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The effect of anti.ATPase antibodies with epitopes near Asp-3$1 (PR-8), Lys-$15 (PR-II) and the ATIP blading 
domain (DI2) of the Ca~+-ATPase of sarcoldasmie reticulum (EC 3.6.1.38) was analyzed. The PR41 awl 1)12 
antibodies reacted freely with the Ca2+-ATPase in the native membrane, indicating that their eldtepes ate eXlmaed 
on the cytoplasmic surface. Beth PR-8 and DI2 interfered with the crystallization of the Ca2+-ATPa.~, 
that their binding sites are at interfaces between ATIPase molecules. PR-ll had uo effect on A ~ A ~  
interactions or on the ATPase activity of sarceplasmic reticulum. The epitepe of PR-II is smjgested to be the VII)RE 
sequence at residues $20-$25, while that of DI2 at residues 670-720 of the Ca2+ATPase. The ~sse of iwedhi~ve 
algorithms of anliigeiiici~'.," f:~r .Identification of potential antigenic determinanls in the Ca 2 +-ATPase Zs attalyaed. 

lntreduction 

A wide selection of monoclenal and polyclonai 
Ca2+-ATPase antibodi,:s have been produced in recent 
years in several laboratorie~ [t-21]. 

Studies with these antibodic:: defined the localiza- 
tion of Ca2+-ATPase in the sarct;~,lasmic reticulum of 
whole muscle at various stages o1 ,'tevelopment [1- 
4,7,8,13] and established a pattern of ClOssreactivity 
with various Ca2+-ATPase isoenzymes [1-8,12,13,15, 
19,21]. With the arrival of new informatio~! on the 
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primary sequence [16,22-26] and three-dimensional 
structure of the Ca2%ATPase [27-36] it became possi- 
ble to locate the epitopes for the various antibodies 
[9,10,11,14,16-18,20] and to relate their lx3sit~ns to 
functionally relevant sites in the three-dimensio'*,al 
structure of the Ca2+-ATPase identified by covalent 
labeling with substrates, substrate analogues and fluo- 
reseent probes [9,11,14,19,37-40]. 

Although only few of the antibodies produced signif- 
icant inhibition of ATPase activity and Ca 2+ transport 
[5,9,11,14,19], several of them affected the interaction 
between ATPase molecules and interfered with the 
ctvstallization of Ca2+-ATPase induced by vanadate 
[19]. 

Most of the antibodies are directed against the large 
cytoplasmic domains of the Ca2+oATPase [1,9- 
11,16,17,19] that contain the N- and C-terminal regions 
of the molecule [10] together with the phosphorylation 
and ATP binding sites [22,23,41]. Two antibodies were 
found to bind to 870-890 loop that is assumed to be 
located on the luminal surface of the sazcoplasmic 
reticulum [16,17]. 

The p u ~  of this report is to describe the proper- 
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rylation (PR-8), FIT(? binding (PR-11) and nucleotlde 
binding regi:)ns (DI2) ol the Ca2+-ATPase, respec- 
tively. 

Experimental procedures 

Materials 

Antibody D12 was obtained from Dr. Angela F. 
Dulhunty, Dept. of Physiology and Experimental 
Pathology, Joha Curtin Scilool of Medical Research, 
Austmli=n National University, CanbeiTa, A.C.T. 2601, 
Australia. Antibodies MI0-P6-B7, M8-PI-A3 and MI2- 
P4-E8 were provided by Dr William J. Ball, Dept. of 
Pharmacology and Cell Biophysics, University of 
Cir~cinnati College of Medicine, Cincinnati, OH 45267, 
USA. Antibodies PR-8 and PR-II were supplied by 
Dr. Paul M. Rowe, Laboratory of Neurochemistry, 
National Institute of Neurological and Communicative 
Disorders and Stroke, National Institutes of Health, 
Bethesda, MD 20892, USA. 

Methods 

Preparation of sarcoplasmic reticulum 
Sarcoplasmic reticulum vesicles were i~olated from 

predominantly white skeletal muscles of New Zealand 
rabbits as described by Nakamura et al. [42], and the 
preparations were stored before use frozen at -70°C 
in 0.3 M sucrose, 10 mM Tris-maleate (pH 7.0) at a 
protein concentration of 30-40 mg/ml. 

Preparation of cardiac microsomes 
The preparation of cardiac microsomes was per- 

formed as described by Jones et aL [43]. The vesicles 
O0-12 mg protein/roll were suspended in 0.25 M 
sucrose, 30 mM histidine (pH 7A), frozen in liquid 
nitrogen, and stored at -70°(2. 

Preparation of transverse tubular membrane fraction 
Transverse tubular membranes were isolated by dis- 

continuous sucrose density centrifugation of skeletal 
muscle microsomes. Contaminating sarcoplasmic retic- 
ulum vesicles were loaded with Ca 2+ in the presence of 
oxalate prior to centrifugation, allowing their separa- 
tion from the light fraction enriched in transverse 
tubules as described by Rosemblatt et al. [44]. 

Labeling of Ca2+-ATPase with fluorescein 5'-isothio- 
cyanate (FITC) 

"t~e sarcoplasmic reticulum vesicles (2 mg protein/ 
ml) were incubated at 25°C in 0.3 M sucrose, 50 mM 
Tris-FICi (pH 8.0), 5 mM MgCI 2 and 0.1 mM E(3TA 
with 10 #M fluo~escein 5'-isothiocyanate (5 nmol 
FITC/mg SR protein) for 30 rain in the dark. The 
FITC stock solution (3 raM) was dissolved in ethanol. 

After lal;eling the samples were diluted 10-fold with 20 
mM K-Mops (pH 7) centrifuged at 49000 × g  at 2°(2 
for 40 rain to remove the unreacted dye and the 
sedimented vesicles were resuspended in 0.1 M KCI, 10 
ram imidazole (pH 7.4) and 5 mM MgCI 2 [4S]. 

Preparation of vanadate solutions 
Stock ,;olutions of monovanadate (50 mM) were 

prepared by boiling freshly made aqueous solutions of 
Na3VO ~ at pH 10.0 for 15 rain [38, 46]. Decavanadate 
solutions were prepared by adjusting the pH of a 
monovanadate stock solution to 4.0 and keeping the 
solution at 4°C overnight or longer [38,46]. The final 
pH gas  adjusted to 7 just before the experiment was 
started. 

Partial tryptic proteolysis of sarcoptasmic reticulum 
Tryptic digestion of sarcoplasmic reticulum proteins 

was carried out essentially as described by Dux and 
Martonosi [47]. Sarcoplasmic reticulum vesicles con- 
taining 2 mg protein per ml were digested with t~p~i~ 
(0.05 mg/ml)  in a medium of 0.1 M KCI, 10 mM 
imidazole (pH 7.4), supplemented either with EGT 
and monovanadate or with Ca 2+, as described in the 
figure legends. The digestion was started after 5 min 
preincubation at 25°C by the addition of trypsin and 
aliquots were taken after 0, 0.25, 1, 5, 15, 30,.,60 and 
360 min. The proteolysis was stopped by the .hddition 
of 0.2 mg/ml  soybean trypsin inhibitor. 

