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ABSTRACT

The effect of calmodulin on the activity of the plasma mem-
brane Ca-ATPase was investigated on plasma membranes puri-
fied from radish (Raphanus sativus L.) seedlings. Calmodulin
stimulated the hydrolytic activity and the transport activity of the
plasma membrane Ca-ATPase to comparable extents in a manner
dependent on the free Ca®* concentration. Stimulation was
marked at low, nonsaturating Ca®* concentrations and decreased
increasing Ca?*, so that the effect of calmodulin resulted in an
increase of the apparent affinity of the enzyme for free Ca®*. The
pattemn of calmodulin stimulation of the plasma membrane Ca-
ATPase activity was substantially the same at pH 6.9 and 7.5, in
the presence of ATP or ITP, and when calmodulin from radish
seeds was used rather than that from bovine brain. At pH 6.9 in
the presence of 5 micromolar free Ca®*, stimulation of the plasma
membrane Ca-ATPase was saturated by 30 to 50 micrograms per
milliliter bovine brain calmodulin. The calmodulin antagonist cal-
midazolium inhibited both basal and calmodulin-stimulated
plasma membrane Ca-ATPase activity to comparable extents.

CaM? is a ubiquitous regulatory protein involved in regu-
latory events in animal and plant cells (22). The hypothesis
that CaM regulated the activity of the PM Ca-ATPase of plant
cells, similarly to that observed for the erythrocyte Ca-ATPase
(8), has been proposed since 1980 (13). However, the available
data on the effect of CaM on the activity of the PM Ca-
ATPase of plants have been until now fragmentary and some-
times contradictory (reviewed in refs. 5, 12, 15).

The data on crude microsomes or on nonwell identified
membrane fractions should be taken with caution, because
CaM has been reported to stimulate also the active Ca?*
transport systems of the tonoplast (1, 21, 29) and of the
endoplasmic reticulum (2).

A CaM-stimulated Ca-ATPase purified from maize micro-
somes by CaM-affinity chromatography (3, 4, 14, 16) has
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2 Abbreviations: CaM, calmodulin; PM, plasma membrane; BTP,
bis-tris propane, (1,3-bis(tris(hydroxymethyl)methylamino)-propane;
EB, erythrosin B; W, (N-(6-aminohexyl)-5-chloro-1-naphthalenesul-
fonamide; Ws, N-(6-aminohexyl)-1-naphthalenesulfonamide; Brij 58,
polyoxyethylene 20 cetyl ether.
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been proposed to represent the PM Ca-ATPase on the basis
of its structural and immunological similarities with the eryth-
rocyte Ca-ATPase (3, 4, 16). However, to our knowledge, its
localization at the PM has not been directly demonstrated,
nor has its involvement in the active transport of Ca>* been
shown by reconstitution in proteoliposomes. Moreover, CaM-
stimulation of this purified enzyme could be observed only
when ATP was supplied as a substrate (15), whereas the plant
PM Ca-ATPase is able to utilize also ITP or GTP as substrates
(5, 12, 15) and stimulation of its transport activity by CaM
in PM from red beet has been observed also in the presence
of GTP (28).

The response to CaM of the PM Ca-ATPase in PM isolated
from different materials is quite variable, and in some in-
stances no significant effect of CaM could be observed (7, 18-
21, 24-26, 28, 29). A detailed analysis of the effect of CaM
on the plant PM Ca-ATPase is lacking, because the only
attempt to characterize the CaM-stimulated activity (26) was
severely limited by the difficulties of analyzing PM Ca®*-
dependent ATPase activity in the presence of the much higher
activity of the Ca?*-inhibited PM H*-ATPase (23, 24).

In this work, we have exploited the capability of the PM
Ca-ATPase to utilize ITP as an alternative substrate (9) to
analyze the effect of CaM on both the transport and the
hydrolytic activity of the PM Ca-ATPase of radish seedlings.
The reported results show that CaM activates the PM Ca-
ATPase by shifting it to a higher affinity state.

