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SUMMARY: Water-soluble and membrane-bound calmodulin-binding polypeptides
formed upon limited proteolysis of erythrocyte ghosts were isolated by means
of affinity chromatography. Immune blotting revealed that all isolated frag-
ments originated from CaZ*-ATPase. Among the fragments obtained those having
formed an acylphosphate intermediate were identified. The N-terminal residue
of purified intact CaZ*+-ATPase was shown to be blocked (probably acylated).
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Proteclytic enzymes procure essential information on the molecular
organization of membrane proteins. Limited proteolysis of erythrocyte Ca2+—
ATPase was thoroughly studied on the purified solubilized enzyme (1,2,3).
Since a solubilization procedure may cause considerable conformational rear-
rangements of a protein molecule, investigations of the membrane-bound
enzyme would be a valuable independent approach to the problem. However,
isolation of homogeneous membrane-bound preparation of Ca2+-ATPase was not
described, therefore we subjected erythrocyte ghosts to a limited trypsin
treatment. As a result, the Ca2+-ATPase polypeptide fragments interacting

with calmodulin were isolated by affinity chromatography and characterized

by SDS-gel electrophoresis.

MATERIALS AND METHODS

A1l reagents were of the highest purity available. Trypsin was obtained
from Worthington, soybean trypsin inhibitor was from Calbiochem, L-a-phospha-
tidylcholine (type III S) from Sigma, (y-32P)-ATP was from Amersham. Erythro-
cyte membranes were prepared by a combination of two methods (4,5). The

Abbreviations: EDTA, ethylene diamine N,N,N',N'-tetraacetic acid; EGTA, ethy-
Tene gTycol bis({g-aminoethyl ether)N,N,N',N'-tetraacetic acid; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; IgG, immunoglobulin G; PMSF,
phenylmethylsulfonyl fluoride; SDS, sodium dodecyl sulfate.
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solubilization of membrane proteins in Triton X-100 and purification of
Calt-ATPase on a calmodulin affinity column were performed as in (4}.

ATPase activity was determined at 37°C for 10 min in the medium contain-
ing 130 mM KC1, 20 mM HEPES, pH 7.4, 1 mM MgClp, 0.2 mM ouabain, 0.5 mM ATP,
0.05 mM CaClp (6). Protein concentrations were determined as in (7). Amino
acid analyses of Cal+-ATPase were carried out on a Durrum autoanalyzer D-500.
Cystein and methionine were determined according to (8), tryptophan - as in
(9). N-terminal amino acid residue was investigated by dansylation of the
samples in the presence of SDS, by the pyroglutamic acid cycle opening (10)
and by deformylation (11).

Limited tryptic digestion of CaZ+-ATPase in erythrocyte membranes (2 mg
of the protein/ml) was carried out in buffer A (130 mM KC1, 20 mM HEPES,
pH 7.4, 0.1 mM MgCl,, 0.05 mM CaClp) with 0.04 mg of trypsin/ml at 40C for
2 min. The reaction was stopped by addition of 3-fold excess (w/w) of soy-
bean trypsin inhibitor. The final hydrolyzate was then centrifuged at
100,000:g for 60 min at 40C. Supernatant (fraction I) was applied to a Sepha-
rose 4B calmodulin column without any previous treatment. The resin was equi-
1ibrated in buffer A. Calmodulin fragments were eluted with buffer B (same
composition as buffer A, except that 0.05 mM CaClp was replaced by 4 mM
EDTA). The pellet of trypsin-treated membranes (fraction II) was washed
twice in buffer A and calmodulin-binding fragments were isolated by a pro-
cedure of (4).

Phosphorylation of Cal+-ATPase fragments was carried out in buffer A
(for fraction I) or in buffer A containing 0.1% Triton X-100, 0.05% phospha-
tidylcholine (for fraction II) at 0°C according to (12). Hydroxylamine
trgatment was done as in (13). SDS-polyacrylamide gel-electrophoreses of
Cact-pTPase (7% polyacrylamide) and of tryptic fragments (10% polyacryl-
amide) were performed by method (14). The radioactive gels were stained for
proteins, dried, and exposed to RMV X-Ray film (Tasma, USSR) using intensi-
fying screens for 3 days at -709C. Production of antiserum and purification
of immune IgG were performed as in (15). Immune blotting of CaZ*-ATPase
tryptic fragments was performed by SDS-polyacrylamide gel-electrophoresis
followed by capillary transfer to nitrocellulose sheets. The procedure of
staining the nitrocellulose blot was as in (16), except that peroxidase-
labelled goat anti-{rabbit IgG)antibodies and 4-chloro-1-naphtol were used.