SDS-polyacrylamide gradient gel e!ectrophoresis 
For SDS-polyacrylamide gradient gel electrophore- 

sis the samples were dissolved in a solution of 5% 
sodium dodecyl sulfate, 10 mM Tris-HCI (pH 8.0), 1% 
/3-mercaptoethanol, 10% glycerol, 0.05% Bromophenol 
blue. At:ter incubation for 5 min at 100°C, aliquots 
contain,.'ng 30-100 /~g protela were applied for elec- 
trophoresis on 6-18% gradient gels according to 
Laemmli [48]. The fluorescent protein bands of FITC 
labeled SR were visualized it~ UV light from a MR-4 
UV lamp from Gates, G.W. and Co., Franklin Square, 
Long Island, NY, USA. Pe~maner, t records were ob- 
tained by photographing the fluorescence emission on 
Kodak Plus-X pan film (ASA 125) through a Promaster 
Spectrum 7 yellow filter to absorb the reflected UV 
light. Exposure times were 0.5 to 2 min at f 8. The gels 
were stained either with Coomassie blue or with 
Stains-All. Before Stains-All staining SDS was re- 
moved from gels as described by Sehibeci and 
Martonosi [49]; then 0.00125% Stains-All dissolved in 
5% tormamide, 25% 2-propanol, 15 mM Tris-HCI (pH 
8.5) was applied in the dark for 12-18 h, followed by 
destaining with 10% 2-propanol for 18-36 h in the 
dark at room temperature. The electrophoretic trans- 
fer of proteins from SDS-polyaerylamide gels tt~ !dtro- 



cellulose sheets and the procedures for immuno­
staining were described earlier [J 9]. 

Dot-blot analysis of antibody-antigen reaction specificity 
To test cross reactivity of different antibodies, 2 I.d 

of antigen solution containing 0.1-10 j1.g protein were 
Spotted on nitrocellulose membrane. The binding of 
different antibodies (1: 100-500 dilution) was tested 
With horseradish peroxidase conjugated anti-mouse and 
anti-rabbit IgG diluted to I: 1000. The bound conju­
gated IgG was visualized by the colored product of 
4-chloro-I-naphthol as described by Molnar et al. [19]. 

Enzyme-linked immunoadsorbent assay (ELISA) 
Sarcoplasmic reticulum proteins (0.03,0.1,0.3 and I 

/Lg) were immobilized on polyvinyl chloride microtiter 
Wells (Bio-Rad, Inc., Richmond, CA 94804, USA) by 
incubation at 4°C overnight in 13 mM sodium carbon­
ate, 35 mM sodium bicarbonate, pH 9.6. Blocking of 
non-specific protein binding was done by incubation 
With 1 % bovine serum albumin in phosphate-buffered 
saline (PBS) solution containing 1.5 mM KH 2PO., 8.1 
111M Na,HPO., 0.137 M NaCl and 2.7 mM KCI (pH 
7.2) for I h at room temperature. The reaction with 
different antibody containing media was performed for 
I h at 23°e. Plates were washed with PBS between 
each step. The plates were exposed to anti-mouse or 
rabbit IgG conjugated with horseradish peroxidase for 
I h. After washing the reaction was initiated with the 
addition of o-phenylenediamine according to Molnar 
et al. [19]. The developed color was read at 405 nm on 
a Titertek Multiskan microtitration plate photometer 
Produced by Flow Laboratories, Inc., McLean, VA 
22102, USA. 

Crystallization of Ca 2 +-ATPase and electron microscopy 
The crystallization medium consisted of 0.1 M KCI, 

10 mM imidazole (pH 7.4), 5 mM MgCI 2 ,' 0.5 mM 
tlGTA and 5 mM decavanadate. Sarcoplasmic reticu­
lum protein concentration was I mg/ml. The forma­
tion of two-dimensional Ca2+-ATPase crystals at 2°C 
can be seen within a few hours and becomes extensive 
after 24 h [50]. 

Antibody preparations were added either before or 
after crystallization of Ca1+-ATPase. When added be­
fore crystallization the antibodies were preincubated 
with the sarcoplasmic reticulum vesicles at 2°C in I: 10 
dilution for I h in 0.1 M KCI, 10 mM imidazole (pH 
7.4) and 5 mM MgCI 2 ; after preincubation EGTA and 
Vanadate were added to initiate crystallization. The 
crystallization was allowed to proceed for 48 h at 2°C, 
and samples were processed for electron microscopy. 

Alternatively, Ca2 +-ATPase crystals were first in­
duced by overnight incubation at 2°C in the vanadate­
Containing crystallization medium prior to adding anti­
bOdies at I: 10 final dilution. A1iquots were removed 
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for electron microscopy after 1-2 h incubation at 2°e. 
For electron microscopy a small volume of the incuba­
tion mixture was deposited on a carbon coated par­
lodion film and negatively stained with I % uranyl 
acetate, pH 4.3 at 2°e. The samples were viewed in a 
Siemens Elmiskop I microscope at 60 kV. 

Computer analysis of amino acid sequences for antigenic 
determinants 

Plots of the predicted secondary structures [51], 
antigenicities [52], chain flexibility [53], surface proba­
bility [54.55] and hydrophilicity [56] were made using a 
program kindly provided by Dr. R.S. Carmenes [57]. 
The analysis was based on the amino acid sequences of 
the slow and fast isoenzymes of the Ca1+-ATPase [23]. 
Calculations were carried out at window sizes varied 
between 6 and 15; window 13 was used for the docu­
mentation included in this report. 

Preparation of antibodies 
The monoclonal antibody DI2 was prepared as de­

scribed by Dulhunty et al. [4] and was kindly provided 
to us by Dr. Angela F. Dulhunty. Antibodies MlO-P6-
B7, M8-PI-A3 and MI2-P4-E8 were prepared accord­
ing to Ball et al. [58], Ball and Lane [59] and Ball and 
Friedman [60]; they were provided to us by Dr. W,J. 
Ball. Antibodies PR-8 and PR-ll were prepared ac­
cording to Rowe et al. [61] and were provided to us by 
Dr. P.M. Rowe. 

Results 

The interaction of the PRoS antibody with the Ca 2 +_ 
ATPase 

The polyclonal antibody PR-8 was produced in rab­
bits against a synthetic peptide (Table I) that contained 
the sequence of the Torpedo electric organ N a +.K +­
ATPase in the region of the phosphate acceptor as­
partyl residue [61]. The target peptide is homologous to 
the 345-357 sequence of the Ca' + -ATPase of sarco­
plasmic reticulum, that contains the phosphate accep­
tor aspartyl at position 351 (Table I). 

