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Phosphoprotein Intermediate in the
Ca?*-Dependent ATPase Reaction of
Macrophage Plasma Membrane

C. Schneider, C. Mottola, and D. Romeo
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ATPase activity and phosphorylation by [¥-3*P] ATP of isolated plasma
membrane of alveolar macorphages are stimulated in a parallel fashion by
physiologic concentrations of Ca®*, with half-maximal activating effect of
this ion at (3—7) X 1077 M. For var10us membrane preparations, a direct
proportlonahty exists between Ca +—dependent ATPase activity and amount
of 32p 1ncorporated Labeling of membrane attains the steady-state level by
10 sec at 0°C, and is rapidly reversed by adenosme diphosphate (ADP), K*
decreases the amount of membrane-bound 3 2P, mainly by enhancing the
rate of dephosphorylatlon of the 32P-mtermedlate Hydroxylamine causes a
release of about 90% of 2P bound to the membrane, thus indicating that the
32p_intermediate contains an acyl-phosphate bond. When the labeled plasma
membrane is solubilized and electrophoresed on acrylamide gels in the presence
of sodium dodecyl sulphate, the radioactivity appears to be largely associated
with a single protein fraction of 132 SOO * 2,000 apparent molecular weight,
These features of the macrophage Ca -ATPase suggest that the enzyme
activity might be part of a surface- locahzed Ca® T-extrusion system,
participating in the regulation of Ca® -dependent activities of the macrophage.

Key words: mac_,l:ophage (alveolar), plasma membrane, Ca®*-ATPase reaction, membrane phosphorylation,
Ca® buffering

The alveolar macrophage is recognized as the major cellular defense system in the
lower respiratory tract [1]. Phagocytosable particles and surface-reactive stimuli are
known to activate macrophage functions (chemotaxis, secretion of hydrolitic enzymes and
other factors, generation of oxidative antimicrobial compounds) [2—7], which are
instrumental to the defense mechanisms of this cell. The coupling between the stimufus
and the activation of these functions in macrophages as well as in other phagocytic cells
is thought to be provided by a transient elevation of cytosolic Ca? (rev1ewed in Romeo
et al [8]). This very likely results from mobilization of Ca** from intracellular stores and/
or change in activity of intracellular ca?t buffering systems [8]. By virtue of its proximity
to the cell environment, an adenosine triphosphate-dependent (ATP-dependent) calcium
extrusion system localized at the cell surface might be a likely target for regulation by
extracellular factors.
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We have recently described a Ca2+-ATPase, distinct from myosin and (Na+, K+)
Mg2+-ATPase, in the plasma membrane of rabbit alveolar macrophages [9]. A clue
toward the understanding of the function of this enzyme might be provided by the
study of the mechanism of the ATPase reaction. The Ca2+-dependent ATPase of
erythrocyte ghosts, brain microsomes, cardiac sarcolemma and sarcoplasmic reticulum,
which is associated with Ca2* transport [10—-18], as well as the sodium pump (Na+,
K+)-ATPase {19, 20], undergo phosphorylation by ATP as a step in their reaction
sequence. The experiments described here show that concentrations of Ca?" that activate
the ATPase activity also stimulate the phosphorylation by ATP of a protein of macrophage
plasma membrane with an apparent molecular weight of 132,500, that this phosphorylation is
very rapid and is reversed by adenosine diphosphate (ADP), and that it is sensitive to hydroxyl-
amine, as are the acyl phosphate intermediates of transport ATPases [10, 11,15,17-19].

METHODS
Plasma Membrane Isolation

Macrophages were harvested from the lungs of rabbits three weeks after their
vaccination with Bacillus Calmette-Guérin [9] and disrupted by lysis in ice-chilled 1 mM
NaHCQj; for 60—90 min. The particulate material separated from the cell lysate by
centrifugation at 1,000g for 20 min was fractionated by centrifugation through a dis-
continuous sucrose gradient containing 5 mM MgCl, as reported elsewhere {9, 21] and
the plasma membrane fraction was collected from the 30/40% sucrose interface.

Assays

ATPase activity was measured by the release of inorganic phosphate from ATP
(Sigma) [9]. Inorganic phosphate was determined after complexation with malachite
green [22]. Protein was determined by the method of Lowry et al [23], with bovine
serum albumin (BSA) as standard. All the other enzyme assays were performed as
previously reported [9].

