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Vanadate-sensitized photocleavage of the CaZ+-ATPase of rabbit sarcoplasmic reticulum was observed upon illumina- 
tion of sarcoplasmic reticulum vesicles or the purified Ca2+-ATPase by ultraviolet light in the presence of 1 mM 
monovanadate or decavanadate. The site of the photocleavage is influenced by the Ca 2 + concentration of the medium. 
When the [Ca 2+ ] is maintained below 10 nM by EGTA, the vanadate-catalyzed photocleavage yields fragments of --- 87 
and ---22 kDa, while in the presence of 2-20 mM Ca, polypeptides of 71 and 38 kDa are obtained as the principal 
cleavage products. These observations indicate that the site of the vanadate-catalyzed photocleavage is altered by 
changes in the conformation of Ca2+-ATPase. Selective tryptic proteolysis, at Arg-505-Ala-506, combined with covalent 
labeling of Lys-515 by fluorescein 5'-isothiocyanate and with the use of anti-ATPase antibodies of defined specificity, 
permitted the tentative allocation of the sites of photocleavage to the A fragment near the T 2 cleavage site in the 
absence of Ca 2+, and to the B fragment between Lys-515 and Asp-659 in the presence of 2-20 mM Ca 2+. The loss of 
ATPase activity during illumination is accelerated by calcium in the presence of vanadate. The vanadate-catalyzed 
photocleavage in the presence of Ca 2+ is consistent with the existence of an ATPase-Ca2+-vanadate complex (Markus 
et al. (1989) Biochemistry 28, 793-799). 

Introduction 

The structural analysis of the Ca 2+ transport ATPase 
of sarcoplasmic reticulum was significantly aided by the 
specific cleavage of the Ca2+-ATPase into well-defined 
fragments by trypsin [1-8], chymotrypsin [9], pepsin 
[10], thermolysin [10], cyanogen bromide [11,12] and 
HBr [13]. 
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The amino acid sequence data derived from these 
studies, together with sequence data deduced from 
cDNA sequences [14-19] permitted the tentative assign- 
ment of certain functional sites (ATP binding, phospho- 
rylation, Ca 2÷ binding) to predicted structural domains 
within the ATPase molecule [20-22]. These assignments 
are currently analyzed by site-specific mutagenesis and 
other techniques [23-26]. 

The primary cleavage of the rabbit fast isoenzyme of 
Ca2+-ATPase by trypsin (TI) occurs at Arg-505-Ala-506, 
yielding two large fragments, A and B, with apparent 
molecular masses of -= 57 and = 52 kDa, respectively 
[1-3]. The T 1 cleavage site is near the reactive Lys-515 
that can be selectively labeled with fluorescein 5'-iso- 
thiocyanate [27], permitting ready identification of the 
B fragment by fluorescence. The A and B fragments are 
held together by secondary forces [28], with preserva- 
tion of the ATPase activity and Ca 2÷ transport [29]. 
The rate of tryptic cleavage at the T 1 site is rapid, 
whether the enzyme is stabilized in the E 1 state by 
Ca 2÷, or in the E2V state by EGTA and vanadate 
[30,31]. Species differences in the structure or isoenzyme 
composition of Ca2+-ATPases are indicated by the ob- 
servations that in lobster [32,33] and carp Ca2+-ATPase 
[34], the primary tryptic cleavage occurs at a different 
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site, yielding an 85 kDa and a 20 kDa fragment. Slight 
differences were also observed between the size of the 
cleavage fragments obtained from the fast skeletal 
muscle Ca2÷-ATPase and from the slow Ca2÷-ATPase 
isoenzymes of slow-twitch skeletal, cardiac and smooth 
muscles [35]. 

The secondary tryptic cleavage site (T 2) of the rabbit 
sarcoplasmic reticulum Ca2+-ATPase is in the A frag- 
ment between Arg-198 and Ala-199, yielding an A 1 
fragment of -= 34 kDa and an A 2 fragment of -= 23 
kDa, with some loss of enzymatic activity [29]. The T 2 
cleavage is highly sensitive to the conformation of the 
Ca2+-ATPase and proceeds at a rapid rate only in the 
presence of Ca 2÷ (El state), but it is completely blocked 
in the presence of EGTA and vanadate [30,36]. 

Vanadate-catalyzed photolytic cleavage and modifi- 
cation of the polypeptide chain was observed in several 
phosphohydrolases, such as dynein [37-39], myosin 
[40,41] and a microtubule associated ATPase [42,43]. 
Although the mechanism of vanadate action is un- 
known, it is suspected that vanadate acts as an analogue 
of inorganic phosphate [44,45]. The target of vanadate- 
catalyzed photolysis is assumed to be an aromatic amino 
acid near the binding site for inorganic phosphate or 
vanadate [40,41,46,47]. 

Here we report the vanadate-catalyzed photocleavage 
of the Ca2+-ATPase of sarcoplasmic reticulum, that 
yields distinct cleavage products in the presence and 
absence of Ca 2÷, suggesting the existence of two dis- 
tinct cleavage sites that are selectively exposed, depend- 
ing on the conformation of the Ca 2 +-ATPase. 

Experimental Procedures 

Materials 
The sources of chemicals were as follows: sodium 

metavanadate, sodium dodecylsulfate, and 2-mercapto- 
ethanol from Fisher Scientific Co., Rochester, NY 
14624, U.S.A.; NADH, phosphoenolpyruvate, EGTA, 
glutathione (reduced), AMP, AMP-PNP, ATP, uric acid, 
pyruvate kinase, lactate dehydrogenase, superoxide dis- 
mutase, catalase, horseradish peroxidase, trypsin, 
soybean trypsin inhibitor, bilirubin, a-tocopherol, t -  
carotene, leupeptin, sodium deoxycholate, anti-mouse 
and anti-rabbit IgG conjugated with horseradish per- 
oxidase, antifoam A, thimerosal, 4-chloro-l-naphthol, 
and Stains-All from Sigma Chemical Corp., St. Louis, 
MO 63178, U.S.A.; FITC from Molecular Probes, Inc., 
Eugene, OR 97402, U.S.A.; A23187 and Amido black 
10-B from Calbiochem-Behring Diagnostics, La Jolla, 
CA 92112, U.S.A.; glycylgiycine from Aldrich Chemical 
Co., Milwaukee, WI 53233, U.S.A., and nitrocellulose 
sheets from Bio-Rad Inc., Richmond, CA 94804, U.S.A. 

Methods 
Skeletal muscle sarcoplasmic reticulum oesicles. 

Skeletal muscle sarcoplasmic reticulum vesicles were 
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isolated from predominantly white skeletal muscles of 
the rabbit according to Nakamura et al. [48] and stored 
until use at - 7 0  °C in a medium of 0.3 M sucrose, 10 
mM Tris-maleate (pH 7.0) at a protein concentration of 
30-40 mg/ml [49]. Before starting the experiments the 
vesicles were washed with 9 volumes of a medium 
containing 0.1 M KC1, 20 mM Hepes-K ÷, 5 mM MgC12 
(pH 7). This medium (basic medium) was used in all 
experiments for ultraviolet illumination. In several ex- 
periments the sarcoplasmic reticulum preparations were 
further purified by deoxycholate extraction [50,51] to 
obtain purified Ca2+-ATPase preparations. The final 
pellet was resuspended in basic medium and either used 
immediately or stored at - 7 0 ° C  at a protein con- 
centration of 40-60 mg/ml. 