The PR-8 antibody readily reacted with the sarco­
plasmic reticulum Ca2+-ATPase and with the dog kid­
ney Na+,K+-ATPase. but there was only weak reaction 
with the IP.K+-ATPase of gastric mucosa (Fig. 1). In 
addition to the 100 kDa band of the Ca2+-ATPase, 
there was also weak reaction in bands of = 60 kDa and 
= 40 kDa in the sarcoplasmic reticulum; these could 
represent either degradation products of the Ca2+­
ATPase or side reactions with other proteins. 

Trypsin cleaves the Ca2 +-ATPase at the T, cleavage 
site (Arg-505) into two major fragments of 57 kDa (A) 
and 52 kDa (B) (Fig. 2). The A fragment is further 
cleaved at the T2 cleavage site (Arg-198) into an A, 
subfragment (34 kDa) that contains the phosphate ac-
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Fig. I. The cross-r,:activity oi PR-8 and PR-II antibodies with 
differen! ion transport ATPases. Rabbit fast skeletal muscle sarco- 
plasmic reticulum C~,2+-ATPase (lanes 1-3), canine kidney medulla 
Na ~.K'- ~,TPase (lanes 4-~), and H*.K %ATPase from gastric mu- 
cosa (la,'Jes 7-9) were separated by SDS-polyacrylamide elec- 
trophoresis on 6-18% gradient gels. The gels were stained with 
Coomassie blue (lanes l,  4 and 7) or transferred to nitrocellulose 
sheets and incubated with 1:200 dilution of the PR-8 or PR-II  
anti-pcptidc polyclonal rabbit antibodies. The bound antibodies were 
detected by reaction with horseradish peroxidase-conjugated anti- 

mouse IgG antibody as described under Methods. 

c e p t o r  A s p - 3 5 1  r e s i d u e  a n d  a n  A 2 s u b f l a g m e n t  ( 2 3  
k D a )  t h a t  r e p r e s e n t s  t h e  N - t e r m i n a l  o n e - f i f t h  o f  t h e  

m o l e c u l e  ( F i g .  2).  T h e  c l e a v a g e  a t  t h e  1"2 s i t e  is p r e -  

v e n t e d  by v a n a d a t e  in a C a ' + - f r e e  s o l u t i o n  [62].  C o n s i s -  

t e n t  w i t h  t h e  p r o p o s e d  l o c a t i o n  o f  i t s  e p i t o p e  in t h e  

j SR TI-SR T|,?- SR 

CB ~ [3-12 CB PR-8 D-12 CB PR-B D-' 

. . . . . . . . .  ii % " ' ~  'i "ATPase 

~3 

20 ...... A2 
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Fig. 2. ~.caction of PR-8 and D|2 antibodies with the tryptic frag- 
ments of the Ca2"-ATPase. Sarcoplasmic reticulum proteins were 
partially digested with trypsin (25 p.g trypsin/rag sarcoplasmic reticu- 
lure protein. 15 min at 25°C) in a medium of 0.l M KCI, 10 mM 
imidazole-HCI (pH 7.4). 5 mM MgCI 2, supplemented either with 0.5 
mM EGTA and I mM monovanadate for TI  cleavage yielding the A 
and B fragments, or  with 0.1 mM CaCI 2 for TI and T2 cleavage 
yielding A, A I, A 2 and B fragments. The products of proteolysis 
were separated by SDS-polyacrylamide gel electrophoresls on 6-18% 
gradient gels and either stained with Coomassie blue or transferred 
to nitrocellulose sheets and incubated with I:10O0 (DI2)  or 1:200 
(PR-8) dilutions of the antibodies, as described under Methods. Each 
sample containe,J the equivalent of 50/~g of sarcoplasmie reticulum 
protein. The bound antibodies were detectrd by reaction with 
horseradish p,,'roxidase-conjugated anti-host lgG antibody. Lanes 
1-3. native sarcoplasmic reticulum. Lanes 4-6 ,  sareoplasmic ~ticu- 
lure after twpzic cleavage of the Ca2+-ATPase at the TI  site. Lanes 
7-9.  sarcoplasmic reticulum after tryptic cleavage of the Ca 2+- 
ATPase at the TI and T2 sites. Lanes I, 4 and 7: Coomassie blue 
staining. Lanes 2. 5 and 8: immunostaining with PR-8 antibody. 

Lanes 3, 6 and 9: immunostalning with DI2 anti'Jody. 

TABLE I 

Comparison of  the amhto acid sequences of  the phosphoo'lation sites and the FITC binding sites o f  Na +,K + -ATPase attd Ca 2 ÷ -ATPase 

The sequence of the synthetic peptide that was used to develop antiserum PR-8 in rabbit [fill corresponds to amino acid 370-382 in the Torpedo 
electric organ Na*,K*-ATPase and to amino acids 363-375 in the bovine kidney Na+.K+-ATPase. This sequence con:ains the phosphate 
acceptor aspartyl residue. The analogous highly conserved sequences of the H +,K +-ATPase of pig gastric mucose (residues 380-392) and of the 
Ca: ' -ATPase  of rabbit skeletal muscle sacroplasmie reticulum (residues 345-357) are shown below. The monoclonal antibody Mg-PI-A3 
directed against the lamb kidney Na*.K+-ATPase binds to a synthetic peptide, whose sequence corresponds to residues 496-506 of the 
Na ' .K*-ATPase [58-60]. A similar synthetic peptidc containing residues 505-517 of the Torpedo electric organ Na+.K+-ATPase was used to 
develop antiseritm PR-I I in rabbit [fill. The corresponding sequences in the pig gastric mucose H+,K+-ATPase are residues 513-528, and in the 
rabbit fast skeletal muscle sacroplasmic reticulum Ca2+-ATPase residues 5t0-525.  The identical amino acids in the Na+.K+-ATPase and 
Ca2+-ATPase are undcrliocd. Fluorescein 5'-isothiocyanate specifically labels L~-515 in the Ca2+-ATPase. Lys-518 in the H +.K+-ATPase and 
Lys-5Ol in the lamb Na' .K+-ATPase.  

Antibody Target peptide Source 

PR-8 370 ; s T I C S t> ~, T G T L T 382 Na+,K÷-ATPase(Torpedo) 
380 T ".2 V I C $ 0 K T 6 T L T 392 H+,K+.ATPase(piggastric) 
345 "¢__ss v I ¢ $ D K T 6 T L "r 357 Ca2--ATPase(rabbitSR) 

Mg-PI-A3 /,96 It L L V [4 K G A P E R 506 Na+,K+-ATPase(lamh) 

PR-II  505 v M K 6 A P E R I k t) R c 517 Na+,K+-ATPase(Torpedo) 
513 . v L V M K ~ A P E n v L E R C 528 H+,K+-ATPasetpi~gastric) 
510 N g M F V K G A P E G V 1 D q C 525 Ca2+.ATPase(rabbitSR) 



region of the phosphate acceptor Asp-351 residue, the 
PR-8 antibody reacted only with the A fragment after 
digestion in the presence of EGTA and vanadate (Fig. 
2; T I SR) and with the A and A t fragments after 
digestion in the presence of Ca 2+ (Fig. 2, T I, Tz SR). 

