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Summary. Crude particulate preparations from the
mammary glands of lactating mice were shown to
transport calcium against a concentration gradient
in the presence of ATP and mitochondrial inhibitors.
Density gradient centrifugation with both sucrose and
Percoll gradients indicated the presence of ATP-
dependent transport in more than one membrane frac-
tion. A Golgi-enriched membrane fraction possessed
the highest specific activity of calcium transport. Digi-
tonin, which increases the permeability of plasma
membranes to calcium, did not affect this process.
The Golgi fraction contained a 100,000 Dalton pro-
tein whose phosphorylation by y-[>?P]-ATP was en-
hanced by a micromolar concentrations of free cal-
cium. The phosphorylation was acid-stable and hy-
droxylamine-sensitive. These properties suggest that
Golgi membranes in an actively secreting mammary
epithelium possess a calcium transport system which
resembles the calcium ATPase present in the sarco-
plasmic reticulum of skeletal muscle.
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A calcium ATPase whose function it is to sequester
calcium in the sarcoplasmic reticulum of skeletal mus-
cle has been extensively characterized (Tada, Yama-
moto & Tonomura, 1978). ATP-dependent calcium
transport has been demonstrated in intracellular com-
partments from a wide variety of other tissues (Cara-
foli & Crompton, 1978). Examples include adipocytes
(Black, McDonald & Jarett, 1980), hepatocytes
(Moore, Chen, Knapp & Landon, 1975), chick em-
bryo fibroblasts (Moore & Pastan, 1977), smooth
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muscle (Wuytack & Casteels, 1980) and such secretory
tissues as the islets of Langerhans (Howell & Mon-
tague, 1975; Sehlin, 1976) and the adrenal medulla
(Poisner & Hava, 1970). Blaustein and co-workers
(1980) have defined the kinetic properties of an ATP-
dependent transport system in internal compartments
of synaptosomal vesicles (see also Blitz, Fine & Tosel-
li, 1977). Morphological studies (McGraw, Somlyo
& Blaustein, 1980) suggest that this compartment is
in the smooth endoplasmic reticulum (see also Hen-
kart, 1980). Thus, reports of ATP-dependent calcium
transport by internal membranes other than mito-
chondria are becoming increasingly widespread.

The lactating mammary gland is a tissue of parti-
cular interest because it secretes large amounts of calci-
um, supplying this ion to milk at concentrations rang-
ing between 10 and 125 mm (Jenness, 1979). The in-
volvement of Golgi-derived secretory vesicles in the
secretion of calcium into milk has been demonstrated
morphologically (Saacke & Heald, 1974; Wooding,
1977) and physiologically (Neville & Peaker, 1979).

. Baumrucker and Keenan (1975) reported ATP-depen-

dent calcium transport by a Golgi-enriched mem-
brane fraction from this tissue. These findings suggest
the presence of a mechanism of calcium transport
in an intracellular compartment of mammary secre-
tory cells. For this reason we have begun a careful
study of calcium transport in subcellular fractions
of mammary glands from lactating mice.

In these initial studies we have demonstrated ATP-
dependent transport of calcium into membrane-
limited subcellular vesicles in a crude particulate pre-
paration from lactating mouse mammary gland. Frac-
tionation of the crude preparation provided further
evidence that at least part of the ATP-dependent trans-
port activity was associated with Golgi membranes.
We measured calcium-stimulated phosphorylation of
the Golgi-enriched membrane fraction using y-[>2P}-
ATP and observed the molecular weight of the labeled
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Fig. 1. Scheme for partial purification of mammary gland mem-
branes (see Materials and Methods for details)

phosphoproteins with SDS-polyacrylamide gel elec-
trophoresis. A preliminary report of this work has
appeared (Neville, Selker, Semple & Watters, 1980).