Tryptic proteolysis of Ca 2 +-A TPase; preparation of the 
A and B tryptic fragments. Tryptic digestion of sarco- 
plasmic reticulum proteins was carried out essentially as 
described by Dux and Martonosi [36] and Dux et al. 
[30,31], utilizing the observation that vanadate permits 
the cleavage of Ca2+-ATPase at the T 1 cleavage site into 
the A and B fragments, but inhibits the subsequent 
cleavage at the T 2 site into smaller subfragments. The 
purified Ca2+-ATPase preparations were resuspended at 
a protein concentration of 2 mg/ml in basic medium, 
supplemented with 1 mM EGTA, and either mono- 
vanadate or decavanadate (1 mM each) at 25 ° C. The 
digestion was started by the addition of trypsin (50 
/~g/ml) and stopped 15 min later by the addition of 200 
/~g/ml soybean trypsin inhibitor. The digest was 
centrifuged at 105 000 x g for 45 min at 2 o C, and the 
pellet was washed once with the original volume of 
basic medium, supplemented with 1 mM EGTA and 50 
/~g/ml trypsin inhibitor. After centrifugation (105000 
x g, 45 min, 2 ° C), the final pellet was resuspended in 
basic medium containing 1 mM EGTA, and used for 
further experiments. 

Protein concentration was measured according to 
Lowry et al. [52]. 

Preparation of " monooanadate" and "decaoanadate" 
stock solutions. Stock solutions of 50 mM vanadate were 
prepared by boiling Na3VO 3 at pH 10 in water for 15 
min. 'Monovanadate' stock solutions were adjusted to 
pH 7 by stepwise addition of HC1 and boiled for 10 min 
to minimize their decavanadate content. In addition to 
monovanadate these solutions contain oligovanadates in 
concentrations determined by the final vanadate con- 
centration [53]. Stock solutions containing primarily the 
decavanadate polyanion were prepared by adjusting the 
pH of 50 mM vanadate solutions with HC1 below pH 4 
and storing the solution overnight or longer at 4 ° C. 
The final pH was adjusted to 7 directly before the 
experiment was started [53]. 

Labeling of Ca2+-ATPase and its tryptic fragments 
with fluorescein 5'-isothiocyanate (FITC). The covalent 
labeling of Ca2+-ATPase with FITC was carried out 
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either before or after ultraviolet illumination. Samples 
containing sarcoplasmic reticulum vesicles, the purified 
Ca2+-ATPase, or its proteolytic subfragments were sus- 
pended in basic medium at a protein concentration of 
2-2.5 mg/ml. The pH was adjusted to 8.1 and the 
EGTA concentration to 1 mM for samples labeled 
before ultraviolet illumination, or to 3 mM for samples 
labeled after illumination. The difference in EGTA con- 
centration was necessary to compensate for differences 
in Ca 2÷ concentration between the two sets of samples. 
An ethanolic solution of FITC was added to the sam- 
pies to a final concentration of 7 nmol/mg protein, and 
the reaction was allowed to proceed at 25 ° C for 30 min 
in the dark. For ultraviolet illumination after labeling, 
the pH of the samples was adjusted with 0.3 M HC1 to 
pH 7.0. Samples labeled after UV illumination were 
applied directly for SDS-polyacrylamide gel electro- 
phoresis. 

Photosensitized cleavage of Ca2 +-A TPase. Illumina- 
tion was performed with a Mineralight UV lamp (type 
R-52, Ultra-Violet Products, Inc., San Gabriel, CA, 
U.S.A.) supplied with filter (No. 62376). The emission 
of this lamp consists of three main lines with maxima at 
253, 309 and 363 nm, with approximate intensity ratios 
of Xa : X2 : ~3 = 5.6 : 1 : 1.1. The total radiation intensity 
was -= 70, 11 and 2.8 mW. cm -2, for samples at 2, 5 
and 10 cm distance from the lamp, respectively. 

Samples (0.2- ml) were placed in cuvettes of 1 cm 2 
surface area and illuminated from 2, 5 or 10 cm dis- 
tance at 2°C with horizontal, circular shaking at 1 
cycle/s. The samples contained 2 mg protein/ml, in a 
medium of 0.1 M KC1, 20 mM Hepes-K +, 5 mM MgC12 
(pH 7), supplemented with EGTA, CaC12, mono- or 
decavanadate, and other additions, as described in the 
figure legends. Temperature was controlled by a Tele- 
Thermometer (model 43TD, Yellow Springs Instrument 
Co., Inc., Yellow Springs, OH, U.S.A.). Changing the 
temperature to 28 ° C did not result in significant change 
of the cleavage patterns. 

A TPase activities. ATPase activities were measured 
essentially as described by Varga et al. [49] using a 
coupled enzyme assay at 25 °C in a medium of 0.1 M 
KC1, 20 mM Tris-HC1, 5 mM MgC12, 0.45 mM CaC12, 
0.5 mM EGTA, 5 mM ATP, 0.42 mM phosphoenol- 
pyrnvate, 0.42 mM NADH, 7.5 IU/ml  pyruvate kinase, 
18 IU/ml  lactate dehydrogenase, and 1 #M A23187 at 
pH 7.4. Final sarcoplasmic reticulum protein concentra- 
tion in the assay was 5 #g/ml. 

p-Nitrophenyl phosphate hydrolysis, p-Nitrophenyl 
phosphate hydrolysis was measured at 25 °C by record- 
ing the changes in absorbance at 420 nm caused by the 
liberation of p-nitrophenol [49,54]. The basic medium 
supplemented with 0.1 mM CaC12, 1 #M A23187, and 
4.7 mM p-nitrophenyl phosphate served as assay 
medium. Protein concentration was 50 #g/ml. For 
ATPase and p-nitrophenyl phosphatase activity mea- 

surements the sarcoplasmic reticulum vesicles were pre- 
incubated with Ca 2 ÷ in the assay medium at 25 o C for 5 
min, before the addition of substrate. 

51V-NMR spectroscopy. Spectra were recorded at 
25°C at a vanadium frequency of 94.69 MHz on a 
Bruker WM 360 WB spectrometer with a pulse 
Fourier-transform NMR technique as described by 
Csermely et al. [53]. Sarcoplasmic reticulum vesicles (2 
mg protein/ml) were suspended in basic medium (0.1 
M KC1, 20 mM Hepes-K ÷, 5 mM MgCI2), supple- 
mented with EGTA and vanadate (1 mM each) in the 
absence or presence of 2 mM CaC12. 

SDS-polyacrylamide gel electrophoresis and Western 
blots. SDS-polyacrylamide gel electrophoresis was car- 
fled out as described earlier [30,31,36]. Samples taken 
for electrophoresis were diluted with 0.4 volume of 
sample buffer containing 10% sodium dodecylsulfate, 20 
mM Tris-HC1 (pH 8.0), 2% fl-mercaptoethanol, 20% 
glycerol and 0.2% Bromophenol blue. After incubation 
for 10 min at 100°C, aliquots containing 30-100 /~g 
protein were applied for gel electrophoresis. Electro- 
phoresis was performed essentially according to Laem- 
mli [55] using 6-18% polyacrylamide gradient gels. 
Phosphorylase b (94 kDa), bovine serum albumin (67 
kDa), ovalbumin 43 kDa), carbonic anhydrase (30 kDa), 
soybean trypsin inhibitor (20 kDa) and a-lactalbumin 
(14 kDa) were used as molecular weight markers 
(Pharmacia, Piscataway, NJ 08854, U.S.A.). Fluorescent 
bands on gels were photographed using ultraviolet light 
for excitation and yellow filters for the isolation of 
scattered exciting light from the emitted fluorescence. 
Proteins were stained with Coomassie blue. The gel 
patterns were evaluated by densitometry on an LKB 
Ultroscan laser densitometer (model 2202) connected 
with a Hewlett-Packard (model 3390A) integrator- 
plotter. 

