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The effect of anti-ATPase antibodies with cpitopes near Asp-351 (PR-8), Lys-515 (PR-11) and the ATP binding
domain (D12) of the Ca**-ATPase of sarcoplasmic reticulum (EC 3.6.1.38) was analyzed. The PR-S and D12

antibodies reacted freely with the Ca**-ATPase in the native b di

that their epi are d

on the cytoplasmic surface. Both PR-8 and D12 interfered with the crystallization of the Ca?*-ATPase, suggesting

that their binding sites are at s

ATPase

PR-11 had no effect on ATPase-ATPase

interactions or on the ATPase activity of sarcopiasmic reticufum. The epitope of PR-11 is suggested to be the VIDRC
sequence at residues 520-525, while that of D12 at residues 670-720 of the Ca“-A‘l'Pau The nuse of predictive

algorithms of aniigesiicily for identification of inl

Introduction

A wide selection of lcnal and polyclonai
Ca®*-ATPase antibodics have been produced in recent
years in several laboratories {1-21].

Studies with these antibodics denned llle locahza-
tion of Ca?*-ATPase in the

in the Ca?*-ATPase is analyzec.

primary sequence [16,22-26] and three-dimensional
structure of the Ca®*-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 positions to
functionally relevant sites in the three-dimensio..al
structure of the Ca"~ATPase ldenuf ied by covalent

N of
whole muscle at various stages of development [1-
4,7,8,13] and established a pattern of cinssreactivity
with various Ca®*-ATPase isoenzymes [1-8,12,13,15,
19,21]. With the arsival of new information on the
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FITC, 5" CPA, cyclopia-
zonic acid; mAb, monoclonal antibody; SDS, sodium dodecyisulfate;
SR, sarcoplasmic reticulum; Ca®*-ATPase, the Mg?* +Ca?*-
activated ATPase of <arcoplasmic reticulum (EC 3.6.1.38).

i, Dy

labeling with and fluo-
rescent probes [9,11,14,19,37-40).

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

Most of the antibodies are directed against the large
cvtoplasmic domains of the Ca’*-ATPase [19-
11,16,17,19] that contain the N- and C- tenmml reuons
of the molecule [10] tog with the
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 saicoplasmic
reticulum [16,17).

The purpose of this report is to describe the proper-
tine nf threa antihadiac that interact with the nhaenho-
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rylaiicn (PR-8), FITC binding (PR-11) and nucleuiidc
binding regions (D12) of the Ca’*-ATPase, respec-
tively.
Experimental procedures
Materials

AnuboCy D12 was oblamed from Dr. Angela F.

Dept. of F and Experimental
Palhology, Joha Curtin School of Medical R

After labeling the samples were diluted 10-fold with 20
mM K-Mops (pH 7) centrifuged at 49000 X g at 2°C
for 40 min to remove the unreacted dye and the
sedimented vesicles were resuspended in 0.1 M KCl, 10
mM imidazole (pH 7.4) and 5 mM MgCl, [45],

Prep ion ¢

Stock solutions of monovanadate (50 mM) were
prepared by boiling freshly made agueous solutions of
Na;VOJ at pH 10.0 for 15 min [38 46). Decavanadate

" i
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Methods

Preparaticn of sarcoplasmic reticulum

Sarcoplasmic reticulum vesicles were isolated from
predominantly white skeletal muscles of New Zealand
rabbits as described by Nakamura et al. [42], and the
preparations were stored before usc 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
{10~12 mg protein/ml) were suspended in 025 M
sucrose, 30 mM histidine {pH 7.4), frozen in liquid
nitrogen, and stored at —70°C.
Preparation of tubular fraction

Transverse tubular membranes were isolated by dis-
continuous sucrose density cenmfugauon of skeletal
muscle mi Cont ic retic-
ulum vesicles were loaded with Ca2* in the presence of
oxalate prior to centrifugation, allowing their separa-
tion from the light fraction enriched in transverse
tubules as described by Rosembtatt et al. [44).

Labeling of Ca®*-ATPase with Sluorescein 5'-isothio-
cyanate (FITC)

The sarcoplasmic reticulum vesicles (2 mg protein/
ml) were incubated at 25°C in 0.3 M suerose, 50 mM
Tris-HCl (pH 8.0), 5 mM MgCl, and 0.1 mM EGTA
with 10 M fluorescein 5'- |solhlocyanate (5 nmol
FITC/mg SR protein) for 30 min in the dark. The
FITC stock solution (3 mM) was dissolved in ethanol.

were d by ing 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 was adjusted to 7 just before the experiment was
started.

Partial nyplic lysis of s lasmic reticull
Tryptic digestion of i icull

was carried out essentially as described by Dux and
Martonosi [47). Sarcoplasmic reticulum vesicles con-
taining 2 mg pmtem per ml were digested with trypsin
(0.05 mg/ml) in a medium of 0.1 M KCI, 10 mM
imidazole (pH 7.4), supplemented either with EGTA
and monovanadate or with Ca2*, as described in tie
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 protcolysis was stopped by the -addition
of 0.2 mg/ml soybean trypsin inhibitor.