Materials and Methods

Materials

CD1 mice were obtained from Charles Rivers Laboratories and
bred in this laboratory. These mice routinely bear 10 to 16 pups
in a litter; litter size was not adjusted. Lactating mice (9-15 days)
were killed by cervical dislocation and the 4th and 5th mammary
glands dissected and minced with sharp scissors. These glands con-
tain no muscle and relatively small amounts of connective tissue.
Unless stated otherwise all chemicals were reagent grade. “°Calci-
um and y-[3?P]-ATP were obtained from New England Nuclear.

Membrane Fractionation

A crude membrane pellet was prepared by homogenizing 2-5 g
of minced mammary gland for 3-4 sec with a Polytron (Model
PCU-2-110) run at the slowest speed in 2.5 volumes of homogeniza-
tion medium (0.5 HM) containing 0.5 M sucrose, 5 mm MgCl,,
1 mm HEPES and 1% Dextran (Sigma clinical grade, mol wt
200,000-275,000), pH 7.0. All preparations were maintained at 0 °C
in an ice bath. The homogenate was spun for 10 min at 600 x g
to remove cellular debris and nuclei. The supernatant was spun
at 20,000 x g, for 20 min in a Sorvall RC2B centrifuge to obtain
a crude particulate fraction. Examination of this fraction with
transmission electron microscopy revealed mitochondria, Golgi
membranes, rough endoplasmic reticulum and a variety of uniden-
tified membrane-bound particles (not shown). After washing, the
pellet was resuspended in homogenization medium using not more
than three strokes of a Teflon pestle.

The scheme used to obtain a Golgi-enriched membrane fraction
is shown in Fig. 1 and is adapted from that used by Keenan,
Huang and Morré (1972) to obtain Golgi membranes from rat
and cow mammary glands. The homogenate H, obtained as de-
scribed above, was spun at 5,000 x g,, for 20 min in a Sorval RC2B
centrifuge. When desired, the supernatant S;, was removed and
spun at 100,000 x g,, for 45 min to obtain a microsomal pellet
P;. The white loose material at the top of the 5,000 xg,, pellet
P was gently resuspended in 0.5-1.0 ml medium (0.25 HM) con-
taining 0.25 M sucrose, 5 mMm MgCl,, | mm EGTA, 37.5 mm HEPES
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and 1% dextran, pH 7.0. For larger yields we rehomogenized the
pink lower portion of P, in 3ml 0.5 HM using three strokes of
a Teflon homogenizer. This homogenate was again spun at 5,000 x
g,y and the loose white material at the top of the pellet was com-
bined with that obtained from the previous 5,000 x g,, spin. Hold-
ing the P; on ice during the time necessary to execute this procedure
resulted in no loss in either galactosyl transferase or calcium trans-
port activity. The resulting suspension was layered on a discontin-
uous sucrose gradient consisting of 1.5 ml of medium 1.3 HM (con-
taining 1.3 M sucrose, 5 mM MgCl,, 1 mm EGTA, 37.5 mm HEPES
and 1% dextran, pH 7.0) and 1.5m! of 0.5 HM and spun at
100,000 x g,, for 45 min. The material at the interface as well as
pellet P, at the bottom of the tube were resuspended in 0.25 HM.
All centrifugal separations were performed at 4 °C.

For membrane separation on Percoll (Pharmacia) gradients,
mammary tissue from a lactating mouse was diced and homoge-
nized as above using 0.25 HM throughout. After a 10-min spin
at 100 x g,, to remove nuclei and cellular debris, the supernatant
was layered on 35% Percoll in 0.25 M sucrose and spun at 60,000 x
g., for 45 min. The tube was pierced with a needle and 0.5 ml
fractions were drawn off and analyzed for ATP-dependent calcium
uptake, succinate dehydrogenase, galactosyl transferase and protein
content as described below. Density marker beads (Pharmacia)
were used to monitor the specific gravity of the fractions.

