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The aim of the presented study was to compare the effect of 17-�-estra-
diol on the hydrolytic activity of plasma membrane calcium pump (PMCA)
purified from excitable (rat cortical synaptosomes) and non-excitable (hu-
man erythrocytes) cells. Both types of cell membranes contained different
composition of the PMCA isoforms. To elucidate if the hormone action
could depend on structure of PMCA protein, we assayed the hormone effect
on Ca��-ATP-ases pretreated for 15 and 40 min with trypsin. The full length
and trypsin-treated Ca��-ATP-ases were next incubated with 17-�-estradiol
at a concentration of 10�� and 10�� M. In addition, stimulation of calcium
pumps by naturally existing activator, calmodulin, was tested. The activity
of synaptosomal and erythrocyte Ca��-ATP-ases was differently altered in
the trypsin-treated samples. At physiologically relevant concentration of es-
tradiol (10�� M), a significant enhancement of the activity was observed for
synaptosomal Ca��-ATP-ase, and a further increase occured in the enzyme
treated with trypsin for 15 min. The highest activity of erythrocyte calcium
pump was induced after 40 min of incubation with protease. Moreover, the
potency of the truncated calcium pump to promote ATP hydrolysis was ap-
proximately 2-fold elevated in the presence of 17-�-estradiol. Calmodulin
significantly stimulated the Ca��-ATP-ase, but only the erythrocyte enzyme
digested with trypsin for 15 min. It may be suggested that PMCA is a target
for estradiol, that shows different mechanisms of action depending on iso-
form compositions and structural features of the enzyme.
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INTRODUCTION

The classic model of the estrogen action in-
volves binding to intracellular steroid receptors. In
the last decade, increasing body of evidence for the
rapid non-genomic effects of the hormone has been
demonstrated and its mechanisms of action were
shown to include receptor- and non-receptor-me-
diated pathways [10, 12]. Fast responses with
unique steroid specificity have been reported to oc-
cur in purified plasma membrane preparations [21].
Possible mechanism has been attributed to interac-
tion with membrane lipids that then altered the
function of membrane proteins. Recently, it was re-
ported that steroids may have a direct effect on the
protein-protein interaction and may also bind di-
rectly to protein molecules [22]. During the last
years, estradiol, a lipophilic molecule that can eas-
ily cross plasma membranes and blood-brain bar-
rier, has received considerably more attention. Nu-
merous studies revealed that estrogens exert neuro-
protective effect in the aged or injured brain,
maintain intracellular calcium homeostasis and, at
high hormone level, promote antioxidant activity
[1, 7, 17, 24]. The plasma membrane Ca&*-ATP-ase
(PMCA) is an integral part of the Ca&* regulatory
system in eukaryotic cells playing a prominent role
in restoring intracellular Ca&* concentration to
a basal level. The enzyme is encoded by 4 genes
(PMCA 1–4), and further PMCA diversity results
from the alternative splicing [20]. The existence of
its multiple isoforms, as well as their alternatively
spliced variants, has been confirmed in different
tissues at mRNA and protein levels. In the rat
brain, four main isoforms of PMCA, as well as
spliced variants of the enzyme, have been detected.
Moreover, the expression of PMCA isoforms is de-
velopmentally regulated [2]. It is worth mentioning
that each cell and tissue may utilize a unique com-
bination of isoforms to maintain intracellular Ca&*

control. Among second messenger systems, Ca&* is
the most potent in triggering cellular events and the
impairment in calcium homeostasis could lead to
the cellular death via activation of Ca&*-induced
proteolysis.

Our previous study has demonstrated that neu-
roactive steroids: 17-�-estradiol (17-�-E), testos-
terone, pregnenolone sulfate and dehydroepian-
drosterone sulfate, after a short-time incubation, di-
rectly modulated the activity of PMCA purified
from synaptosomes of rat cortex [27]. The pre-
sented study was undertaken to investigate whether
17-�-E could modify the activity of the enzyme pu-
rified from non-excitable cells, which contain dif-
ferent PMCA isoform composition (only PMCA1
and 4). To elucidate if the hormone action could de-
pend on structure of the protein, we also compared
the 17-�-E effect on synaptosomal and erythrocyte
Ca&*-ATP-ases pretreated with trypsin for 15 and
40 min. In addition, the stimulatory effect of natu-
rally existing Ca&*-ATP-ase activator, calmodulin
(CaM), in the steroid presence was assayed.

