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ABSTRACT A platelet subcellular fraction, sedimenting between 14,000 and
40,000 g and consisting primarily of membrane vesicles, accumulates up to
200-400 nmoles calcium/mg protein in the presence of ATP and oxalate.
Steady-state levels of calcium accumulation are attained in 40-60 min. Calcium
uptake requires adenosine triphosphate (ATP), is enhanced by oxalate, and is
accompanied by the release of inorganic phosphate. Calcium accumulation and
phosphate release require magnesium and are inhibited by Salyrgan (10 /UM)
and adenosine diphosphate (ADP) (1 mM), but not by ouabain (0.1 mM).
The ATPase activity is stimulated by low concentrations of calcium (5-10 JUM)
and is inhibited by 2 mM EGTA. Electron microscopic histochemistry using
lead nitrate to precipitate released phosphate results in lead precipitates lo-
calized primarily at the inner surface of membrane vesicles. These results provide
evidence for a membrane ATPase that is stimulated by low concentrations of
calcium and may be involved in the transport of calcium across the membrane.
It is postulated that the observed calcium uptake activity is an in vitro mani-
festation of a calcium extrusion pump in the intact platelet.

INTRODUCTION

Platelets normally circulate in the blood as discrete, nonadhesive "cells," yet
they rapidly become sticky and adhere to each other and to the blood vessel
wall in response to injury of the blood vessel. Irreversible aggregation of plate-
lets is an early step in hemostasis. An initial event in the chain of reactions
leading to irreversible aggregation is a release reaction in which platelets dis-
charge their contents into the plasma milieu. A vast literature exists on the
substances that promote release and/or aggregation, but little is known about
platelet control mechanisms that prevent these phenomena from occurring
except when a stimulus is applied. The requirements for calcium in release
and aggregation, plus the analogy of these reactions to secretory (Holmsen,
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Day, and Stormorken, 1969) or contractile events (Grette, 1962; White, 1971),
suggest that calcium may have a role in platelets comparable to its role in
stimulus-secretion coupling (Douglas, 1968) or stimulus-contraction coupling
(Ebashi and Endo, 1968).

In 1963, Grette reported that a 14,000 g supernatant of platelet homog-
enates inhibited the superprecipitation of the platelet contractile protein,
thrombosthenin, and that the inhibition could be reversed by the addition of
calcium ions. Because this activity resembled that of the "relaxing factor" of
muscle (Marsh, 1952; Mueller, 1960), Grette proposed the idea that a platelet
relaxing factor was involved in maintaining the platelets in an unactivated
state. Subsequently, Statland, Heagan, and White (1969) demonstrated that a
membrane component of the 14,000 g supernatant had the ability to take up
calcium in the presence of ATP and suggested that this activity might repre-
sent a calcium extrusion pump similar to that of the sarcoplasmic reticulum
of muscle.

Studies have been undertaken to examine the properties and conditions of
calcium uptake in a platelet membrane preparation in order to determine
whether a transport mechanism is involved and whether the transport might
function as a calcium extrusion pump. The present communication describes
the in vitro requirements for calcium uptake by a platelet membrane fraction
and presents evidence for a membrane ATPase involved in the transport of
calcium across the membrane.

MATERIALS AND METHODS

Materials

All chemicals were analytical grade. ATP,1 ADP, CTP, GTP, and UTP, obtained
as the sodium salts from Sigma Chemical Co., St. Louis, Mo., were treated with
Dowex 50-x8 and adjusted to pH 6.7-6.9 with NaOH (Carsten, 1969). MOPS
(3-(N-morpholino) propane-sulfonic acid) was obtained from Polysciences, Inc.,
Warrington, Pa. EGTA (Eastman Kodak Co., Rochester, N. Y.) was prepared in
0.1 M Tris and the pH adjusted to 7.5 with HCI. Glutaraldehyde was obtained from
Ladd Research Industries, Inc., Burlington, Vt., as a 70 % solution and diluted with
buffer to a 6 % stock solution. Epon 812 embedding materials were also obtained from
Ladd Research Industries. All solutions were prepared and stored in Pyrex glassware
(Corning Glass Works, Corning, N. Y.), and reactions were carried out in glassware
that had been treated with Siliclad (Clay-Adams, Inc., New York).

