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BIOCHEMICAL CHARACTERIZATION OF (Ca’>* + Mg?*)-ATPase IN TETRAHYMENA
MICROSOMES
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The activity of calcium-stimulated and magnesium-dependent adenosinetriphosphatase ((Ca** + Mg2*)-
ATPase, EC 3.6.1.3) was found to be high in Tetrahymena microsomes. The (Ca’* + Mg2*)-ATPase has an
apparent K of 0.17 uM for free calcium and a maximum reaction velocity of 74 nmol ATP hydrolysed / mg
protein per min. The enzyme was dependent on 1-3 mM magnesium and the pH optimum was pH 7.2.
Among the nucleoside triphosphates tested, ATP was the best substrate, with an apparent X, of 63 uM. The
(Ca’* + Mg?*)-ATPase activity was unaffected by K*, Na*, dicyclohexylcarbodiimide, oligomycin, NaN,
and ouabain, but was potently inhibited by orthovanadate. Although the calmodulin antagonist, trifluopera-
zine, inhibited the enzyme activity, addition of calmodulin isolated from Tetrahymena did not elicit any
stimulatory effect on the activity. Tetrahymena microsomes also displayed ATP-dependent uptake of calcium
which lead to the accumulation to a maximal level of 9.2 nmol / mg microsomal protein. And this activity was
inhibited by vanadate at a similar concentration range to that required to inhibit (Ca>* + Mg2*)-ATPase.
These observations suggest that the (Ca>* + Mg?*)-ATPase in microsomes may act as a calcium-pumping
ATPase in this cell.

Introduction lar calcium concentration and triggers a temporary
reversal of the direction of the power stroke of

It is well established that intracellular calcium cilia [5]. In earlier reports, we described the pres-

plays a vital role in the control of many important
aspects of cellular metabolism [1]. This is true with
Tetrahymena and a related ciliate such as Para-
mecium, in which changes in the level of cytosolic
calcium concentration regulate the direction of
ciliary beating and thus the swimming direction
[2]). Electrophysiological studies have shown that
the ciliary reversal is associated with the influx of
calcium ions down their electrochemical gradient
into cilia through voltage-sensitive calcium chan-
nels [3,4]. This calcium influx raises the intracellu-

Abbreviations: EGTA, ethylene glycol bis( 8-aminoethyl ether)-
N,N,N’,N’ -tetraacetic acid; Mops, 4-morpholinepropane-
sulfonic acid; Tris, 2-amino-2-hydroxymethylpropane-1,3-diol.
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ence of calmodulin in Tetrahymena pyriformis [6,7)
and demonstrated that guanylate cyclase, which is
entirely associated with plasma membrane, is
activated by calmodulin in the presence of Ca?*
[8,9]. Furthermore, Schultz et al. [10,11] reported
that guanylate cyclase and cyclic GMP-dependent
protein kinase are present in Paramecium cilia
[10,11]. These observations suggest the possibility
that Ca’*, calmodulin-dependent guanylate
cyclase may play an essential role in the control of
ciliary motility mediated by the change of in-
tracellular Ca’* concentration.

Since the free calcium concentration in the cy-
toplasm is 10%fold lower than the extracyto-
plasmic environment, the delicate regulation of the
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low steady-state level of cytoplasmic calcium is a
crucial aspect of the regulatory mechanism of
ciliary motility in Tetrahymena. In particular, the
renormalization period after ciliary reversal is con-
sidered to be associated with the removal of excess
Ca’* from cytoplasm [2]. One of the major sys-
tems responsible for regulating the cytoplasmic
calcium level is Ca?*-dependent ATPase. This en-
zyme has been found to be present in the
mitochondria, endoplasmic reticulum and plasma
membranes in higher organisms [12]. However,
any system involving the regulation of cellular
calcium concentration in Tetrahymena has not been
clearly delineated, despite much information about
Ca’*-mediated functions in this cell.

In order to shed light on the calcium homeosta-
sis in Tetrahymena, we need to study its calcium
transport and related ATPase activity. To our
knowledge, this is the first report to describe the
presence and characterization of a (Ca’* +
Mg?*)-ATPase associated with microsomal frac-
tion of Tetrahymena pyriformis.