MATERIALS AND METHODS
Preparation of PM Vesicles

Methods for seed germination, PM purification, and pro-
tein determination are given in the accompanying paper (9).

Measurements of Ca®* Uptake

ATP- and ITP-dependent Ca’* uptake were assayed as
described in the accompanying paper (9). Free Ca’* concen-
trations in media containing different CaCl, concentrations
and 1 mm EGTA were computed using the apparent associ-
ation constant of the Ca-EGTA complex at pH 6.9 (5 x 10°
M™') determined in the accompanying paper (9). When pres-
ent, CaM was supplied during the preincubation.
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Figure 1. Dependence of Ca?*-dependent ITPase activity on free
Ca?* concentration in the presence (@) and absence (O) of CaM.
Assays were performed at pH 6.9; free Ca®* was buffered at the
specified concentrations with 1 mm EGTA. Bovine brain CaM was
supplied at 20 ug mL~". Data are from three experiments, each with
three replicates; bars are the standard error of the mean.

Measurements of Ca?*-Dependent ITPase Activity

Assays were performed in the presence of 75 ug mL™' Brij
58 essentially as described in the accompanying paper (9) in
assay media buffered at pH 6.9 or 7.5 with 40 mm BTP-
Hepes. Free Ca®* concentrations in media containing different
CaCl, concentrations and 1 mm (at pH 6.9) or 2 mm (at pH
7.5) EGTA were computed using the values of apparent
association constant of the Ca-EGTA complex (5 X 10° M~!
at pH 6.9 and 7.6 x 10° M~ at pH 7.5) determined in the
accompanying paper (9).

Special Reagents

Bovine brain calmodulin was purchased from Sigma (cat.
P2277), dissolved at 0.4 mg mL~' in 1 mm BTP-Hepes, pH
6.9, and 10~ M CaCl, and stored at —20°C. Calmodulin
purified from radish seedlings (10) was a kind gift of Prof. M.
Cocucci, Istituto di Chimica Agraria, Universita di Milano,
Milano, Italy. Calmidazolium (Sigma cat. C1278) was dis-
solved in ethanol at 10 mM concentration and added to the
ITPase assay medium under continuous stirring.

RESULTS

Calmodulin-induced activation of the erythrocyte Ca-ATP-
ase involves a dramatic increase of the apparent affinity of
the enzyme for free Ca?*, accompanied by a less important
increase in Vmax (8). We have analyzed the effect of exogenous
CaM on the dependence of the PM Ca-ATPase from radish
on free Ca?* concentration. Figure 1 shows the dependence
on free Ca®* concentration of Ca®*-dependent ITPase activity
assayed in EGTA-buffered media at pH 6.9, in the presence
and absence of bovine brain CaM. The results show that, in
agreement with previously reported data on ATP-dependent

Ca® uptake (25), stimulation by CaM of Ca?*-dependent
ITPase activity at saturating (100 uM) free Ca?* is very small,
albeit reproducible. Calmodulin-induced stimulation in-
creases with the decrease of free Ca?* concentration, so that
CaM stimulates the activity measured in the presence of 3 uM
free Ca®* by up to 70%. As a consequence of this behavior,
CaM lowers the free Ca** concentration required to half-
saturate the Ca?*-dependent ITPase activity from about 12
uM in its absence (9) to about 7 uM in its presence.

The pattern is similar when the assays are performed at the
more physiologically relevant pH value of 7.5. At this pH, the
apparent affinity of basal activity for Ca?* is higher than at
pH 6.9, the activity being half-saturated by about 3 uM free
Ca®* (9). Calmodulin markedly stimulates the Ca%*-depend-
ent ITPase activity measured in the presence of 1.2 or 3 uM
free Ca*, and only slightly that measured in the presence of
saturating Ca®* concentration (Table I). Although the effect
of CaM is somewhat higher at pH 7.5 than at pH 6.9, all the
following experiments were performed at pH 6.9, where free
Ca?* concentration in the micromolar range can be more
efficiently controlled by means of the Ca**-EGTA buffer
system (9). On the other hand, it is essential to use EGTA-
buffered media to avoid any change in free Ca** concentration
caused by CaM itself.