Enzyme Activity of Membrane Fractions

The activity of marker enzymes was assayed in the various frac-
tions, using succinate dehydrogenase (Pennington, 1961) for mito-
chondria, galactosy! transferase (Kuhn & White, 1977) for Golgi
membranes and cytochrome ¢ oxido-reductase for rough endoplas-
mic reticulum. (Na + K)-ATPase, a marker for plasma membranes,
was measured as the ouabain-dependent liberation of phosphate
from ATP (Hegyvary, Kang & Bandi, 1979). Cryptic enzyme activi-
ty was released by prior dilution of the membrane fractions to
0.5-1.0 mg protein/ml and incubation for 30 min at 37 °C in the
presence of 0.5 mg/ml sodium dodecylsulfate (Jorgenson, 1974).
Protein was assayed by the Peterson (1977) modification of the
Lowry method using bovine serum albumin as a standard.

*3Calcium Uptake by Membrane Fractions

Membrane fractions were resuspended in homogenization medium
(0.25 HM) to a concentration of 1 to 5 mg protein/ml. Aliquots
(100 ply of this suspension were incubated at 37 °C with 900 pl
of a solution containing 110 mmM KCl, 1.3 mm EGTA, 0.7 mm
MgCl,, 27.5 mu imidazole, 0.11 mm DNP, 0.77 pg/ml oligomycin,
1.1 mm NaN; and 0.1 uCi “*calcium/ml, pH 7.4. For a free calcium
of 50 um as calculated from the equilibrium constants given by
Kerrick and Donaldson (1972), 1.25 mM calcium were added to
the above solution; for a free calcium of 0.5 um, 0.56 mm CaCl,
were added to this solution. The reaction was started by adding
ATP to a final concentration of 1.3 mmM. At intervals, 100-p! ali-
quots of incubation solution were applied to 0.45p membrane
filters under suction, the filters were washed three times with 5ml
of an ice-cold solution containing 0.25 pm sucrose, 2 mm EGTA
and 20 mm Tris brought to pH 7.0 with HCL The filters were
placed in a scintillation vial with 5 ml Formula 963 (New England
Nuclear) and counted in a Picker Liquimat S-scintillation counter.
Aliquots (20 ul) of the incubation solution were counted similarly
and used to calculate the specific activity of the incubation medium.
#>Calcium uptake was calculated as umoles/mg protein from the
following expression:

#5Calcium uptake = (CPM, x [Cal,,)/(CPM,,, x PROT)
where CPM; are the counts in the sample after subtracting the
background, CPM,, are the counts in 1 ml of incubation medium,

[Cal,, is the total concentration of calcium and PROT is the
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amount of protein in 100 pl of membrane suspension. When used,
digitonin and calcium ionophore A-23187 were present at final
concentrations of 0.03% and 10~ 5 M, respectively.

Phosphorylation of the Golgi-Enriched Membrane
Fraction

Fraction P, ;3 was washed once in solution containing 0.1 M KCl,
1.0 mm EGTA and 0.05m Tris-maleate (pH 7.0, 0 °C) and then
resuspended in the same solution to a final concentration of 1
to 4 mg protein/ml. In later experiments an extra hypotonic wash
in the same solution without KCI was instituted. This resulted
in more reproducible calcium stimulation. Membranes were phos-
phorylated by a procedure similar to that of Sumida and Tonomura
(1974) in 0.5 or 0.2 ml of a solution containing, 0.1 M KCl, 1.0 mMm
EGTA, 0.0225 mm MgCl,, 1.038 mm CaCl,, 0.0108 mm Tris-ATP,
2-5 uCi y-[>?P]-ATP (as the tetraethylammonium salt), 0.05 M Tris-
maleate (pH 7.0, 0 °C), and 0.2 to 0.8 mg protein. From the dissoci-
ation constants of Kerrick and Donaldson (1972) this mixture
contains 20 uM free magnesium, 50 um free calcium and 2.5 um
Mg-ATP. The assay was performed on ice and was initated by
the rapid addition of ATP and y-[>?P]-ATP and terminated 20 sec
later with an ice-cold solution (STOP) containing 6% trichloroacet-
ic acid, 1.0 mm inorganic phosphate and 0.1 mum unlabeled Tris-
ATP. The protein was recovered by centrifugation, washed 4 x
with the STOP and solubilized with a solution containing 2%
SPS, 1.2% dithiothreitol, 2 mM EDTA, and 0.02 M Tris (pH 6.5,
20 °C). Aliquots of this resuspension were separated by SDS-poly-
acrylamide gel-electrophoresis (SDS-PAGE; see below) or assayed
directly for radioactivity by liquid scintillation spectrometry.