Concentrations of Ca?t and Mg?* given in this paper refer to the ions in equilibrium
with their EGTA (ethyleneglycol bis-(3-aminoethylether)-N,N'-tetraacetate) complex
[24]. The stability constant of the Ca*t-EGTA complex, used for the calculations, was
1015 [25] for the ATPase assay, and 10'! [24] for the membrane phosphorylation
assay, to account for the different temperatures at which the two assays were carried out.

Labeling of the membrane was performed by two similar procedures. In method A,
the plasma membrane (150 ug of protein) was incubated at O°C in a reaction mixture
(150 ul) consisting of 4.5 umoles imidazole, brought to pH 7 with HC1, 30 umoles sucrose,
0.15 umoles EGTA and the appropriate amount of CaCl, and/or MgCl, to give the
desired free ion concentration (see above). Blanks with an equivalent amount of BSA
replacing the plasma membrane were run in parallel. The reaction was started with 0.16
nmoles of [y->2P] ATP (> 14 Ci/mmole, The Radiochemical Centre) and stopped at the
time indicated (usually 30 sec) with 4 ml of freshly prepared, cold 5% (w/v) trichloroacetic
acid(TCA), containing 10 mM KH, PO, and 1 mM ATP. After standing in ice for 10 min,
the suspension was centrifuged at 35,000 rpm for 30 min (rotor No. 40, Beckman
centrifuge) at 0—4°C. The precipitate was carefully suspended in 1 ml of 5% TCA contain-
ing 10 mM KH,PO,, transferred to a tube of an Eppendorf 3,200 centrifuge, and spun
at maximal speed for 10 min (0—4°C). This washing procedure was repeated twice. The
pellet was then dissolved by boiling for 15 min in 0.5 ml of 0.1 M NaOH containing 2%
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Na, COj; . An aliquot of the solution was analyzed for protein and the remaining solution
was counted in 10 ml of Instagel (Packard) in a Beckman 230 liquid scintillation counter.
The recovery of protein was never less than 70% and the results were expressed relative
to the recovered protein.

In method B, 40 pg of membrane protein was used, and the reaction was stopped
by the simultaneous addition of 50 ul of BSA (40 mg/ml) and 1 ml of 10% (w/v) TCA,
containing 10 mM KH, PO, and 1 mM ATP. After 10 min in ice, the suspension was
centrifuged in the Eppendorf centrifuge for 2 min and washed three times with 1 ml of
10% TCA, containing 10 mM KH; PO, and 1 mM ATP. The denatured protein was
solubilized in 0.5 ml of 90% formic acid, added to 10 ml of Aqualuma (Lumac System),
and counted as above.

Since the two procedures provided identical results, the latter, which is less tedious
and permits the use of a lower amount of membrane, was selected for most of the experiments.

To study the effect of hydroxylamine, the phosphorylated membrane (0.3 mg of
protein) was suspended in 0.5 ml of 80 mM sodium acetate, pH 5.3, with 0.8 M NH, OH-H(]
(or with 0.8 M NaCl, as control). After 20 min at 20°C, 0.5 ml of 10% TCA containing
10 mM KH, PO, was added and the precipitated protein was washed three times with
the TCA solution before solubilization and counting.

Polyacrylamide gel electrophoresis in sodium dodecyl sulphate (SDS) was performed
in phosphate buffer at pH 2.4 as described by Fairbanks and Avruch [26]. The surface of
TCA-denatured membrane (150—200 ug of protein), phosphorylated by method A, was
rinsed with 1 ml of 0.5 M sucrose and drained thoroughly. The membrane was then
suspended in 100 ul of 20 mM sodium phosphate buffer (pH 2.4) containing 0.25 M
sucrose, 2% SDS, and 50 mM dithiothreitol. After incubation at 37°C for 3 min, the
solubilized membrane (containing about 80% of the original radioactivity) was separated
from the insoluble residue by centrifugation in the Eppendorf centrifuge for 2 min. After
addition of fuchsin (20 ug/ml), the solubilized membrane was electrophoresed on 5.6%
polyacrylamide gel columns (8 X 0.5 ¢m) in 20 mM phosphate buffer (pH 2.4) containing
1% SDS. At the end of the electrophoretic separation (4 mA per gel; running time for 7.5-
cm tracking dye migration, about 2.5 h), the gels were left in ice-cold 5% TCA for 30
min and then sliced into 2-mm pieces. These were incubated at 110°C with 0.5 ml of
30% H, O, in glass vials until dry, and counted thereafter in 10 ml of Instagel.

