6C) and the structure 
became reminiscent of the P1 crystals induced in sarco- 
plasmic reticulum by calcium or lanthanides [69,72]. 
After treatment of sarcoplasmic reticulum with the 
polyclonal antibody N, the normally observed vesicular 
structures were largely replaced by flat membrane sheets 
with clearly developed dimer chains of irregular disposi- 

tion, that tend to fray around the edges of the mem- 
brane (Fig. 6E). These structures are reminiscent to 
osmotically lysed crystalline vesicles that are only rarely 
observed in preparations untreated by antibodies. Re- 
construction of the structure of the CaE+-ATPase-anti- 
body complexes from the electron micrographs of the 
modified crystalline arrays will permit a more precise 
assignment of the location of these antibodies on the 
ATPase molecule. 

Monoclonal antibodies A22 and 5D2 and polyclonal 
antibodies EM-1, EM-2 and EM-3 had no discernible 
effect on the crystallization of Ca2+-ATPase at a con- 
centration of 1 /zg//~g sarcoplasmic reticulum protein, 
although all these antibodies have epitopes in the ex- 
posed B region of the molecule and interacted with the 
CaE+-ATPase in the native sarcoplasmic reticulum 
membrane. All other antibodies were without effect, 
whether added before or after crystallization. 

Antibody binding and the polarization of fluorescence of 
FITC eovalently attached to the Ca 2 +-A TPase 

In detergent solutions of the CaZ+-ATPase the polar- 
ization of fluorescence of FITC covalently attached to 
Lys-515 is near the theoretical limit ( P -  0.40), indicat- 
ing a rigid environment of the probe within the protein 
[73]. Interaction between ATPase molecules in the na- 
tive membrane brings the fluorophores sufficiently close 
for energy transfer depolarization, and the polarization 
of fluorescence decreases to levels as low as P = 0.2 at 
high labeling ratios with FITC. Therefore the fluores- 
cence polarization of FITC-labeled sarcoplasmic reticu- 
lum is a sensitive indicator of the state of association of 
ATPase molecules. 

As shown in Table V, the polarization of fluores- 
cence of FITC-Ca2+-ATPase at a labeling ratio of ---- 
60-70% was P = 0.32-0.33 in the E t state stabilized by 
Ca 2+ and increased to P = 0.35-0.37 in the E2V state 
stabilized by vanadate and EGTA; this indicates some 
change either in the state of association or in the 
conformation of the CaZ+-ATPase during transition be- 
tween the E 1 and E2V states. Small but significant 
increase in fluorescence polarization was observed upon 
the addition of the anti-B antibodies A52, VE121G9 and 
5D2, both in the E 1 and E2V states, and in the presence 
of 4B4 in the E a state. There was a slight decrease in 
polarization in the presence of VIE8 in the E2V state 
(Table V). The effect with VIE8 was obtained at higher 
A b / S R  protein ratio than that used in the competitive 
binding assays (Fig. 4, Table II). The increase in fluo- 
rescence polarization is consistent with dissociation of 
ATPase oligomers [73], suggesting that antibodies A52, 
VE121G9, 5D2 and 4B4 interfere with ATPase-ATPase 
interactions. This class of antibodies is known to inter- 
act with the CaZ+-ATPase in the native state (Table II), 
and A52, VE121G9, and 4B4 were also found to inhibit 
the formation of vanadate-induced E2V type Ca z÷- 
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TABLE V 

Polarization of  fluorescence of FITC-Ca 2 + -A TPase in the presence of  various antibodies 

Sarcoplasmic reticulum vesicles (50/~g pro te in /ml)  were incubated at 1 0 ° C  in a medium of 0.1 M KC1, 10 m M  imidazole (pH 7.4), 5 m M  MgCI2 
and 0.1 mM CaC12 (E 1 state) or in a medium of 0.1 M KC1, 10 m M  imidazole (pH 7.4), 5 m M  MgC12, 1 m M  EGTA and 5 m M  Na3VO 4 (E2V 
state). Small aliquots of the various antibodies were added to the indicated final concentration and the polarization of fluorescence was measured at 
525 nm, using light of 490 n m  for excitation. The A p  values represent the difference in polarization ( P )  between the antibody-containing samples, 
and their respective control samples. Monoclonal antibodies A25, I I H l l ,  7C6, 8A6, l lA4 ,  A22, IID8, 5C3 and polyclonal antibodies E, N, EM-1, 
EM-2, EM-3 were also tested, but  had no significant effect on the polarization of FITC fluorescence in either conformation. 