Occasional staining with Stains-All was performed as 
described by King and Morrison [56]. The procedure of 
Schibeci and Martonosi [57] was used to remove the 
sodium dodecylsulfate from gels before staining. 

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 hours at 40 
V, and a temperature of 10-15 ° C. 

For localization of proteins the nitrocellulose sheets 
were stained with 0.2% (w/v) Amido black for 5 rain 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 
KH2PO4, 8.1 mM Na2HPO4, 0.137 M NaC1 and 2.7 
mM KC1, for 2 h [58]. The sheets were then 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-per- 
oxidase conjugated anti-mouse or anti-rabbit IgG 
(Sigma Chemical Co., St. Louis, MO 63178, U.S.A.) 
diluted to 1 : 1000 in phosphate-buffered saline contain- 
ing 1% milk powder. The reaction 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-chloro- 
1-naphthol in methanol and 0.01 ml of 30% (v/v) H202. 
When bands became visible, the nitrocellulose filters 
were rinsed with distilled water, photographed and dried 
at room temperature for subsequent analysis. 

Enzyme-linked immunoadsorbent assay (ELISA). Sar- 
coplasmic 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 [59]. The plates were washed 
three times for 3 min each with washing buffer contain- 
ing 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 A52 monoclonal 
antibody for 1 h at room temperature, followed by 
washing the wells with the washing buffer. The bound 
monoclonal antibody was reacted with an anti-mouse 
antibody horseradish peroxidase (HRP) conjugate 
(1 : 1000 dilution) for 1 h at room temperature. Finally, 
the plates were rinsed and reacted for 30 min with a 
substrate solution containing 67 mM dibasic sodium 
phosphate, 35 mM citric acid, pH 5.0, 0.08% o-phenyl- 
enediamine and 0.03% H202 to form a colored product 
for spectroscopy. The reaction was terminated with 50 
/~1 of 2 M sulfuric acid, and the absorbance was de- 
termined at 405 nm with a Titertek Multiskan micro- 
titration plate photometer (No. 78504) produced by 
Flow Laboratories, Inc., McLean, VA 22102, U.S.A. 

Characterization of the anti-Ca 2 +-A TPase antibodies. 
Monoclonal antibodies against the Ca2÷-transport 
ATPase of sarcoplasmic reticulum were kindly provided 
by Dr. David H. MacLennan, Banting and Best Depart- 
ment of Medical Research, Charles H. Best Institute, 
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University of Toronto, Toronto, Ontario, Canada (anti- 
body A52) and by Dr. Douglas M. Fambrough, Depart- 
ment of Biology, Johns Hopkins University, Baltimore, 
Maryland (antibody 7C6). The antigenic site for anti- 
body A52 [60] was determined to be in the region of 
amino acids 659 and 668 in the sequence of the fast 
isoenzyme of the Ca2+-ATPase, corresponding to the B 
tryptic peptide (MacLennan, D.H., personal communi- 
cation). The antigenic site for antibody 7C6 is in the A 1 
tryptic fragment of the fast isoenzyme of Ca2+-ATPase 
(Fambrough, D.M., personal communication). Both lo- 
calizations were confirmed in the present studies. In 
addition, a polyclonal rabbit, anti-rat Ca 2 +-ATPase an- 
tibody with preferential specificity against the A 2 tryptic 
fragment of the Ca2+-ATPase was also used [61]. 

Results 

Vanadate-catalyzed photocleavage of sarcoplasmic reticu- 
lure Ca 2 +-A TPase 

Ultraviolet light illumination of sarcoplasmic reticu- 
lum vesicles in the presence of monovanadate or de- 
cavanadate leads to the fragmentation of Ca2+-ATPase. 
The time course of monovanadate-sensitized cleavage is 
illustrated in Fig. 1. The cleavage pattern is influenced 
by Ca 2+. When Ca 2+ ions are chelated with EGTA, the 
photocleavage occurs at the V cleavage site and frag- 
ments with approximate molecular masses of 87 kDa 
(fragment V1) and 22 kDa (fragment V2) are formed. 
When the vanadate-catalyzed photocleavage is per- 
formed in the presence of 20 mM CaC12, the cleavage 
occurs at a distinct VC cleavage site and fragments of 
71 kDa (fragment VC1) and 38 kDa (fragment VC2) 
can be observed. There was no photocleavage during 
illumination in the absence of vanadate. 

Fragmentation seems to be faster in the presence of 
Ca 2+. The formation of VC1 can be observed already 
after 15 min of illumination and within 60 min a 
significant portion (about half) of the Ca2+-ATPase was 
cleaved to yield the VC1 and VC2 fragments. The VC 2 
fragment forms a slightly diffuse band indicating some 
inhomogeneity. In the absence of Ca 2+ the rate of 
photocleavage is slower, and the apparent molecular 
weight of the V1 and V2 fragments is better defined. 

In addition to the photocleavage, ultraviolet irradia- 
tion of sarcoplasmic reticulum with or without vanadate 
caused crosslinking and aggregation of sarcoplasmic 
reticulum proteins. The aggregates did not readily disso- 
ciate in sodium dodecylsulfate and were retained on the 
surface of the electrophoresis gel. The amount of ag- 
gregated material increased with the length of exposure 
to light, making it impractical to demonstrate greater 
than ---- 40-60% cleavage of the Ca/+-ATPase. 

The products of the photocleavage originate from the 
Ca2+-ATPase, because there was no significant change 
in the amounts of calsequestrin and the 160 kDa pro- 
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Fig. 1. Photocleavage of SR proteins induced by UV illumination in the presence of monovanadate. Sarcoplasmic reticulum vesicles (2 mg 
protein/ml) were suspended in a medium of 0.1 M KC1, 20 mM Hepes-K +, 5 mM MgC12 (pH 7.0), 1 mM EGTA and 1 mM monovanadate, 
without (Fig. 1A), or with 20 mM CaCI 2 (Fig. 1B), and illuminated by ultraviolet light from 10 cm distance at 2°C for times ranging from 0 to 120 
min. Aliquots containing 72 #g protein were taken at the indicated times for SDS-polyacrylamide gel electrophoresis. The dark band at ~ 109 kDa 
is the Ca2+-ATPase. The principal cleavage fragments are V 1 (87 kDa) and V 2 (22 kDa) in the absence of calcium (A), and 71 kDa (VC1), 38 kDa 

(VC2) in the presence of 20 mM Ca 2÷ (B). 

tein that stains blue with Stains-All [62], while both the 
Ca2÷-ATPase and the products of the photocleavage 
stained red. Furthermore, quantitative densitometry of 
the bands of Ca2÷-ATPase and of the cleavage frag- 
ments stained with Coomassie blue indicates that the 
decrease in the amount of Ca2÷-ATPase during il- 
lumination was accompanied by a proportional increase 
in the amount of the cleavage products. 

Analysis of the pH dependence of the monovana- 
date-catalyzed photocleavage at pH values ranging from 
5 to 9 indicates a broad pH optimum between 7 and 8 
in the absence of calcium and between 7 and 9 in the 
presence of 20 mM Ca 2 ÷ (not shown). 

The effective vanadate concentration for the mono- 
vanadate-induced photocleavage was 1 mM in the ab- 
sence of Ca 2÷, and 0.1 mM in the presence of 20 mM 
Ca 2÷ (not shown). Decavanadate was ineffective in 
catalyzing photocleavage in the absence of Ca 2÷, per- 

haps due to the absorption of ultraviolet light, but 
promoted the reaction in the presence of Ca 2+, produc- 
ing fragments of the same size, at similar rate and at 
similar concentration as monovanadate. 