SDS-polyacrylamide gradient gel electrophoresis

For SDS-polyacrylamide gradient sl electrophore-
sis the samples were dissolved in 2 solution of 5%
sodium dodecyl sulfate, 10 mM Tris-HCl (pH 8.0), 1%
B-mercaptoethanol, 10% glyceroi, 0.05% Bromophenol
blue. After incubation for 5 mir at 100°C, aliquots
containing 30-100 ug protein were applied for elec-
trophoresis on 6-18% gradient gels according to
Lacmmli [48]. The fluorescent protein bands of FITC
labeled SR were visualized in UV light from a MR-4
UV lamp from Gates, G.W. and Co., Franklin Square,
Long Island, NY, USA. Permanest records were ob-
tained by ph hing the fl
Kcdak Plus-X pan film (ASA 125) through a Promaster
Spectrum 7 yellow filter to absorb the refiected 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 Schibeci and
Martonosi [49]; then 0.00125% Stains-All dissolved in
5% formamide, 25% 2-propanol, 15 mM Tris-HCl (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 The i l\'ans-
fer of proteins from SDS-polyacryIamlde gels te hitro-




cellulose sheets and the procedures for immuno-
staining were described earlier [19].

o " .

Dot-blot analysis of reaction sp

To test cross reactivity of different antibodies, 2 ul
of antigen solution containing 0.1-10 pg protein were
spotted on nitrocellulose membrane. The binding of
different antibodies (1:100-500 dilution) was tested
Wwith horseradish peroxidase conjugated anti-mouse and
anti-rabbit IgG diluted to 1:1000. The bound conju-
sated IgG was visualized by the colored product of
4-chloro-1-naphthol as described by Molnar et al. [19].

Enzyme-linked immunoadsorbent assay (ELISA)

Sarcoplasmic reticulum proteins (0.03, 0.1, 0.3 and 1
kg) 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
Ron-specific protein binding was done by incubation
With 1% bovine serum albumin in phosphate-buffered
saline (PBS) solution containing 1.5 mM KH,PO,, 8.1
mM Na,HPQ,, 0.137 M NaCl and 2.7 mM KCI (pH
7.2) for 1 h at room temperature. The reaction with
different antibody containing media was performed for
I h at 23°C. Plates were washed with PBS between
each step. The plates were exposed to anti-mouse or
Tabbit IgG conjugated with horseradish peroxidase for
1 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?*-ATPase and electron microscopy

The crystallization medium consisted of 0.1 M KCl,
10 mM imidazole (pH 7.4), 5 mM MgCl,,'0.5 mM
EGTA and 5 mM decavanadate. Sarcoplasmic reticu-
Um protein concentration was 1 mg/mi. The forma-
tion of two-dimensional Ca?*-ATPase crystals at 2°C
€n be seen within a few hours and becomes extensive
after 24 h [50).

Antibody preparations were added either before or
after crystallization of Ca?*-ATPase. When added be-
fore crystallization the antibodies were preincubated
With the sarcoplasmic reticulum vesicles at 2°C in 1:10
dilution for 1 h in 0.1 M KCL, 10 mM imidazole (pH
7.4) and 5 mM MgCl,; 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 1:10 final dilution. Aliquots were removed
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for electron microscopy after 1-2 h incubation at 2°C.
For electron microscopy a small volume of the incuba-
tion mixture was deposited on a carbon coated par-
lodion film and negatively stained with 1% uranyl
acetate, pH 4.3 at 2°C. 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 [S1],
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 Ca®*-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 D12 was prepared as de-
scribed by Dulhunty et al. [4] and was kindly provided
to us by Dr. Angela F. Dulhunty. Antibodies M10-P6-
B7, M8-P1-A3 and M12-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-11 were prepared ac-
cording to Rowe et al. [61] and were provided to us by
Dr. P.M. Rowe.

Results

The interaction of the PR-8 antibody with the Ca®*-
ATPase

The polyclonal antibody PR-8 was produced in rab-
bits against a synthetic peptide (Table 1) that contained
the sequence of the Torpedo electric organ Na*,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 Ca?*-ATPase and with the dog kid-
ney Na*,K*-ATPase, but there was only weak reaction
with the H* K*-ATPase of gastric mucosa (Fig. 1). In
addition to the 100 kDa band of the Ca®*-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 Ca®*-
ATPase or side reactions with other proteins.