Figure 2 shows that CaM stimulates also the initial rate of
ATP- or ITP-dependent Ca’* uptake into PM vesicles; the
effect is similar to that on the Ca?*-dependent ITPase activity
both in extent and in being strong only in the presence of
nonsaturating free Ca?* concentration. The effects of CaM on
Ca?*-dependent ITPase activity and on ATP- or ITP-depend-
ent Ca®* uptake are abolished by 1 um EB (Fig. 2A), indicating
that they reflect the activation of the PM Ca-ATPase.

Calmodulin-induced stimulation of the PM Ca-ATPase
activity depends on CaM concentration: in the presence of 5
uM free Ca®* at pH 6.9, activation of the Ca?*-dependent
ITPase activity is maximal in the presence of 30 to 50 ug
mL™" of bovine brain CaM (Fig. 3).

Table II shows that the effect of CaM purified from radish
seedlings is similar to that of bovine brain CaM, albeit some-
what stronger; also, homologous CaM strongly stimulates the
Ca?*-dependent ITPase activity in the presence of nonsatu-
rating free Ca®* concentration, but has little effect on the
activity measured in the presence of saturating free Ca*.

The effects of the CaM antagonist calmidazolium on basal

Table I. Effect of CaM on Ca®*-Dependent ITPase Activity
Measured at pH 7.5

Free Ca?* was buffered at the specified concentrations with 2 mm
EGTA. Bovine brain CaM was supplied at 20 g mL™". Results from
four experiments, each with three replicates, are given plus or minus
the standard error of the mean.

Ca?*-Dependent ITPase

Free Ca®*
Control + CaM
uM pmol mg~" prot h™* % stimulation
1.2 0.29 + 0.04 0.60 + 0.06 107
3.0 0.79 + 0.08 1.20 £ 0.14 52
50.0 1.60 + 0.04 1.73 £ 0.05 8
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Figure 2. Comparison of the effects of CaM on the hydrolytic and
the transport activity of the PM Ca-ATPase. Assays were performed
at pH 6.9; free Ca®* was buffered at 3 um (A) or 100 um (B) with 1
mm EGTA. Bovine brain CaM was supplied at 20 ug mL™" and EB at
1 um. Data are from three experiments, each with three replicates;
bars are the standard error of the mean.

and CaM-stimulated Ca®*-dependent ITPase activity are
shown in Figure 4: calmidazolium inhibits basal and CaM-
stimulated activities to similar extents. Similar results were
obtained with a different CaM antagonist as W, whereas W
was nearly uneffective (data not shown). The effectiveness of
calmidazolium drastically decreases with the increase of free
Ca?* concentration: in the presence of 3 uM free Ca>* (Fig.
4A), the Ca?*-dependent ITPase activity is 40% inhibited by
20 uM and more than 80% inhibited by 50 uM calmidazolium,
whereas in the presence of 100 uM free Ca®* (Fig. 4B),
inhibition is only 12% with 20 uM and 45% with 50 uM
calmidazolium.
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Figure 3. Dependence of the activation of Ca?*-dependent ITPase
on the concentration of CaM. Assays were performed at pH 6.9 in
the presence of the specified concentrations of bovine brain CaM;
free Ca2* was buffered at 5 um with 1 mm EGTA. Data are from two
experiments, each with two replicates.
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Table Il. Comparison of the Effect of CaM from Bovine Brain and
from Radish Seeds on Ca?*-Dependent ITPase Activity

Assays were performed at pH 6.9; free Ca?* was buffered at the

specified concentrations with 1 mm EGTA. Data are the mean of two
experiments, each with two replicates.

Ca®*-Dependent ITPase

Treatment
5 uM free Ca®* 100 um free Ca®*
umol mg~" prot h™'
Control 0.42 1.35
+ 5 ug mL™" bovine 0.56 nd.?
brain CaM
+ 20 ug mL™" bovine 0.59 1.43
brain CaM
+ 5 ug mL™" radish 0.62 nd.
seeds CaM
+ 20 ug mL™" radish 0.73 1.55
seeds CaM

2n.d. = not determined.

