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In this report it is shown that organic solvents mimic the stimulatory effects of calmodulin and acidic phospholipids on

the erythrocyte plasma membrane Ca?*-ATPase. The solvents used were dimethyl sulfoxide (20%, v/v), glycerol (20%,

v/v), ethylene glycol (20%, v/v) and polyethylene glycol (M, 6000-8000) (10%, w/v). These solvents increased both the

affinity for Ca?* and the turnover number of the enzyme. The increase in Ca?* affinity is additive to that achieved with

calmodulin. The calcium cooperativity observed in the presence of calmodulin disappears after the addition of dimethyl

sulfoxide to the medium. The present data support the proposal that activation of the erythrocyte plasma membrane
Ca?*-ATPase is promoted by hydrophobic interactions along the enzyme molecule.

ATPase, Ca?*-; Calmodulin; Organic solvent; Plasma membrane; Hydrophobic interaction; (Human erythrocyte)

1. INTRODUCTION

The Ca®*-pumping ATPase of the erythrocyte
plasma membrane [1] can be activated in three dif-
ferent ways: by treatment with calmodulin [2,3],
by acidic phospholipids and long-chain polyun-
saturated fatty acids [4,5], and by limited pro-
teolysis [6,7]. These treatments promote an
increase in both the apparent affinity for Ca?* and
the Vmax. The following data suggest that activa-
tion is promoted by hydrophobic interactions
along the ATPase molecule: (i) Ca?* binding to
calmodulin gives rise to the exposure of
hydrophobic domains of the protein [8]. (ii) The
effect of calmodulin can be mimicked by certain
lipids. The interaction of proteins with lipids in-
volves hydrophobic interactions. (iii) Kosk-
Koscika and co-workers [9,10] observed that the
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stimulation by calmodulin depends on both the
concentration of enzyme used and the temperature
of the assay medium. These data led the authors to
suggest that Ca’* binding to the ATPase is in-
fluenced by hydrophobic interactions of binding
domains.

Here, it is shown that different organic solvents
activate the Ca®*-ATPase purified from erythro-
cytes. Similar to calmodulin and acidic
phospholipids, the organic solvents used promote
an increase in both the enzyme affinity for Ca?*
and the Vmax.

2. MATERIALS AND METHODS

Calmodulin was isolated from bovine brain by phenyl-
Sepharose chromatography [11]. Human red cell membranes
deficient in calmodulin were prepared from recently outdated
human blood [12].

The Ca®*-ATPase was purified using calmodulin affinity
chromatography as in [12,13], and stored under N; at — 173°C
in a buffer containing 0.05% Triton X-100, 130 mM KCl,
20 mM Hepes-KOH, pH 7.4, 1 mM MgCl;, 50 xM CaCl,,
2 mM dithiothreitol, 5% glycerol (v/v), and 0.5 mg/ml
phosphatidylcholine.

32p; was obtained from the Brazilian Institute of Atomic
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Energy. [y-32P]JATP was prepared according to Glynn and
Chappell [14].

ATPase activity was assayed by measuring the release of P;
from [y-**P]JATP at 35°C for 30 min. The reaction was
quenched with 2 vols of a suspension of activated charcoal in
0.1 M HCI [15]. After centrifugation aliquots of the superna-
tant containing **P; were counted in a liquid scintillation
counter.

Free Ca®* concentrations were calculated as described by
Fabiato and Fabiato [16], taking into account the concentra-
tions of ATP and MgCl; in the media and using the dissociation
constant of the Ca?*-EGTA complex reported by Schwartzen-
bach et al. [17].

Protein concentration was determined by the method of
Lowry et al. [18,19] using bovine serum albumin as standard.