Antibody code Antibody Polarization ( P )  A p 
concentration 

E 1 E2V E 1 
(/tg Ab/ /xg  SR) 

E2V 

None (haman serum) - 0.319 + 0.0006 0.352 + 0.0007 - 0.0007 0.0061 
A52 1.50 0.326 4- 0.0008 0.366 + 0.0007 0.0051 0.0071 
VE121G9 12.00 0.336 4- 0.0005 0.387 4- 0.0005 0.0057 0.0183 
VIE8 7.80 0.324 4- 0.0007 0.361 4- 0.0007 - 0.0022 - 0.0062 
5D2 0.54 0.326 4- 0.0006 0.372 4- 0.0005 0.0070 0.0059 
4B4 2.36 0.323 5:0.0006 0.368 5:0.0006 0.0061 0.0033 

ATPase crystals (Figs. 5 and 6). These observations 
imply that the interactions involved in the stabilization 
of Ca2+-ATPase oligomers in the noncrystalline sarco- 

plasmic reticulum [74,75] may also operate in the for- 
mation of the crystalline arrays of Ca2+-ATPase. 

The other antibodies were without effect on the 

TABLE VI 

The effect of  antibodies on the Ca 2 + transport and ATPase activity of  sarcoplasmic reticulum 

The effect of antibodies on oxalate-potentiated Ca 2 + transport and Ca 2 +-stimulated ATPase activity was determined as described under  Methods. 
Sarcoplasmic reticulum vesicles were preincubated with various dilutions of the ant iserum for 5 -10  min at 20-24 o C, followed by measurement  of 
the initial rate of  Ca 2+ transport and ATP hydrolysis, as described under  Experimental Procedures. The Ca 2+ capacity was defined as the amount  
of Ca 2+ taken up by the sarcoplasmic reticulum after 5 min of incubation. The an t i body /SR  protein weight ratios are given in column 2, but  tests 
were also carried out at lower and higher antibody concentrations. In each series of  experiments several control samples were included without 
antibody or with non- immune serum. The % of control values refer to controls within each series. The data are presented as mean  4- standard error, 
based on the number  of independent measurements  indicated in parentheses. 

Antibody Antibody concn. Ca transport ATPase activity 

code (/~g Ab p ro t . /  initial rate Ca capacity /tmoi ATP.  % of 
tLg SR prot.) 

