Biochimica et Biophysica Acra, 684 (1982) 67-74 67
Elsevier Biomedical Press

BBA 71010

A COMPARATIVE STUDY OF PLASMA MEMBRANE Mg?*-ATPase ACTIVITIES IN
NORMAL, REGENERATING AND MALIGNANT CELLS

T. OHNISHI, T. SUZUKI, Y. SUZUKI and K. OZAWA

Biological Laboratory, Faculty of Science, Tokyo Institute of Technology, Tokyo (Japan)

(Received March 3rd, 1981)
(Revised manuscript received July 28th, 1981)

Key words: Polylysine-coated bead; Mg’*-ATPase; Phosphorylation; (Rat liver)

Piasma membranes have been prepared from rat normal liver cells, regenerating liver cells and Yoshida
ascites hepatoma 66 cells after intact cells were first bound to polylysine-coated polyacrylamide beads, and
the membrane-associated Mg? " -ATPase activity was assayed directly on beads with membrane attached.
With plasma membranes from normal liver cells, K, for ATP and V" were found to be higher than those in
regenerating liver cells and hepatoma cells. Vanadate caused a different sensitivity of the activity, without an
effect in normal liver cells and with an inhibition in regenerating liver cells and hepatoma cells. The activity
in normal and regenerating liver cells decreased with increasing temperature above 24-30°C, while the
activity in hepatoma cells continued to increase linearly to 37°C. Unlike the enzyme in normal and
regenerating liver cells, the hepatoma enzyme was shown to have a higher phase transition temperature and
lower activation energies. In all three kinds of cells the activity was increased by the dephosphorylation of
plasma membranes and unaffected by the phosphorylation. By means of histochemical Mg?*-ATPase
staining applied on polyacrylamide gels, at least three major bands which show the enzymic activity were
visible in normal and regenerating liver and a single band was detected in hepatoma cells.

Introduction

It is well established that malignant cells exhibit
profound alterations in the plasma membrane. In
the previous cytochemical work on monolayer cul-
tures, we observed the increased activity of Mg2+ -
ATPase at the contact surface of hepatoma cells
[1]. No increase in the activity was found in den-
sity-inhibited cells, such as hepatic parenchymal
cells, dibutyryl cyclic AMP and theophylline-
treated hepatoma cells {2}, and the hepatoma cells
cultured in a lipid-depleted medium [3]. The levels
of K, for ATP and V of the Mg®* -ATPase in-
creased when hepatoma cells reached confluent,
and remained constant in density-inhibited cells
[3,4]. It is therefore of interest to determine which
specific alterations of enzyme properties associ-
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ated with the malignant state, result in changes of
the activity at cell-to-cell contact.

This report confirmed that the method for rapid
isolation of plasma membranes from HeLa cells
(5] could be applied to normal, regenerating liver
cells and hepatoma cells. The studies described in
this paper were designed to characterize the activ-
ity of Mg2* -ATPase with respect to kinetic analy-
sis, Arrhenius plots, sensitivity to inhibitors, ef-
fects of phosphorylation and dephosphorylation of
plasma membranes, and electrophoretic mobility.

Materials and Methods
Intact cells.  To prepare free normal and

regenerating liver cells, as previously described [6],
Donryu strain male rat liver was perfused through
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portal vein with 30 ml of 27 mM sodium citrate in
Ca’*-free Locke solution at 37°C. Excised liver
was hand-homogenized in 10 volumes of 10%
polyethylene glycol (mol. wt. 4000) with a rubber
pestle with 10 strokes at room temperature.
Homogenates were filtered through four layers of
gauze at 4°C, centrifuged at 70 X g for Smin at
4°C, and washed twice with 217 mM sucrose /46.5
mM sodium acetate buffer, pH 5.0. Regenerating
liver was used 24 h after partial hepatectomy per-
formed according to the procedure of Higgins and
Anderson [7].

Yoshida ascites hepatoma 66 cells were grown
for 6-7 days in Donryu strain male rats. After
adding 10 volumes of Ca>*, Mg?* -free phosphate
buffered saline to the ascitic fluid, the cells were
separated by centrifugation at 70 X g for 5 min at
4°C, washed a total of three times; once with 10%
polyethylene glycol, and twice with 217 mM
sucrose /46.5 mM sodium acetate buffer, pH 5.0.