3. RESULTS

The Ca**-ATPase was progressively activated
by dimethyl sulfoxide concentrations up to 20%
(v/v) (fig.1). Activation was abolished and the en-
zyme inhibited when the solvent concentration was
raised from 20 to 50% (fig.1). A small degree of
activation was observed in the presence of
calmodulin when 5% dimethyl sulfoxide was add-
ed, higher concentrations being inhibitory. In the
presence of 1.0-10.0 xM Ca®*, essentially the
same ATPase activity was observed in the presence
of either calmodulin or 20% dimethyl sulfoxide
(figs 1,2). In addition to its effect on turnover
number, dimethyl sulfoxide promoted an increase
in enzyme affinity for Ca*. This was observed in
both the absence and presence of calmodulin
(fig.2). The Ca®* concentration required for half-
maximal ATPase activity was 0.5 #M in the
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Fig.1. Stimulation of Ca®*-ATPase activity by dimethyl
sulfoxide. Composition of the assay medium was 100 mM
Mops-Tris buffer (pH 7.4), 100 mM KCl, 10 mM MgCl,,
0.2 mM [y-*?P]JATP, 1 mM EGTA and 0.926 mM CaCl,. The
calculated free Ca®* concentration was 1 zM. The reaction was
started by the addition of enzyme to a final concentration of
2 ug per ml and quenched after 30 min at 35°C. (0) Without
calmodulin. (e) Plus 4 xg calmodulin per ml.
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Fig.2. Effect of dimethyl sulfoxide on enzyme affinity for Ca*.

Composition of assay media and experimental conditions as in

fig.1. (0) No additions; (e) with calmodulin, 4 xg per ml; (&)

with dimethyl sulfoxide, 20% (v/v); (A) with calmodulin, 4 .g
per ml, and dimethy! sulfoxide, 20% (v/v).

absence of either calmodulin or organic solvent,
decreased to 0.38 and 0.32 xM after addition of
either calmodulin or 20% dimethyl sulfoxide and
dropped to 0.16 4M when calmodulin and
dimethyl sulfoxide were added together to the
medium.

The Ca** cooperativity observed in the presence
of calmodulin [20—22] disappeared after the addi-
tion of dimethyl sulfoxide. Under the experimental
conditions of fig.2, the Hill coefficient determined
in the presence of calmodulin was found to vary
between 1.3 and 1.4 and decreased to unity after
the addition of dimethyl sulfoxide to the medium.

Table 1

Effect of different organic solvents

Solvent ATPase activity
(nmol Pi/mg protein per min)
Without Plus
calmodulin calmodulin
Ca®* concentration
0.2xM 5 uM 0.2 M 5 M
H0 39 334 96 596
Dimethyl sulfoxide,

20% (v/v) 139 586 368 598
Glycerol, 20% (v/v) 217 882 838 905
Ethylene glycol, 20% (v/v) 214 1097 430 1181
Polyethylene glycol,

20% (w/v)

(M; 6000—8000) 200 1135 357 1097

Assay medium composition and experimental conditions were
as described in fig.1
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Other organic solvents such as glycerol, ethylene
glycol and polyethylene glycol (table 1) were also
able to stimulate the erythrocyte plasma membrane
Ca’*-ATPase. These solvents also increased the
apparent affinity of the enzyme for Ca** in a man-
ner similar to that observed with dimethyl
sulfoxide.

4. DISCUSSION

In this report it is shown that organic solvents
mimic the stimulatory effects of calmodulin and
acidic phospholipids on the erythrocyte plasma
membrane Ca’*-ATPase. Acidic phospholipids
are known to increase the enzyme’s affinity for
Ca’* to a greater extent than that attained with
calmodulin [4,23,24]. The Ca?* cooperativity
observed in the presence of calmodulin is abolished
with acidic phospholipids. These two effects can
also be evoked by using organic solvents (fig.2). A
common feature of the various organic solvents
used is that they decrease the water activity. The
similarity between the effects obtained with
organic solvents and acidic phospholipids supports
the proposal that activation of the ATPase is pro-
moted by hydrophobic interactions along the en-
zyme molecule [8,9]. A model describing the
interaction of calmodulin and acidic phospholipids
with the Ca®*-ATPase has been presented
elsewhere [13,25,26].

The effects of organic solvents on the
erythrocyte plasma membrane Ca’*-ATPase
described here differ from those previously
described for the Ca?*-ATPase of sarcoplasmic
reticulum. For the latter enzyme, the Ca®* affinity
is not modified and the ATPase activity is in-
hibited by concentrations of dimethyl sulfoxide
that maximally activate the erythrocyte enzyme
[27].