Trypsin cleaves the Ca?*-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 T, cleavage site (Arg-198) into an A,
subfragment (34 kDa) that contains the phosphate ac-
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Fig. L The cross-riactivity ei PR-8 and PR-11 antibodics with
different ion transport ATPases. Rabbit fast skeletal muscle sarco-
plasmic reticulum C:**-ATPase (lanes 1-3), canine kidney medulla
Na* K- 4TPase (lanes 4-6), and H* K *-ATPase from gastric mu-
cosa (lases 7-9) were separated by SDS-polyacrylamide elec-
trophoresis on 6-18% gradient gels. The gels were stained with
Coomassie blue (lanes 1. 4 and 7) or transferred to nitrocellulose
sheets and incubated with 1:200 dilution of the PR-8 or PR-11

rabbit antil The bound antibodies were
dclerlcd by reaction with horseradish: peroxidase-conjugated anti-

mouse 1gG antibody as described under Methods.

ceptor Asp-351 residue and an A, subfiagment (23
kDa) that reprcsents the N-terminal one-fifth of the
molecule (Fig. 2). The cleavage at the T2 site is pre-
vented by vanadatc in a Ca®*-free solution [62]. Consis-
tent with the proposed location of its epitope in the

TABLE |

SR | TSR Ti2-SR
cs PR8 n-nl CB PR D-12]CB FPR8 D12

kDa
94
67
43
30

20
14

Fig. 2. Reaction of PR-8 and D12 antibodies with the tryptic frag-
ments of the Ca**-ATPase. Sarcoplasmic reticulum proteins were
partiaily digested with trypsin (25 g trypsin/mg sarcoplasmic reticu-
lum protein, 15 min at 25°C) in a medium of 0.1 M KCl, 10 mM
imidazole-HCl (pH 7.4), 5 mM MgCl,, supplemented either with 0.5
mM EGTA and 1 mM monovanadate for T1 cleavage yielding the A
and B fragments, or with 0.1 mM CuCl, for Tl and T2 cleavage
yielding A, A}, A, and B fragments. The products of proteolysis
were scparated by SDS-polyacrylamide ge! electrophoresis on 6-18%
gradient gels and either stained Coomassie blue or transferred
to nitrocellulose sheets and incubated with 1:1000 (D12} or 1:200
(PR-8) dilutions of the antibodies, as described under Methods. Each
sample i the of 50 g of ic reticulum
protein. The hound antibodies were detecird by rcaction with
horseradish p:roxidase-conjugated anti-host 1gG antibody. Lanes
1-3, native sarcoplasmic reticulum. Lanes 4-6, sarcoplasmic ! sticu-
lum after tryptic cleavage of the Ca®*-ATPase at the T1 site. Lanes
7-9, sarcoplasmic reticulum aiter tryptic cleavage of the Ca®*-
ATPase at the TI and T2 sites. Lanes 1, 4 and 7: Coomassie blue
staining. Lanes 2, 5 and 8: immunostaining with PR-8 antibody.
Lanes 3, 6 and 9: immunostaining with D12 antibody.

Comparison of the amino icid sequences of the phosphorylation sites and the FITC binding sites of Na *,K *-ATPase and Cu® *-ATPase
The sequence of the symheuc peptide that was used to develop antiserum PR-8 in rabbit [6] corresponds to amino acid 370-382 in the Torpedo

elect

ic organ Na*K*-ATPase and to amino acids 363-375 in the bovine kidney Na*,K*-ATPase. This sequence contains 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

Cu®*-ATPase of rabbit skeletal muscle sacroplasmic reticulum (residues 345-357) are shown below. The monoclonal antibody M8-P1-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 {S8-6(]. A similar synthetic peptide containing residues 505-517 of the Torpedo electric organ Na* K *-ATPase was used to

develop antiseram PR-11 in rabbit [61]. The currespandmg sequences in the pig gastric mucose H*,K*-ATPasc are residues 513-528, and in the

rabbit fast skeletal musclu sacmpl.hrmc n.ncnlum Ca*-ATPase residues 510-525. The i | amino acids in the Na*,K*-ATPase and
5%i

Ca**-ATPase arc labels Lys-515 in the Ca**-ATPase, Lys-518 in the H* K *-ATPase and
Lys-501 in the lamb Na* K*-ATPase,

Antibody Targel peptide Source

PR-8 370 TSTICSODKTGTLT 382 Na*.K*-ATPuse (Torpedo)
380 TSVICSOKTGTLT 392 H* K*-ATPase (pig gastric)
345 S V1ICSOKTGTLT 357 Ca®"-ATPase (rabbit SR)

MB-P1-A3 496 H L L 506 Na* K*-ATPasc (lamb)

PR-11 505 517 Na*,K*-ATPase (Torpedo)
513 KV L 528 H*K*-ATPase (pig gastric)
510 N KN

525 Ca?*-ATPase (rabbit SR)
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region of the phosphate acceptor Asp-351 residuc, the mM imidazole, S mM MgCl, and 0.1 mM Ca**, AMP-

PR-8 antibody reacted only with the A fragment after PNP (I mM) and AMP-PCP (1 mM) had no effcct on

digestion in the presence of EAGTA and vanadate (Fig. the i~ding of PR-§ to the Ca®*-ATPasc (Table II).