Isolation of plasma membranes.  The intact

cells were first bound to polylysine (mol. wt.

84800-91200, Miles Lab.)-coated polyacrylamide
beads (Bio-Gel P2, 200-400 mesh, Bio-Rad Lab.)
suspended in 217 mM sucrose /46.5 mM sodium
acetate buffer, pH 5.0, and the plasma membranes
were isolated according to the method of Cohen et
al. [5]. Fig. 1 shows isolated liver cells, hepatoma
cells, and the plasma membranes attached to beads,
where the Sudan black-stained cytoplasmic surface
was exposed.

ATPase assay. Incubations for the Mg?*-
ATPase activity were performed in nitrocellulose
tubes at 37°C. The assay was initiated by the
addition of plasma membranes attached to beads
to an incubation medium containing 75 mM Tris-
HCI, pH 7.6, 5mM MgCl,, and 3mM Na,-ATP
in a total of 0.5 ml. The reaction was terminated
after 10 or 30 min by the addition of 0.15 ml of
30% trichloroacetic acid. The hydrolyzed inorganic
phosphate was measured by the method of Martin
and Doty [8]. Controls containing no plasma
membrane were used to correct for non-enzymic
hydrolysis. For enzyme kinetic studies 0.067-0.5

Fig. 1. (a) Isolated liver cells, (b) liver plasma membrane on bead. (¢) hepatoma cells, (d) hepatoma plasma membrane on bead.

Magnification: X400.



mM [y-**PJATP (Radiochemical Centre,
Amersham) (spec. act. 0.67 pCi/pmol) was used
as a substrate, and the hydrolyzed inorganic phos-
phate was measured by the method of Seals et al.
[9]. To determine the amount of plasma membrane
protein the modification of the method of Lowry
et al., as described in Ref. 5, was used with bovine
serum albumin as a standard.

Phosphorylation and dephosphorylation  Plasma
membranes on beads were phosphorylated by the
method of Ziegelhoffer et al. [10] by incubating at
25°C in the presence of 5mM Na,-ATP, 5mM
MgCl,, 1 uM cyclic AMP (sodium salt, Sigma), 20
pg/ml of freshly dialyzed protein kinase (cyclic
AMP-dependent, bovine heart muscle, Sigma) and
40 mM histidine buffer, pH 6.8 in a nitrocellulose
tube. After Smin of reaction, the plasma mem-
branes were washed with 10 mM- Tris-HCI, pH
7.4,

Dephosphorylation was carried out by incubat-
ing plasma membranes on beads for 1 h at 20°C in
the presence of 0.4 mg/ml of Escherichia coli
alkaline phosphatase (10 U/mg protein, Sigma)
[11] or 2mg/ml of calf intestine alkaline phos-
phatase (1.1 U/mg solid, Sigma) {12], 20 mM
Tris-HC), pH 8.5, 2 mM MgCl, and 0.2 mg/ml of
bovine serum albumin. Then the plasma mem-
branes were washed with 10 mM Tris-HCl, pH
7.4.

Gel electrophoresis. ~ Plasma membranes on
beads were treated for 20 min with a medium
containing 1% digitonin, 75 mM Tris-HC], pH 7.6
and 5mM MgCl,. After centrifugation at 100000
X g for 60 min at 4°C the supernatant was con-
centrated with an Amicon filtration apparatus
(UM-2 filter). Disc gel electrophoresis in the ab-
sence of detergents was carried out in 4% poly-
acrylamide gel at 2 mA /gel as described by Davis
[13]. Detection of ATPase activity was performed
as described by White and Ralston [14]; in brief,
the gels were washed in cold 20 mM Tris-maleate,
pH 8.0, incubated overnight at room temperature
in 20 mM Tris-maleate, pH 8.0 containing 1 mM
Pb(NO,),, 1mM MgCl, and 1 mM Na,-ATP,
and stained with 2% ammonium sulfide. To in-
vestigate electrophoretic mobility as a function of
molecular weight, electrophoresis in a continuous
4-25% polyacrylamide gel gradient [15] was car-
ried out at 1.5 mA /gel for 20h. After electro-
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phoresis one portion of gel was stained for Mg?* -
ATPase activity and the remainder was stained
with Coomassie blue.