Acknowledgements: This work was supported by Financiadora
de Estudos e Projetos, Conselho Nacional de Desenvolvimento
Cientifico e Tecnologico, Brasil and by the Organization of
American States. G.B. is a Visiting Professor supported in part
by a fellowship from the Conselho Nacional de Desenvolvimen-
to Cientifico e Tecnologico, Brasil and the Consejo de Desar-
rollo Cientifico y Humanistico de la Universidad Central de
Venezuela.

486

FEBS LETTERS

February 1989

REFERENCES

[1] Schatzmann, H.J. (1966) Experientia 22, 364—368.

[2] Gopinath, R.M. and Vincenzi, F.F. (1977) Biochem. Bio-
phys. Res. Commun. 77, 1203-1209.

[3] Jarret, H.W. and Penniston, J.T. (1977) Biochem. Bio-
phys. Res. Commun, 77, 1210—-1216.

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

[5] Sarkadi, B., Enyedi, A., Nyers, A. and Gardos, G. (1982)
Ann. NY Acad. Sci. 402, 329-346.

[6] Taverna, R.D. and Hanahan, D.J. (1980) Biochem. Bio-
phys. Res. Commun. 94, 652—659.

[7] Sarkadi, B., Enyedi, A. and Gardos, G. (1980) Cell
Calcium 1, 287-297.

[8] Klee, C. and Vanaman, T.C. (1982) Adv. Protein Chem.
34, 213-321.

[9] Kosk-Kosicka, D. and Inesi, G. (1985) FEBS Lett. 189,
67-71.

[10] Kosk-Kosicka, D., Scaillet, S. and Inesi, G. (1986) J. Biol.
Chem. 261, 3333-3338.

[11] Benaim, G., Szabo, V. and Cornivelli, L. (1987) Acta
Cient. Venez. 38, 289—-291.

[12] Niggli, V., Penniston, J.T. and Carafoli, E. (1979) J.
Biol. Chem. 254, 9955-9958.

[13] Benaim, G., Zurini, M. and Carafoli, E. (1984) J. Biol.
Chem. 259, 8471-8477.

[14] Glynn, J.M. and Chappell, J.B. (1981) Biochem. J. 90,
147-149,

[15] Grubmeyer, C. and Penefsky, H.S. (1981) J. Biol. Chem.
256, 3718-3727.

[16] Fabiato, A. and Fabiato, F. (1979) J. Physiol. (Paris) 75,
463-505.

[17} Schwartzenbach, G., Senn, H. and Anderegg, G. (1957)
Helv. Chim. Acta 40, 1186—1190.

[18] Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall,
R.J. (1951) J. Biol. Chem. 193, 265-275.

[19] Bensadoun, A. and Weinstein, D. (1976) Anal. Biochem.
70, 241-250.

[20] Scharff, O. (1978) Biochim. Biophys. Acta 471, 59-66.

[21] Downes, P. and Michell, R.H. (1981) Nature 290,
270-271.

[22] Villalobo, A., Brown, L. and Roufogalis, B.D. (1986)
Biochim. Biophys. Acta 854, 9-20.

[23] Choquette, D., Hakim, G., Filoteo, A.G., Plishker,
G.A., Bostwick, J.R. and Penniston, J.T. (1984) Bio-
chem. Biophys. Res. Commun. 125, 908-915.

[24] Enyedy, A., Flura, D., Sarkadi, B., Gardos, G. and
Carafoli, E. (1986) J. Biol. Chem. 262, 6425—-6430.

[25] Benaim, G., Clark, A. and Carafoli, E. (1986) Cell
Calcium 7, 175-186.

[26] Carafoli, E., Zurini, M. and Benaim, G. (1986) in:
Calcium and the Cell, Ciba Found. Symp. vol.122,
pp.58-72, Wiley, New York.

[27] The, R. and Hasselbach, W. (1977) Eur. J. Biochem. 74,
611-621.