~mol  Ca.  % of ttmol C a . m g  -1 % of m g - l . m i n  -1 control 

mg - 1. min - 1 control control 

A25 4.5 1.89 4- 0.22 (8) 83 5.01 4-1.05 (2) 94 3.91 4- 0.64 (4) 105 
I I H l l  60.0 1.444-0.14 (5) 65 3.27+0.50 (2) 82 - - 
7C6 5.0 1.904-0.13 (12) 99 4.284-0.02 (3) 103 3.164-0.15 (6) 108 
8A6 5.0 1.944-0.10 (12) 101 3.244-0.05 (3) 83 3.034-0.17 (6) 104 
l l A 4  5.0 1.654-0.16 (12) 86 4.324-0.01 (3) 110 2.844-0.10 (6) 97 
A22 4.5 2.07 4- 0.24 (8) 90 5.49 4- 0.90 (2) 103 3.32 4- 0.08 (4) 89 
A52 4.5 1.234-0.10 (10) 54 4.134-0.74 (2) 77 2.374-0.13 (4) 64 
VE121G 60.0 0.984-0.09 (5) 44 3.154-0.63 (2) 69 1.80 (1) 70 
VIE8 40.0 2.054-0.22 (5) 92 4 .32+0.69(2)  94 - - 
5D2 5.0 1.204-0.12 (12) 63 3.08 4-0.12 (3) 74 2.204-0.20 (7) 75 
4B4 5.0 1.30 4- 0.12 (20) 70 4.14 4- 0.01 (3) 106 2.28 4- 0.21 (8) 79 
D12 10.0 1.704-0.05 (4) 68 3.984-0.01 (2) 92 2.784-0.11 (2) 89 
E 25.0 1.46 4- 0.25 (12) 60 5.30 4- 0.74 (2) 99 1.97 4- 0.35 (6) 68 
N 120.0 a 1.05+0.17 (5) 74 1.17+0.01 (2) 42 2.434-0.21 (4) 81 
EM-1 76.6 " 1.284-0.12(11) 90 2.514-0.07(5) 91 2.994-0.14(4) 100 
EM-2 60.0 a 1.084-0.08 (11) 76 2.564-0.05 (5) 93 2.904-0.23 (4) 97 
EM-3 121.6 " 1.124-0.08 (11) 79 2.364-0.19 (5) 86 2.574-0.18 (4) 86 
IID8 46.0 1.75+0.24 (5) 79 3 .78+0.70(2)  82 - - 
5C3 5.0 1.674-0.17 (6) 95 4.164-0.03 (3) 100 3.004-0.24 (3) 107 

a For polyclonal antibodies N, EM-1, EM-2 and EM-3 the total ant iserum protein concentration was used to calculate the data  in column 2. 



162 

polarization of FITC fluorescence either in the E 1 or in 
the E2V state (not shown). 

A TPase activity and C a  2 + transport in the presence of 
Ca 2 +-A TPase antibodies 

The rate of ATP-dependent Ca 2+ transport by the 
sarcoplasmic reticulum was inhibited by monoclonal 
antibodies A52, VE121G9, 5D2, 4B4 and D12 and by 
the purified polyclonal antibody E (Table VI); some 
inhibition of Ca 2+ transport was also observed with 
I IHl l  at very high antibody concentration. The inhibi- 
tion of Ca 2+ transport was accompanied by inhibition 
of ATPase activity, but the Ca 2+ capacity of sarco- 
plasmic reticulum remained essentially unchanged by 
most of the antibodies, except pAb N, that significantly 
reduced Ca 2+ capacity. In view of the unchanged Ca 2+ 
capacity of the vesicles a change in Ca 2 ÷ permeability is 
not likely to play a role in the modest inhibition of 
Ca 2+ transport by antibodies. The relatively slow rate 
of Ca 2÷ transport and ATP hydrolysis in the presence 
of antisera (pAb N, EM-1, EM-2, EM-3) may be in part 
due to inhibition by other serum components, since the 
values obtained with control sera were also lower than 
those of serum free controls. 

The maximum inhibition of ATPase activity and 
Ca 2÷ transport by monoclonal antibo~ties was usually 
less than 50% and further increase in antibody con- 
centration did not increase the inhibition. Under the 
conditions of these experiments the antigenic sites of 
the Ca2+-ATPase were fully saturated by antibodies. 

The rate of Ca 2+ transport and ATP hydrolysis 
remained essentially unchanged by monoclonal antibod- 
ies 7C6 and A22, that clearly interact with the Ca 2÷- 
ATPase. It was important to determine whether the 
binding of these antibodies to the enzyme was in- 
fluenced by the conditions prevailing during Ca 2+ 
transport. Neither ATP (10 mM) nor AMP-PNP (1 
mM) had significant effect on the binding of mAb 7C6 
and A22 to the Ca2÷-ATPase (Fig. 7); therefore, under 
the conditions of the ATPase assay antibodies 7C6 and 
A22 are likely to remain attached to the Ca2+-ATPase. 
We conclude, in agreement with earlier observations 
[21,76], that the epitopes of antibodies 7C6 and A22 do 
not undergo large scale motions during ATP-dependent 
Ca 2+ transport. Such motions would have been slowed 
by the attachment of the antibodies with decrease in 
Ca 2 + transport rates and this was not observed. 