2; T, SR) and with the A and A, fragments after

digestion in the presence of Ca’* (Fig. 2, T\, T, SR). The interaci mm of PR-11 antihody with the Ca* *-ATPase
Based on ELISA, PR-8 reacted with the Ca’*-

ATPase in nativc sarcoplasmic rcticufum vesicles both

b ad d,

The pol; | PR-11 was d in
rabii.s against a synthetic polypeptidz (Table D con-

in the E, state stabilized by Ca?* and in the E,V state taining the 505-517 s~querce of the Torpedo electric
stabilized by vanadate in a Ca’*-free medium (Fig. organ Na*, K *-ATPuasc iv1]. Tias acyr 2nec shows close
3A), indicating that it epitope is exposed on the cyto- homology with the 510-525 region of the sarcoplasmic
plasmic surface of the membrane. rcticulum Ca®*-ATPase (Table 1), that is adjacent to
The vanadate-induced crystatlization of the Ca’*- the r-rimary tryptic cleavage site at Arg-505-Ala-506.
ATPase (Fig. 4A) was prevented by preincubation of Labeling of the Ca”*-ATPase with fluorescein 5'-iso-
the sarcoplasmic reticulum vesicles with the PR-8 anti- thiocyanate at Lys-515 inhibits the ATPase activity and
body (Fig. 4B), but additiorn of the antibody after ATP-dependent Ca** transport, suggesting that this
crystaliization did not cause the disruption of pre- region of the molecule may be ncar the ATP binding
formed Ca?*-ATPase crystals (Fig. 4C). These observa- sitc [63-65).
tions suggest that the phosphorylation site of the The PR-11 antibodv mteracted readily with the

Ca?*.ATPase is located in a region of the ATPase Na*,K*-ATPase and with the H* K "-ATPase, but was
structure, where the bound antibody can interfere with bound :elatively weakly to the Ca*-ATPase of sarco-

the ATPase-ATPase interactions required for crystal- plasmic reticulum either in the denatured (Fig. 1) or in
lization, but once the crystals are formcd, ii suill re- the native state (Fig. 3B). The upparent affinity of
mains bound to the Ca?*-ATPase. Therefore the inter- PR-11 for the Ca’*-ATPase was simifar in the Ca,E,

ferencc with crystallization may be due to partial block- and in the E,-V conformations (Fig. 3B).
ing of the interaction site. The low affinity of PR-11 for the Ca®*-ATPase, as

The binding of PR-8 to the Ca?*-ATPase did not compared with the Na*K*-ATPase, is probably re-
inhibit the Ca®*-stimulated ATP hydrolysns and had no lated to the differences in amino acid sequence bz-
effect on the +anad: and Ca®* of tween the two enzymes near the FITC binding site
the fiuorescence of FITC-labeled Ca®*-ATPase (not (Table 1). The PR-11 antibody did not cause significant

shown). Therefore the FR-8 antibody does not inter- impairment of the vanadate-induced crystallization of
fere with the binding of ATP and vanadate at the Ca®* ATPase (Fig. 4D and E), and had no effect, even
active site. Reciprocally, in a medium of 0.1 M KCl, 10 at relatively high concentration, on the Ca®*-stimu-
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Fig. 3. Enzyme-linked immunoadsosbent (ELISA) assay of antibody binding to the Ca®*-ATPase of sarcoplasmic reticulum in the E, and E;V
states. Sarcoplasmic reticulum vesicles (1 mg protein/ml) were preincubated with PR-8 (panel A) or PR-11 (panel B) antibodics at 1:10 dilution
at 2°C for 1 h in a medium containing 0.1 M KC, 10 mM imidazole, (pH 7.4), 5 mM MgCl, and either 0.5 mM CaCl, (E, state, @---B) or with
0.5 mM EGTA and 5 mM Na,VO, (E,V state, ®---@. a ). Samples were taken before (‘—--0) and aner (a---a) the formation of
vanadate-induced Ca®*-ATPase crystals. In a parallel s of control i the antibodies were d under identical conditions in
the absence of surcoplasmic reticelum either in E, (O) or in E; (0. a) medium (solid lines). The unbound antibody was determined after
centrifugation of the samples at 10000X g for t h by ELISA assay of the supernatant solutions at |10 dilution (total ditution of Ab 1:100),
using sarcoplasmic : 2ticulum vesicles absorbed to plastic in amounts of 0, (.03, 0 L 03 .md | ug per well. The absorbance of the product of

peroxidase 1¢action was determined at 405 nm, using a Titei i~k it plate (Flow L ies, Inc.).







TABLE I1

Effect of AMP-PNP and AMP-PCP on the binding of PR-8 and PR-11
antibodics to the Ca**-ATPase

Sacroplasmic reticulum vesicles (1 mg protein/ml) were incubated
for 30 min at 2°C in a medium of 0.1 M KCl. 10 mM imidazote (pH
7.4), 5 mM MgCl;, 0.1 mM CaCl, and | mM AMP-PNP or | mM
AMP-PCP with PR-8 or PR-11 antibadies at 1:10 dilution. After
centrifugation at 10000X g for 1 h the antibody content of the
supernatant was assayed by ELISA at a final amibody dilution of
1:100 with 1 g sacroplasmic reticutum protein fixcd to the wells of
the microtiter plate. Control antibody solutions were subjected to the
same procedure except that sacroplasmic reticulum was omitted
during preincubation. The absorbance of the product of peroxidase
reactivt was measured at 405 nm, as described under Methods, The
differerce in absorbance between the control samples and the sam-
ples obrained after precinbuation with the sacreplasmic reticulum
was expressed as percent of the control absorbance.
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The reaction of the monoclonal antibody D12 with the
Ca®*-ATPase