MATERIALS and METHODS

Reagents

All used reagents were of analytical grade. 17-�-E
(3,17-�-dihydroxy-1,3,5[10]-estratriene), Reactive
Red 120-Agarose, CaM-Agarose, egg yolk phos-
phatidylcholine, ATP and aprotinin were purchased
from Sigma (Germany). Trypsin was from Serva
(Germany). Protein assay kit was from BioRad
(USA). Protease inhibitors (leupeptin, pepstatin)
and CaM were from Calbiochem (Switzerland).
C(&E# (octaethylene glycol mono-n-dodecyl ether)
was from Nikko (Japan).

Purification of Ca��-ATP-ase

Rat cortical synaptosomal membranes and hu-
man erythrocyte ghosts were prepared as described
previously [26, 28]. PMCA from synaptosomal
membranes of the rat cortex was purified by two-
step chromatography on Reactive Red-120-Agaro-
se and CaM-Agarose, according to procedures de-
scribed before [28]. For purification of the erythro-
cyte ghost Ca&*-ATP-ase, the procedures used were
the same as described earlier [6].

Proteolytic digestion of purified Ca��-ATP-ase

The proteolysis of purified Ca&*-ATP-ase was
performed according to procedures described by
Zvaritch et al. [25], with some modification. In
brief, aliquots of calcium pump (about 20–40 �g of
protein/ml), were digested on ice for the required
time with trypsin at ratio 10:1 in a buffer contain-
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ing: 50 mM Tris-HCl, pH = 7.4, 0.5 mM MgCl&,
2 mM DTT, 20% glycerol, 100 mM KCl, 0.5 mM
EGTA and 0.05% C(&E#. The digestion was
stopped with a 10-fold excess of trypsin inhibitor,
and the appriopriate amount of the sample was
taken for the activity assay.

Ca��-ATP-ase activity assay

The assay was performed as described in our
previous paper [27]. In brief, 0.4–0.6 �g of the na-
tive or truncated enzyme was preincubated with
10+% or 10+, M of 17-�-E for 2 min at 37°C in the
reaction mixture containing: 50 mM Tris-HCl, pH
7.4, 100 mM KCl, 5 mM MgCl&, 75 �M C(&E#,
1 mM EGTA, and 1.020 mM CaCl& (10 �M Ca&*

free). The final volume of assay mixture was 200 �l.
Stock solution of the steroid was prepared in 80%
ethanol and added to the samples at the required
final concentration. Control samples were supple-
mented with an equivalent amount of ethanol
alone. Final concentration of ethanol was below
0.1%, and had no effect on the basal Ca&*-ATP-ase
activity. The reaction was initiated by the addition
of 3 mM ATP, and Ca&*-ATP-ase activity was mea-
sured after 2 min of incubation at 37°C by colori-
metric determination of P	 hydrolyzed from ATP.
CaM-stimulated activity was measured in the pres-
ence of 60 nM CaM. The activity was expressed as
�moles of P	 liberated per mg of protein per hour.

Statistics

Statistical analyses were performed using Stat-
graphics Plus 2.1 (Statistical Graphics Corp.) com-
puter program. T-tests and, when appropriate, one-
way analysis of the variance have been used; p val-
ues less than 0.05 were considered to indicate sta-
tistically significant differences. The number of ex-
periments performed in duplicate is given under the
figures.

RESULTS

The effect of 17-�-estradiol on

synaptosomal Ca2+-ATP-ase

In order to elucidate if the structure of calcium
pump could be important for 17-�-E action, the
full-length and trypsin-treated Ca&*-ATP-ase were
used. The basal activity of synaptosomal calcium
pump was in a range of 136 ± 51 �moles Pi/mg/h

(n = 12). The effect of proteolysis was examined after
15 and 40 min of incubation of the Ca&*-ATP-ase
with trypsin. Under the used conditions a longer
time of incubation (up to 60 min) did not influence
further the activity of Ca&*-ATP-ases (data not
shown). After 15 min of proteolysis with trypsin,
the basal activity of synaptosomal calcium pump
increased by 30%, whereas a longer time of the
trypsin treatment resulted in diminished potency
for ATP hydrolysis (Fig. 1). The full length and
trypsin-treated Ca&*-ATP-ases were next incubated
with 10+% and 10+, M 17-�-E. These concentrations
were choosen because our previous study revealed
that 17-�-E at the concentrations from 10+(( to
10+% M increased rat cortical Ca&*-ATP-ase activity
in a gradual manner, and we did not observe further
enhancement at higher hormone amounts [27].
Moreover, physiological level of 17-�-E in the
brain was reported to be in pM-nM range [7]. Both
examined hormone concentrations significantly in-
creased the activity of Ca&*-ATP-ase pretreated
with trypsin for 15 min, but after 40 min of proteo-
lysis the activity reached the control value.