The gels were calibrated with rabbit skeletal muscle myosin (a gift from Dr. Dalla
Libera, University of Padova), Escherichia coli §-galactosidase, BSA, rabbit muscle aldolase,
and hen egg white lysozyme, as described by Weber and Osborn [27].

TABLE 1. Specific Activities of Marker Enzymes in Lysates and Plasma Membrane Fractions of Rabbit
Alveolar Macrophages

Lysate Plasma membrane
Alkaline phosphodiesterase I 50%5 933+ 87
Ca®*-ATPase (pCa 5.5) 38+0.5 385 % 39
Succinate cyt. ¢ reductase 13.6 %24 42%1.7
NADPH cyt. ¢ reductase 6.1 1.3 1.2%0.2
B-Glucuronidase 45%0.3 20%0.2

Specific activities are given in munits per milligram protein (1 unit corresponds to 1 umole of substrate
converted per minute). The values represent mean values £ SEM for seven experiments.
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Fig. 1. ATPase activity and 32p labeling of macrophage plasma membrane as a function of free ca®*”
concentration. ATPase activity was assayed in a medium (0.5 ml) consisting of 3-8 ug of protein
equivalent of membrane, 15 pmoles imidazole brought to pH 7 with HCL, 100 umoles sucrose 0.5
umoles EGTA, and various amounts of CaCl, to reach the desired concentration of Ca2*. After
addition of 0.25 umoles ATP, the reaction was allowed to proceed at 37°C for 15 min. Membrane
labeling was carried out in a reaction mixture of 150 ul with components at the concentrations
indicated above, except for protein (40—150 ug) and {7~32P] ATP (1.1 uM). The incubation
temperature was 0°C and the reaction time 30 sec. The values represent mean values * SEM for three
(ATPase activity) or six (membrane labeling) membrane preparations. Basal (EGTA) ATPase activity
and membrane phosphorylation were 0.71 £ 0.19 and 0.40 £ 0.10, respectively. The right-hand
ordinate has been shifted downward to avoid superimposition of the two curves.

RESULTS

Table I shows that the specific activities of the plasma membrane marker enzyme
alkaline phosphodiesterase I {21] and of Ca®*-ATPase increase in the isolated plasma
membrane fraction about 20-fold and 10-fold, respectively, over the cell lysate. In
contrast, the specific activity of marker enzymes of mitochondria (succinate cytochrome
¢ reductase), endoplasmic reticulum (NADPH cytochrome ¢ reductase) and lysosomes
(B-glucuronidase) significantly decreases in this fraction when compared to the original
macrophage lysate. This indicates that the preparations of plasma membrane used
throughout our experlments meet the classical biochemical criteria of puri I

When assayed for Ca? *.ATPase activity, in the range 0.2—40 uM Ca?”, the macro-
phage plasma membrane shows a typical saturation curve of activity (Fig. 1). By means
of a plot of the data of Fig. 1 according to Lineweaver and Burk, a half-maximal activating
effect of Ca2™ is found at a concentration of about 0.7 #M (correlation coefficient, r?,
0.99). An identical pattern of activation by Ca** is shown by the ATP-dependent
phosphorylation of the plasma membrane (Fig. 1), with half-maximal activity of Ca*" at
about 0.3 uM (r* 0.97).

Figure 2 also suggests that the two measurements, Pi release and membrane
phosphorylation, refer to the same enzyme activity. In fact, when the activity of ca?t
ATPase for various membrane preparations is plotted against the amount of y->*P of ATP
incorporated into the membrane, a direct proportionality i 1s obtained.

The actlvatlon of membrane phosphorylation by ca?t appears to be specific for
this cation, Mg? up to 0.5 mM concentration enhancing the phosphorylation of control
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Fig. 2, Relation between Ca2+-dependent ATPase activity and 32p membrane labeling for various
preparations of macrophage plasma membrane. ATPase activityfnd 32p membrane labeling were
measured as in Figure 1 at 3 uM Ca®*. ATPase activities are Ca’ -dependent increments above EGTA
controls,
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Fig. 3. Time course of C32+-dependent 32p membrane fabeling and of label chase by ADP. Macro-
phage plasma membrane was incubated at 0°C for the times indicated in the standard medium,
containing 10 uM Ca®¥ and 1.1 uM [7-32P] ATP. Data points are mean values (£ SEM, where
indicated) for two to four experiments. In one experiment, after incubation for 30 sec in the standard
medium, ADP was added (final concn. 1 mM), and the residual membrane-bound radioactivity was
measured at different times.