The monc:lonal antibody DIZ has similar affinity
for the Ca®“-ATPases isolated from rabbit fast-twitch
and slow-rwitch muscles (4]. its epitope is exposed on
the cytoplasmic surface of the membrane in native
sarceplasmic reticulum vesicles and after tryptic 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 D12 to sarcoplasmic reticu-
lum vesicles caused moderate m'1.bmon of ATPase
activity and Ca** t at
[19), togethcr with ¢ /me changes in the structurs of
Ca**-ATPasw: crystals .nduced by vanadate [19}.
The binding site o0 DI2 was further defined by

ing its ion wiili a family of B fragments of
Antibody  Antibody bound to SR, % of total 1 H size o q umm FITC-labeled Ca?*-
control 1 mM AMP-PNP 1 mM AMP-PCP ATPase by prol d trypiic d ion in the
PR-8 47 45 47 ot 0.5 mM EGTA (Fig. 5A,B), 5 mM CaCl, (Fig. 5C,D)
PR-11 it 14 7

lated ATP hydrolysis. The weak binding of PR-11 was
not affected by AMP-PNP (1 mM) or AMP-PCP (1
mM) either i in !hr' E, Ca or in the E,V state (Table m.
A dy M8-P1-A3 di d against
the lamb Na*,K*-ATPase binds to an 11 residue pep-
tide (Table I) 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 Ca?*-ATPase. Although M8-
P1-A3 showed strong reaction in dot blots with the
Na*,K*-ATPase of dog kidney medulia, it was entirely
nonreactive with the native or denatured Ca?*-ATPase
in dot blots, Western blots or ELISA (not shown)
under conditions where clear reactions were observed
with PR-11. Since a portion of the target pepnde
sequence VMKGAPER i lS shared by the two antib

or 0.5 mM EGTA and 5 mM vanadate (Fig. SE,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
:he B fragment, permitting its ready identification on
polyacrylamide gels by monitoring the FITC fluores-
cence (Fig. SA,C,E). With progressive dlgﬁnon the
molecular size of the fl B fi

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, through
B,) formed, ranging in size from =30 kDa to =10
kDa (Fig. 5). After 6 h of digestion at 25°C in the
presence of 0.5 mM EGTA (Fig. 5A) or 5 mM Ca?*
(Fig. 5C) ially all the B fi was hydrolyzed
into the B7 subfi The rate of hydrolysis of the
B fragment was slower in the media containing 0.5 mM
EGTA and 5 mM vanadate (Fig. 5E), but despite this
difference in the rate of hydrolysis. the size and distri-
bution of the B;-B, subfragments was similar under
the three conditions (Fig. SA,C.E).

The i of the D12 antibody with the d

(Table 1), the for the ion of

PR-11 with the Ca?*-ATPase is probably the VIDRC
sequence at 521-525 in the Ca’*-ATPase and the
homologous ILDRC scquence in the Na*,K*-ATPase.

of p lyzed aftcr transfer to nitroceliu-
lose sheets (Flg 5B,D,F). In thc undigested control
samples the D12 antibody reacted with the intact
Ca?*-ATPase (=109 kDa) and with an unidentified

Fig. 4. The effect of PR-8 and PR-11 antibodies on the stability of varadate-induced two-dimensional Ca’*-ATPase crystals. The crystallization
of Ca?*-ATPase was induced in sarcoplasmic reticulum vesicles (1 mg protein/ml) as described under Methods. Aliquots were negatively stained
with 1% uranyl acetate and viewed in a Siemens Elmiskop I electron microscope at 60 kV. (A) Control sarcoplasmic reticulum after

crystallization in the absence of In B and D the

(B) or PR-11 (D) at 2°C for 1 h and then crystallization was initi

ic reticulum vesicles were preincubated with 1:10 final dilution of PR-8
ted by the addition of vanadate-containing 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 crys:alline vesicles weve
incubated with PR-8 (C) or PR-11 (E) antibodies at 1: 10 final dilution for 2 h at 2°C. Magnification: 112500 %
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component of =80 kDa that may be a fragment of the
Ca?*-ATPase. During digestion at low trypsin concen-
tration the antibedy reaction moved first to the B
fragment and then to the B, and B, subfragments, but
there was no reaction associated with the smaller (B,-

B,) subfragments even at high antibody concentration
(Fig. 5B,D,F). Plots of the migration distances of the
fluorescent B subfragments calibrated with molecular
weight dards (not shown) blish that the mini-
mum size of the flucieicent B subfragment that could