The dependence of  vanadate-induced photocleavage on 
Ca 2 + concentration 

The accessibility of the cleavage sites and the size of 
the cleavage products depends on the Ca 2+ concentra- 
tion of the medium (Fig. 2). When the free [Ca 2÷ ] was 
lowered below 10 -8 M by chelation with 1-10 mM 
EGTA, little or no cleavage of the Ca2÷-ATPase could 
be observed with 1 mM decavanadate, while mono- 
vanadate produced the characteristic V 1 and V 2 frag- 
ments of 87 kDa and 22 kDa, respectively. In the 
presence of 0.1-20 mM Ca 2+ both monovanadate and 
decavanadate yielded the same cleavage products of 71 
kDa (VC~) and 38 kDa (VC2), respectively; the rate of 
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Fig. 2. Photocleavage of SR proteins at various Ca 2+ concentrations. Sarcoplasmic reticulum vesicles (2 mg protein/ml) were suspended in a 
medium of 0.1 M KC1, 20 mM Hepes (pH 7.0), 5 mM MgC12, supplemented either with 1 mM decavanadate (lanes 2-6), or 1 mM monovanadate 
(lanes 7-11) and EGTA or CaC12 at concentrations given below. The samples were illuminated at 5 cm distance from an ultraviolet lamp at 2°C 
for 90 rain. Aliquots of 70/~g protein were applied for SDS gel electrophoresis. The concentrations of EGTA and Ca 2+ were as follows: lane 1, 20 
mM Ca, no vanadate; lanes 2 and 7, 10 mM EGTA; lanes 3 and 8, 1 mM EGTA; lanes 4 and 9, 0.1 mM CaC12; lanes 5 and 10, 1 mM CaC12; lanes 

6 and 11, 20 mM CaCl 2. 

photocleavage in the presence of monovanadate in- 
creased with increasing Ca 2+ concentrations from 0.1 to 
20 mM, while in the presence of decavanadate the rate 
of cleavage remained largely unchanged in the range of 
0.1-20 mM Ca 2÷. 

The requirement for millimolar Ca 2÷ concentration 
for the VC type cleavage to occur (Fig. 2) may arise 
from stabilization of the enzyme by vanadate in a 
conformation (E2V) that has relatively low affinity for 
Ca2 +. 

There is no indication that V and VC type cleavages 
of the Ca2+-ATPase would occur concurrently under 
any of the conditions that we tested. Therefore the 
enzyme is apparently locked either in the conformation 
that permits the V type, or in the conformation that 
permits the VC type cleavage. The transition between 
the two major conformations is likely to be highly 
cooperative, so that equilibrium mixtures containing 
both conformations of the Ca2+-ATPase would exist 
only in a narrow range of Ca 2+ concentrations, that 
could be easily overlooked. Alternatively, if an inter- 
mediate conformation of Ca2+-ATPase exists at/~molar 

Ca 2 + concentrations, it may be relatively insensitive to 
photolysis. 

The dependence of vanadate-induced photocleavage on the 
wavelength of the exciting light 

The cleavage patterns of Ca2+-ATPase were investi- 
gated with mono- or decavanadate as catalysts, in the 
presence of 20 mM Ca 2÷ or 1 mM EGTA, using lights 
of different wavelengths for excitation, isolated from 
the spectrum of the ultraviolet lamp by appropriate 
filters. The series of Schott filters: WG 280, WG 305, 
WG 335, G G  395 and GG 435 had 50% transmittance 
at the wavelengths indicated by the code numbers. In 
addition, Coming CS-056, CS-053 and CS-052 filters 
were also used with 50% transmittance near 280, 310 
and 360 nm, respectively. The photocleavage in the 
presence of C a  2+ and monovanadate occurred at a 
broad range of wavelengths between 253 and 305 nm, 
but decreased significantly above 335 nm; the decrease 
with increasing wavelength was more pronounced in the 
absence of Ca 2÷, where little cleavage occurred above 
280 nm. The decavanadate-catalyzed photocleavage was 
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Fig. 3. 51V-NMR spectra of vanadate species after ultraviolet illumination. The medium contained 0.1 M KC1, 20 mM Hepes (pH 7.0), 5 mM 
MgC12, 1 mM EGTA and a mixture of monovanadate and decavanadate (0.5 mM each) without added Ca 2+ (panels A, B, D, E), or with 2 mM Ca 
added (panels C, F). Samples D, E, F also contained sarcoplasmic reticulum vesicles (2 nag protein/ml). Spectra A and D were taken before 
illumination; spectra B, C, E and F were taken after illumination for 90 minutes at 2°C from a distance of 5 era. In panel A the bands 

corresponding to the various vanadate species are identified as follows: 1, monovanadate; 2 and 4, oligovanadates; 10a and 10b, decavanadate. 

relatively weak, even at 280 nm (not shown). The wave- 
length dependence of photocleavage did not correspond 
to the absorption spectrum of aromatic amino acids or 
to that of monovanadate [63]. 

51V-NMR analysis of oanadium (V) oligoanions 
To determine whether ultraviolet irradiation changes 

the oxidation state of vanadate, the NMR spectra of 
vanadate solutions were analyzed in the presence and 
absence of sarcoplasmic reticulum under the conditions 
used for photocleavage of Ca 2 +-ATPase. 

Vanadium (V) in aqueous solution forms a complex 
equilibrium mixture of mono-, di-, tri-, tetra-, hexa- and 
decavanadates [44,45,53], that can be resolved by 51V- 
NMR spectroscopy. As shown in Fig. 3 (A, B), ultra- 
violet illumination of a vanadate solution containing the 
various vanadate species, in the presence of 1 mM 

EGTA, selectively decreased the amplitude of the de- 
cavanadate components of the spectrum. This change 
was accompanied by a conversion of the characteristic 
yellow color the decavanadate solution first to a bluish- 
green and later to a gray color. Ca 2÷ ions (Fig. 3C) and 
sarcoplasmic reticulum vesicles (Fig. 3D, E, F) mod- 
erated the change in the decavanadate concentration 
induced by the ultraviolet light. The distribution of 
mono- and oligovanadates in the solutions was not 
affected significantly by irradiation in the presence of 
sarcoplasmic reticulum. Although these observations do 
not exclude changes in the oxidation state or mono- 
oligomer equilibrium of vanadate during illumination of 
sarcoplasmic reticulum, there is no indication that such 
changes would contribute to the observed photoclea- 
vage of Ca 2 +-ATPase. 

Reduced glutathione (25 mM) prevented the photo- 
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Fig. 4. Changes in the Ca2+-ATPase activity of purified ATPase preparations during ultraviolet illumination. Purified Ca2+-ATPase vesicles (2 mg 
protein per ml) prepared according to Meissner et al. [51] were illuminated by ultraviolet fight from 2 cm distance at 2°C in a medium containing 
0.1 M KCI, 20 mM Hepes (pH 7.0), 5 mM MgCI 2 and 1 mM EGTA, with or without 1 mM monovanadate, in the presence or absence of 2 mM 
CaC12. After 1, 5, 10, 20 and 30 rain illumination, aliquots were taken to measure Ca2+-ATPase activity and to check photocleavage by 
SDS-polyacrylamide gel electrophoresis, o o, Ca2+-ATPase activity of samples illuminated in the absence of Ca 2+ and vanadate; O - - - O ,  
samples illuminated with 2 mM CaC12, but no vanadate; [] 13, samples illuminated without added Ca 2+, but with 1 mM vanadate; I I - - - U ,  
samples illuminated with 2 mM CaCl 2 and 1 mM vanadate. The right-hand panel shows the electrophoretic patterns of the vanadate-containing 

samples without Ca (A) and with 2 mM Ca (B). In the absence of vanadate no detectable cleavage occurred whether or not Ca 2+ was present. 

cleavage of Ca2+-ATPase by vanadate and under these 
conditions the expected vanadium(V) to vanadium(IV) 
conversion was, in fact, observed. 