The spatial relationship of antigenic sites to each other 
and to the attachment sites of fluorescent probes 

The epitope for the A52 antibody on residues 659- 
668 is adjacent to the attachment sites for IAEDANS 
on Cys-670 and Cys-674 [16]. In view of this close 
proximity, the A52 binding site and the IAEDANS sites 
are likely to remain close neighbors in the folded native 
structure of the Ca2+-ATPase. Lys-515 represents 
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Fig. 7. Effect of ATP and AMP-PNP on the binding of 7C6 and A22 
to the Ca2+-ATPase. Sarcoplasmic reticulum vesicles (0.67 mg pro- 
te in /ml)  in 0.1 M KC1, 10 m M  imidazole (pH 7.4), 5 m M  MgC12, 0.1 
m M  CaC12 and either 10 m M  ATP or 1 m M  AMP-PNP or no 
nucleoside phosphate  were incubated with mAb 7C6 (Fig. 7A) or A22 
(Fig. 7B) at 1 :100 dilution for 15 rain and centrifuged at 10000× g 
for 1 h. The antibody content of  the supernatant  was assayed by 
ELISA at a final dilution of 1:1000, as described in Methods. Open 
symbols: preincubation without sarcoplasmic reticulum; filled sym- 
bols, preincubation with 0.67 mg SR pro te in /ml ;  o ,  O, no nucleoside 

phosphate;  r,, A, 10 m M  ATP; El, It, 1 m M  AMP-PNP. 

another well defined location that can be labeled selec- 
tively with fluorescein 5'-isothiocyanate. Based on fluo- 
rescence energy transfer, the distance between the cova- 
lently bound FITC and IAEDANS in the native en- 
zyme is --- 58 A [19], that is close to the largest dimen- 
sion (---60 A) of the pear-shaped cytoplasmic domain 
seen in the reconstructed structure of the Ca2+-ATPase 
[2,3]. 

The spatial relationship of these two sites was further 
defined by testing the competition between antibodies 
directed against these two regions of the ATPase. Anti- 
FITC serum prepared in rabbits against FITC-labeled 
keyhole limpet hemocyanine reacted with the FITC- 
labeled Ca2+-ATPase in native sarcoplasmic reticulum 
(Table VII). The polarization of fluorescence of FITC 
covalently bound to the Ca2÷-ATPase increased after 
binding of anti-FITC antibody from 0.3474 + 0.0005 to 
0.3522 + 0.0004 in the presence of 0.1 mM CaC12 (E 1 
state), and from 0.3513 + 0.0007 to 0.3571 + 0.0005 in 
the presence of 1 mM EGTA and 5 mM Na3VO 4 (E2V 
state). The binding of anti-FITC antibody did not in- 
fluence the cleavage of the Ca2+-ATPase at the nearby 
T 1 cleavage site between residues 505 and 506 (not 
shown). 



TABLE VII 

Competition between monoclonal antibodies and the polyclonal anti-FITC 
antibody for binding to FITC.labeled Ca2+-ATPase in native sarco- 
plasmic reticulum 