Based on ELISA, PR-8 reacted with the Ca -'+- 
ATPase in native sarcoplasmic reticulum vesicles both 
in the E I state stabilized by Ca 2+ and in the E,V state 
stabilized by" vanadate in a Ca"÷-free medium (Fig. 
3A), indicating that its epitope is exposed on the cyto- 
plasmic surface of the membrane. 

The vanadate-induced crystallization of the Ca -'+- 
ATPase (Fig. 4A) was prevented by preincubation of 
the sarcoplasmic reticulum vesicles with the PR-8 anti- 
body (Fig. 4B), but addition of the antibody after 
crystallization did not cause the disruption of pre- 
tbrmcd CaZ+-ATPase crystals (Fig. 4C). These observa- 
tions suggest that the phosphorylation site of the 
Ca2+-ATPase is located in a region of the ATPase 
structure, where the bound antibody, can interfere with 
the ATPase-ATPase interactions required for crystal- 
lization, but once the crystals are formed, it still re- 
mains bound to the Ca-" %ATPase, Therefore the inter- 
ferencc with crystallization may be due to partial block- 
ing of the interaction site. 

The binding of PR-8 to the CaZ+-ATPase did not 
inhibit the Ca2+-stimulated ATP hydrolysis and had no 
effect on the ~ anadate- and Ca2+-induced changes of 
the fluorescence of FITC-labeled Ca-'+-ATPase (not 
shown). Therefore. the FR-8 antibody does not inter- 
fere with the binding of ATP and vanadate at the 
active site. Reciprocally, in a medium of 0.1 M KCI, 10 
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mM imidazole, 5 mM MgCI 2 and 0.l mM Ca -'+, AMP- 
PNP (] raM) and AMP-PCP t! p~M) had no effect on 
tl',~: :~i"ding of PR-8 to the Ca-" *-ATPase (Table Ill. 

Tlu httervction of PR- 11 auti'~ody with the Ca-" +-A TPase 
The polyclonal PR-II  antibody was produced in 

rab';i,,., against a synthetic polypcpti,l: (Table ]) con- 
taining the 5t)5-~'.7 sequet,cc of the Torpedo electric 
organ Na÷,K+-ATPase !61]. TI,.., ..,,:qt :ucc shows close 
homology with the 510-525 region of the ~rcoplasmic 
rc~iculum CaZ+-ATPase (Table I), that is adjacent to 
the !,rimary tryp~ic cleavage site at Arg-505-Ala-506. 
Labeling ,~.f tkc Ca'+-ATPase ,~,ith fluoreseein 5'-iso- 
thiocyanate at Lys-515 inhibits the ATPase activity and 
ATP-dependent Ca -̀ + transport, suggesting that this 
region of the molecule may be near the ATP binding 
site [63-65]. 

The PR-II  antibody interacted readily with the 
Na+,K÷-ATPase and Wtth the H+,K ~-ATPase, but was 
bound ~elatively weakly to the CaZ+-ATPase of sarco- 
phtsmic reticuIum either in the denatured (Fig. 1)or in 
the native state (Fig. 3B). The apparent a[finity of 
PR-II  for the CaZ+-ATPase was similar in the Ca2E t 
and in the Ez-V conformations (Fig. 3B). 

The low affinity of PR-I 1 for the CaZ+-ATPa~, as 
compared with the Na+,K+-ATPase, is probably re- 
lated to the differences in amino acid sequence be- 
tween the two enzymes near the FITC binding site 
(Table I). The PR-I ! antibody did not cause significant 
impairment of the vanadate-induced crystallization of 
Ca -'+ ~tTPase (Fig. 4D and El, and had no effect, even 
at relatively high concentration, on the CaZ+-stimu - 

°"51 ̂ I °3/B 
°'t / Y  . . . .  • 

O. 0.1t " 

OOol o:::-: ° 
0. t I ~ a n ~  . A _ _ _ _ / ~ O  ~.nm . . . .  n, 0 0 j ~  .o . . . .  

0.0 0.01 0.03 0.3 t.o 
#g SR l~'0tetnl~ell j~ SR Pe0teinlwell 

Fig. 3. Enwme.linkod immunoadsorbem (ELISA) assay of antibndy binding to tht: Ca z'-ATPasc of sarcoplasmic reticulum in the E l and EzV 
states. Sarcoplasmic reticulum vesicles (I rng protein/m]) were prcincuhated with PR-8 (panel A) ,.)r PR-I I (panel B) antibodies at I : I0 dilution 
at 2°C for I h in a medium coataining 0. I M KCI, I0 mM imidazol¢, (pH 7.4), 5 mM MgCI z and either 0.5 mM CaCI, (E i state. II---II) or with 
0.5 mM EGTA and 5 mM Na3VO.~ (EzV state, Q-..e. A---A). Samples were taken before (e-.-Q) and after (A---A} the formation of 
vanadate-induced Ca~+-ATPas¢ crystals. In a parallel series of control experiments the a0tibodies were incubated under identical conditions in 
the absence of sat,:oplasmic reticulum either in E i tel)or in E: (o. ,~) medium (~lid lines). The unbound antilx~y was determined after 
centrifugation of the samples at 100(]Ox g for I h by ELISA assay of the supernalant s~iufions at I : Ill dilution (total dilution o[ Ab l: lO0), 
using sarcoplasmi¢ '..~ticulum vesic!es absorbed to plastic in amounts of 0, 0.03. 0.1, 0.3 and I /xg per well. The ahsorbance of the product of 

peroxidasc reaction ,was determined at 405 nm, using a Tile; ~'~k Multiskan microtitralion plate ph,.~lometer (Fk)w Laimratories, Inc.). 
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TABLE II 

Effect of AMP-PNP and AMP-PCP on the binding of PR-8 and PR-I I 
antibodieJ to the Ca" +-ATPase 

Sacroplasmic reticalum vesicles (l rag protein/ml) were incubated 
for 30 rain at 2°C in a medium of 0.1 M KCI. 10 mM imidazole (pH 
7.4)..'; mM MsCI 2, 0.1 mM CaCI2 and I raM AMP-PNP or I mM 
AMP-PCP with PR-S or PR-II antibodies at I:10 dilution. After 
centrifugation at 10i~]0×g for I h the antibody content of ~he 
supernatant was assayed by EL1SA at a final antibody dilution of 
I : 100 with I itg sacroplasmic reticulum protein fi~cd to the wells of 
the mlcrotiter plate. Control antibody ~lutions were subjected to the 
same procedure except that sacroplasmic relicalum was omitted 
durin[; preinct*hation. The absorbance of the prod,tot of perox'~dase 
reactk,.'l was measured at 405 nm, as described under Methods. The 
differet~ce in ab~rbance between the control samples and the sam- 
ples obtained after precinbuation with the sacroplasmic reticulum 
was expressed as percent of the control absorbance. 