All experimental determinations were per-
formed in duplicate and each experiment was re-
peated three times, and mean results (ATPase
activity) or typical results (gel electrophoresis) are
presented.

Results

Membranes on beads were assayed for 5'-
nucleotidase activity, ouabain-sensitive (Na™
+K™*)-ATPase activity [16], and for Mg?*-
ATPase activity. A 4-10 fold enrichment was
achieved for these enzymes (Table I). Recoveries of
enzyme activities on beads ranged from 2.6 to
5.6%.

In the presence of 3 mM ATP very little hydro-
lytic activity was observed unless Mg?* was added
(Fig. 2a). The Mg2" concentration at which the
activity was half activated was 0.15 mM, and an
optimum concentration of Mg2* was reached at
5 mM. The Mg?* -ATPase activity as a function of
ATP concentration is shown in Fig. 2b. Kinetic
analysis by double-reciprocal plots gave an ap-
parent K for ATP of 1.1 mM for normal liver
cells, 0.27 mM for regenerating liver cells and 0.24
mM for hepatoma cells. V' (umol P, /mg protein
per h) was 37 for normal liver cells, 12 for regener-
ating liver cells and 11 for hepatoma cells, respec-
tively. The activity was linear in time during the
120 min of incubation when at least 2mM ATP
was added as a substrate in the presence of 5 mM
Mg?*. At a fixed SmM Mg2" concentration,
Ca’* caused a slight inhibition at 0.2 mM or
5mM and a slight additive increase in the activity
at 0.5-2 mM in normal liver cells, however, the
addition of Ca?* was always slightly inhibitory in
the case of regenerating liver cells and hepatoma
cells. As shown in Fig. 2c, the activities showed
similar pH dependency with a relatively broad pH
optimum around pH 8.

Compounds, known for their inhibitory effects
on ATP-splitting enzymes, were tested. N-
Ethylmaleimide did not substantially modify the
activity of Mg?* -ATPase at concentrations from
0.01 mM to 1 mM. Olygomycin (0.1-1 mg/ml),
quercetin (4-20 pg/ml), sodium metaperiodate



~
<

w
Q
Y

MmolPi/mgprotein/ h
- N
(o] o]
L
% (mgprotein-h/umolPi)
o
AN
QO

0.41

I 2 3 4 5
MgZ* (mM)
30t c 100 a d
< & sof
£ <
® >
g 20f % el
s ‘:‘; 60
w <
; ; <o
o o b
£ <
3 & 20}
5 6 7 8 9 10 20 60 100
pH Vanadate (uM)

Fig. 2. (a) Effect of Mg?* concentration, (b) Lineweaver-Burk plots of activity, (c) pH dependence of activity, (d) effect of vanadate.
O O, normal liver plasma membrane; A A, regenerating liver plasma membrane; @ @, hepatoma plasma
membrane. Activity was measured after 10 min (a, b, c), 30 min (d) incubation in the presence of 3 mM Na,-ATP (a,c,d) or
0.067-0.5 mM [y->2PJATP (specific activity, 0.67 pCi/pmol) (b), 5 mM MgCl, (b, ¢,d) and ammonium metavanadate (d). The
reaction medium was buffered with 75 mM Tris-HCI, pH 7.6 (a, b, d) or with 75 mM Tris-glycine-maleic acid (c). V' is expressed in
amol P, /mg protein per h (b). Results were corrected for the interference by vanadate in the inorganic phosphate determination, and
a percentage of control activity versus vanadate concentrations is shown (d).

TABLE
MEMBRANE-ASSOCIATED ENZYME ACTIVITIES IN WHOLE CELLS AND PLASMA MEMBRANES

Specific activity is expressed as pmol P, per mg of protein per hour. Relative activity of membranes on beads is given as ratio of
specific activity to that in whole cells. Values in parentheses indicate corrected ones for the measured inhibition or stimulation given in

column 4. To measure the effects of beads on enzyme activities, whole cell homogenates were assayed in the presence or absence of
beads.