C 0 025 1 5

15 30 60 360 C O 025 1 5 15

-ATPase

30 60 360
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Fig. 6. (A,B) Immunoreaction of the products of the vanadate-catalyzed photocleavage of Ca*-ATPase by PR-8 and D12 antibodies. (i)
Undigested Ca®*-ATPase. Sarcoplasmic reticulum vesicles (2 mg protein/ml) were suspended in a medium of 0.1 M KCI, 20 mM Tris-HCl (pH
7.4), 5 mM MgCl,, 1 mM monovanadate with either 1 mM EGTA (Fig. 6A, lanes 1- 4)0!0 l mM CaCl; (Fig. 6B, lanes 1-4). After illumination
with ultraviolet fight for 30 min. protein were d by SDS- 6—18% gradient gels, and cither
stained for vrolem with Coomassie blue or transferred to nitrocellulose sheets and reacted with PR-8 or D12 antibodies, as described under
Methods. (ii) Ca**-ATPase after limited proteolysis. Proteolysis with trypsin (50 ug/ml) was pertormed in a medium of 0.1 M KCl, 10 mM
imidazole HC! (pH 7.4), 5 mM MgCl;, 0.5 mM EGTA and | mM ata aroein ion of 2 mg/ml at 25°C for
15 min; the reaction was stopped with 200 1g/ml soybean trypsin inhibitor. The samples were wash:d with a solution of 0.1 M KC1, 20 mM
Tris-HCU (pH 7.4), 5 mM MgCl; and 50 i2g/ml trypsin inhibitor by centrifugation at 105000X ¢ for 4 min at 2°C. The pellets weze resuspended
in the same solution and the samples were subjected to vanadate-catalyzed photocleavage with { mM EGTA (Fig. 6A, lanes 6 -8} or with (.} mM
CaCl, (Fig. 6B, lanes 6-8), as described above for the intact Ca?*-ATPase. After transfer 1o nitrocellulose sheets the reaction with antibodics
was performed as described under Methods. Each sample containied 50 ug of sarcoplasmic ~<ticulum protein. Antibodies were diluted 1: 1000
(D12) and 1:200 (PR-8) for reaction and the bound antibodies were detected usml perundase- con)ugated ann host lgG anl'b«!y Lane 1,
sarcoplasmic reticulum (control: Coom=ssie blue staining). Lanes 2-4, reticutum after Lane 2, Coomassie
blue-stained fragments. Lane 3, immunostaining with PR-8 antibcdy. Lane 4, immunos; g with D12 antibody. Lane 5, sarcoplasmic reticulum
after tryptic cleavage at the T1 site {Coomassie blue staining). Lanes 6-8, sarcoplasmic reticulum after tryptic cleavage of the Ca*-ATPase at
the T1 site and ultraviolet irradiation. Lane 6, Coomassie blue staining of fragments. Lane 7, immunostaining with PR-8 antibody. Lane 8,
immunostaining with D12 antibody.

react with the Di2 antibody was of the order of 20 of calcium the d: lyzed pk ! oc-

kDa. This locates the antigen for mAb D12 to a site
between residucs =670 and =720 in the primary
structure of the Ca?*-ATPase.

This localization was also tested by photachemical
cleavage of Ca®*-ATPase wnh vanadate as catalyst
[38], followed by i of the cleavage prod-
ucts (Fig. 6).

In the absence of calcium vanadate cleaves the
Ca?*-ATPase near the T, cleavage sitc (Arg 198),

ducing an N 1V, fi of 22 kDa and a
C-terminal V, fragment of 87 kDa [38]. In the presence

curs near residue 600 forming an N-terminal VC,
fragment of 71 kDa and a C-terminal VC, fragment of
38 kDa [38]. The A and B tryptic fragments of Ca®*-
ATPase are cleaved by vanadate at the same locations
as in the native ATPase. Photocleavage in the presence
of Ca®* cicaves the B iryptic fragment into a short
VC,B fi (14 kDa) that the FITC bind-
ing site on Lys-515, and a C-terminal VC, fragment of
the same size < that produced from the intact Ca®*-
ATPase. Photccleavage in the absence of Ca®* cleaves
the A tryptic fragment into the V, fragment (22 kDa)

Fig. 5. The reaction of the D12 monoclonal antibody with tryptic fragments of FITC-labeled sarcoplasmic reticulum Ca?*-ATPase. FITC labeled
sarcoplasmic reticulum (2 mg protein/ml) was partially digested with trypsin (25 ug trypsin/mg SR protein) at 25°C for @, 0.25, 1, 5, 15, 3, 60
and 360 min as indicated on the abscissa. Samples labeled C were incubated without trypsin and trypsin inhibitor at 0°C and served as control.
The basic digestion medium of 0.1 mM KCl and 10 mM imidazole (pH 7.4) was supplecmented in panels A and B with 0.5 mM EGTA, in panels
Cand D wnh 5 mM CaCl, and in panels E and F with 0.5 mM EGTA, and 5 mM vanadate. The products of proteolysis were separated by
SDS gel is on 6-18% gradient gels. Since the T, cleavage site of the Ca?*-ATPase is at Arg-505 and the FITC label
is attached on Lys-515, the fluorescent peptides originate from the N-terminal region of the B tryptic fragment. With progressive digestion the
molecular size of the fluorescent bands decreased from =52 kDa to = 10 kDa due to removal of mass from the C-terminal end of the B
fragment. Panels A, C and E show the fluorescence patterns of the gels using a lorg-wave mercury lamp for excitation as described undur
Methods. Panels B, D and F show the reaction of D12 mAb with the tryptic fragment of the Ca*-ATPase (30 ug protein /sample) after transfer
to nitrocellulose sheets, as described under Methods. The positions of the Ca?*-ATPase ( = 110 kDa), the B tryptic fragment ( = 54 kDa) and the
B,_, fragments (28-10 kDa) are indicated with corresponding symbols.
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and aVA fmgment of 35 kDa that is similar to the A,
ined by tryptic cl ge at the T, site

[38].