The basal level of phosphorylation was measured in the ab-
sence of calcium, under conditions otherwise identical to those
described above. The sensitivity of the phosphorylation to hydrox-
ylamine was determined by resuspending washed samples in 0.6 N
hydroxylamine in 0.08 M sodium acetate (pH 5.2) and incubating
for 10 min at room temperature. As a control for nonspecific hy-
drolysis duplicate samples were incubated under identical condi-
tions in the acetate buffer alone. Treated and control samples
were washed once with STOP and once with ice-cold distilled
water and solubilized as above.

Molecular Weight Determination of Phosphorylated
Intermediate

SDS-PAGE of solubilized samples was performed by a modifica-
tion (Rudenberg & Watters, 1978) of the method of Fairbanks,
Steck and Wallach (1971), using 5.6, 6 or 7.5% gels, and a 0.1%
SDS/0.04 M Tris-acetate buffer (pH 6.5, 10 °C). Immediately fol-
lowing electrophoresis, gels containing phosphorylated material
were sliced into 2-mm sections; each section was placed in a sepa-
rate scinfillation vial with 0.5 ml of 0.1% SDS and incubated for
18 to 24 hr at 37 °C. Control gels, containing unlabeled material
or a mixture of standard proteins (Biorad Corp.), were run in
parallel and stained with Coommassie Blue.

Solubilized samples were mixed with Biofluor (New England
Nuclear Corp.) and assayed in either a Beckman Liquimat or
a Packard Tricarb 3330 liquid scintillation system.

Results and Discussion
ATP-Dependent Calcium Uptake by a Crude Particu-
late Fraction from Lactating Mouse Mammary Gland

Our initial experiments were carried out on crude
particulate preparations to determine whether the re-
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Fig. 2. Time course of *’calcium uptake by a crude membrane
preparation (20,000 xg pellet) in the presence and absence of
ATP (1.3 mM). Incubation carried out as described in Materials
and Methods in the presence of the mitochondrial inhibitors
NaN; (1 mM), DNP (0.1 mM) and oligomycin (0.07 pg/ml). Free
calcium concentration was 50 um. The reaction was initiated by
addition of “*calcium. Points up to 1 min are single samples.
After 1 min the points represent the mean of triplicate determi-
nations; the distance between bars is two SEM

ported ATP-dependent calcium transport by particu-
late fractions from lactating mammary gland (Baum-
rucker & Keenan, 1975) represented transport into
a membrane-bound compartment or calcium binding
to one or more intracellular fractions. The time course
of *3calcium uptake by this preparation in the pres-
ence and absence of ATP is shown in Fig. 2. In the
absence of ATP we observed rapid uptake of *3calci-
um which attained a peak at about 1 min then gradu-
ally declined. This initial rapid uptake phase was a
consistent finding in the absence of ATP; it may rep-
resent exchange with previously accumulated calcium.
In the presence of ATP the time course of uptake
during the first minute was similar to that observed
in the absence of ATP. However, the calcium content
of the vesicles continued to increase reaching a pla-
teau at 4 min. At 0 °C in both the presence and ab-
sence of ATP, entry was much slower eventually
reaching a level similar to that achieved in the absence
of ATP at 37°C. The marked temperature-depen-
dence of the uptake both in the presence and absence
of ATP suggested entry of calcium into a membrane-
limited compartment (or compartments) rather than
binding. This interpretation was supported by the
finding that the calcium ionophore, A23187, released
75% of the calcium accumulated during a 10-min
incubation in the presence of ATP (Fig. 3). After a
similar incubation in the absence of ATP about %/,
of the accumulated calcium was released by A23187,
suggesting that part of the ATP-independent uptake
also represents entry into membranous vesicles. Tri-
ton X-100 (1%) had an effect similar to that of
A23187. Sodium oxalate (2 mMm) stimulated uptake
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Fig. 3. Release of *calcium accumulated in the 20,000 x g pellet
by the calcium ionophore, A23187. Incubation carried out for
10 min in the presence and absence of ATP as described in the
legend to Fig. 2. A23187 (final concentration 107° M) was added
to the incubation solution just prior to termination of incubation,
where indicated

by only about 20% at 2 and 5 min in this preparation
(data not shown). Because the enhancement of uptake
was small the anion was not included in other experi-
ments.