The effect of 17-�-estradiol on erythrocyte

Ca��-ATP-ase

To test the 17-�-E effect on hydrolytic activity
of erythrocyte Ca&*-ATP-ase, the purified full
length and truncated by the trypsin cleavage cal-
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Fig. 1. Effect of 17-�-estradiol on synaptosomal Ca��-ATP-ase.
The full-length (0) and trypsin-treated (15, 40) enzyme was pre-
incubated for 2 min at 37°C without 17-�-estradiol (C) or with
selected concentrations (1 nM and 100 nM) of the steroid, and
activity was assayed as described in Materials and Methods.
The results are expressed as % of basal activity of the full length
Ca��-ATP-ase in the absence of 17-�-estradiol taken as 100%.
* Statistical significance of differences between groups was in-
dicated when p < 0.05 (n = 4)



cium pump was examined under the same condi-
tions as for synaptosomal enzyme. The basal activity
of the native enzyme was 174 ± 42 �moles Pi/mg
of protein/h (n = 10). In contrast to the synaptoso-
mal calcium pump, no alteration in the activity was
observed after 15 min of the trypsin treatment
(Fig. 2). The native and digested (for 15 min) Ca&*-
ATP-ase also did not respond for 17-�-E. However,
a significant increase in ATP-ase activity was de-
tected after 40 min of proteolysis, and we observed
further significant enhancement in the presence of
both examined concentrations of 17-�-E.

Effect of 17-�-estradiol on

calmodulin-induced stimulation of

Ca2+-ATP-ase activity

CaM, the ubiquitous acidic protein, is recog-
nized as the most potent physiological activator of
calcium pump. In order to determine if the 17-�-E
presence influences the potency of CaM to activate
Ca&*-ATP-ase, we examined the CaM effect on the
activity of full-length and truncated Ca&*-ATP-ases
from both cell types. The applied steroid concentra-
tions decreased the CaM-induced stimulation of
control synaptosomal Ca&*-ATP-ase (Fig. 3). In
both trypsin-treated samples, 17-�-E at 10+% M di-
minished CaM action, whereas the higher hormone
concentration restored the activatory effect of
CaM. No significant change in CaM stimulation
was observed for the native erythrocyte enzyme in
the presence of hormone (Fig. 4). However, CaM-
dependent activation was increased after proteoly-
sis of the enzyme by trypsin for 15 min, and this ef-
fect was significantly reinforced in the presence of
17-�-E. Further trypsin treatment reduced the
Ca&*-ATP-ase response to CaM.

DISCUSSION

Signal from the majority of the steroids is trans-
mitted by specific membrane receptors or target
proteins [10, 21]. In addition, neuroactive steroids
have been shown to be the potent modulators of
non-receptor plasma membrane proteins [24]. Seve-
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Fig. 2. Effect of 17-�-estradiol on erythrocyte Ca��-ATP-ase.
The results are expressed as % of basal activity of the full length
Ca��-ATP-ase in the absence of 17-�-estradiol taken as 100%.
Other details are the same as described in Figure 1. * Statistical
significance of differences between groups was indicated when
p < 0.05 (n = 4)
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Fig. 3. Effect of calmodulin (CaM) on synaptosomal Ca��-ATP-
ase. The ability of CaM to stimulate enzyme is expressed as an
activation factor (F). F = Vc/Vo, where Vc is the Ca��-ATP-ase
activity in the presence of CaM, and Vo is the activity without
CaM. The assay was performed in the presence of 60 nM CaM,
and 10 �M Ca�� free (n = 4–6)
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Fig. 4. Effect of calmodulin (CaM) on erythrocyte Ca��-ATP-
ase. The results are from 4 to 6 independent preparations. Other
details are the same as described in Figure 3



ral studies have indicated that progestins, estrogens,
androgens and corticosteroids are capable of modi-
fying neuronal function by mechanisms that use a
non-genomic way [12, 13, 17]. It should be noted
that the tissue concentration of some steroids dif-
fers, and it appears to be higher in specific brain re-
gions than in plasma, indicating their potential ac-
tive role in brain cells [12]. Estradiol has been
shown to alter the membrane fluidity in a variety of
cell types and modify the neuronal membrane com-
position by potentiation of phospholipid turnover
[21, 24]. Several lines of evidence strongly suggest
that 17-�-E has neuroprotective properties and can
alter the neuronal excitability [7, 12, 13].