Isolation of Platelets

Calf blood, obtained at the slaughterhouse, was collected directly into polyethylene
bags containing 100 ml of 3.8 % sodium citrate, care being taken to avoid collecting
1 The following abbreviations are used in this paper: EGTA, ethylene glycol his (G-aminoethyl
ether)N, N'-tetraacetic acid; ATP, adenosine triphosphate; ADP, adenosine diphosphate; CTP, cyti-
dine triphosphate; GTP, guanosine triphosphate; UTP, uridine triphosphate.
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the initial flow of blood. If the volume of blood plus anticoagulant exceeded I liter,
additional citrate was added to maintain the citrate at a 410 volume concentration.
The blood was mixed by slow inversion of the bags after which they were placed on
ice. Blood from each calf was kept separate so that platelet condition and number
could be assessed. Those with a low platelet number, microscopic evidence of fibrin
formation, or activated platelets, e.g. with pseudopod formation or microaggregates,
were discarded. All subsequent operations were carried out at 4°-50 C. The citrated
blood was centrifuged in 500-ml polycarbonate bottles in the GS-3 head of the Sorvall
RC-2B centrifuge (Ivan Sorvall, Inc., Newtown, Conn.) at 1200 g (2700 rpm) for
6 min. The platelet-rich plasma (PRP) was siphoned off from the sedimented red
cells, pooled, and centrifuged at 1800 g for 20 min. Platelet pellets were washed three
times by resuspending in 20-30 vol of citrated 0.9 % saline (4 0 vol of 3.8 % citrate).
Residual red blood cells were removed from the platelet suspension by repeated dif-
ferential centrifugation at 150 g for 3 min. Washed platelets were resuspended in 25
ml Tris-buffered saline (1 vol 0.1 M Tris-HCI, pH 7.0 to 4 vol 0.9 % saline) contain-
ing 0.5 % glucose and stored overnight at 5C. Preliminary experiments indicated
that the overnight storage of platelets at 5 C had no appreciable effect on the calcium
uptake activity of subsequently prepared subcellular fractions.

Single units of human blood collected in q40 vol of 3.8 % sodium citrate were ob-
tained from Blood Research Institute, Boston, Mass. Within 2 h after collection, the
blood was centrifuged in 50-ml polyethylene tubes in the Sorvall GLC centrifuge at
1500 g for 20 min to obtain platelet pellets. The red cells sedimented in the initial
centrifugation were resuspended by gentle inversion in a volume of citrated saline
equal to the volume of PRP that had been removed. The resuspended red cells were
centrifuged again at 1000 g for 3 min. The supernatant contained platelets that initi-
ally had sedimented with the red cells. The supernatant was removed by Pasteur pi-
pette, care being taken to avoid the buffy coat cells, and was centrifuged at 1800 g
for 20 min. The resulting platelet pellet was resuspended in citrated saline and
combined with platelets derived from the PRP. This procedure was found to nearly
double the final yield of platelets. The remaining procedures of washing the plate-
lets and removing residual red cells was the same as for calf platelets.

Preparation of Platelet Fractions

The following day the platelets were centrifuged in a graduated conical centrifuge
tube in a GLC centrifuge at 1400 g for 30 min. The pellets were resuspended in 3 vol
of homogenizing medium (30 mM KCI, 5 mM MgC12, 10 mM potassium oxalate,
and 20 mM Tris-HCI, pH 7.0) (Grette, 1963). 1 ml portions were homogenized in a
smooth-walled glass tube with a motor-driven teflon pestle (Arthur H. Thomas Co.,
Philadelphia, Pa., Cat. No. 42888, Size AA) at 2400 rpm. The homogenizer tube
was submerged in an ice bath throughout the homogenization period, and to avoid
excessive heat buildup, the homogenization was carried out in three periods of 1'
min each, interrupted by intervals of 2-3 min. After each portion was homogenized,
the tube was rinsed with 2 ml of homogenizing medium and the washings combined
with the cell homogenate.