Do oxygen radicals play a role in the vanadate-catalyzed 
photocleavage? 

The color changes of calcium-free decavanadate solu- 
tions during ultraviolet illumination, from yellow 
through greenish-blue, to grey, and finally, after several 
hours at room temperature, to colorless suggest the 
formation of reduced vanadium(IV) species. These may 
be partially reoxidized by dioxygen and could form 
various vanadyl-oxy compounds [64-66]. Some of these 
oxy radicals may be responsible for the vanadate-sensi- 
tized photocleavage, although superoxide dismutase, 
catalase, and horseradish peroxidase (20 to 100 U / m l ) ,  
alone or in combination, had no effect on the 

vanadate-catalyzed photocleavage of Ca 2 +-ATPase, with 
or without Ca 2+. Also without effect were bilirubin, 
a-tocopherol, or t -caro tene  (0.01-0.1 mM), carnosine 
and urate (0.1-1 mM). 

Free radical scavengers and antioxidant enzyme mix- 
tures did not reduce significantly the aggregation of 
sarcoplasmic reticulum proteins that accompanied 
irradiation. Neither did they protect against the loss of 
ATPase activity during illumination either with or 
without vanadate. 

Effect of ultraviolet illumination on the A TPase and p- 
nitrophenylphosphatase activities of  sarcoplasmic reticu- 
lure 

During illumination by unfiltered ultraviolet light 
there was a steady loss of CaE+-stimulated ATPase and 
p-nitrophenylphosphatase activity (Fig. 4, Table I), 

TABLE I 

p-Nitrophenylphosphatase activity of Ca 2 +-A TPase after 20 minutes ultraviolet illumination 

Purified Ca2+-ATPase was illuminated for 20 rain at 2 ° C, as described in Fig. 4. Aliquots containing 100 pg protein were taken before and after 
illumination for measurement of the ATPase and p-nitrophenyl phosphatase activities, as described in Methods. 

Mono- CaCl 2 ATPase Inhibition p-Nitrophenyl Inhibition of 
vanadate (raM) (pmol. mg- 1. min- 1) of ATPase  phosphatase p-nitrophenyl- 
(mM) control  illuminated (%) (nmol- nag - 1. rain- 1) phosphatase 

control illuminated (%) 

0 0 5.8 2.09 64 32.0 18.6 42 
0 2 5.8 1.98 66 32.0 18.6 42 
1 0 5.8 1.68 71 21.8 11.3 48 
1 2 5.8 0.33 94 25.5 1.1 96 
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Fig. 5. The ATPase activity of sarcoplasmic reticulum after illumination with light filtered by CS-052 filter. Purified Ca2+-ATPase vesicles (2 mg 
protein/ml) were illuminated by ultraviolet light passed through a CS-052 filter (Coming) for 0, 12, 20, 25, 40 and 60 min under conditions 
described in Fig. 4. After illumination, aliquots were taken for measurement of ATPase activity and to check photocleavage by gel electrophoresis. 
Symbols: o -  - -II, no vanadate, 2 mM CaC12; [] t-I, 1 mM vanadate, no Ca2+; II-  - -II,  1 mM vanadate, 2 mM CaC12. The ATPase activity 
of the control samples taken at 0 time without illumination ranged between 4.55 and 6.45/+mol.mg-Z.min -1. The data are collected from two 
identical experiments, carried out on different purified ATPase preparations. The values are expressed as percent of control values on a logarithmic 
scale. The right-hand panel, shows the cleavage pattern of Ca2+-ATPase from one of these two experiments after 0 (lanes 1, 2), 20 (lanes 3, 4), 40 
(lanes 5, 6) and 60 (lanes 7, 8) min of illumination in the presence of 1 mM vanadate and either no Ca 2+ (samples 1, 3, 5, 7) or 2 mM Ca 2+ 

(samples 2, 4, 6, 8). Lane 9 contains control sample (C) illuminated for 90 min in the presence of 2 mM Ca 2+ but in the absence of vanadate. 

without clear relationship to the cleavage of the poly- 
peptide chain. Calcium (2 mM) slowed the light-in- 
duced loss of ATPase activity in the absence of vana- 
date, but accelerated the inhibition of ATP hydrolysis 

when 1 mM monovanadate was present (Fig. 4). Both 
ATPase and p-nitrophenylphosphatase activities were 
nearly completely lost after 20 minutes of irradiation in 
the presence of 1 mM vanadate and 2 mM CaC12 
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Fig. 6. Effect of AMP-PNP, AMP and ADP on the photoinactivation and photocleavage of Ca2+-ATPase by monovanadate in the presence of 2 
mM CaCI 2. The purified Ca2+-ATPase (2 mg protein/ml)  was illuminated at 2 ° C  by unfiltered or CS-052 filtered light, in a medium of 0.1 M 
KC1, 10 mM imidazole (pH 7.0), 5 mM MgC12, 1 mM EGTA, 2 mM CaC12 with or without 1 mM monovanadate, in the absence of nucleoside 
phosphates or in the presence of 1 mM AMP, 1 mM AMP-PNP, or 1 mM ADP, for times ranging between 0 and 90 min. Aliquots were taken at 
intervals for assay of ATPase activity (A) and for SDS-polyacrylamide gel electrophoresis (B). (Panel A) ATPase activity measurements were made 
using light filtered with CS-052 filter. Symbols: D, no vanadate; II, with 1 mM monovanadate but no nucleoside phosphates; × ,  1 mM vanadate 
and 0.25 mM AMP-PNP; o ,  1 mM vanadate and 0.25 mM AMP; tl, 1 mM vanadate and 0.25 mM ADP. (Panel B) The photocleavage was 
detected by SDS-polyacrylamide gel electrophoresis after illumination with unfiltered light. The samples in odd-numbered lanes were illuminated 
without, and those in even numbered lanes with 2 mM CaC12. Samples: 1 and 2, no vanadate, 3-12, 1 mM monovanadate; 3 and 4, no nucleotide; 

5 and 6, 0.1 mM AMP-PNP; 7 and 8, 0.25 mM AMP-PNP; 9 and 10, 1.0 mM AMP-PNP, 11 and 12, 1 mM AMP. 



(Table I). The faster loss of ATPase activity during 
illumination in the presence of calcium is consistent 
with simultaneous binding of vanadate and calcium to 
the Ca2÷-ATPase [67-69]. 

The observations shown in Fig. 4 indicate that at 
least two separate processes contribute to the inhibition 
of ATPase activity during illumination by ultraviolet 
light, only one of which is vanadate-dependent. The 
vanadate-independent component of inactivation could 
be largely prevented using the Coming CS-052 filter to 
isolate the long wavelength components of the exciting 
light. The CS-052 filter has less than 10% transmittance 
at or below 350 nm, with 50% transmittance near 360 
nm. Under these conditions there was no loss of ATPase 
activity during illumination in a Ca2+-free system for 
up to 60 min either in the presence or absence of 1 mM 
vanadate, but illumination with 1 mM vanadate and 2 
mM CaC12 produced a steady loss of ATPase activity 
with first-order kinetics (Fig. 5). The photoinactivation 
catalyzed by vanadate + Ca 2÷ (Fig. 5), was accompa- 
nied by the photocleavage of the Ca2÷-ATPase at the 
VC site, forming the large VC~ fragment of 71 kDa and 
the smaller VC 2 fragment of 38 kDa (Fig. 5, right-hand 
pandl). Only slight cleavage of Ca2÷-ATPase was ob- 
served during illumination with vanadate in the pres- 
ence of EGTA, i.e., at a free Ca 2 ÷ concentration below 
10 -8 M, consistent with the retention of ATPase activ- 
ity. The use of filtered light did not prevent the 
moderate aggregation of Ca2÷-ATPase during illumina- 
tion that was observed with or without vanadate. 