Materials and Methods

Materials. Nucleotides (Tris salt) and various
inhibitors were purchased from Sigma Chemical
Co., St. Louis, MO. #*CaCl, was obtained from
the Radiochemical Centre, Amersham, lonophore
A23187 was from Calbiochem and calmodulin was
purified from Tetrahymena as previously described
[8]. All other reagents were purchased from stan-
dard sources and were of the highest quality avail-
able commercially.

Cell growth and isolation of microsomes. A ther-
motolerant strain of 7. pyriformis, strain NT-1,
was grown at 39.5°C in an enriched proteose-pep-
tone medium [13]. Cells were harvested during the
early stationary phase. Microsomes were isolated
according to the procedure of Nozawa and
Thompson [14]. All subsequent procedures were
performed at 4°C. The harvested cells were washed
in a high potassium phosphate buffer (0.2 M
K,HPO,/02 M KH,PO,/3 mM EDTA/0.1 M
NacCl, pH 7.2) by centrifugation at 1000 X g for 5
min. The washed cells were resuspended in the
same high phosphate buffer. After removal of cilia
by mild homogenization by hand, deciliated cells
were homogenized vigorously (80-100 twisting

strokes) in a tight-fitting glass homogenizer (Arthur
H. Thomas Co., Philadelphia, PA) until almost all
the cells were ruptured but intact pellicle ghosts
(plasma membranes). After pellicle ghosts were
isolated by centrifugation on a discontinuous
sucrose gradient, the resulting supernatant was
centrifuged at 19600 X g for 20 min to spin down
mitochondria in the HB-4 rotor of a Sorvall RC2-B
centrifuge (Ivan Sorvall), and the resulting super-
natant was centrifuged further at 105000 X g for
60 min to sediment microsomes. The pellet was
resuspended and washed with 10 mM Mops-Tris
(pH 7.2) containing 100 mM sucrose. The final
pellet was resuspended in the same medium, di-
vided into aliquots and stored at — 80°C.

When glucose-6-phosphatase of the endo-
plasmic reticulum marker enzyme and adenylate
cyclase of the plasma membrane marker were as-
sayed as described earlier [9,15], the microsomal
preparation showed a 15-fold enrichment of glu-
cose-6-phosphatase and less than 4% of total
adenylate cyclase of whole cell homogenate. The
electronmicrographs showed that the microsomal
preparation was composed of homogeneous vesic-
ular structures and free of mitochondria [14]. Thus,
the preparation is highly enriched in endoplasmic
reticulum,

Protein was determined by the method of Lowry
et al. [16], with bovine serum albumin as standard.

(Ca’* + Mg’™*)-ATPase assay. ATPase was
measured in a 0.5 ml medium containing 5-40 ug
protein, 20 mM Mops-Tris (pH 7.2), 1 mM Tris-
ATP, 1 mM MgCl,, 1 mM EGTA and CaCl, to
yield the desired free calcium. The free calcium
concentration was calculated according to the
method of Pershadsingh and McDonald [17]. To
minimize endogenous free calcium, distilled water
used for all the experiments was passed through a
column of Chelex 100 (Bio-Rad). The reaction was
started by adding ATP, and carried out at 37°C.
After 5-20 min, depending on the activity, the
reaction was stopped by adding 5% trichloroacetic
acid. The released inorganic phosphate was de-
termined colorimetrically [18]. The activity of
(Ca®* + Mg?*)-ATPase was determined by sub-
tracting values obtained with EGTA plus mag-
nesium (Mg?*-ATPase activity) from those with
calcium-EGTA buffer plus magnesium.

Ca’* uptake measurement. “*Ca** uptake was



measured by the Millipore filtration technique.
Approx. 0.1-1 mg protein/ml was incubated at
37°Cin 1 ml medium containing 20 mM Mops-Tris
(pH 7.2), 200 mM sucrose, 1 mM MgCl,, 1 mM
ATP, 0.2 mM EGTA, 5-10 uCi ¥*Ca’* and the
required concentration of CaCl, to yield the low
free Ca®*. The reaction was started by the addi-
tion of microsomal membranes after preincubation
for 5 min at 37°C. At the required time-intervals
after addition of microsomes, aliquots (0.1-ml) were
removed and filtered rapidly through 0.45 pm
HAWP Millipore filters prewetted with 20 mM
Mops-Tris (pH 7.2), 5 mM MgCl,, 5 mM EGTA,
200 mM sucrose. The filters were washed rapidly
with 10 ml of the same buffer at 4°C, andtrans-
ferred to a scintillation vial and counted for radio-
activity.