RESULTS AND DISCUSSION

To obtain the erythrocyte membranes in the amounts sufficient for struc-
tural studies of Ca2+-ATPase a Pellicon Cassette System was applied. As a
result, the yield of the membranes from 2 litres of packed erythrocytes was
increased up to 10 g (Ca2*-ATPase sp. activity - 0.016 wmol-min-1.mg-1; in
the presence of calmodulin - 0.06 umo]-min-]-mg_]). Electrophoretically
homogeneous Ca’*_ATPase displayed sp. activity of 0.35 umo]-min']-mg'] and
was 7-10 fold activated by calmodulin.

The obtained samples were used for the preliminary chemical characteri-
zation of the enzyme and in production of antiserum. The amino acid composi-
tion was determined to be (based on a molecular weight of 140,000, mol/mol):

Asx 124; Thr 79; Ser 103; GIx 122; Pro 71; Gly 186; Ala 134; Cys 30; Val 109;
Met 23; Ile 80; Leu 125; Tyr 21; Phe 41; His 19; Lys 67; Arg 37; Trp 6.
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These estimates deviate considerably in the quantities of some amino acids
(e.g. Ser, Gly, Cys, Lys, Arg, Ala) from those reported earlier and should
correspond to a more hydrophobic molecule than that calculated on the basis
of the data shown in (17). Since the N-terminal amino acid residue of the
protein was not identified by dansylation even in the presence of SDS as
well as after pyroglutamic acid cycle opening and after deformylation, it
was assumed to be acylated.

Conditions for proteolytic treatment of erythrocyte membranes were
selected taking into account two main criteria: a) Ca2+-ATPase or its frag-
ments in the final mixture should retain ATPase activity as well as the abi-
1ity to be activated by calmodulin; b) the resultant fragments should not
be too numerous.

As shown in Fig. 1, at trypsin concentrations lower than 60 ug/ml mem-

2+-ATPase exhibits the increasing trypsin-stimulated activity

brane bound Ca
while retaining the ability for calmodulin activation. At higher tirypsin

concentrations the calmodulin sensitivity is lost. (The analogous curve of
trypsin activation was demonstrated for the purified enzyme reconstituted

into phospholipid vesicles (1)). Based on the above results and the data of
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Fig. 1. Activation of the CaZ*-ATPase in calmodulin-deficient membranes by
imited proteolysis. Cal+-ATPase of disrupted erythrocyte membranes (protein
concentration 2 mg/ml) was digested by varying amounts of trypsin at 4°C.
The reaction was terminated after 2 min by addition of a 3-fold excess (w/w)
of soybean trypsin inhibitor, and the ATPase activity was assayed immedia-
tely, in the absence and in the presence of calmodulin. Calmodulin (1 ng/
10 ug of the protein) was introduced prior to ATP addition. For the control
(0 ug of trypsin in the figure) membranes were incubated with 60 ug of inhi-
bitor and 20 ug of trypsin added together for 2 min at 379C.
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electrophoretic analyses (not shown) the following conditions were selected:
trypsin-protein ration = 1:50, w/w; 2 min at 4%c. After proteolysis and sepa-
ration of the hydrolyzate into water-soluble (I) and membrane-bound (II)
fractions, the former was directly applied to calmodulin-Sepharose column.
Isolation of the fragments in the absence of detergent prevents their pos-
sible denaturation. Fraction II was treated with 0.5% Triton X-100 before
loading onto the column. In both cases after the extensive wash of the
column with Ca2+ buffers the calmodulin-binding fragments were eluted with
EDTA-buffers (Fig. 2, lines A], B]). Fraction I contains three apparent poly-
peptide bands of Mr=28,000, 53,000 and 82,000, several polypeptides of higher
Mr and minor products. The most evident degradation products of fraction II
are polypeptides of Mr=28,000, 33,500, 53,000. A comparison of the patterns
shows that 28,000 and 53,000 Mr fragments are common, while other polypep-
tides are specific for each fraction.