The effect of substrate analogues on the vanadate-cata- 
lyzed photocleavage and photoinhibition of A TPase activ- 
ity 

Vanadate is a substrate analogue of inorganic phos- 
phate that is presumed to interact in or near the active 
site of the Ca2÷-ATPase. Therefore the effect of in- 
organic phosphate and various nucleoside phosphates 
upon the vanadate-catalyzed photocleavage and photo- 
inactivation of the Ca2÷-ATPase was investigated. 

AMP-PNP (0.25-1 mM) significantly reduced the 
rate of vanadate-catalyzed photocleavage in the pres- 
ence of either Ca 2 ÷ or EGTA (Fig. 6B). The inhibition 
of photocleavage by AMP-PNP was accompanied by 
protection of ATPase activity (Fig. 6A). 

The specific requirement for AMP-PNP for this pro- 
tection, while AMP had no significant effect rules out 
the possibility that the protective effect is due to the 
absorption of light. This is unlikely in any case, since 
the protection was also observed in experiments using 
CS-052 filters that eliminated the spectral components 
that would be absorbed by AMP-PNP. The small but 
significant protection provided by ADP against photo- 
inactivation (Fig. 6A) may be due either to a direct 
effect of ADP or to ATP formed in the system by traces 
of myokinase. 
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We attribute the protection by AMP-PNP and by 
ADP/ATP to competition between the nucleoside 
phosphates and vanadate for binding sites on the Ca 24_ 
ATPase. The lack of effect of AMP implies that the fl- 
and y-phosphate groups are essential for competition 
either because they have a common binding site with 
vanadate, or because their presence increases the affin- 
ity of the nucleoside phosphate for the enzyme, making 
it a more effective competitor with vanadate. These 
experiments increase the likelihood that the vanadate- 
catalyzed photocleavage occurs in the ATP binding 
domain. 

Inorganic phosphate up to 20 mM concentration had 
no detectable influence on the photocleavage at pH 7.0 
in the presence of 1 mM monovanadate and either 1 
mM EGTA or 1 mM EGTA and 2 mM Ca 2÷ (not 
shown). This is probably attributable to the relatively 
low affinity of Pi for the enzyme relative to vanadate at 
pH 7.0. Since the ATPase activity was not affected 
significantly by illumination with CS-052 filtered light 
in the presence of 1 mM monovanadate and 1 mM 
EGTA (Fig. 5), the effect of inorganic phosphate on the 
vanadate-catalyzed photocleavage was not investigated 
further. 

Vanadate-catalyzed photocleavage of the tryptic fragments 
of the Ca 2 +-.4 TPase 

Trypsin preferentially cleaves the CaE+-ATPase at 
the T 1 cleavage site, between Arg-505 and Ala-506, into 
the A and B fragments. In the presence of EGTA and 
vanadate further cleavage of the Ca2+-ATPase at the T2 
site is blocked [30,36] and a digest of relatively simple 
composition can be obtained (Figs. 7 and 8, lane 7). The 
B fragment can be selectively labeled with FITC on 
Lys-515 [15,27], permitting its identification on SDS- 
polyacrylamide gels by fluorescence (Figs. 7 and 8, lane 
8). No difference was found in the photocleavage pat- 
tern of T 1 cleaved fragments, whether the FITC labeling 
of the sample was carried out before or after illumina- 
tion (not shown). 

The products of the monovanadate-catalyzed photo- 
cleavage of intact Ca2+-ATPase in the absence of Ca 2+ 
were fragments V 1 and V 2 (Fig. 7, lane 3); the V~ 
fragment is strongly fluorescent (Fig. 7, lane 4), indicat- 
ing that it contains Lys-515. In the presence of C a  2÷ 

the monovanadate-catalyzed photocleavage of Ca 2+- 
ATPase at the VC site yields the strongly fluorescent 
VC~ fragment, together with VC 2, that is non fluo- 
rescent (Fig. 7, lanes 5, 6). 

Use of the A and B tryptic fragments (Fig. 7, lanes 7 
and 8) for photocleavage in the presence of monovana- 
date, permitted closer localization of the photocleavage 
sites. Photocleavage in the absence of Ca 2+ (Fig. 7, lane 
9) produced the VIA subfragment of 35 kDa, together 
with the V 2 fragment of the same size (22 kDa) as was 
obtained after photocleavage of the intact ATPase. 
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Fig. 7 and 8. Photocleavage of Ca2+-ATPase and its tryptic fragments. Tryptic fragments of Ca2*-ATPase prepared by trypsin digestion of purified 
ATPase preparations (2 mg/ml  protein) were illuminated by ultraviolet light in a medium of 0.1 M KC1, 20 mM Hepes-K +, pH 7, 5 mM MgCI2, 1 
mM EGTA, and either 1 mM monovanadate (Fig. 7, top), or 1 mM decavanadate (Fig. 8, bottom), in the presence or absence of 2 mM CaCl 2. 
After 90 rain illumination at 2°C, from 5 cm distance, EGTA (2 mM) was added and the pH was adjusted with dilute NaOH to pH 8.1. The 
samples were reacted with FITC (7 nmoi/mg protein) at 25°C for 30 min in the dark, as described earlier [31]. Aliquots of 100 #g protein were 
prepared for SDS polyacrylamide gel electrophoresis. The FITC-labeled fragments were visualized by fluorescence and photographed before 
staining the gels for protein. Lanes 1, 2, 7 and 8 are controls (no Ca 2+ and vanadate added and not illuminated); lanes 3, 4, 9, 10 are samples 
illuminated in the presence of vanadate without added Ca2+; lanes 5, 6, 11 and 12 are samples illuminated in the presence of vanadate and 2 mM 
Ca 2+. Lanes 1-6: undigested Ca2+-ATPase; lanes 7-12: tryptic fragments of Ca2+-ATPase. Odd-numbered lanes: samples stained with Coomassie 