To provide additional evidence that ATP stimu-
lates calcium entry against a concentration gradient
we examined the time course of calcium accumulation
over a longer period of time in the presence of varying
amounts of membrane protein (Fig. 4). The amount
of ATP remaining in the incubation medium was also
assayed. The data indicate that there is rapid ATP
hydrolysis by these preparations and that the rate
of hydrolysis is proportional to the concentration of
membrane protein. In all three samples calcium accu-
mulation reached a maximum by 10 min; the level
of calcium was maintained until the ATP concentra-
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tion fell below about 0.25 mm at which point the
4Scalcium began to exit from the vesicles. The finding
that the continuous presence of ATP is required to
maintain the steady-state level of intravesicular calci-
um is strong evidence that the observed ATP-depen-
dent calcium uptake depends on a continuous supply
of energy to maintain a concentration gradient.

Because high concentrations of mitochondrial inhi-
bitors were present in the above experiments it was
probable that nonmitochondrial vesicles were respon-
sible for the calcium transport. To further clarify thig
point and to determine whether the compartment
responsible for the ATP-dependent transport was the
Golgi apparatus as suggested by the earlier work of
Baumrucker and Keenan (1975), we examined calci-
um transport in more purified membrane prepara-
tions and correlated this activity with the activity of
marker enzymes.

Calcium Transport by More Purified Membrane
Fractions from Lactating Mouse Mammary Glands

The protocol followed for the separation of more
purified membrane fractions from lactating mouse
mammary glands is shown in Fig. I and described
in detail in Materials and Methods. Table 1 shows
enzyme activites from a representative experiment.
Similar results were obtained in analyses of 5 different
preparations. The highest concentrations of the mito-
chondrial marker were found in fractions P, and P,.
Electron microscopy of these pellets confirmed the
presence of mitochondria. The Golgi marker enzyme,
galactosyl transferase, attained the highest specific ac-
tivity in fraction P, 5 with a 14-fold purification over
its activity in the homogenate. This fraction also
showed the highest specific activity of ATP-dependent
calcium transport and possessed minimal mitochon-
drial contamination (Fig. 5). The ATP-dependent up-
take recovered in S;+ P, appeared to exceed that
recovered in the homogenate. This was a consistent

Fig. 4. The effect of ATP-depletion on
retention of *°calcium by the 20,000 x g pellet.
Varying amounts of membranes were
incubated as in Fig. 1 except that the reaction
was started by ATP addition and *°calcium
content determined at intervals. The free
calcium concentration was 0.5 um. The ATP
remaining in the solution was calculated from
a concomitant measurement of free phosphate.
ATP values represent the average of duplicate
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Table 1. Enzyme activities of membrane fractions from mouse mammary gland

Fraction Volume Protein Succinate dehydrogenase  Galactosyl transferase ATP-dependent calcium
activity® activity uptake activity ?
(ml) mg/ml Total Specific Total Specific Total Specific Total
H 9.7 28.4 277 9.5 2,631 9.6 2,660 0.2 60.4
S, 7.0 16.4 115 0.6 69 3.0 339 0.3 338
Py 3.0 21.6 65 10.6 689 18.9 1,229 0.9 60.3
Py 0.3 4.7 1.4 0.3 0.5 130.4 184 3.4 4.3
P, 1.9 16.4 37 9.7 363 19.7 737 L5 55.3
Py 0.5 22.0 11 0.9 10 16.3 178 1.1 11.8
S 6.0 15.8 95 0 0 1.0 96 0 0
*  Specific activity in nmol-min~!-mg prot ™ *; total activity in nmol-min~'.
finding which possibly relates to the very high back- 1401 14r 1353
ground (ATP-independent) uptake observed in the N i V;J_ w
homogenate. These data established the presence of w'2or e ' -3OE
extra-mitochondrial ATP-dependent calcium trans- 2 & 2
. : : . & 100-Z I0F 25 2