Assay Specific activity Relative activity Total activity Measured inhibition ( —)
of whole cell of membranes on recovered on or stimulation (+) of
homogenate beads beads (%) enzyme by beads (%)

Normal Mg?*-ATPase 2.3 5.2(4.9) 3.5(3.3) +6

liver cells (Na* +K*)-ATPase  0.88 10.0 33 0
5’-Nucleotidase 2.4 4.9 (8.3) 3.3(5.6) —41

Hepatomacells  Mg?*-ATPase 1.6 5.5 (6.0) 3.3(3.6) -9
(Na* +K *)-ATPase 1.5 4.2(43) 2.5(2.6) -3

5’-Nucleotidase 0.37 3.2(5.6) 1.93.3) —43




(0.01-1 mM), and ouabain (0.1-1 mM) also had
no influence on the activity (data not shown).
With increasing concentrations of ammonium
metavanadate (0.02-0.1 mM) a gradually increas-
ing inhibition of the activity was observed in re-
generating liver cells and in hepatoma cells (Fig.
2d). However, no such an inhibition of the activity
was observed in normal liver cells. The Mg2™*-
ATPase activity was measured for various periods
of time in the presence of 5pug/ml of proteolytic
enzyme, such as trypsin, pronase, papain and
cathepsin D. Addition of a low concentration of
proteolytic enzyme to plasma membranes caused
no activation of the Mg2* -ATPase. Pretreatment
of plasma membranes with 80 pg/ml of trypsin
resulted in a marked inhibition of the activity. The
activity was as well inhibited when plasma mem-
branes were pretreated with trypsin and Mg-ATP
(data not shown). This is in contrast with Neuro-
spora plasma membrane ATPase, where the activ-
ity is unaffected by trypsin in the presence of
Mg-ATP [17].

The temperature affected the activities differ-
ently, and the enzyme presented a biphasic behav-
ior in the Arrhenius plots. As shown in Fig.3 the
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Fig. 3. Arrhenius plots of activity as a function of temperature.
O O, normal liver plasma membrane; A A, re-
generating liver plasma membrane; @ ®, hepatoma
plasma membrane. Activity was measured after 30 min incuba-
tion in the presence of 3 mM Na,-ATP, 5 mM MgCl, and 75
mM Tris-HCl, pH 7.6.
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Fig. 4. Effects of detergents on Mg?*-ATPase activity. Results
are a percentage of control activity versus detergent concentra-
tions. @ ®, digitonin; O O, Tween 20:
Fay A, Triton X-100.
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Fig. 5. Mg2"-ATPase activity staining pattern on gel electro-
phoresis. (a) normal liver plasma membrane, (b) regenerating
liver plasma membrane, (c) hepatoma plasma membrane. After
overnight incubation in the presence of 1 mM Na,-ATP, | mM
MgCl, and 1 mM lead nitrate in 20 mM Tris-maleate, pH 8.0
at room temperature, the gels were washed and stained with 2%
ammonium sulfide.
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TABLE II
EFFECT OF PHOSPHORYLATION ON ACTIVITY

Membranes were preincubated for 5 min at 25°C in the presence of 5 mM Na,-ATP, 5 mM MgCl,, 1 uM cyclic AMP, 20 ug/ml of
protein kinase and 40 mM histidine buffer, pH 6.8. After washings, activity was measured after 30 min incubation in the presence of

3 mM Na,-ATP, 5 mM MgCl, and 75 mM Tris-HCI, pH 7.6.