blue; even-numbered lanes: fluorescence of FITC-labeled fragments. 
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Fig. 9. Immunoreaction of the products of the vanadate-catalyzed photocleavage of Ca2+-ATPase by monoclonal and polyclonal antibodies. (a) 
Undigested Ca2+-ATPase (A, C). Purified Ca2+-ATPase preparations (2 nag protein/ml) were suspended in a medium of 0.1 M KC1, 20 mM 
K+-Hepes (pH 7.0), 5 mM MgC12, 1 mM EGTA and 1 mM monovanadate, without added Ca 2+ (Fig. 9A), or with 2 mM Ca (Fig. 9C). After 
illumination with an ultraviolet lamp for 90 rain at 2°C from a distance of 5 cm, the protein fragments were separated by SDS-polyacrylamide gel 
electrophoresis on 6-18% gradient gels, transferred to nitrocellulose sheets, and either stained with Amido black or reacted with anti-ATPase 
antibodies, as described under Methods. (b) Ca2+-ATPase after limited proteolysis (B, D). Proteolysis with trypsin (50/~g/ml) was performed in a 
medium of 0.1 M KC1, 20 mM K+-Hepes (pH 7.0), 5 mM MgCI2, 1 mM EGTA, and 1.0 mM monovanadate, at a microsomal protein 
concentration of 2 mg/ml  at 25°C for 15 min; the reaction was stopped with 200 ?tg/ml soybean trypsin inhibitor. Monovanadate (1 mM) was 
added to limit the cleavage of the Ca2+-ATPase to the T 1 site, resulting in the formation of two major fragments, A and B [30,31,36]. The samples 
were washed with a solution of 0.1 M KC1, 20 mM K+-Hepes (pH 7.0), 5 mM MgC12, 1 mM EGTA and 50 /Lg/ml trypsin inhibitor by 
centrifugation at 105000× g for 45 rain. The pellets were resuspended in the same solution without trypsin inhibitor and the samples were 
subjected to vanadate-catalyzed photocleavage without added Ca 2+ (Fig. 9B) or with 2 mM Ca (Fig. 9D), as described above for the intact 
CaE+-ATPase. Aliquots of the photocleaved samples were reacted with fluorescein 5'-isothiocyanate, as described in Methods, to identify the 
fragments that contain the reactive Lys-515 as the marker of the B fragment. After transfer to nitrocellulose sheets the reaction with antibodies was 
performed as described under Methods. Each sample contained 30/~g of sarcoplasmic reticulum proteins. Anti-ATPase antibodies were diluted 
1 : 1000 for reaction and the bound antibodies were detected using peroxidase conjugated anti-host IgG antibody. Arrows mark the location of 
bands that showed intense fluorescence due to FITC covalently bound to Lys-515. Lane 1, purified Ca2+-ATPase (control; Amido black staining); 
lanes 2-5, purified Ca2+-ATPase after ultraviolet irradiation; lane 2, Amido black-stained fragments; lane 3, immunostaining with anti-A~ (7C6) 
antibody; lane 4, immunostaining with anti-B (A52) antibody; lane 5, immunostaining with anti-A 2 (EM-1) antibody; lane 6, purified 
Ca2+-ATPase after tryptic cleavage at the T~ site (Amido black staining); lanes 7-10, purified CaE+-ATPase after tryptic cleavage at the 1"1 site and 
ultraviolet irradiation. Lane 7, Amido black staining of fragments; lane 8, immunostaining with anti-A 1 (7C6) antibody; lane 9, immunostaining 

with anti-B (A52) antibody; lane 10, immunostaining with anti-A 2 (EM-1) antibody. 
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These fragments arise from the cleavage of the tryptic A 
fragment at the V cleavage site near the T 2 tryptic 
cleavage site; as expected, both fragments were nonfluo- 
rescent. The fluorescent B fragment remained unaf- 
fected by photocleavage in the absence of calcium (Fig. 
7, lane 10), consistent with the location of the V clea- 
vage site in the A fragment. 

Monovanadate-catalyzed photocleavage of the tryptic 
digest in the presence of Ca 2÷ produced a small, highly 
fluorescent VCIB fragment of 14 kDa (Fig. 7, lanes 11 
and 12) that contains the region of the B fragment 
between the T 1 cleavage site (Ala-506) and the VC 
cleavage site; in addition, a somewhat diffuse nonfluo- 
rescent VC 2 fragment of --- 38 kDa formed, that repre- 
sents the region of the B fragment from the VC cleavage 
site to its C-terminus (Fig. 7, lane 11). Some other 
fragments were also observed in small amounts, indicat- 
ing additional photocleavage sites exposed by calcium. 

These observations clearly establish the location of 
the V type photocleavage in the A fragment near the T 2 
tryptic cleavage site and of the VC type photocleavage 
in the N-terminal third of the B fragment. 

There are significant differences in the photocleavage 
catalyzed by monovanadate (Fig. 7) and decavanadate 
(Fig. 8). In the absence of added Ca 2÷ decavanadate 
was much less effective than monovanadate in catalyz- 
ing the photocleavage of intact Ca2+-ATPase (Fig. 8, 
lanes 3 and 4), or of its tryptic cleavage products (Fig. 
8, lanes 9 and 10); in fact, the slight photocleavage that 
was observed may have occurred at the VC cleavage 
site. 

The reasons for the relative ineffectiveness of de- 
cavanadate in the absence of calcium have not been 
investigated in detail; a contributing factor may be the 
strong absorption of light by the yellow decavanadate 
solution in the ultraviolet region of the spectrum, where 
the light energy optimum for photocleavage is located. 

By contrast, decavanadate effectively catalyzed the 
photocleavage of Ca2+-ATPase at the VC cleavage site 
in the presence of calcium, yielding the highly fluo- 
rescent VC 1 fragment of 71 kDa and the nonfluorescent 
VC 2 fragment of 38 kDa (Fig. 8, lanes 5 and 6), as 
observed with monovanadate (Fig. 7). Similarly, the 
decavanadate-catalyzed photocleavage of the tryptic di- 
gest in the presence of Ca 2÷ (Fig. 8, lanes 11 and 12) 
produced the fluorescent VCIB and the nonfluorescent 
VC 2 fragments, like monovanadate, while the A frag- 
ment remained unaffected. The VC 2 (38 kDa) fragment 
produced by deca- or monovanadate was diffuse and 
occasionally appeared as a doublet (Fig. 8, lanes 5 and 
11), raising the possibility that the VC cleavage may 
occur at two nearby sites, or that there was some 
heterogeneity in the Ca2+-ATPase population due to the 
presence of slow and fast Ca2+-ATPase isoenzymes. 

Immunoreaction of the Ca2+-ATPase and its cleavage 
products with anti-A TPase antibodies 

To further define the origin of the V1, V2, VC1, VC 2 
fragments in the Ca2+-ATPase molecule, three previ- 
ously characterized anti-ATPase antibodies with de- 
fined antigenic sites on the Ca2+-ATPase were used to 
identify the cleavage fragments, together with partial 
tryptic proteolysis and FITC labeling (Fig. 9). The 
antigenic determinant of the 7C6 monoclonal mouse 
antibody is on the A 1 tryptic fragment, while the A52 
monoclonal mouse antibody reacts with an epitope be- 
tween amino acid residues 659 and 668 in the B frag- 
ment of the Ca2+-ATPase (Ref. 60; MacLennan, D.H., 
personal communication). The EM-1 polyclonal rabbit 
antibody preferentially reacts with the A 2 tryptic frag- 
ment. Fluorescein 5'-isothiocyanate was used to label 
Lys-515. Vanadate-sensitized photocleavage was per- 
formed both on the intact Ca2+-ATPase and on Ca 2+- 
ATPase that was previously cleaved by trypsin at the T 1 
cleavage site to form the A and B tryptic fragments. 

The fragments produced by vanadate from the intact 
or trypsin-cleaved Ca2+-ATPase were separated by elec- 
trophoresis on sodium dodecylsulfate polyacrylamide 
gradient gels (6-18%), followed by transfer of the pro- 
teins to nitrocellulose membranes for immunostaining 
(Fig. 9). Lanes 1 and 6 show the Amido black stained 
protein components of the samples before illumination, 
and lanes 2, 7 after ultraviolet illumination. Bands 
which contain fluorescent labels were marked by 
arrowheads. 