port, possibly localized in Golgi membranes. w u g

In a separate experiment, we determined the activ- g 80_§ sl {03
ity of the rough endoplasmic reticulum marker, cyto- x x et
chrome ¢ oxidoreductase and the plasma membrane 5 60L& 6F i5 E
marker, (Na—K)-ATPase (Table 2) in the membrane 4 E z
fraction (Table 2). The results are representative of 540'5 4r ally %
two separate experiments. The low activity of cyto- 3 20k ol ls o
chrome ¢ oxido-reductase in P, ; suggested little cont- b L
amination by rough endoplasmic reticulum. The rela- 0 ' l’ﬂ i 0 *
tively high specific activity of (Na—K)-ATPase in H 5 q fs i

the P, ; fraction suggested, however, that ATP-de-
pendent calcium transport might be due to contami-
nation by inside-out plasma membrane vesicles. To
investigate this possibility we examined the effect of
digitonin on our putative Golgi fraction since Doss,
Caraway and Caraway (1979) used this detergent to
separate Golgi membranes from plasma membranes
in mammary particulate fractions. Their data and that
of others (Murphy, Coll, Rich & Williamson, 1980)
suggest that the detergent reacts mainly with plasma
membrane. We have shown elsewhere (Evans, Jacobs
& Neville, unpublished) that digitonin treatment
renders mammary gland plasma membranes perme-
able to calcium. We reasoned that digitonin treatment
should prevent net calcium uptake by plasma mem-
brane vesicles but have less effect on transport by
vesicles from internal membranes. As the data pre-
sented in Fig. 6 indicate, the presence of digitonin
in the uptake solution had no significant effect on
the time course of ATP-dependent calcium uptake
by the Golgi-enriched membrane fraction. This was
also true when the membrane was preincubated
20 min with digitonin prior to the uptake experiment
(data not shown). These results provide evidence that
plasma membrane vesicles are not responsible for the
calcium transport in this fraction.

* nmol- mg protein™- min”'

Fig. 5. Copurification of galactosyl transferase and ATP-dependent
calcium transport activity. Plot of data from Table 1

Table 2. Plasma membrane and rough endoplasmic reticulum
marker enzymes in membrane fraction

Membrane Protein  Cytochrome ¢ (Na+K)-ATPase®

fraction (mg) oxidoreductase?®

Activity Total Activity Total
H 396 24 9,504 1.3 514
Py 39.4 60 2,364 2.4 95
P, 2.8 4 11 1.7 4.8
P, 32 31 992 0.9 29
Py 34 44 1,496 1.7 58

a

Specific activity in nmol-min~*-mg prot™!; total activity in
nmol-min !

There is also substantial calcium transport activity
in those fractions, P; and P,, which contain large
numbers of mitochondria and a disproportionate
amount, compared to galactosyl transferase activity,
in the microsomal pellet, P, as well (Fig. 5). It was
not clear whether this activity could be ascribed to
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Fig. 6. The time course of **calcium accumulation in Golgi-en-
riched membranes in the presence and absence of 0.03% digitonin.
Incubation as described in the legend to Fig. 2 using the Py,
peliet and starting the reaction with ATP addition. Free calcium
concentration was 0.5 um. Points are mean of dupicate samples;
the distance between bars is two SEM