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

After photocleavage of native Ca’*-ATPase with
vanadate in the absence of Ca®* (Fig. 6A, lanes 1-4),
both the D12 and the PR 8 antibodies reacted with the
large V, fi g T, + V cl (Fig. 6A,
lanes 5-8), the PR-s reacted wnh the V|A fragment
that contains the phosphorylation site, while D12 re-
acted primarily with the B fragment and one of its
large subfragments.

After photocleavage of the native Ca**-ATPase with
vanadate in the presence of Ca?* (Fig. 6B, lanes 5-8),
the reaction of the D12 antibody was most intense in
the VC, band containing the T terminal 1/3 of the
molecule, while the PR-8 reaction was confined to the
VC, region. The localization of Di2 was
tryptic cleavage at the T, site, whil: the PR-8 reaction
moved to the smaller A fragment {ig. 6B, lanes 7 and
8).

Therefore the i of DI2 and PR-8
antibodies with the tryptic and vanadate cleavage frag-

ments are with the locali of their epi-
topes near the ATP binding (670- 720) and phospho-
rylation domains (345-357),

The D12 antibody was specific for the skeletal mus-
cle Ca*-ATPase and did not react significantly with
any of the protein bands in cardiac lasmic reticu-

directed against the fast-twitch skeletal muscle isoen=
zyme reacted with the cardiac Ca?*-ATPase; recipro-
cally, the two mAb-s directed against the cardiac isoen-
zyme did not react with the rabbit skelcial 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 the
cardiac isoforms of the Ca?*-ATPasc. As expected,
there was more extensive cross reaction by polyclonal
antibodies between the two isoforms.

The PR-8 antibody [61] directed against the phe
phate acceptor aspartyl group of the Na*,K*-ATPase
had high affiaity for the Ca?*-ATPase, consistent wi
near identity of this region of the active site in the &
enzymes. By contrast, the PR-11 antibody [61] diréct
against the conserved 503-517 sequence of the
pedo Na*,K*-ATPase reacicd only weakly with
Ca’*-ATPase, while the M8-P1-A3 antibody :[58-
directed against a portion of the same sequence cf
lamb Na*,K*-ATPase did not react at all with
Ca?*-ATPase. We propose that the epxlope for PR-

the ILDRC
in the target antigen for M8-P1-A3 (Table I), but
present in slightly modified form (VIDRC) in
Ca?*-ATPase (Table ). If this explanation is val
different affinity of PR-11 for the Na*,K*-ATPase
for the Ca?*-ATPase can be attributed to the refat
small difference between the ILDRC and VIDR(

lum, 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 sam size as the Ca®*-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 antibodics inter-
acted with the Ca®*-ATPase. Neither was any reaction
observed with antibodies M10-P6-B7 and M12-P4-E$
directed against lamb kidney Na*,K*-ATPase [60].

Discussion

The properties of the anti-ATPase antibodies de-
scribed in this report znd in our earlier studies [19] are
summarized in Table 111. The following conclusions
can be made. None of the 12 monoclional antibodies

The general location of the #ntigenic sites within
various domains of the Ca?*-ATPase was establis
for most of the anti-ATPasc antibodies produced
(Table 111) by partial protcolysis with proteolyti
zymes and by vanadate-catalyzed photocleava;
[1,4,14,16-20}, but only a few monoclonal anti
have their epitopes precisely defined [16-20).

To aid the identification of antigenic sites foi
anti-ATPase anllbodles we applied predlctlve algo

5

rithms of
chain flexibility [53 67,68, surface probablllty 54,55
and hydrophilicity [56] to the primary structures of the
slow- and fast-twitch isoenzymes of the Ca?*-ATPase
from skeletal muscle sarcoplasmic reticulum [23], using
the program of Carmenes et al. [57). The resulting
plots are shown in Fig. 7A-D. As the various algo-
rithms are based on dlfferem selecuon cmcna. it is
hoped that by analyzing the them
the reliability of pre:hcuon 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 umino 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 flexitility 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 least 50% different in sequence from all others
[53).

The surface probability piot (Fig. 7D) analyzes the
proponions of amino acid residues that are buried in

ke protein interior (solvent accessible surface area less
than 20 A? ), exposed on the protein surface (accessible
surface more than 60 A?) or located in an intermediate
environment (accessible surface 20-60 A?); the analysis

was based on the crystal structures of 28 proteins
[54,55).

The hydrophilicity plot (Fig. 7E) utilizes the solubil-
ity characteristics of amino acids to predict their expy-
sure to solvents in the protein structure {56].