The SDS-gels were blotted onto nitrocellulose sheets and tested with
antibodies raised against purified Ca2+-ATPase. Fig. 2 (lines A3, B3) indi-
cates that all of the bands revealed in the Coomassie stained gels (A], Bl)

correspond to Ca2+-ATPase proteolytic degradation products.
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Fig. 2. Gel-electrophoretic analyses of water-soluble (A) and membrane-
Bound (B) calmodulin-binding fragments of CaZ*-ATPase. 1) Coomassie blue-
stained gel. 2) Autoradiogram of the (y—32P)-ATP treated fragments. 3) Im-
mune blotting of the gel shown in 1. S. Molecular weight standarts: phospho-
rylase b (92.5 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa},
carbonic anhydrase (31 kDa).
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Thus four main fragments were found to possess calmodulin-binding acti-
vity while in the case of solubilized Ca2+-ATPase this function was assigned
only to two polypeptides (5).

Both EDTA-eluates possessed ATPase calmodulin-dependent activity. To
identify the fragments containing the active site of Ca2+-ATPase the EDTA-
eluate samples were treated with (y-32P)-ATP (Fig. 2, lines AZ’ Bz). Polypep-
tides of Mr=28,000, 30,000, 37,000-40,000, 61,000-72,000, 85,000 and some of
the higher Mr fragments of fraction I as well as the fragments of Mr=37,000-
40,000, 53,000, 79,000 of fraction II become phosphorylated. The radioacti-
vely labelled polypeptides were proved to be acylphosphates since they were
sensitive to hydroxylamine treatment.

Noteworthy are some other properties discovered:

1) poorly stained fragments of Mr=37,000-40,000 are intensely phosphorylated;
2) The fragment of Mr=33,500 was found only in Fraction II and was not phos-

phorylated. Evidently, it forms the membrane portion of the protein molecule

and contains only the calmodulin-binding site. So, it could be suggested that
this site is located closer to the membrane segment of the polypeptide chain

than the ATP-hydrolyzing site.

The proposed approach to the proteolytic treatment of membrane-bound
Caz+—ATPase allows the direct study of the Ca2+-ATPase molecular organization.
The relative simplicity of isolation of the water-soluble fragments contain-
ing ATP-hydrolyzing and calmodulin-binding sites, paves the way to their

thorough structural investigation.

ACKNOWLEDGEMENT

The authors are very grateful to Professor Ovchinnikov Yu.A. for his
constant interest and support and to Professor Carafoli E. for fruitful
discussions.

REFERENCES

1. Niggli, V., Adunyah, E.S. and Carafoli, E. (1981) J. Biol.Chem. 256,
8588-8592. "—_

2. Carafoli, E. (1983) Calcium-Binding Proteins, (Elsevier Science
Publishers B.V., B. de Bernard et al., ed.) 339-347.

218



Vol. 126, No. 1, 19856 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Zurini, M., Krebs, J., Penniston, J.T. and Carafoli, E. (1984) J.Biol.
Chem. 259, 618-627.

Niggli, V., Adunyah, E.S., Penniston, J.T. and Carafoli, E. (1981)
J.Biol.Chem. 256, 395-401.

Gietzen, K. and Kolandt, J. (1982) Biochem.J. 207, 155-159.

Ames, B.N. (1966) Methods Enzymol. 8, 115-116.

Bradford, M.M. (1976) Anal.Biochem.” 72, 248-254.

Moore, S. (1963) J.Biol.Chem. 238, 235-237.

Simpson, R.J., Neuberger, M.R. and Liu, T.-Y. (1976) J.Biol.Chem. 251,
1936-1940.

. Stark, G.R. (1972) Methods Enzymol. 25, 103-120.
. Sheehan, J.C. and Yang, D.H. (1958) J.Amer.Chem.Soc. 80, 1154-1158.
- Niggli, V., Penniston, J.T. and Carafoli, E. (1979) J.Biol.Chem. 254,

9955-9958,

. Rega, A.F. and Garrahan, P.J. (1975} J.Memb.Biol. 22, 313-327.
. Laemmli, U.K. (1970) Nature 227, 680-685.
. Verma, A.K., Gorski, J.P. and Penniston, J.T. (1982) Arch.Biochem.Biophys.

215, 345-354,

. Witzemann, V., Schmid, D. and Boustead, C. (1983) Eur.J.Biochem. 131,

235-245,

. Graf, E., Verma, A.K., Gorski, J.P., Lopaschuk, G., Niggli, V., Zurini, M.,

Carafoli, E. and Penniston, J.T. (1982) Biochemistry 21, 4511-4516,

219