DISCUSSION AND CONCLUSIONS

This is the first report in which activation by CaM of the
plant PM Ca-ATPase has been demonstrated in parallel for
the hydrolytic and transport activities of the enzyme. The
results show that the effect of exogenous CaM on the PM Ca-
ATPase from radish seedlings is the same when the hydrolytic
or the transport activity of the enzyme is measured. Moreover,
the effect of CaM is unchanged by substituting ITP for ATP
as a substrate for the Ca-ATPase. This result is in agreement
with that obtained on PM from red beet, using ATP or GTP
to energize Ca®* uptake (28). The different behavior of the
affinity-purified Ca-ATPase from maize microsomes, which
is CaM-stimulated only in the presence of ATP (15), awaits
explanation.
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Figure 4. Effect of caimidazolium on Ca?*-dependent ITPase activity
in the absence and in the presence of CaM. Assays were performed
at pH 6.9; free Ca®* was buffered at 3 uMm (A) or 100 um (B) with 1
mm EGTA. Bovine brain CaM was supplied at 20 g mL™". All the
samples contained 0.25% (v/v) ethanol. Data are from two experi-
ments, each with three replicates.
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The fact that Ca®**-dependent ITPase, ITP-, and ATP-
dependent Ca?* uptake show similar sensitivity to stimulation
by CaM strengthen our previous conclusion that the hydro-
lytic activity of the PM Ca-ATPase can be fruitfully investi-
gated in isolated PM by using ITP as a substrate (9), thus
avoiding the errors due to the simultaneous operation of the
Ca?*-inhibited PM H*-ATPase (see for example the different
effects of CaM on Ca’*-dependent ATPase activity and on
ATP-dependent Ca?* uptake in low salt media in ref. 25).

Calmodulin-induced activation of the plant PM Ca-ATPase
is strongly dependent on the free Ca’* concentration and
results in an increase of the apparent affinity of the enzyme
for free Ca?*. The effect of CaM is similar at pH 6.9 and at
pH 7.5, and the apparent affinity of the PM Ca-ATPase for
free Ca?* at pH 7.5 remains much higher than at pH 6.9 (9)
also in the presence of CaM. The response of the plant PM
Ca-ATPase to CaM qualitatively resembles that of the related
enzyme of the erythrocytes, which shifts to a high affinity
state upon activation by CaM (8). This observation points out
once more the close similarity between the animal and plant
PM Ca-ATPases (8, 12, 15).

The activation by exogenous CaM of the PM Ca-ATPase
from radish seedlings described in this work is small compared
with that of the erythrocyte Ca-ATPase, which under optimal
conditions undergoes a CaM-induced decrease of the apparent
K. for free Ca** of up to 30-fold (8). The low degree of
activation by exogenous CaM of the radish PM Ca-ATPase
could depend on the presence of endogenous CaM in the PM
fraction. In PM from red beet, CaM-stimulation of the PM
Ca-ATPase could be observed only after extensive washing of
the membranes with EGTA (28). Our PM fraction from radish
was prepared and washed in the presence of EGTA, and no
improvement of response to exogenous CaM could be ob-
tained by further extensive washing of the PM with EGTA,
even in the presence of the detergent Brij 58 (data not shown).
However, it is possible that the PM contains some tightly
bound CaM (11), capable of activating the PM Ca-ATPase.
On the other hand, it is known that the erythrocyte Ca-
ATPase can be shifted to the activated state also by other
treatments such as limited proteolysis or changes of the phos-
pholipid environment (8). Activation of the radish PM Ca-
ATPase by partial proteolysis, albeit possible, seems unlikely
because membrane extraction and purification were per-
formed in the presence of BSA, casein, and the protease
inhibitor PMSF. The lipid environment is the most likely
candidate to control the enzyme activity in the native mem-
brane, especially in the light of the high sensitivity of the PM
Ca-ATPase activity to detergents (9).