(EGTA) membranes by less than 50%. Furthermore, addition of 0.5 mM Mg2+ to the
assay mixtures does not substantially alter the V.. and the affinity for Ca*t of the
phosphorylation system,

Labeling of membrane is very rapid at 0°C, attaining the steady-state level by 10
sec (Fig. 3). Addition of excess ca?t (1 mM) at 30 sec virtually does not modify the
pattern of phosphorylation in the following 30 sec. Conversely, addition of excess ADP
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Fig. 4. Effect of alkali ions on the generation and the decay of the 32p_membrane complex. A: Plasma
membrane was labeled at 0°C for 30 sec in the standard medium with 4.4 uM Ca*tand 1.1 uM
[7—32P] ATP, in the absence and in the presence of different concentrations of KCI or NaCl. B: Plasma
membrane was labeled as in A. At 30 sec EGTA (neutralized with diethanol amine) was added at the
final concn. of 3.3 mM (to reduce the free concn. of Cca* 1o 0.1 uM), without or with 100 mM KCI
(final concn.), and the phosphorylation was stopped with TCA at the times indicated. Data are
expressed as percentage of labeling measured in the absence of alkali ions (A) or as percentage of the
amount of label at 30 sec (B).

after 30 sec results in a rapid loss of labeling, the amount of membrane-bound 2P falling
to 22% within 10 sec (Fig. 3).

When the Ca2+-dependent membrane labeling is carried out in the presence of Na+,
a slight increase in the extent of phosphorylation occurs gFig. 4A), 0.5 mM ouabain
providing some potentiation of this effect. In contrast, K™ markedly decreases the amount
of membrane-bound *?P recovered (Fig. 4A).

To better understand this effect of K, the following experiment was devised.
After reacting the membrane with [y-**P] ATP for 30 sec by the usual procedure, EGTA
was added to the reaction mixture to reduce the Ca2™* concentration to 0.1 uM. Under
these conditions the rate of the dephosphorylation reaction should prevail on the rate
of the Ca2+-dependent phosphorylation [11]. If K* is added simultaneously with EGTA,
a rapid and marked acceleration of dephosphorylation is observed (Fig. 4B).

In an effort to understand the chemical nature of the phosphorylated product,
various phosphorylated membrane ATPases have been tested for sensitivity to hydroxyl-
amine [10, 11, 15, 17—19]. The release of membrane-bound 2P by this reagent has
been interpreted as due to a nucleophilic attack on an acylphosphate bond. Table II
shows that acid-denatured 3?P-labeled plasma membrane of macrophages are also very
sensitive to the hydroxylamine treatment, which releases about 90% of the 3P incorpor-
ated in the presence of Ca®*.
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TABLE IL Effect of Hydroxylamine Treatment on C32+-Dependent Phosphoprotein Intermediate

32p pmoles/mg protein

ca** EGTA
Control 1.39£0.18 0.40%0.15
NH,OH 0.15%£0.15 0.09 £0.09
NaCl ) 1.33%0.14 0.47*0.12

Plasma membrane phosphorylated in the presence of either C32+-EGTA buffer (10 uM Ca2+) or EGTA
were exposed to either 0.8 M hydroxylamine -HCl or 0.8 M NaCl in 0.08 M sodium acetate, pH 5.3
for 20 min at 20°C. Control phosphorylated membranes were not incubated at 20°C. The values are
means of three experiments + SEM,
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Fig. 5. SDS-polyacrylamide gel electrophoresis of macrophage plasma membrane labeled with

[7—32P] ATP. Membrane was labeled by method A under Methods, solubilized in 1% SDS with 50 mM
dithiothreitol and run on pH 2.4 gels (150 ug of protein). TD, tracking dye. Calibration of the gels
[27] was carried out with myosin, 8-galactosidase, BSA, aldolase, and lysozyme.