Mg? "-ATPase activity (pmol P, /mg protein per h)

Normal liver cells

Regenerating liver cells

Hepatoma cells

Expt. | Expt. 2 Expt. 3 Expt. 1~ Expt.2 Expt. 3 Expt. 1 Expt. 2 Expt. 3
No addition 1.2 17.1 15.2 1.1 7.1 14.5 9.1 10.3 9.6
Cyclic AMP, protein
kinase, Mg ", ATP 12.0 16.3 14.7 7.1 15.9 8.5 9.8 9.2

Arrhenius plot of the activity presents a discon-
tinuity at 17°C for normal liver cells, 15°C for
regenerating liver cells and 19.4°C for hepatoma
cells. The activation energies (kcal /mol) were 16.02
{(below the break point) and 5.61 (above the break
point) in normal liver cells, 13.03 and 8.42 in
regenerating liver cells, and 9.11 and 2.78 in
hepatoma cells, respectively. The hepatoma Mg?*
-ATPase has a higher phase transition temperature
and lower activation energies. Although the activ-
ity decreased from 30°C in normal liver cells and
from 24°C in regenerating liver cells, the activity
increased linearly with temperature between 10°C
and 37°C in hepatoma cells.

The effect of plasma membrane phosphoryla-
tion and dephosphorylation on Mg** -ATPase ac-
tivity was examined. Phosphorylated membranes
were obtained by incubating in the presence of
cyclic AMP, ATP, Mg2* and protein kinase. As

TABLE 111
EFFECT OF DEPHOSPHORYLATION ON ACTIVITY

can be seen in Table II the activity was unaffected
by the phosphorylation. However, exposure of
plasma membranes to exogenous alkaline phos-
phatase resulted in a marked stimulation of the
activity (Table 1II). There was no significant dif-
ference in the stimulation rate between normal,
regenerating liver cells and hepatoma cells.

Fig. 4 illustrates the effect of three detergents
on the activity. Tween 20 and Triton X-100 were
inhibitory, while digitonin exerted moderate stimu-
latory effects on Mg?* -ATPase. The Mg?*-
ATPase solubilized by digitonin from plasma
membranes was demonstrated by means of
histochemical activity-staining in polyacrylamide
gels electrophoresed in the absence of detergents
(Fig. 5). At least three major bands were present in
normal and regenerating liver cells and a single
band was visible in hepatoma cells. No stained
band appeared when p-nitrophenyl phosphate was

Membranes were preincubated for 1 h at 20°C in the presence of (.4 mg/ml of E. coli alkaline phosphatase (10 U /mg) or 2 mg/ml of
calf intestine alkaline phosphatase (1.1 U/mg), 2 mM MgCl,. 0.2 mg/ml of bovine serum albumin and 20 mM Tris-HCI, pH 8.5.
After washings, activity was measured after 30 min incubation in the presence of 3 mM Na,-ATP, 5 mM MgCl, and 75 mM

Tris-HCI, pH 7.6.

Mg?*-ATPase activity (pmol P, /mg protein per h)

Normal liver cells

Regenerating liver cells

Hepatoma cells

Expt. 1 Expt. 2 Expt. 3 Expt. 1 Expt. 2 Expt. 3 Expt. 1 Expt. 2 Expt. 3
No addition 9.3 10.2 10.1 1.2 6.8 6.0 6.0 6.0 7.9
E. coli alkaline
phosphatase 15.0 16.0 15.8 16.3 104 89 10.9 9.7 13.3
Calf intestine alkaline
phosphatase 13.7 12.9 14.0 14.9 9.9 8.7 10.3 9.6 13.0




used as a substrate or Mg?* was removed from
the reaction medium. Staining was not affected by
the addition of ouabain. Solubilized enzyme and a
series of proteins of known molecular weights,
including apo-ferritin, y-globulin, albumin and
ovalbumin were examined on a continuous poly-
acrylamide gel gradient. From the calibration curve
of molecular size as a function of migration dis-
tance, three major bands were present in normal
and regenerating liver cells at the positions corre-
sponding to a molecular weight of approx. 200000,
500000 and 1000000. On the other hand, an ap-
parent molecular weight was approx. 500000 in
hepatoma cells.

Discussion

The presence of Mg2*-ATPase has been re-
ported in the plasma membrane isolated from
human and bovine erythrocytes [14,18,19], human
granulocytes [20], rabbit kidney cortex [21], rat
pancreas [22], rat liver [23], chicken petoralis [24],
and yeast [25]. In rat synaptic vesicles the vesicle
Mg?*-ATPase activity induces a pH gradient
across the vesicle, which is the major driving force
for norepinephrine uptake and storage [26]. How-
ever, the functional significance of Mg?* -ATPase,
often referred to as a basic ATPase, has not been
established in the plasma membrane. In prior pub-
lications we have presented some evidence that
plasma membrane Mg2 " -ATPase activity increases
at cell-to-cell contact in the primary culture of
nonolayered hepatoma cells, and remains con-
stant in the cells which show density-dependent
inhibition of growth {1-4]. This suggests that
specific alterations associated with the malignant
state result in altered levels of Mg?*-ATPase ac-
tivity at cell-to-cell contact.