Results

Activity of a Ca’"* -stimulated ATPase in Tetrahy-
mena microsomes

The variations of the Ca?*-stimulated ATPase
activity of Tetrahymena microsomes over a range
of calcium concentrations are shown in Fig. 1. The
addition of increasing concentrations of Ca** in
the presence of 1 mM MgCl, enhanced the basal
Mg?*-ATPase activity and the activity reached a
maximum at a free Ca’* concentration of approx.
4 uM. Kinetic analysis (Fig. 1 inset) revealed an
apparent K, for Ca’>* of 0.17 uM and a V,_,, of
74 nmol/mg protein per min. By contrast, in the
absence of added MgCl,, Ca?* exerted a stimu-
lation of the ATPase activity, but the optimal
concentration was 1-3 mM with a K, of 160 uM
(data not shown). This low-affinity Ca?*-ATPase
was not investigated further, since the activity was
evident only at higher Ca2* concentrations by two
to three orders of magnitude of the physiological
cytoplasmic levels [5].

Fig. 2 shows the pH profile of microsomal
ATPase activities in the absence or presence of
calcium. In the presence of Ca?*, ATPase showed
an optimal pH of 7.2 and gradually decreased as
the pH shifted to more acidic or alkaline values. In
contrast, the Mg2*-ATPase in the absence of Ca**
showed a weak pH-dependence with an optimal
value of approx. pH 6.7.

Next, Mg?* requirement of the Ca’*-stimu-
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Fig. 1. Effects of Ca?* concentration on ATPase activity of
Tetrahymena microsomes. ATPase activity was assayed under
standard conditions described in Materials and Methods in the
presence of various concentrations of Ca2*. Ca?* concentra-
tions in the reaction medium were determined also as de-
scribed. The inset represents the double-reciprocal plot of
(Ca’* +Mg2* )-ATPase activity. The ordinate represents the
reciprocal of net Ca?-stimulated ATPase activity, i.e., the
difference between ATPase activity in the presence and absence
of Ca?*. Data are from a typical experiment.

) /\\ 
[

|40{
ER

100 i L s s

ATPase {nmole/mg/min)

120

Fig. 2. pH dependency of (Ca?* +Mg?* )- and Mg?*-ATPase.
EGTA was omitted from the standard incubation medium of
(Ca?* +Mg?* )-ATPase because its ability to complex calcium
ions is highly pH-dependent. The (Ca?* +Mg2*)-ATPase

((®] O) was assayed at a total calcium concentration of
20 pM, and Mg2*-ATPase (® ®) in the presence of 1
mM EGTA.
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Fig. 3. Effects of Mg2* on the (Ca®* +Mg2*)- and Mg?*-
ATPase activities in Tetrahymena microsomes. ATPase activity
was assayed in the presence (O O) or absence
(® ®) of 10 uM free Ca®* with varying concentrations
of MgCl, as indicated.

lated ATPase was examined. The effects of Mg?*
concentration on ATPase activities in the absence
or presence of Ca’* are shown in Fig. 3. In the
presence of 1 mM ATP, both ATPase activities
were enhanced by the addition of increasing con-
centrations of magnesium and reached a maxi-
mum at approx. 1 mM MgCl,. Although a low
activity of Ca’*-stimulated ATPase could be mea-
sured in the absence of added MgCl, as described
above, a requirement of magnesium for the Ca?™*-
dependent ATP hydrolysis was obvious. Thus, the
Ca®*-stimulated ATPase activity in Tetrahymena
microsomes was referred to as (Ca’* + Mg?™)-
ATPase, like other Ca?* -transport ATPases [19].