Sarcoplasmic reticulum vesicles were labeled with 5 nmol  of  F I T C / m g  
protein, as described under Experimental Procedures. The binding of 
ant i-FITC antibody to the native sarcoplasmic reticulum vesicles (0.67 
mg prote in /ml)  was measured in a medium of 0.1 M KC1, 10 m M  
imidazole (pH 7.4), 5 m M  MgCI2, 0.5 m M  EGTA and 5 m M  Na3VO a 
at 2 ° C ;  the ant i-FITC serum was mixed with the vesicles at a final 
dilution of 1 : 100 in the absence or presence of monoclonal antibodies 
at 1:100 or 1 :10  dilution, and incubated for 2 h followed by 
centrifugation at 10000× g for 1 h. Control samples were run under  
the same conditions without sarcoplasmic reticulum vesicles. The free 
ant i-FITC antibody content of the supernatant  was determined by 
ELISA at a further dilution of 1 : 10 (final dilution: 1 : 1000), using 0, 
0.03, 0.1, 0.3 and 1 #g  sarcoplasmic reticulum protein per well and an 
HRP  conjugated goat anti-rabbit IgG for quantitation. Only data  
obtained with the highest concentration of sarcoplasmic reticulum 
protein (1 #g/wel l )  are presented. The anti-rabbit IgG did not show 
cross-reaction with any of the mouse monoclonal antibodies used in 
these studies. The binding of ant i-FITC antibody is expressed as 
percent of the antibody content obtained in the supernatant  of control 
samples after preincubation of ant i-FITC serum (1 : 100) in the same 
medium in the absence of sarcoplasmic reticulum. The binding of 
monoclonal antibodies A22, 7C6, 5D2, 4B4, D12 and A52 was also 
measured after preincubation at 1 : 100 and at 1 : 10 dilution, with or 
without sarcoplasmic reticulum, and with or without ant i-FITC serum, 
under  the same conditions described above. The last two columns of 
the table give the amount  of monoclonal antibody bound  as percent 
of the antibody content of the supernatant  of control samples in- 
cubated without sarcoplasmic reticulum, either in the absence or in 
the presence of ant i-FITC serum at 1 : 100 dilution. The monoclonal 
antibody concentration of the supernatants  was measured by ELISA 
using HRP conjugated goat anti-mouse IgG for quantitation; the 
wells contained 0, 0.03, 0.1, 0.3 and 1.0 #g  sarcoplasmic protein but  
only the data obtained at 1 #g /wel l  are presented. There was no 
detectable cross-reaction between the anti-mouse IgG and the rabbit 
ant i-FITC antibody. 

Competing Binding of ant i-FITC Binding of mono-  
monoclonal antibody (1 : 100), clonal antibody, 
antibody percent percent 

code dilution - mAb + mAb  - anti- + anti- 
FITC FITC 

None - 54-66 - - - 
A22 1 : 100 60 68 > 99 > 99 
A22 1 : 10 66 71 92 85 
7C6 1 : 100 60 72 9 11 
7C6 1 : 10 66 81 17 12 
5D2 1 : 100 60 65 69 70 
5D2 1 : 10 66 74 <1 < 1 
4B4 1 : 100 60 62 71 70 
4B4 1 : 10 66 76 4 1 
D12 1 : 10 66 65 64 51 
A52 1 : 100 54 54 81 79 
A52 1 : 10 66 74 22 4 

Based on quantitative ELISA, the interaction of the 
anti-FITC antibody with the FITC-labeled Ca 2+- 
ATPase was not affected by the saturation of the en- 
zyme with the A52 antibody that binds at residues 
659-668 in the vicinity of the IAEDANS sites or by the 
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A22 antibody that has epitope on the B fragment in the 
region of residues 506-738 (Table VII). In view of the 
relatively small fractional binding of the A52 antibody 
at 1:10 dilution the difference between the percent 
binding values of A52 obtained in the presence and 
absence of anti-FITC serum is not considered signifi- 
cant. Therefore, in agreement with the fluorescence 
energy transfer data, the FITC binding site and the 
A52/IAEDANS region of the Ca 2 +-ATPase are located 
sufficiently far apart on the ATPase molecule to permit 
simultaneous attachment of the two antibodies to their 
respective binding sites. 

Similar competition experiments were also performed 
between the anti-FITC antibody and the monoclonal 
antibodies 5D2, 4B4 and D12 that bind to the native 
enzyme in the region corresponding to the B fragment, 
and the monoclonal antibody 7C6, that binds to the A t 
fragment. Neither of these antibodies showed signifi- 
cant competition with the binding of anti-FITC anti- 
body or vice versa (Table VII). 

Discussion 

Until a high resolution structure of Ca2+-ATPase 
becomes available the mapping of the functional sites 
on the enzyme must depend on the use of indirect 
approaches, such as site-specific fluorescent [19,77] or 
cross-linking reagents [75] and monoclonal antibodies 
[28,33,34,40,41,50]. 