Antibody Antibody bound to SR. % of total 

control I mMAMP-PNP I mMAMP-PCP 

PR-8 47 45 47 
PR-II II 14 7 

lated A T P  hydrolysis. The weak binding of  PR-I  1 was 
not affected by AMP-PNP (1 mM) or  AMP-PCP (1 
raM) ei ther  in the E~Ca or  in the E2V state (Table !!). 

A monoclonal  ant ibody M8-PI-A3 directed against  
the lamb Na~,K*-ATPase  binds to an 11 residue pep- 
tide (Table 1) that  represents  the 496-506  sequence of  
the lamb Na+,K+-ATPase  [58-60]. This sequence par-  
tially overlaps with the sequence of  the target  peptide 
for  PR-11, and  with the homologous 510-520  region of  
sarcoplasmic reticulum Ca2+-ATPase. Al though M8- 
PI -A3 showed strong react ion in dot  blots with the 
Na +,K+-ATPase of  dog  kidney medulia,  it was entirely 
nonreactive with the native or  dena tured  Ca 2 +-ATPase 
in dot  blots, Western  blots or  ELISA (not shown) 
under  conditions where  clear  react ions were observed 
with PR- I I .  Since a port ion of  the target  peptide 
sequence V M K G A P E R  is shared by the two antibodies 
(Table !), the antigenic determinant  for the reaction of  
PR- I I  with the Ca2+-ATPase is probably the V I D R C  
sequence at  521-525 in the Ca2+-ATPase and  the 
homologous I L D R C  sequence in the Na+,K+-ATPase.  
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The reaction o f  the monoclonal antibody D I 2  with the 
Ca 2 ~ -ATPase 

The mon~;*=l~nal antibody DI2 h~:s similar affinity 
for the Ca2~-ATPases isolated from rabbit fast-twitch 
and slow-~vi|¢h muscles [4]. its epitop¢ is exposed on 
the cytoplasmic surface o', the membrane  in native 
sarcoplasmic reticulum vesicles and  af ter  tryptie hydro- 
lysis it was localized in the B tryptic fragment of  the 
Ca-" +-ATPase (Fig. 2), representing the C-terminal half  
of the, molecule. Binding of DI2  to sarcoplasmic reticu- 
lure vesicles caused moderate  inhibition of  ATPase 
activity and  Ca 2+ transport  at saturat ing concentrat ion 
[19], togetl, er with ~ ,me changes  in the structure of 
Ca2+-ATPa~c c:ystals ,  ndueed by ,~anadate [ 19]. 

The hindi,tg s~te o: DI2 was fur ther  defined by 
fol,'owi~:g its interaction ~vith a family of  B fragments of  
decreasing size produced ~rom FITC-labeled Ca 2+- 
ATPas¢ by prolonged tryptic digestion in *he presence 
ot  0.5 mM E G T A  (Fig. 5A,B), 5 mM CaC12 (Fig. 5C, D)  
or  0.5 mM E G T A  and  5 mM vanadate  (Fig. 5E~F). The 
B fragment  is produced by hydrolysis of the Ca ~ ' -  
ATPase  at the Arg-505-Ala-506 bond.  Therefore the 
FITC bound  at  Lys-515 marks the N-terminal region of  
h e  B fragment,  permitt ing its ready identification on 
polyacrylamide gels by monitoring the F1TC fluores- 
cence (Fig. 5A,C,E). With progressive digestion the 
molecular  size of  the fluorescent B fragment  decreased 
from 52 kDa to - -10  kDa due to the progressive 
removal of  mass from its C-terminal end (Fig. 5). A 
family of  distinct fluorescent subfragments  (B t through 
BT) formed,  ranging fn size from -- 30 kDa to = 10 
kDa (Fig. 5). After  6 h of  digestion at 25°C in the 
presence of  0.5 mM E G T A  (Fig. 5A) or  5 mM Ca 2+ 
(Fig. 5C) essentially all the B fragment was hydrolyzed 
into the B7 subfragment.  The rate of hydrolysis o f  the 
B f ragment  was slower in th,* media containing 0 5  mM 
E G T A  and  5 mM vanadate  (Fig. 5E), but  despite this 
difference in the rate of  hydrolysis, the size and  distri- 
bution of  the BI-B ~ subfragmcnts  was similar under  
the three conditions (Fig. 5A,C,E). 

The reaction of  the DI2  antibody with the products  
of  proteolysis was analyzed af ter  transfer to nitrocellu- 
lose sheets (Fig. 5B,D,F). in the undigested control 
samples the D i 2  antibody reacted with the intact 
Ca2+°ATPase ( =  109 kDa) and  with an unidentified 

Fig. 4. The effect of PR-8 and PR-I I antibodies on the stability of vanadate-induced two-dimensional Ca2+-ATPase crystals. The cr~tallizatiol* 
of Ca 2 +-ATPase was induced in sarcoplasmic reticulum vesicles (I mg prolein/ml) as described under Methods. Aliquots were negatively stained 
with I% uranyl acetate and viewed in a Siemens EImiskop I electron microscope at 60 kV. (A) Control sarcoplasmic reticulum after 
crystallization in the absence of antibodies, In B and D the sarcoplasmic re~iculum vesicles were prein,:abated with I : 10 final dilution of PR-8 
(B) or PR-I 1 (D) at 2°C for I h nod th,:n crystallization was initiated by the addition of vanadate-containins crystallization medium as described 
under Methods. In C and E the Ca'~+-ATPase crystals were first formed by OVernight incubation at 2°C and the erys,alline veskles weze 

incubated with PR-8 (C) or PR-I I (E) antibodies at I : 10 final dilution for 2 h at 2~C. Ma3nifieation: 112~0 x. 



3~8. 