Substrate kinetics and specificity

The dependence of (Ca’* + Mg?*)-ATPase ac-
tivity on ATP concentration is shown in Fig. 4.
The total ATP concentration was varied from 20
to 500 uM and the total MgCl, concentration was
kept constant at 1 mM. The K, for ATP of the
(Ca** + Mg?*)-ATPase, derived from the Line-
weaver-Burk plot (Fig. 4 inset), was approx. 66
#M and the V_,, was about 71 nmol/mg protein
per min. On the other hand, the K, for Mg2*-
ATPase (in the absence of Ca?*) was about 142
#M (data not shown), significantly different from
the activity of (Ca®>* + Mg?*)-ATPase.
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Fig. 4. Dependence on ATP concentration of the (Ca?* +
Mg2*)-ATPase. ATPase activity was assayed as described in
Materials and Methods, except that ATP concentration was
varied as shown. The free Ca’>* concentration was maintained
at 10 pM. The ordinate represents the net Ca?*-stimulated
activity, i.e., the difference between ATPase activity in the
presence and absence of Ca2*. The inset shows the double-re-
ciprocal plot, which yields an apparent X, of 66 uM.

To determine the nucleotide specificity of the
enzyme, various nucleotides were substituted for
ATP in the assay mixture. The ability of the
microsomal enzyme to hydrolyse the different
nucleotides is shown in Table 1. Among nucleo-
tides tested at 1 mM, the (Ca?* + Mg2*)-ATPase

TABLE 1
SUBSTRATE SPECIFICITY OF MICROSOMAL ATPase

The rate of substrate hydrolysis was determined under standard
conditions at a nucleotide concentration of 1 mM. Results are
presented as the means + S.E. of triplicate determinations. The
(Ca®* +Mg?*)-ATPase activity is net stimulation of the
Mg?*-ATPase by 4 pM free Ca>* The Mg2*-ATPase activity
was assayed in the presence of 1 mM EGTA.

Nucleoside ATPase activity (nmol /mg per min)
triphosphate (2 Mg?" )ATPase  Mg2+-ATPase
ATP 672485 118410
GTP 21.3+43 106 + 8
UTP 185429 66+ 5
CTP 10.1+5.8 84+ 3
ITP 9.8+52 92+ 5




was found to utilize ATP as the best substrate. The
rate of hydrolysis for other nucleotides corre-
sponded to at most 15-32% of the rate for ATP.
Mg2*-ATPase showed little substrate specificity
(Table I).

Effects of various agents on the activity of (Ca’* +
Mg’ *)-ATPase

As shown in Table II, mitochondrial ATPase
inhibitors such as dicyclohexylcarbodiimide,
oligomycin and NaN, gave no effect on the (Ca**
+ Mg?")-ATPase activity. These compounds were
also ineffective for the Mg2* -ATPase activity (data
not shown), indicating the absence of con-
taminated mitochondrial ATPase activity in this
microsomal preparation. NaCl and KCl had no
significant effect, unlike Ca?*-pumping ATPases
of heart [20] and skeletal muscle [21] sarcoplasmic
reticulum which are stimulated by these ions. Also,
ouabain, a specific (Na* + K*)-ATPase inhibitor
[19], did not alter the microsomal enzyme activity
in Tetrahymena. Orthovanadate, a potent inhibitor
of ATPases in many cell types [19], inhibited the
activity of Tetrahymena microsomal (Ca®* +
Mg?*)-ATPase with IC;, (the concentration
needed for half-maximal inhibition) of 30 pM

TABLE 11

EFFECTS OF VARIOUS AGENTS ON THE ACTIVITY OF
(Ca?* +Mg?* )-ATPase

(Ca’?* +Mg?* )-ATPase was assayed in the presence of 4 pM

free Ca?* under standard conditions. Data represent the means
+S.E. of triplicate determinations. The (Ca?* +Mg?*)-
ATPase activity is net stimulation of the Mg2*-ATPase by 4
uM free Ca’*. DCCD, dicyclohexylcarbodiimide, TFP, tri-
fluoperazine.
Additions Concentration  (Ca®* +Mg?2" )-ATPase activity
(nmol/mg per min) (%) *
None 68.5+5.7 100
DCCD 100 uM 67.8+3.1 99
Oligomycin 5 pg/ml 701+7.0 102
NaN, 10 mM 73.0+3.5 107
NaCl 10 mM 68.7+4.2 100
KCl1 100 mM 643123 94
Ouabain 1 mM 69.3+54 101
TFP 10 uM 61.3+5.6 89
TFP 100 uM 36.7+3.8 54
Calmodulin 20 pg/ml 69.0+3.1 100

# Percentage of control activity.
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(Fig. 6). This ICs, value is similar to that observed
with (Ca’* + Mg2*)-ATPase of sarcoplasmic re-
ticulum [22], but higher than those reported for
plasma membrane [23].