While alt these properties (chain flexibility, surface
exposure, hydrophilicity) 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 better col d with the
flexibility of the peptide chain than with its hydro-

-015

784—789
B859——B96

951—96d

100 200 300 400

560 750 560 5661000

Residue number

Fig. 7. Structural parameters of the Ca? *-ATPase hased on sequence. The structural analysis was performed using the program of Carmenes et

i ige:city and hydrophilicity was 13. For the secondary structure predictions the
Pzricl A) Predicted secondary s(vuclure\. N-glycosylation sites and the locations of
cysteine residues analyzed according 10 Garnier et al, [51). The of the slow i are hy the lines on top
and that of the fast i by the line h. (Panc{ B) A {52). The lines marked indicate the probuble segments
exposed on the luminal side with flanking residue numbers, (Panel C) Chain flexibility (53). (Panel D) Surface probability [54,55). (Pane! E)
Hydrophilicity [56]. The letter L indicates the location of putative luminal scgments with transmembrane helices on both sides. In pancls B-E the
predicted structural features of the fast isoenzyme (heavy line) and sfow isocnzymes (fine line) of the Ca2*-ATPase are superimposed to aid the

identification of the differences between them.




philicity. i ibodies di § against re-
gions of hugh mob:lny react more strongly with the
native piotein 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 antigenicity [53).

As shown in Fig. 7, the slow and fast isoenzymes of
Ca?*-ATPase are represented by very similar plots of
chain flexibility, surface probability and hydrophilicity
(Fig. 7C,D,E), but there were sm.mf' cant dll'ferenccs
between them in their predi
and cysteine content (Flg 7A), and in lhelr antigenicity
plots (Fig. 7B). The differences in the antigenicity plots
are mo.t pronounced in the sequences at 25-50, 260—
275, 390-410, 425, 500, 600-510 and 950-970; these
differences may contribute to the isoenzyme specificity
of antibody response.

The reliability of the prediction can be lest.d wnh

ibodies whose epil are d
Such are the PR-8 and PR-11 antibodies analyzed in
this work, mAb A20 and AS52 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 hydrophilicity (Fig 7E). The binding sitc for
PR-11 (510-525) has similar characteristics. Neither of
these sites p 3 icularly high antigenicity rat-
ing, based on the plots in Fig. 7B.

‘The epitope for mAb AS2 at 657-672 [16] has
rela‘wely high predicted anngemcny by all five criteria,

the of turns. ibodies D12 (this
study), Y/3G6 and Y /2E9 [20] may also have epi
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including high flexibility, surface exposure and 8 turn
potential (Fig. 7A-E).

The sites of ion of anti id ibodies di-
rected against the N terminus (re5|dues 1-12) and the
C terminus (residues 985-994) of thc Cx**-ATPase
[17] are also among the regions of highest predicted
antigenicity.

Therefore the algorithms correctly predict the bind-
ing sites of antibodies with krown epitopes as regions
of above average antigenicity, although there is scme
variation b the different ds in the h
of prediction.

The region of high predicted antigenicity at 560-590
may serve as binding it for antibodies Y/1F4,
Y/3G6, Y/2E9 and Y/SCS the epitopes of these

ibodi 1 is to the 547-641

were | dbyp
region of the Ca?*-ATPase | [14,20]. The monoclonal
antibody 1/2H7 was found to bind to the Asp-Asp-
Ser-Ser-Arg-Phe-Met-Glu-Tyr  sequence (579-587)
within this region [20). The 560-590 region may also
bind mAb A22, VEI2G9, VIES, 5D2 and 4B4 de-
scribed in our earlier report {19].

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, region of the Ca?*-ATPase in the native
sarcoplasmic reticulum [19].

The monoclonal antibody A25 [16] with epitope in
the 330-505 region presents a special case; its binding
site is not available for reaction either in the native or
m the C,ZE,(-squbnllzcd sarcoplasmic reticulum, but
d after d ion in SDS. Based on

in this region. There is no significant difference in
antigenicity between the slow and fast isvenzymes of
Ca?*-ATPase in the 550-720 region cf the molecule
(Fig. 7B). This would be consistent with the observa-
tion of Dulhunty et al. [4] that D12 binds with similar
affinity to the slow and fast isoenzymes of the Ca?*-
ATPase. Surprisingly, in our experiments D12 did rot
react significantly with the cardiac sarcoplasmic reticu-
lum, either in ELISA or in dot blot assays. The ab-
sence of reaction with cardiac sarcoplasmic reticulum
may be due in part to the much lower concentration of

Ca?*-ATPase in the cardiac membranes, but this point.

requires further investigation.

MADb A20 reacts with residues 870-890 in the pro-
posed luminal segment of the Ca?*-ATPase at 859-896
llﬁ] The same segmen! also reacts with a polyclonal

di 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

this behavior, its ic site is not likely to possess
high surface probability or hydrophilicity, but should
retain good antigenicity. A site that would fit these
criteria within the 330-505 region is the 410~420 seg-
ment characterized by low surface probability and hy-
drophilicity (Fig. 7D,E), but above average antigenicity
(Fig. 7B). The same region may also bind IIH11, 8A6
and 11A4 [19), all of which have masked antigenic sites
in the A, region of the native enzyme. Further work is
needed to validate these predictiors.
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