There was considerable progress in recent years in 
the development of techniques that can be used to 
localize epitopes in various proteins [70], including the 
acetylcholine receptor [79], the Na+/K+-ATPase [80,81] 
and the Ca 2 +-pump proteins of the plasma membranes 
of smooth muscle [44,82-84] and erythrocytes [85]. 

In this study we explored the effects of monoclonal 
and polyclonal antibodies on the ATPase-ATPase in- 
teractions in sarcoplasmic reticulum, with the aim of 
defining the regions on the surface of the Ca2+-ATPase 
molecule, that are involved in protein-protein contacts 
in the native membrane and in the crystalline ATPase 
arrays induced by vanadate. 

Of the 19 anti-ATPase antibodies tested, 12 inter- 
acted with the Ca2+-ATPase in the native membrane 
and of these, four monoclonal antibodies (A52, 
VE121G9, D12 and 4B4) and two polyclonal antibodies 
(E and N) interfered with the crystallization of the 
Ca2+-ATPase induced by vanadate. 

The antibodies may inhibit crystallization by chang- 
ing the conformation of the enzyme, by preventing the 
vanadate-induced conformational change that is re- 
quired for crystallization, or by physically blocking the 
interaction between ATPase molecules. 

The FITC covalently attached to the ATPase serves 
as a sensitive probe of the conformation of the protein, 
responding with a large change in fluorescence intensity 
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iiiii!ii;;i ' 
Fig. 8. Surface contours of the Ca2+-ATPase. The surface contours of the Ca2+-ATPase viewed normal to the membrane plane (top panel) and 
from within the membrane plane (bottom panel) are shown based on the data of Taylor et al. [21, obtained by electron microscope reconstructions 
of vanadate-induced E2¥ type crystals. The unit cells indicated by lines 'a '  and 'b '  contains an ATPase dimer. The principal contact regions 
between the ATPase molecules in the lattice are marked by 'A', 'B', and 'C', as described in the text. The putative binding sites for FITC, 
AEDANS and Ca 2÷ are indicated by 'F' ,  'D'  and 'Ca 2+ ', respectively. The binding site for mAb A52 is tentatively assigned to the 'D'  region, 

while that for anti-FITC is tentatively assigned to the 'F '  region. 

during transition from the E 1 state stabilized by Ca 2+ 
to the EEV state stabilized by EGTA + vanadate [86-88]. 
The antibodies that disrupted the CaE+-ATPase crystals 
caused only slight change in the fluorescence intensity 
of FITC-CaE+-ATPase. Therefore we suggest that the 
inhibition of crystallization by A52, VE121G9, 4B4, 
D12, E and N is not caused by a change in enzyme 
conformation, but it is due to attachment of antibody to 
the Ca2+-ATPase in a manner that physically blocks the 
ATPase-ATPase interactions required for crystalliza- 
tion. 

There are several regions of contact between ATPase 
molecules in the crystalline arrays, that could be selec- 
tively affected by the antibodies (Fig. 8). The ATPase 
dimers are held together in an antiparallel arrangement 
by massive bridge-like structures above the surface of 
the bilayer (type A contact) [2,3]. These ATPase dimers 
are presumed to be the dominant form of the enzyme in 
native sarcoplasmic reticulum [75]. During vanadate-in- 
duced crystallization the ATPase dimers are linked into 
dimer chains by interactions between the head and lobe 
regions of ATPase molecules in the neighboring ATPase 
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dimers (type B contact) (Fig. 8). The crystalline arrays 
develop by interactions between the transmembrane 
segments of the neighboring dimer chains within the 
bilayer (type C contacts) that can be visualized by 
freeze-etch electron microscopy [89], or by electron mi- 
croscopy of frozen-hydrated crystals [3,4]. 