The phenothiazine drug, trifluoperazine, had a
substantial inhibitory effect on (Ca’* + Mg?*)-
ATPase (Table II), with little influence on basal
Mg?2*-ATPase. This inhibitor is known to act in
many cases by interferring with the action of
calmodulin. However, the concentration required
for the inhibition of Tetrahymena microsomal
(Ca’* + Mg>*)-ATPase was at a rather non-
specific concentration region for calmodulin [24].
Furthermore, no consistent and significant stimu-
lation by added Tetrahymena calmodulin was able
to be demonstrated, even after the microsomal
preparation was washed extensively with 5 mM
EGTA to remove endogenous calmodulin. There-
fore, (Ca** + Mg2*)-ATPase of Tetrahymena mi-
crosomes may be calmodulin-independent and the
inhibition by trifluoperazine is probably due to
interaction of the drug with components other
than calmodulin [24].

Ca’™ uptake by Tetrahymena microsomes
The uptake of Ca** by Tetrahymena micro-
somes in the presence and absence of ATP is

Ca®* UPTAKE (nmole/mg)

TIME

{min)

Fig. 5. Ca?* uptake by Tetrahymena microsomes. Ca2* uptake
was assayed as described in Materials and Methods in the
presence of 10 pM free Ca?*. The following conditions are
shown: O O, optimal medium; @ ®, ATP
omitted; W B, 5 pM ionophore A23187 added at the
arrow. The ionophore A23187 was dissolved in ethanol, which
had no effect on measured uptake.
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illustrated in Fig. 5. In the absence of ATP, ap-
prox. 0.5 nmol Ca’* per mg protein became asso-
ciated with the microsomes within 30 s of incuba-
tion. This most likely represents the Ca?* bound
to microsomes, since further incubation up to 10
min did not cause any changes in *Ca** radioac-
tivity associated with microsomes. However, in the
presence of Mg?*, the addition of ATP initiated a
considerable stimulation of Ca’>* uptake, leading
to a maximal level of 9.2 nmol/mg protein in 5
min. No ATP-dependent uptake occurred when
magnesium was omitted from the assay mixture.
The accumulated Ca’* was released rapidly from
microsomal vesicles by a calcium ionophore
A23187. Thus, in the presence of ATP, Ca** was
indeed sequestered inside the microsomal vesicles
and not bound to the membrane surface.

In order to attempt to link ATPase activity with
calcium transport, effects of vanadate on (Ca’* +
Mg2*)-ATPase activity and Ca’* uptake were
examined. As shown in Fig. 6, the initial rate of
Ca?* accumulation was inhibited by vanadate to
the same extent as for ATPase activity.
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Fig. 6. Effects of vanadate on (Ca2* +Mg?™* )-ATPase activity
and Ca?* uptake. Microsomes were preincubated for 15 min at
37°C with vanadata at various concentrations, and then the
ATPase activity or Ca?* uptake was measured as described in
Materials and Methods. In both cases, the reaction was started
by the addition of ATP and the free Ca?* concentration was
maintained at 4 pM. Ordinate represents the percentage of
initial velocity for the (Ca?* +Mg2* )-ATPase (O o)
or the Ca®* uptake (@ °).