,~omponent of -- 80 kDa that may be a fragment of the 
Ca2+-ATPase. During digestion at low trypsin concen- 
tration the antibody reaction moved first to the B 
fragment and then to the B= and B 2 subfragments, but 
there was no reaction associated with the smaller (B 3- 

BT) subffagments even at high antibody concentration 
(Fig. 5B,D,F). Plots of the migration distances of the 
fluorescent B subfragments calibrated with molecular 
weight standards (not shown) establish that the mini- 
mum size of the fluolc.~cent B subflagment that could 
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Fig. 6. (A,B) immunoreaction of the products of the vanadate-catalyzed photuclcavase of Ca2+-ATPase by PR-8 and DI2 antibodies. (i) 
Undigested Ca2+-ATPase. Sarcoplasmie reticulum vesicles (2 mg protein/ml) were suspended in a medium of 10.1 M KCI. 20 mM Tris-HCI (pH 
7.4), 5 mM MaC] 2, I mM monovanadate with ei,ber I mM EGTA (Fi3. 6A, lanes I-4) or 0.1 mM CaCI 2 (Fig. 68, lanes I-4). After illumination 
with ultraviolet light for 30 rain. protein fragmevzs were separated by SDS-polyae~lamide gel eluctmpheresis on 6-18% gradient gels, and either 
stained for protein with Coomassie blue or transferred to nitrocellulose sheets and reacted with PR-8 or DI2 antibodies, as described under 
Methods. (it) Ca2*-ATPase after limited prnteolysis` Prnteolysis with tWpsiu (50 pg/nd)  was peftornled in a medium of 0+1 M KCL I0 mM 
imidazole HCI (pH 7.4), 5 mM MgCI z, 0.5 mM EGTA and I mM monovanadate, at a mierosomal pw'ein concentration of 2 mg/ml at 25"C fuc 
15 mint the reaction was stopped with 200 pg/ml  soybean tt~psio inhibitor. The samples were w~sh~d with a solution of 0.l M KClo 20 mM 
Tris-HCI (pH 7.4), 5 mM MgCI 2 and 50 pg/ml  t~Psin inhibitor by centrifugatiou at 105000x R f ~  40 rain at 2"C. The pellets we:e t'eso~jendnd 
in the same solution and the samples were subjected to vanadate-catalyzed photnelea,.,age with l mM EGTA (Fig. 6A, lanes 6 +8) ,Jr with b.! mM 
CaCI2 (FIB. 6B, lanes 6-8). as described above for the intact Ca2+-ATPase. After transfer t~ nitrocellulose sheets the reaction with antibodies 
was performed as described under Methods. I~acb sample contained 50 pg  of sareophLsmi, +':tieulum ~otein. Antibodies were diluted I : 1000 
(DI2) and 1:200 (PR+8) for reaction and the bound antibodies were detected using pecoxtdase-conjugatnd anti-bust IBG antilx~y. Lane I, 
sarcoplasmic reticulum (contrnl. Coom~'ssie blue staining). Lanes 2-4, sareoplasmie retieelam after ultraviolet irradiation. Lane 2, Coomassie 
blue-stained fragments. Lane 3, immunostaining with PR-8 antibGdy. Lane 4. immunestai~;ng with DI2 antibndy. Lane 5. sareoplasmi¢ reticuhrm 
after trypti¢ cleavage at the TI site (.~0omassie blue staining). Lanes 6-8, sareoplasmic reticulum after tryptic cleavage of the Ca2÷-AT]~ at 
the TI site and ultraviolet irradiation. Lane 6. Coomassie blue staining of fragments. Lane 7. immunestaining with PR-8 antibody. Lane 8. 

immunostaining with DI2 antibody. 

react  wi th  the  D I 2  an t ibody  was  o f  the  o r d e r  o f  20 
k D a .  T h i s  locates  the  a n t i g e n  for  m A b  D I 2  to a s i te  
b e t w e e n  res idues  - - 6 7 0  and  - - 7 2 0  in the  p r i m a r y  
s t ruc tu re  o f  the  Ca2+-ATPase .  

T h i s  localizat ion was  also tes ted  by pho tochemica l  
c leavage  o f  C a 2 + - A T P a s e  wi th  v a n a d a t e  as  catalyst  
[38], fol lowed by i m m u n o r e a c t i o n  o f  the  c leavage  prod-  
ucts  (Fig .  6). 

in  the  absence  o f  ca lc ium v a n a d a t e  c leaves  the  
C a 2 + - A T P a s e  n e a r  the  T 2 c leavage  si te  ( A r g  198), 
p roduc ing  an  N- t e rmina l  V 2 f r a g m e n t  o f  22 k D a  a n d  a 
C- te rmina l  Vt f r a g m e n t  o f  87 k D a  [38]. in  the  p r e sence  

o f  ca lc ium the  vanada te -ca ta lyzed  photoc leavage  oc- 
cu r s  n e a r  res idue  600 f o r m i n g  an  N- te rmina l  V C  I 
f r a g m e n t  o f  71 k D a  and  a C- te rmina l  V C  2 f r a g m e n t  o f  
38 k D a  [38]. T h e  A and  B tryptic  f r a g m e n t s  o f  C a  2"- 
A T P a s e  a re  c leaved  by v a n a d a t e  at  the  s a m e  locat ions 
as  in the  nat ive A T P a s e .  Pho toc leavage  in ~.he p resence  
o f  Ca  2+ c leaves  the  B tryptic f r a g m e n t  into a shor t  
V C , B  f ragmr:nt  (14 k D a )  tha t  conta ins  the  F I T C  b ind-  
ing si te  on Lys-515, and  a C- te rmina l  V C  2 f r a g m e n t  o f  
t he  s a m e  size a~ that  p r o d u c e d  f r o m  the  intact  C a  2+- 
A T P a s e .  Photc~leavage  in the  absence  o f  C a  z+ c leaves  
the  A tryptic f r a g m e n t  into the  V~ f r a g m e n t  (22 k D a )  

Fig. 5. The reaction of the DI 2 monocional antilxxly with tryptie fragments of FITC-labeled sarcoplasmie reticulum Ca 2 +-ATPase. FITC labeled 
sareoplasmic reticulum (2 mg protein/nd) was partially digested with trypsin (25 P8 trypsin/ms SR pr~ein) at 25°C for 0. 0.25, I, 5, *.5, 30. 60 
and 360 rain as indicated on the abscissa. Samples labeled C were incubated without tWpsin and tryl~in inhibitor at 0~C and served as co,lml. 
The basic digestion medium of 0.1 mM KCI and 10 mM imidazole (pH 7.4) wa~ supplemented in panels A and B with 0.5 mM EGTA, in panels 
C and D with 5 mM CaCI 2 and in panels E and F with 0.5 mM EGTA. and 5 mM vanndate. The products of proteolysis were separated by 
SDS-polyacrylamide gel electrophoresis on 6-18% gradient gels. Since the T I cleavage site of the Ca2 +-ATPaso is at Ar8-505 and the FITC label 
is attached on Lys-515, the fluorescent peptides originate from the N-terminal region of the B tryplie fragment. With progressive digestion the 
molecular size of the fluorescent bands decreased from = 52 kDa to = I0 kDa due to removal of mass Irtml the C-terminal end of the B 
fragment. Panels A, C and E show the fluorescence patterns of the gels using a lops-wave mereun/lamp for excitation as described umkr 
Methods. Panels B. D and F show the reaction of DI2 mAb with the tWptic fragment of tbe CaZ+-ATPase (30 pg protein/sample) after transfer 
to nitrocellulose sheets, as described under Methods. The positions of the Ca 2 +-ATPase ( = 110 kDa), the B tt~ptic fragment ( = 54 kDa) and the 

BI-7 fragments (28-10 kDa) are indicated with corresponding symbols. 
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and a VIA fragment of 35 kDa that is similar to the A 2 
fragment obtained by tryptic cleavage at the T 2 site 
[38]. 