The disruption of Ca2+-ATPase dimer chains by 
mAb A52 was accompanied by an increase in the fluo- 
rescence polarization of FITC covalently bound to the 
Ca2+-ATPase, consistent with the weakening of the type 
B contacts by mAb A52; this would prevent the forma- 
tion of ATPase dimer-chains, without necessarily exert- 
ing a major effect on the concentration of the Ca 2÷- 
ATPase dimers in the membrane. The increased sep- 
aration of dimer chains and their less regular disposi- 
tion with respect to the longitudinal axis of the tubules 
after treatment with antibodies D12 and N suggest 
interference with the type C interactions without major 
effect on the association of ATPase dimers into dimer 
chains. The conversion of the P2 into P1 type lattice 
after treatment with antibody 4B4 indicates a more 
subtle change in the relationship of the ATPase mole- 
cules, that cannot be defined by direct visual inspection 
of the electron micrographs, and requires three-dimen- 
sional reconstruction of the structure [4]. 

A possible arrangement of the functional sites, that is 
consistent both with the intramolecular distances de- 
termined by fluorescence energy transfer [19] and with 
the antibody binding data contained in this report, 
would position the binding site for IAEDANS (residue 
670, 674) and for the A52 antibody (residues 659-668) 
near the tip of the lobe region, on the lower surface of 
the cytoplasmic mass close to the phospholipid 
headgroups, while the FITC binding site (Lys-515) 
would be located near the bridge on the head region at 
the opposite end of the molecule. The distance between 
these two sites is -= 60 A, consistent with the 58 ,~ 
distance calculated from energy transfer between cova- 
lently bound IAEDANS and FITC [19]. The assignment 
of the FITC site to the head region is also consistent 
with the estimated distance of 47 ,~ between the FITC 
site and the middle of the phospholipid bilayer, where 
the Ca 2+ binding site is located [12]. The distance of the 
IAEDANS site to the Ca 2÷ binding site was estimated 
to be 16-18 ,~ [19], consistent with the location of this 
site closer to the cytoplasmic surface of the bilayer. 

Positioning of the A52 binding site near the tip of the 
lobe would explain the disruption of Ca2+-ATPase 
crystals by interference with the type B interactions; 
this could lead to the eventual dissociation of the dimer 
chains into randomly dispersed ATPase dimers, that 
may be still held together by the type A contacts near 
the middle of the bridge. 

The lack of effect of antibodies A25, I IHl l ,  8A6 and 
11A4 on the polarization of fluorescence of FITC- 
labeled Ca 2 +-ATPase is not surprising, since these anti- 

bodies are not bound to the native Ca2+-ATPase. Their 
antigenic sites may be located in the areas of the con- 
tacts between ATPase molecules that are not accessible 
for reaction in the native membrane. This would explain 
that the antigenic site of A25, 8A6 and l lA4 became 
exposed for reaction upon dissociation of ATPase 
oligomers into monomers in the presence of detergents. 

Dissociation of oligomeric proteins at high pressure 
is well established [54]. Therefore the increased access 
of 8A6 and l lA4 to their binding sites during and after 
pressure treatment at 1.5 kbar for 2 h is also consistent 
with the location of their epitopes in the regions of 
interaction between ATPase molecules. 

Of the antibodies that interact with the native Ca 2 +- 
ATPase, VE121G9, A52, 4B4 and 5D2 caused small but 
significant increase in the polarization of fluorescence 
of FITC-Ca2+-ATPase; we tentatively attribute this ef- 
fect to dissociation of Ca2+-ATPase tetramers into di- 
mers or monomers by weakening of type A and B 
interactions. This interpretation is supported by the 
inhibition of the crystallization of Ca2+-ATPase by 
A52, VE121G9 and 4B4. At low A52 concentration 
separation of dimer chains of Ca2+-ATPase with dis- 
organization of the lattice was observed that may indi- 
cate some direct or indirect effect of the antibody on 
the type C interactions as well. 

The anti-FITC antibody did not influence the crys- 
tallization of Ca2+-ATPase, presumably because the 
bound antibody was oriented in such a manner that it 
was not interposed between the ATPase molecules en- 
gaged in type A, B or C contacts. 