Golgi membranes or whether it represented uninhibit-
ed mitochondrial activity or ATP-dependent calcium
transport arising from another source. In an attempt
to clarify this point we separated a crude particulate
fraction on a Percoll gradient. The results are plotted
as total activity per fraction in Fig. 7; they are repre-
sentative of three separate experiments. Three peaks
of ATP-dependent calcium uptake were observed in
this separation (Fig. 6, TOP). The first, at a specific
gravity of 1.055 to 1.060 (Fractions 8-9), corre-
sponded to the peak of activity of the mitochondrial
marker, succinate dehydrogenase. We are currently
Investigating the possibility that this peak results from
mitochondrial calcium transport which is not inhibit-
ed by our combination of inhibitors. The second peak
(Fractions 11-12), at a specific gravity of 1.04-1.05,
corresponded to the peak of galactosyl transferase
activity and thus probably is representative of Golgi
membranes. The highest specific activity for ATP-
dependent calcium transport, found in fraction 12,
was 3.1 nmol-min~!-mg~!, approximately equiva-
lent to the specific activity of the P, ; obtained from
the sucrose gradient. The third peak (Fraction 16)
was seen in two of the three experiments. It appeared
to correspond neither to the mitochondrial or Golgi
fractions. This experiment suggests that there are mul-
tiple ATP-dependent calcium uptake systems in mam-
mary membranes. Calcium transport by membrane
fractions other than the Golgi-enriched fraction is
currently under study in this laboratory.
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Fig. 7. Enzyme activity of mammary membranes separated on a
Percoll gradient. After homogenization in 0.25 M HM the mamma-
ry tissue from one lactating mouse (~1.7 g) was centrifuged at
1,000 x g, for 10 min. The supernatant (3 ml) was layered on 8 ml
of 35% DPercoll in 0.25 M sucrose and spun at 60,000 xg,, for
45 min. Fractions (0.5 ml) were drawn from the bottom of the
tube and assayed for enzyme activity as described in the text

Calcium-Stimulated Phosphorylation of the
Golgi-Enviched Membrane Fraction

All characterized calcium transport ATPases are
phosphorylated, in an intermediate step, by the y-
phosphate of ATP (Carafoli & Crompton, 1980). To
determine whether the same mechanism operates in
the Golgi-enriched fraction, we studied its phosphory-
lation under 1onic conditions which favor formation
of a stable phosphoprotein intermediate in the sarco-
plasmic reticulum system (Yamada & Tonomura,
1972). Data from four experiments on two separate
membrane preparations are presented in Table 3. In
the presence of calcium there was a variable increase
in phosphorylation averaging 6 nmol/g protein. Phos-
phorylation of the Golgi fraction was stable in the
presence of 6% trichloroacetic acid, but decreased
about 6 nmol/g protein following treatment with hy-
droxylamine.
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Table 3. Calcium-dependent phosphorylation of Golgi-enriched
membranes

Cal- Post-treatments Phosphorylation ®
clum (nmol/g protein)
NaAc? Hydroxyl- Expl Exp2a Exp2b Exp2c
amine®
0 0 0 16.2 4.7 5.1 23.0
+ 0 0 25.2 7.1 14.0 27.4
+ + 0 ND ND 9.7 20.7
+ + + ND ND 49 12.8
Calcium-dependent 9.0 24 8.9 4.4
phosphorylation
Hydroxylamine-sensitive 4.8 7.9

phosphorylation

2 Incubated 10 min at room temp in 0.08 M sodium acetate after
phosphorylation.

b Incubated 10 min at room temp in 0.08 M sodium acetate plus
0.6 M hydroxylamine after phosphorylation.

¢ Values represent the average of duplicate assays. Experiments 1
and 2 represent two different membrane preparations.

To estimate the molecular weight of the phospho-
protein complex we dissolved the phosphorylated
membranes in SDS and subjected the resulting solu-
tion to polyacrylamide gel electrophoresis. Figure §
shows results from a typical experiment in which ra-
dioactivity is plotted as a function of gel slice; the
position of proteins of known molecular weight, sepa-
rated on duplicate gels, is indicated. The top curves
of Fig. 8 show a distinct peak at about 100,00 Dal-
tons. When 50 uM calcium was present in the incuba-
tion medium the peak height was significantly in-
creased. Hydroxylamine entirely removed this peak.
Incubation of the phosphoprotein in acetate buffer
without hydroxylamine gave a similar peak, but of
reduced height.