An aim of the work presented in this paper was
to examine the properties of Mg?* -ATPase in the
plasma membranes isolated from normal, regener-
ating liver cells and hepatoma cells. In this experi-
ment the procedure of Cohen and co-workers (5],
in which HeLa cells are attached to polyacryla-
mide beads coated with polylysine, has proved to
be useful for the purification of plasma mem-
branes of liver cells and hepatoma cells. The in-
sensitivity of Mg?* -ATPase in isolated plasma
membranes to oligomycin and quercetin, inhibi-
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tors of the mitochondrial and microsomal ATPases,
rules out the possibility that the Mg?*-ATPase
activity derives from cytoplasmic organells con-
taminating the plasma membrane preparation. The
insensitivity to meta-periodate suggests that the
Mg?2* -ATPase might not be a glycoprotein. Fur-
thermore, the insensitivity to a SH group reagent,
an inhibitor of myosin ATPase, suggests that the
Mg?2* -ATPase activity is not associated to sub-
plasmalemmal contractile structures.

Several differences were observed between nor-
mal and hepatoma plasma membranes. Low K,
low V, and decreased activity by meta-vanadate
were found in hepatoma cells. However, these
alterations were also found in regenerating liver
cells. In our previous experiments, in which
primary cell cultures were assayed biochemically
in situ for ecto-Mg?* -ATPase, low K, and low V
were obtained in hepatoma cells. However, in the
similar experiment Karasaki et al. {27] have dem-
onstrated high K_ and high V for ecto-CaZ™,
Mg?* .ATPase in oncogenic variant RL34HT, a
clonal line isolated from the outgrowth of a
hepatocarcinoma-like tumor.

On the other hand, the two major changes
which were entirely hepatoma specific were in the
activities as a function of temperature, and the
molecular size. The activity increases linearly with
increasing temperature in hepatoma cells. In con-
trast, the activity of normal, and regenerating liver
cells is especially temperature sensitive, activity
falling off above 24-30°C. Furthermore, the
Mg?*-ATPase of hepatoma cells has a higher
phase transition temperature and lower activation
energies. The discontinuities in the Arrhenius plots
of membrane bound enzyme activities have been
reported to correlate with lipid phase changes
[28,29]. 1t is therefore proposed that the hepatoma
Mg?* -ATPase has a different conformation possi-
bly as a result of a modification of the membrane
lipid phase. In human erythrocyte membranes,
onset temperature for lipid phase separation in-
creases with decreasing ratio of cholesterol to
phospholipid [30]. The ratio is lower in hepatoma
cells than in normal liver cells [31]. These results
suggest that onset temperature for lipid phase
separation is higher in hepatoma cells than in
normal liver cells. However, we cannot rule out the
possibility that the hepatoma enzyme has a differ-
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ent rotational motion of the protein or a different
state of aggregation of the protein, as suggested by
the discontinuity in the Arrhenius plots [32].

In Mg?* -ATPase staining applied on detergent
-free .disc gels, a single band was visible at a
position corresponding to a molecular weight of
approx. 500000 in hepatoma cells. However, at
least three molecules which have Mg>*-ATPase
activity were found in normal and regenerating
cells; these bands were present at the positions
corresponding to a molecular weight of approx.
200000, 500000 and 1000000, respectively. The
200000- and the 500000-dalton protein in normal
and regenerating liver cells may represent the sub-
unit dissociated in solubilization and/or electro-
phoresis. Although further investigations are nec-
essary to conclude definitely, it seems likely that
the plasma membrane of normal and regenerating
liver cells has a large molecule of Mg?* -ATPase,
presumably comprised of several subunits, while
the plasma membrane of hepatoma cells has a
small molecule of the enzyme.
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