The results of the competition experiments between 
various antibodies for binding sites on the Ca2+-ATPase 
are consistent with the hypothesis outlined above. The 
binding of the anti-FITC antibody to FITC-labeled 
Ca2+-ATPase was entirely unaffected by saturating con- 
centration of the A52 antibody, that is assumed to bind 
at a considerable distance from the FITC binding site. 
The FITC and the IAEDANS sites are both located on 
the B fragment; therefore this region of the molecule 
appears to have a relatively open configuration extend- 
ing over much of the cytoplasmic domain of the Ca 2+- 
ATPase. The ready access of nearly all anti-B antibodies 
to their binding sites and of trypsin to the T1 cleavage 
sites in the native enzyme is consistent with this inter- 
pretation. There was also no effective competition be- 
tween the anti-FITC antibody and monoclonal antibod- 
ies A22, 7C6, 5D2, 4B4 and D12. 

The VIE8 antibody binds with moderate affinity to 
the Ca2+-ATPase in the E 1 state stabilized by Ca 2+, but 
essentially no binding was observed in the E2V state 
stabilized by EGTA and vanadate. The affinity of the 
epitope for VIE8 may be influenced by the conforma- 
tional transition between the E1 and E2V states; alterna- 
tively the access to the binding site of VIE8 may be 
blocked in the E2V conformation, either due to changes 
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in the secondary and tertiary structure of the Ca 2÷- 
ATPase or due to interaction between ATPase mole- 
cules, that leads to crystallization in the E2V state. 

The polyclonal and monoclonal anti-Ca2÷-ATPase 
antibodies available to date have either no effect on the 
ATPase activity of sarcoplasmic reticulum or produce 
only partial inhibition, even at saturating concentra- 
tions [21,22,51,76]. A similar observation was made also 
on Na+/K÷-ATPase  [90]. The powerful inhibition of 
Ca 2÷ transport without inhibition of ATPase activity 
observed in earlier studies with some polyclonal anti- 
ATPase antibodies [91] was probably due to comple- 
ment-dependent lesion of the membrane, that permitted 
the leakage of accumulated calcium [21]. The scarcity of 
inhibitory antibodies may imply that the active site of 
the Ca2÷-ATPase is either inaccessible or poorly anti- 
genic, perhaps due to a unique secondary structure. 

Colyer et al. [51] argued for a relationship between 
the inhibition of ATPase activity observed with some 
monoclonal antibodies and the location of their epi- 
topes near the putative ATP binding and phosphoryla- 
tion domain of the Ca2÷-ATPase. There is no direct 
evidence to support this assumption, and the incom- 
plete inhibition of ATPase activity by monoclonal anti- 
bodies, even at saturating concentration argues against 
it. It is plausible to assume that the partial inhibition of 
ATPase activity and Ca 2+ transport by monoclonal 
antibodies A52, VE121G9, 5D2, D12 and 4B4 may arise 
from interaction of antibodies with epitopes relatively 
distant from the active sites, provided the antibodies 
induce a structural change in the enzyme or interfere 
sterically with the traffic of substrates and the transi- 
tions in protein conformation required for Ca 2÷ trans- 
port. The inhibition observed with polyclonal antibod- 
ies may result from binding at several sites in view of 
their reaction with both the A and B regions of the 
Ca2÷-ATPase. 

Some of the antibodies, notably A52, that inhibited 
ATP hydrolysis and Ca 2 ÷ transport also interfered with 
the crystallization of Ca2÷-ATPase and increased the 
fluorescence polarization of FITC-labeled Ca 2 +-ATPase, 
suggesting an effect on ATPase-ATPase interactions. 
In view of the possible role of ATPase oligomers in 
ATP hydrolysis and Ca 2÷ transport [75], dissociation of 
naturally occurring ATPase dimers and tetramers by the 
antibodies may contribute to the changes in enzymatic 
activity. Therefore antibodies that interfere with 
ATPase-ATPase interactions may serve as probes for 
the exploration of the functional significance of ATPase 
oligomers in ATP hydrolysis and Ca 2 ÷ transport. 
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