In agreement with our previous observations
[27], 17-�-E modulated the activity of purified
Ca&*-ATP-ase but, surprisingly, the effect was de-
pendent on the PMCA isoform composition. The
synaptosomal enzyme containing four main PMCA
isoforms was activated by the hormone, whereas
the erythrocyte calcium pump that is composed
only of PMCA1 and PMCA4, was insensitive to
17-�-E. Also the steroid presence affected the
stimulation of synaptosomal enzyme by CaM.
PMCA1 and PMCA4 are almost ubiquitously ex-
pressed and are considered to be housekeeping
forms [20]. PMCA2 and PMCA3 isoforms show
a cell-type specific expression, and are primarily
detected in the brain. The structural differences be-
tween isoforms have been shown to alter their
regulatory properties, particularly with respect to
phoshorylation by protein kinases, sensitivity to
CaM or susceptibility to proteolytic cleavage [20].
Our results suggest that the steroid action could be
related to the specific structure of the PMCA2 and
PMCA3 isoforms, and that Ca&* transport in the
brain may be more susceptibile to regulation by
17-�-E.

It is well documented that the full lengh
PMCAs are critical to sufficient Ca&* removal and
are involved in the maintenance of Ca&* homeosta-
sis. Among mechanisms of calcium pump activa-
tion, the proteolysis has been proposed to play
a role in the modulation of the enzyme in the native
membrane. PMCA is a substrate of proteolytic en-
zymes, e.g. trypsin, chymotrypsin, calpain and cas-
pases [15]. Severe insults increase the cytosolic
calcium sufficiently to trigger early calpain activa-
tion. There is a large body of evidence for calpain
activation during apoptosis, but calpain activity is
regulated by caspases [3]. It has been recently

shown that caspases can cleave different plasma
membrane Ca&* pump isoforms, and a difference in
the susceptibility to calpain has been observed [4,
14, 18]. Although the sensitivity of PMCA iso-
forms to trypsin has been reported to be similar, our
results suggest that the isoform-specific modula-
tion of the Ca&*-ATP-ase activity by trypsin could
exist.

Our results showed that after limited proteoly-
sis, remarkable changes occurred in the modulation
of the Ca&*-ATP-ases from excitable and non-
excitable cells in the presence of steroid hormone.
17-�-E was the most potent in activation of the
synaptosomal enzyme after 15 min of proteolysis,
whereas the erythrocyte Ca&*-ATP-ase was signifi-
cantly activated after 40 min of the trypsin treat-
ment. It could confirm that the specific mechanism
of steroid action on Ca&*-ATP-ases activity may
depend on PMCA structure.

Under pathological conditions (stroke, ische-
mia), the excess of intracellular Ca&* can lead to the
generation of free radicals, which disrupts Ca&* ho-
meostasis [8, 19]. Ca&* is an essential component
of the pathway leading to cellular death. Functional
capacities of Ca&*-ATP-ase also decreased with age
due to oxidative modification of the protein mole-
cules [5, 9, 11, 19, 23]. In synaptosomal mem-
branes isolated from aged rat brain, Ca&*-depen-
dent ATP-ase activity exhibited progressive de-
crease with maximal loss of activity with age of
approximately 35% [16]. PMCA pump is very sen-
sitive to inhibition by reactive oxygen and nitrogen
species, hence, it may be a target of oxidative stress
in the aging brain. Complementary studies have
shown that the decline of estrogen levels has been
implicated in the etiology or progression of age-
associated neurodegenerative states [1]. Recent
evidence has revealed that estrogens, which in the
micromolar range possess intrinsic antioxidant ac-
tivity, may serve as scavengers for free radicals [7].
One can speculate that neuroprotective action of
17-�-E could also be exerted at the membrane level
by the direct regulation of Ca&*-ATP-ase activity,
acting as the first line of defense against calcium
overload.

The present study also showed the altered mode
of Ca&*-ATP-ase stimulation by CaM in the pres-
ence of 17-�-E. The difference between synaptoso-
mal and erythrocyte calcium pump was even more
pronounced for the samples digested by trypsin. In
the native Ca&*-ATP-ase, the CaM-binding domain
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acts as autoinhibitory region and, in the absence of
CaM, it keeps the pump in an inactive state [20].
There are several sites at the carboxy-terminal part
of Ca&*-ATP-ase that were shown to be cleaved by
proteases. As a result, proteolysis of the calcium
pump may weaken the interaction of the autoin-
hibitory domain with the catalytic sequence of
Ca&*-ATP-ase, thereby increasing its activity. The
sequence homology between the main four PMCA
isoforms is about 75%, but human and rat PMCA
can show 85–94% homology [2]. Thus, the differ-
ence in the activity of calcium pump from excitable
and non-excitable cells after proteolytic cleavage
may depend on the susceptibility of the particular
isoform to protease action. Although the precise
mechanism of the 17-�-E action remains unre-
solved yet, our findings may indicate that the hor-
mone could influence the interrelationship between
CaM stimulation and activation of Ca&*-ATP-ase
by proteolysis.

In conclusion, our findings suggest a potentially
new role of 17-�-E in non-genomic regulation of
calcium homeostasis in excitable and non-excitable
cells under conditions that can be observed during
physiological and pathological events.
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