Based on this information the data shown in Fig. 6 
can be interpreted as follows: 

After photocleavage of native Ca2+-ATPase with 
vanadate in the absence of Ca 2+ (Fig. 6A, lanes 1-4), 
both the DI2 and the PR-8 antibodies reacted with the 
large V 1 fragment. Following T z + V cleavage (Fig. 6A, 
lanes 5-8), the PR-8 reacted with the VIA fragment 
that contains the phosphorylation site, while DI2 re- 
acted primarily with the B fragment and one of its 
large subfragments. 

After photocleavage of the native CaZ+-ATPase with 
vanadate in the presence of Ca 2+ (Fig. 6B, lanes 5-8), 
the reaction of the DI2 antibody was most intense in 
the VC 2 band containing the f_ terminal 1/3 of the 
molecule, while the PR-8 reaction was confined to the 
VC I region. The localization of DI2 was unaffected by 
tryptie cleavage at the T I site, whiL~ the PR-8 reaction 
moved to the smaller A fragment (~:ig. 6B, lanes 7 and 
8). 

Therefore the immunoreactions of DI2 and PR-8 
antibodies with the tryptic and vanadate cleavage frag- 
ments are consistent with the localization nf their epi- 
topes near the ATP binding (670-720) and phospho- 
rylation domains (345-357), respectively. 

The DI2 antibody was specific for the skeletal mus- 
cle Ca2+-ATPase and did not react significantly with 
any of the protein bands in cardiac sarcoplasmic reticu- 
lure, in dog kidney Na+,K+-ATPase and in pig 
H +,K+-ATPase preparations (not shown). The reaction 
observed in isolated T-tubule preparations was associ- 
ated with a protein of the same size as the Cae+-ATPase 
of sarcoplasmic reticulum (not shown) and may be 
either due to contamination of T-tubules by sarco- 
plasmic reticulum vesicles or to a homologous T-tubule 
protein [66]. 

Other antibodies 
Antibodies against the following short putative 

intramembranc segments of the Na+,K+-ATPase were 
provided by Dr. J. Kyte: LIFDNLK (492-498), 
ERKIVE (816-821). NSVFQQG (839-845) and 
KLVNER (836-841). None of these antibodies inter- 
acted with the Cae+-ATPase. Neither was any reaction 
observed with antibodies MI0-P6-B7 and MI2-P4-E8 
directed against lamb kidney Na+,K+-ATPase [60]. 

Discussion 

The properties of ~he anti-ATPase antibodies de- 
scribed in this report znd in our earlier studies [19] are 
summarized in Table i l l  The following conclusions 
can be made. None of the 12 monoclonal antibodies 

directed against the fast-twitch skeletal muscle isoen, 
zyme reacted with the cardiac Ca2+-ATPase; recipro: 
cally, the two mAb-s directed against the cardiac isoen: 
zyme did not react with the rabbit skeletal isoform~ 
Considering the extensive homology between the two 
proteins this would imply that the monoclonal antibod- 
ies are directed against a few highly antigenic regions 
that are different in the fast-twitch skeletal and t h e  
cardiac isoforms of the CaZ+-ATPase. As 
there was more extensive cross reaction by po lyc lona l  
antibodies between the two isoforms. 

The PR-8 antibody [61] directed against the p h 0 ~  
phate accepter aspartyl group of the Na+ ,K+-ATP~ 
had high affialt-, for the CaZ+-ATPase, consistent 
near identity of this !¢gion of the active site in t h e ~  
enzymes. By contrast, the PR-11 antibody [61] directel 
against the conserved 505-517 sequence of tbe To~ 
pedo Na+,K+-ATPase reacted only weakly with ~ 
Ca2+-ATPase, while the M8-P1-A3 antibody [58 ~ 
directed against a portion of the same sequence of ~h 
lamb Na+,K+-ATPase did not react at all With tl 
Ca2+-ATPase. We propose that the epitope fo~ i~R ii 
contains the ILDRC sequence that is not repre~fi~ 
in the target antigen for M8-PI-A3 (Table 1), but [~ i 
present in slightly modified form (VIDRC) in tii 
Ca2+-ATPase (Table I). If this explanation is valid ti~ 
different affinity of PR-I 1 for the Na+,K+-ATPa~ ~ 
for the Ca2+-ATPase can be attributed to the relative 
small difference between the ILDRC and vIDRC ~ 
quences. 

The general location of the ~ntigenic sites withi~ ~i 
various domains of the Ca2+-ATPas¢ 
for most of the anti-ATPasc antibodie 
(Table Ill) by partial proteolysis wit 
zymes and by vanadat,.'-catalyze¢ 
[1,4,14,16-20], but only a few mono 
have their epitopes precisely defined 

To aid the identification of antigq 
anti-ATPase antibodies we applied 
rithms of secondary structure [51], 
chain flexibility [53,67,68], surface !: 
and hydrophilicity [56] to the primary 
slow- and fast-twitch isoenzymes of i 
from skeletal muscle sarcoplasmic reticulum [23], u s i n g  
the program of Carmenes et al. [57]. The resultifig 
plots are shown in Fig. 7A-D. As the various alg~ 
rithms are based on different selection criteria, it i s  
hoped that by am~lyzing the coincidence between them 
the reliability of pre:liction may be enhanced. 

The antigenicity plots (Fig. 7B) are based on the 
percentages of amino acids present in known antigenic 
regions of 20 selected proteins, relative to the percent, 
ages of the same amino acids in the average composi' 
tion of the proteins [52]. This empirical approach is 
perhaps the most direct, but its general applicability is 
not fully established. 
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The chain flexibility plot (Fig. 7C) is based on the 
normalized temperature  factors of the C .  atoms in 
high resolution crystals of 31 proteins, each of  which 
were at [east 50% different in sequence from all others 

[531. 
The surface probability plot (Fig. 7D) analyzes the 

proport ions o f  amino acid residues that  are buried in 
the protein interior (solvent accessible surface area  less 
than 20 ~z), exposed on the protein surface (accessible 
surface more  than 60 .~z) or  located in an intermediate 
environment (accessible surface 20-60  ~z); the analysis 

was based o n  the crystal s tructures of 28 proteins 
[54,55]. 

The hydrophilicity plot (Fig. 7El utilizes the solubil- 
ity characteristics of  amino acids to predict  their  expo- 
sure to solvents in the protein structure [56]. 