These data clearly show acid-stable, hydroxyl-
amine-labile phosphorylation of a protein with a mo-
lecular weight of approximately 100,000 Daltons. The
phosphorylation was enhanced by calcium at a free
concentration of 50 um. These characteristics suggest
that the mammary Golgi membrane possesses a calci-
um transport protein similar to the one found in sar-
coplasmic reticulum which has a molecular weight
of approximately 100,000 Daltons (Tada et al., 1978).
In this respect, the transport system differs from that
present in the plasma membrane of red blood cells
which has a molecular weight of about 150,000 Dal-
tons (Schatzmann & Biirgin, 1978).

We have no explanation for our consistent finding
of heavy phosphorylation of the 100,000 Dalton peak
in the absence of added calcium. It is unlikely, howev-
er, that this incorporation represents the phosphory-
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Fig. 8. Separation of phosphorylated protein by 5.6% polyacryl-
amide gel electrophoresis. 4. Golgi-enriched membranes incubated
as described in Materials and Methods with y-[>?P}-ATP in the
absence (closed circles) and presence (open circles) of 50 um free
calcium. B. Golgi membranes incubated in the presence of 50 um
added calcium. A 10-min incubation in 80 mM Na acetate, pH 5.2
with (open circles) or without (closed circles) 0.6 M hydroxylamine
at room temperature followed the second trichloroacetic acid wash
(see Materials and Methods)

lated intermediate of the (Na+ K)-ATPase, whose
catalytic subunit has been shown to have a molecular
weight of 100,000 Daltons (Knauf, Proverbio & Hoff-
man, 1974), because the conditions of our assay (zero
sodium; 100 mM potassium) do not favor its forma-
tion. We are currently investigating the possibility
that the enzyme exists in calcium-dependent and calci-
um-independent forms (Inesi, Cohen & Coan, 1976).

All the curves show a shoulder at about
116,000 Daltons. The identity of this peak is un-
known, but it is acid stable and appears to be less
sensitive to calcium and hydroxylamine than the peak
at 100,000 Daltons.

Conclusions

The experiments presented here show that particulate
fractions from the mammary gland of lactating mice
transport calcium ion against a concentration gra-
dient in the presence of ATP. The transport takes
place in the presence of high concentrations of mito-
chondrial inhibitors, suggesting that nonmitochon-
drial membranes are involved. The crude particulate
preparation was fractionated by differential and den-
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sity-gradient centrifugation to obtain a Golgi-en-
riched component, identified by a 14-fold enhance-
ment of galactosyl transferase activity and negligible
succinate dehydrogenase activity. This component
showed the highest specific activity of ATP-dependent
calcium transport. Digitonin had no significant effect
on calcium transport by this fraction suggesting that
the Golgi apparatus and not contaminating plasma
membranes are responsible for the observation.

Further insight into the nature of the transport
molecule is provided by the finding that a
100,000 Dalton protein in the Golgi-enriched mem-
brane fraction is phosphorylated in the presence of
y-[*?P]-ATP. Phosphorylation was enhanced by
50 uM calcium. The phosphoprotein intermediate was
acid stable and hydroxylamine labile, indicating acyl-
phosphate formation as in the other transport
ATPases (Carafoli & Crompton, 1978). The calcium
ATPase of the sarcoplasmic reticulum of skeletal mus-
cle has a similar molecular weight as do the phospho-
protein transport intermediates of vesicles purified
from synaptosomal membranes (Blitz etal., 1977;
Papzian, Rahaminoff & Goldin, 1979). Evidence is
beginning to appear in the literature that a Ca-
ATPase like that which has been extensively charac-
terized in sarcoplasmic reticulum is present in smooth
endoplasmic reticulum of cell types other than muscle
(Blaustein et al., 1980; Henkart, 1980). The present
work represents the first firm evidence for the local-
ization of an enzyme of similar molecular weight in
the Golgi membrane.
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