After illumination in the absence of calcium the V 1 
(87 kDa) fragment contains the antigenic determinants 
of the anti-A 1 (Fig. 9A, lane 3) and anti-B (Fig. 9A, lane 
4) antibodies, together with the fluorescein 5'-isothio- 
cyanate binding site. The anti-A 2 antibody reacts with 
the V 2 (22 kDa) fragment (Fig. 9A, lane 5). When the 
Ca2+-ATPase was previously cleaved by trypsin at the 
T 1 site the anti-A~ antibody reacts with the 35 kDa V1A 
fragment (Fig. 9B, lane 8). The anti-B antibody stained 
the same B fragment as in the trypsin digested but not 
illuminated control sample (Fig. 9B, lane 9), while the 
anti-A 2 antibody binds to the same V 2 fragment (Fig. 
9B, lane 10) as in the undigested Ca2÷-ATPase. These 
data confirm that the vanadate-catalyzed V type clea- 
vage in the absence of calcium occurs in the A fragment 
close to the T 2 tryptic cleavage site. 

After illumination of intact ATPase in the presence 
of calcium, two major fragments, VC1 and VC 2, were 
formed. The VC 1 (71 kDa) fragment (Fig. 9C, lanes 
2-5) contains the fluorescein 5'-isothiocyanate binding 
site and the antigenic determinants of the anti-A~ and 
anti-A 2 antibodies (Fig. 9C, lanes 3-5). The anti-B 
antibody binds to the VC 2 (38 kDa) fragment of the 
Ca2÷-ATPase (Fig. 9C, lane 4). When Ca2÷-ATPase 



previously cleaved with trypsin at the T 1 site into the A 
and B fragments was used, in addition to the uncleaved 
A fragment, a small 14 kDa VC1B fragment formed 
that contained the FITC label bound to lysine 515 (Fig. 
9D, lanes 7-10). The anti-A 1 and anti-A 2 antibodies 
both labeled the 57 kDa A fragment (Fig. 9D, lanes 8, 
10), while the anti-B antibody reacted with the 38 kDa 
VC 2 fragment, indicating the presence of amino acids 
659 through 668. The explanation of this pattern is that 
the vanadate-catalyzed VC type cleavage in the pres- 
ence of calcium occurs between the FITC binding site 
(Lys-515) and the antigenic determinants of the A52 
(anti-B) monoclonal antibody located at residues 659 
through 668. 

181 

Discussion 

Depending on the free calcium concentration of the 
medium, the vanadate-catalyzed photolysis of the 
Ca2+-ATPase occurred at two distinct sites. At a free 
[Ca 2+ ] of 10 nM or less, the apparent molecular mass of 
the primary cleavage prducts was -= 87 and - 22 kDa. 
The 87 kDa V 1 fragment contained the FITC binding 
site and reacted with the 7C6 and A52 antibodies di- 
rected against the A 1 and B tryptic fragments of the 
Ca2+-ATPase, while the 22 kDa fragment (V2) reacted 
with the EM-1 antibody directed against the A 2 tryptic 
fragment. Based on these observations, we suggest that 
the vanadate-catalyzed photocleavage in the absence of 
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C a  2 + occurs at the V site near the T 2 cleavage site of the 
Ca2+-ATPase (Arg-198-Ala-199), releasing the N-termi- 
nal 22 kDa fragment (V2) that is similar in size and 
immunoreactivity to the A 2 fragment obtained by 
tryptic cleavage (Fig. 10). The large 87 kDa V 1 fragment 
is assumed to contain much of the A1 + B regions of the 
molecule, extending to the C terminus. 

Vanadata binds to the Ca 2 +-ATPase with high affin- 
ity, inhibiting the Ca2+-stimulated hydrolysis of ATP 
[27,70-73]. The inhibition is usually attributed to the 
formation of a stable E2-V enzyme intermediate that 
cannot be phosphorylated by ATP. It is reasonable to 
assume that vanadate, as an analogue of inorganic 
phosphate, interacts with the Ca2+-ATPase near the 
active site Asp-351, where during the normal course of 
the reaction the enzyme becomes covalently phospho- 
rylated by ATP. 

In the absence of calcium, vanadate blocks com- 
pletely the tryptic cleavage of Ca2+-ATPase at the T 2 
site [30,31,36]. Considering the proposed folding pat- 
terns of the Ca2+-ATPase, the T 2 cleavage site in the 
native enzyme may be near the phosphorylation site, 
where vanadate is likely to be bound. Therefore the 
proximity of vanadate to the T 2 cleavage site may ex- 
plain both the vanadate-catalyzed photocleavage and 
the vanadate-induced inhibition of the tryptic cleavage 
of the enzyme in this region of the molecule [36]. 

Based on enzyme-linked immunoassay, the affinity 
of the Ca2+-ATPase for the A52 monoclonal antibody 
directed against residues 659-668 was not influenced by 
the vanadate-catalyzed photocleavage, either in the 
presence or absence of Ca 2÷. Similarly, there was no 
change in the affinity for A52 in Tl-cleaved Ca 2÷- 
ATPase, either before or after ultraviolet illumination in 
the presence of vanadate. 

The affinity of vanadate for tyrosine is ----106-fold 
greater compared with inorganic phosphate [46]. Photo- 
chemical modification of aromatic amino acids near the 
ATP binding site was invoked to explain the vanadate- 
catalyzed photocleavage of myosin [40,41,47], and a 
similar process may be involved in the sarcoplasmic 
reticulum Ca2+-ATPase. Among the aromatic amino 
acids located in the general region of the molecule near 
the T 2 site are tyrosine 122, 130, 294, 295, tryptophan 
107, 272, 288 and phenylalanine 209, 256, 279, 296. The 
cluster of tyrosine 294, 295 and phenylalanine 296 would 
be an interesting potential target. 

In the presence of 2-20 mM Ca, the vanadate-cata- 
lyzed photocleavage of Ca2+-ATPase yields two frag- 
ments of 71 kDa (VC1) and 38 kDa (VC2), respectively. 
The 71 kDa N-terminal fragment contained FITC fluo- 
rescence, indicating the presence of Lys-515, and was 
labeled by antibodies 7C6 and EM-1 directed against 
the A 1 and A 2 regions of the Ca2+-ATPase, respectively 
(Fig. 10). Therefore the site of the vanadate-catalyzed 
photocleavage of Ca 2 +-ATPase in the presence of 2-20 

mM Ca (VC) is between Lys-515 and the C terminus of 
the Ca2+-ATPase, in the region of the molecule that 
corresponds to the B tryptic fragment. Consistent with 
this interpretation, the A52 antibody with epitopes on 
amino acids 659-668 reacted only with the 38 kDa 
(VC2) fragment but did not react with the 71 kDa 
(VC1) fragment that included the FITC binding site 
(Lys-515). Vanadate-catalyzed photocleavage of the 
tryptic B fragment indeed released a 14 kDa poly- 
peptide (VC1B) that contained the FITC binding site, 
indicating that it originated from the amino terminal 
end of the B fragment. The A tryptic fragment was not 
affected by irradiation in the presence of calcium and 
vanadate, indicating that under these conditions the V 
cleavage site is inactive. 

The vanadate-sensitive cleavage site of the Ca 2÷- 
ATPase in the absence of Ca 2+ (V) is close to the T 2 
tryptic cleavage site, while the cleavage site in the 
presence of Ca 2+ (VC) is clearly distinct from the T 1 
site attacked by trypsin. The high specificity of the 
cleavage indicated by the homogeneity of the cleavage 
products suggests that the two vanadate-sensitive re- 
gions in the molecule are alternately exposed, depend- 
ing on the absence or presence of calcium in the medium. 
Either there are two distinct vanadate binding sites 
involved in the V and VC type cleavages, or vanadate 
bound at a single site may be brought by conforma- 
tional changes of the enzyme into reaction with either 
the V cleavage site in the absence of calcium, or with 
the VC cleavage site in the presence of calcium. The 
identification of the-amino acids modified during pho- 
tocleavage and their localization in the sequence of 
Ca2+-ATPase is in progress. 
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