While all these propert ies  (chain flexibility, surface 
exposure, hydrophil;city) are related to antigenicity, the 
predictive value of the various methods differs consid- 
erably [53,67,68]. According to Westhof  et al. [67], 
antigenicity is bet ter  correlated with the segmental  
flexibility of the peptide chain than with its hydro- 
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Fig. 7. Structural parameters of the Ca: '-ATPase based on scqnence. The structural analysis was performed using the program nf Carmenes et 
al. [57] as described in Methods. The window size for antige:'.:,cily and hydrophilicily was I.t. For the secondary struclure predictions the 
Garnier's conslants wt "e - 5 0  for helices and fl for sheet.,:. (Peuel A)  Predicted secondaw structures, N-giycosylation sites and the I{x:ations of  
cysteinc rest.dues analyzed according to Gamier et al. [51]. The secondary structures of the slow is(~nzyme arc represented by the lines on top 
and thai of ,~be fast isoenzyme by the line underneath. (Panel B) Antigenicity [52]. The lines marked - -  indicate the probable segmenls 
exposed on the luminal side with flanking residue numbers. (Panel C) Chain flexibility [53]. (Panel D) Surface probability [54,55]. (Panel E) 
Hydrophilicity [56]. The letter L indicates the location of putative luminal .segments with transmembrane helices on both sides. In pan,:ls B-E the 
predicted .structural features of the fast isoenzymc (heavy line) and slow isocnzymes (fine line) of the Ca:*-ATPase are superimposed to aid the 

identification of the differences between them. 



philicity. Antipeptide antibodies directed against re- 
gions of high mobility react more strongly with the 
native protein than antibodies directed against well- 
ordered regions [68]. The high mobility of good anti- 
genic determinants may facilitate the fit of the anti- 
body into the antigenic site [67]. As loops, turns and 
the ends of polypeptide chains are highly flexible, they 
usually represent regions of high antigcnicity [53]. 

As shown in Fig. 7, the slow and fast isoenzymes of 
Ca2+-ATPase are represented by very similar plots of 
chain flexibility, surface probability and hydrophilicity 
(Fig. 7C,D,E), but there were significant differences 
between them in their predicted secondary structures 
and cysteine content (Fig. 7A), and in their antigenieity 
plots (Fig. 7B). The differences in the antigenicity plots 
are mozt pronounced in the sequences at 25-50, 260- 
275, 390-410, 425, 500, 600-610 and 950-970; these 
differences may contribute to the isoenzyme specificity 
of antibody response. 

The reliability of the prediction can be tested with 
antibodies whose epitopes are definitely established. 
Such are the PR-8 and PR-II antibodies analyzed in 
this work, mAb A20 and A52 described by Clarke et al. 
[16], and the antipeptide antibodies described by 
Matthews et al. [17], 

The epitope for PR-8 is in the 345-357 segment; 
this region is predicted to have high chain flexibility 
(Fig. 7C), moderate surface probability (Fig. 7D), and 
average hydrophilieity (Fie 7E). The binding site for 
PR-I 1 (510-525) has similar characteristics. Neither of 
these sites possesses particularly high antigenicity rat- 
ing~ based on the plots in Fig. 7B. 

".the epitope tor mAb A52 at 657-672 [16] has 
rcla.~ively high predicted antigenicity by all five criteria, 
including the presence of turns. Antibodies DI2 (this 
study), Y/3G6 and Y/2E9 [20] may also have epitopes 
in this region. There is no significant difference in 
antigenicity between the slow and fast isoenzymes of 
Ca2+-ATPase in the 550-720 region of the molecule 
(Fig. 7B). This would be consistent with the ob~rva- 
tion of Dulhunty et al. [4] that DI2 binds with similar 
affinity to the slow and fast isoen~mes of the Ca 2+- 
ATPase. Surprisingly, in our experiments DI2 did not 
react significantly with the cardiac sarcoplasmic reticu- 
lure, either in ELISA or in dot blot assays. The ab- 
sence of reaction with cardiac sarcoplasmie retieuhnm 
may be due in part to the much lower concentration of 
Ca2+-ATPase in the cardiac membranes, but this point. 
requires further investigation. 

MAb A20 reacts with residues 870-890 in the pro- 
posed luminal segment of the Ca2+-ATPase at 859-896 
[16]. The same segment also reacts with a polyclonal 
antipeptide antibody directed against residues 877-888 
[17]. This site is exposed to antibodies only after solubi- 
lization with detergents or permeabilization by EGTA. 
The site has high antigenicity based on all criteria 
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including high flexibility, surface exposure and /3 turn 
potential (Fig. 7A-E). 

The sites of reaction of antipcptide antibodies di- 
rected against the N terminus (residues 1-12) and the 
C terminus (residues 985-994) of the CaZ+-ATPase 
[17] are also among the regions of highest predicted 
antigenicity. 

Therefore the algorithms correctly predict the bind- 
ing sites of antibodies with kr.own epitopes as regions 
of above average antigenicity, although there is some 
variation between the different methods in the strength 
of prediction. 

The region of high predicted antigenicity at 560-590 
may serve as binding ~te for antibodies ~' /IF4, 
Y/3G6, Y/2E9 and Y/3C8; the cpitopes of these 
antibodies were localized by proteolysis to the 547-641 
region of the Ca2+-ATPase [14,20]. The roonoclonal 
antibody I /2H7 was found to bind to the Asp-Asp- 
Scr-Ser-Arg-Phe-Met-Glu-Tyr .sequence (579-587) 
within this region [20]. The 560-590 region may also 
bind mAb A22, VEI2Gg, VIE8, 5D2 and 4134 de- 
scribed in our earlier report [!9]. 

Antibodies Y/3H5 and Y/IH12 with suggested 
binding sites in the 249-376 region [20] may have their 
epitopes either at residues 320-340 or at the segment 
of high predicted antigenicity and turn content at 
residues 390-410. This site is a strong candidate for 
binding mAb 7C6, one of the few antibodies that react 
with the A t region of the Ca2+-ATPase in the native 
sarcoplasmie reticulum [19]. 

The monoclonal antibody A25 [16] with epitop¢ in 
the 330-505 region presents a special case; its binding 
site is not available for reaction either in the nativo or 
in the C~zEs-solubilized sarcoplasmic retieulum, but 
becomes exposed after denaturation in SDS. Based on 
this behavior, its antigenic site is not likely to possess 
high surface probability or hydrophilicity, but should 
retain good antigenieity. A site that would fit these 
criteria within the 330-505 region is the 410-420 seg- 
ment characterized by low surface probability and by- 
drophilicity (Fig. 7D,E), but above average antigenicity 
(Fig. 7B). The same region may also bind IIHII, 8A6 
and IIA4 [19], all of which have masked antigenic sites 
in the A n region of the native enzyme. Further work is 
needed to validate these predictior:s. 
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