The possibility that the radish PM Ca-ATPase is already in
a partially activated state is suggested by the observation that
the apparent K;, of the enzyme for free Ca®* is relatively low
also in the absence of exogenous CaM: at pH 7.5, half-
saturation is reached in the presence of 3 uM free Ca®* (9),
but as much as 30 uM free Ca* is needed to half-saturate the
erythrocyte Ca-ATPase in its inactive state (8). A partial
activation of the radish PM Ca-ATPase is further suggested
by the observation that CaM antagonists such as calmidazo-
lium and W; inhibit basal and CaM-stimulated activity to
comparable extents.

A different degree of activation of the PM Ca-ATPase in

native membranes from different plant sources, as well as the
different free Ca®* concentrations utilized in the assays, prob-
ably explain at least in part the variability of response to
exogenous CaM of the PM Ca-ATPase observed on PM
isolated from various plant sources (7, 18-21, 24-26, 28, 29).

To conclude, we want to stress that CaM-induced activation
enhances the capability of the plant PM Ca-ATPase to re-
spond to an increase of cytoplasmic Ca?* concentration and
thus to substantially contribute to the reestablishment of
cytoplasmic Ca®* homeostasis. In fact, under physiological
conditions, cytoplasmic free Ca’* concentration varies in a
range well below saturation of the activity of the plant PM
Ca-ATPase: cytoplasmic free Ca?* is about 0.1 uM in resting
conditions, and can increase up to 1 or more uM in response
to endogenous or exogenous stimuli (17, 22). An increase of
cytoplasmic Ca?* concentration can be expected to increase
the level of the active Ca-CaM complex, which in turn would
activate the PM Ca-ATPase, shifting it to the high affinity
state, and thus allowing it to efficiently extrude Ca?* from the
cytoplasm to the apoplast. It is worth noting that the pH
dependence of Ca?* binding to CaM (27), together with the
pH dependence of the apparent affinity of the PM Ca-ATPase
for free Ca®* (9), could constitute an important link between
pH and Ca®** homeostasis in the cytoplasm (6, 17).

ACKNOWLEDGMENT

The authors wish to thank Prof. M. Cocucci, Istituto di Chimica
Agraria, Universita di Milano, Milano, Italy, for the generous gift of
calmodulin purified from radish seedlings.

LITERATURE CITED

1. Andreev IM, Koren’kov V, Molotkovsky YG (1990) Calmodulin
stimulation of Ca**/nH* antiport across the vacuolar mem-
brane of sugar beet taproot. J Plant Physiol 136: 3-7

2. Brauer D, Schubert C, Tsu SI (1990) Characterization of a Ca**-
translocating ATPase from corn root microsomes. Physiol
Plant 78: 335-344

3. Briars SA, Evans DE (1989) The calmodulin-stimulated ATPase
of maize coleoptiles forms a phosphorylated intermediate.
Biochem Biophys Res Commun 159: 185-191

4. Briars SA, Kessler F, Evans DE (1988) The calmodulin-stimu-
lated ATPase of maize coleoptiles is a 140000-Mr polypeptide.
Planta 176: 283-285

5. Briskin DP (1990) Ca?*-translocating ATPase of the plant plasma
membrane. Plant Physiol 94: 397-400

6. Busa WB, Nuccitelli R (1984) Metabolic regulation via intracel-
lular pH. Am J Physiol 246: R409-R438

7. Butcher RD, Evans DE (1987) Calcium transport by pea root
membranes. II. Effects of calmodulin and inhibitors. Planta
172: 273-279

8. Carafoli E (1991) Calcium pump of the plasma membrane.
Physiol Rev 71: 129-153

9. Carnelli A, De Michelis MI, Rasi-Caldogno F (1992) Plasma
membrane Ca-ATPase of radish seedlings. I. Biochemical char-
acterization using ITP as a substrate. Plant Physiol 98:1196—
1201

10. Cocucci M (1984) Increase in calmodulin level in the early phases
of radish seed (Raphanus sativus) germination. Plant Cell
Environ 7: 215-221

11. Collinge M, Trewavas AJ (1989) The location of calmodulin in
the pea plasma membrane. J Biol Chem 264: 8865-8872

12. De Michelis MI, Rasi-Caldogno F, Pugliarello MC (1992) The
plasma membrane Ca®* pump: potential role in Ca** homeo-
stasis. In CM Karssen, LC Van Loon, D Vreugdenhil, eds,
Progress in Plant Growth Regulation. Kluwer Academic Pub-
lishers, Dordrecht, The Netherlands (in press)



1206

17.