Discussion

The ATPase activity of Tetrahymena micro-
somes appears to contain at least two components;
Mg?2*-stimulated ATPase and an additional
Ca?*-stimulated activity ((Ca®* + Mg?")-
ATPase). Although both activities exhibit similar
profile of dependence on Mg?* concentration,
they may reflect the presence of two different
enzymes, since the pH profile of the two activities
is different and the Ca’*-stimulated activity is
potently inhibited by vanadate and trifluopera-
zine, whereas the Ca®" -independent activity is not.
Moreover, the (Ca’* + Mg?*)-ATPase activity
differs from the Mg?*-ATPase in terms of K, for
ATP and substrate specificity. (Ca?* + Mg?2*)-
ATPase is considered to be principally derived
from endoplasmic reticulum, since the activity of a
marker enzyme, adenylate cyclase of plasma mem-
brane was not detected in the microsomal prepara-
tion (Materials and Methods) and the inhibitors
for mitochondrial ATPase were without any effect
on the (Ca’*+ Mg?*)-ATPase in microsomes
(Table II). Furthermore, IC;, value for vanadate is
rather similar to that for Ca?*-transport ATPase
in sarcoplasmic reticulum. In addition, the (Ca®*
+ Mg?2*)-ATPase activity reported here is differ-
ent from Ca’*-activated ATPase previously puri-
fied from the cytosolic fraction of Tetrahymena
[25], which exhibits broad substrate specificity and
low affinity for Ca’* and ATP, compared with the
(Ca?* + Mg?2™*)-ATPase described here.

Although the functions of (Ca?* + Mg?*")-
ATPase in Tetrahymena microsomes remain un-
established, it seems to be involved in Ca>* pump-
ing across the microsomal membrane. Indeed, in
this study, we have demonstrated the presence of
ATP-dependent Ca®>* uptake into the microsomes.
The Ca?* uptake and (Ca’* + Mg?*)-ATPase ac-
tivities were similar in their Mg?" -requirement
and inhibitory behavior by vanadate. Further-
more, the affinity of (Ca?* + Mg?2*)-ATPase for
Ca?* was high enough to respond effectively to
changes in cytoplasmic calcium concentration.
These findings indicate, in analogy with purified
Ca’* -transporting ATPases from sarcoplasmic re-
ticulum [26] and erythrocyte plasma membrane
[23], that the (Ca®* + Mg?*)-ATPase activity in
Tetrahymena microsomes represents the enzymatic



basis for the calcium pump. However, the ratio of
Ca?* transported per ATP hydrolyzed calculated
from the initial velocity of Ca** uptake and (Ca?*
+ Mg2*)-ATPase activity yields a low ratio (ap-
prox. 0.1), compared with those of the previously
described Ca’* pumps [19]. Such a low ratio has
also been observed with the Ca?* translocation in
plasma membrane of sperm [27) or endoplasmic
reticulum of islet cells [28]. Further characteriza-
tion of Ca®* uptake will be required to elucidate
the interrelationship between ATP hydrolysis and
Ca?* translocation.

There is increasing recognition that ciliated pro-
tozoa offer an interesting and a typical example of
Ca?*-mediated control of cell functions [29].
Calcium has been shown to be a principal cation
responsible for the depolarization-induced reversal
of the ciliary beat [2], and calcium is also known to
initiate the secretion of epinephrine by Tetrahy-
mena, leading to an elevated cyclic AMP level [30].
A number of other physiological processes in
ciliates, ranging from food vacuole formation [31]
to sexual conjugation [32}, appear to be controlled,
at least in part, by calcium. The microsomal (Ca?*
+ Mg?*)-ATPase demonstrated here may be
essential to calcium homeostasis in Tetrahymena
cells, when intracellular Ca?* concentration is
altered under changes of physiological conditions.
Additionally, the microsome may serve as an im-
portant site of intracellular Ca?* pools as sug-
gested by Kusamran et al. {33]. On the other hand,
there are several reports on Ca®*-stimulated
ATPases of ciliary membrane [34-36] or surface
membrane (pellicle) [37,38] of Paramecium, and a
possible implication of these enzymes in Ca®*
transport has been proposed by Nelson and
colleagues [39,40]. These surface membranes also
would be operative for the regulation of intracellu-
lar Ca?* concentration in Tetrahymena. At pre-
sent, although the relative contribution of micro-
somal (Ca?* + Mg2*)-ATPase in calcium homeos-
tasis in Tetrahymena cells remains to be clear, this
system presumably plays some important role for
maintaining the intracellular calcium concentra-
tion within an optimal range in this organism.
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