To further characterize the nature of the **P-membrane complex, the labeled
plasma membrane was solubilized and electrophoresed on acrylamide gels in the presence
of SDS. As shown in Figure 5, incorporation of Ca2+-dependent 32P is confined largely
to a single fraction, with an apparent molecular weight of 132,500 £ 2,000 (mean of
four experiments carried out with different membrane preparations = SEM).
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DISCUSSION

A prerequisite for a Ca?*.ATPase to work as a Ca2+-transport system appears to be
the formation of a >?P-enzyme intermediate, similar to that originally described by Skou
for the sodium pump (Na+, K+) ATPase [19].

ATP + Enz 2 ATP * Enz M
ATP - Enz 2 P-Enz + ADP )
P-Enz — Enz + Pi 3)

Formation of a phosphoprotein intermediate has, in fact, been described for the
ATPase associated with Ca2™ transport in the sarcoplasmic reticulum [17, 18], in brain
microsomes [15], and in the plasma membrane of erythrocytes [10—14] and cardiac
cells [16].

The data here reported indicate that the Ca?*-ATPase reaction of macrophage
plasma membrane also occurs with the formation of a hydroxylamine-sensitive **P-
intermediate. Evidence in favor of this conclusion is provided by the observation that 1)
the dependence on Ca?" of Pi release and of incorporation of *?P into the membrane
follows the same pattern; 2) the concentration of Ca®* for half-maximal effect is of the
order of 1077 M in both cases; and 3) for various membrane preparations, a direct
proportionality exists between the ATPase activity and the amount of **P incorporated
into the membrane.

The formation of the intermediate in the macrophage ATPase reaction shares with
other Ca?*-ATPases the property of reaching the steady state in a very short time at 0°C,
and of being reversed by ADP. It thus appears that the set of intermediate reactions 1—3
can also be invoked to describe the reaction mechanism of the Ca2t-ATPase of the
macrophage plasma membrane.

The dependence of the macrophage Ca?t-ATPase reaction on Ca2* concentrations
close to those which are supposed to exist in the cytosol of resting cells [14, 28, 29]
strongly suggests that the enzyme is also active in the intact macrophage. The mechanism
of its intracellular regulation is still to be clarified. Preliminary experiments have shown
that lysis of macrophages in the presence of 2 mM EDTA decreases the Ca*t -ATPase
activity of the isolated plasma membrane by about 60%. Whether this is due to an EDTA-
promoted release of a Ca2+-dependent cytoplasmic activator of the ATPase, similar to
that described for the enzyme of the erythrocyte ghosts [30, 31}, remains to be
established.

Another important factor for the regulation of the turnover of the *?P-intermediate
here described is K+, which appears to act mainly through a stimulation of the dephos-
phorylation reaction (reaction 3). The slight enhancement by Na® of the formation of the
32P.intermediate is more difficult to explain. One possibility is that Na* reduces the rate of
turnover of the Ca”-dependent phosphoprotein intermediate. Alternatively, due to its
potentiation by ouabain, a known specific inhibitor of the (Na+, K+)-ATPase [20], the
Na® effect might arise from an activation of a partial reaction of the macrophage (Na",
K+)-ATPase [9]. An elucidation of this point will be made possible only by the isolation
and purification of the two ATPase activities.

Unlike the alkali ions, addition of Mg?" to the Ca?*-containing assay mixture does
not affect the turnover of the *P-intermediate. This is in contrast with the stimulatory
effect of Mg2+ on *?P labeling of erythrocyteiyghosts [11, 14]. It is important to note,
however, that with the latter membranes Mg?™ also significantly enhances the ca?t.



Ca®*-ATPase in Macrophage Plasma Membrane JSS:441

independent phosphorylation, while the Ca2+-speciﬁc increment remains essentially
unmodified.

In conclusion, we have demonstrated that the Caz+-dependent ATPase reaction of
macrophage plasma membrane occurs through the formation of a high-energy bond
between the v-P of ATP and a membrane protein of apparent molecular weight of
132,500. Since this feature is typical of transport ATPases [10—20], we suggest that the
Ca**-ATPase of macrophages fulfills the function of regulating the concentration of
cytosolic Ca?*. Further experiments are required to clarify whether this is the main cat
buffering system of the macrophage and by which mechanism(s) extracellular factors
could modify its activity, thereby regulating Ca”-dependent cell functions.
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