18.

20.

21.

. Dieter P, Marmé D (1980) Calmodulin activation of plant mi-

crosomal Ca?* uptake. Proc Natl Acad Sci USA 77: 7311-7314

. Dieter P, Marmé D (1981) A calmodulin-dependent, microsomal

ATPase from corn (Zea mays L.). FEBS Lett 125: 245-248

. Evans DE, Briars SA, Williams LE (1991) Active calcium trans-

port by plant cell membranes. J Exp Bot 236: 285-303

. Evans DE, Dewey FM, Briars SA (1989) The calcium pumping

ATPase of the plant plasma membrane. /n J Dainty, MI De
Michelis, E Marré, F Rasi-Caldogno, eds, Plant Membrane
Transport: The Current Position. Elsevier, Amsterdam, pp
231-236

Felle H (1988) Auxin causes oscillations of cytosolic free calcium
and pH in Zea mays coleoptiles. Planta 174: 495-499

Grif P, Weiler EW (1989) ATP-driven Ca®* transport in sealed
plasma membrane vesicles prepared by aqueous two-phase
partitioning from leaves of Commelina communis. Physiol
Plant 75: 469-478

. Grif P, Weiler EW (1990) Functional reconstitution of an ATP-

driven Ca**-transport system from the plasma membrane of
Commelina communis L. Plant Physiol 94: 634-640

Kasai M, Muto S (1991) Solubilization and reconstitution of
Ca?* pump from corn leaf plasma membrane. Plant Physiol
96: 565-570

Malatialy L, Greppin H, Penel C (1988) Calcium uptake by
tonoplast and plasma membrane vesicles from spinach leaves.
FEBS Lett 233: 196-200

RASI-CALDOGNO ET AL.

22.
23.

24,

25.

26.

27.

28.

29.

Plant Physiol. Vol. 98, 1992

Poovaiah BW, Reddy ASN (1987) Calcium messenger system in
plants. CRC Crit Rev Plant Sci 6: 47-103

Rasi-Caldogno F, Pugliarello MC, De Michelis MI (1987) The
Ca**-transport ATPase of plant plasma membrane catalyzes a
nH*/Ca®* exchange. Plant Physiol 83: 994-1000

Rasi-Caldogno F, Pugliarello MC, Olivari C, De Michelis MI
(1989) Identification and characterization of the Ca?*-ATPase
which drives active transport of Ca®* at the plasma membrane
of radish seedlings. Plant Physiol 90: 1429-1434

Rasi-Caldogno F, Pugliarello MC, Olivari C, De Michelis MI
(1989) The calcium pump of the plasma membrane of higher
plants. In J Dainty, MI De Michelis, E Marré, F Rasi-Caldogno,
eds, Plant Membrane Transport: The Current Position. Elsev-
ier, Amsterdam, pp 225-230

Robinson C, Larsson C, Buckout TJ (1988) Identification of a
calmodulin-stimulated (Ca** + Mg?*)-ATPase in a plasma
membrane fraction isolated from maize (Zea mays) leaves.
Physiol Plant 72: 177-184

Tkachuk VA, Men’shikov MI (1981) Effect of pH on calcium
binding properties of calmodulin and its interaction with the
Ca-dependent form of cyclic nucleotide phosphodiesterase
(English translation). Biokhimia 46: 779-788

Williams LE, Schueler SB, Briskin DP (1990) Further charac-
terization of the red beet plasma membrane Ca®*-ATPase using
GTP as an alternative substrate. Plant Physiol 92: 747-754

Zocchi G (1988) Separation of membrane vesicles from maize
roots having different calcium transport activities. Plant Sci
Lett 54: 103-107