The platelet homogenate was centrifuged at 14,000 g for 10 min producing pellet
fraction I and supernatant fraction IA. The supernatant fraction IA was centrifuged
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at 40,000 g for 1 h yielding pellet fraction II and supernatant fraction III. Each pellet
fraction, I and II, was resuspended in a volume of homogenizing medium equal to
that used to homogenize the original platelets. Exceptions to this are indicated in the
legends to the figures. The various steps of the isolation and fractionation procedure
are shown in Fig. 1. The fractions were kept on ice until used. Preliminary experi-
ments indicated that both calcium uptake activity and ATPase activity decreased

Platelet-Rich Plasma

1800 g, 20 min, 4-5°C

Supernatant Platelet pellet
(discard)

1. Suspend in citrated saline
2. 1800 g, 20 min, 40 -5°C

Repeat I and 2 twice.

3. Suspend in citrated saline
4. 150 g, 3 min, 4°-5°C

Erythrocyte pellet Supernatant (platelet suspension)
(discard)

1. 1800 g, 20 min, 4°-5 °C
2. Suspend pellet in Tris-saline-glucose
3. Store overnight, 40 -5°C
4. 1400 g, 30 min, 4-5°C

Supernatant Platelet pellet
(discard)

I. Suspend in homogenizing medium
2. Homogenize
3. 14 ,000 g, 10 min, 4-5°C

Pellet-Fraction I Supernatant-Fraction IA

1. 4 0,000 g, I h, 4-5°C

Pellet-Fraction II Supernatant-Fraction III

FIGURE 1. Diagram of isolation procedure.

with storage, therefore all experiments were done the same day that the fractions
were prepared.

Protein content of platelet fractions was determined by the method of Lowry et al.

(1951).

Measurement of Calcium Uptake Activity

The standard incubation medium for measurement of calcium uptake activity con-
tained 100 mM KCI, 5 mM MgC12, 2 mM ATP, 20 mM Tris-HC1 (pH 7.0), and
50-58 AxM CaC12 of which 0.52 AM was 4 CaCI 2. Total reaction volumes ranged from
1 to 5 ml depending upon the experiment with each milliliter of complete reaction
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mixture containing 0. 1 ml of platelet fraction. Unless stated otherwise in the legends
to the figures, complete reaction mixtures contain 1 mM oxalate which is introduced
with the platelet fraction (from the homogenizing medium). Because the activity of
the preparations deteriorated rapidly at 37C, all reactions were carried out at
ambient temperature (22 24C) except where indicated and were started by the
addition of the platelet fraction to the medium. Continuous stirring was maintained
throughout the incubation period. At various time intervals, 0.5-ml portions were
filtered on a Millipore Microfiltration Apparatus (Millipore Corp., Bedford, Mass.)
using Type HA filters, 0.45 /um pore size (Martonosi and Feretos, 1964). The filters
were washed with 50 ml of cold 0.9 % saline while on the filtration apparatus, air-
dried, and placed in a scintillation counter. To determine the specific activity of
45Ca, a 0.02 ml portion of each reaction mixture was placed on a filter, dried, and
the radioactivity determined as for the experimental samples. Specific activity
(sp act), expressed as counts per minute per nanomole calcium was calculated as:
sp act = cpm/0.02 ml/calcium concentration of the reaction mixture.

Measurement of A TPase Activity

The reaction mixture for the measurement of ATPase activity was the same as for
calcium uptake but with 4 CaC12 omitted. Variations in this medium are indicated in
the legends to the figures. ATPase activity was determined by measuring the libera-
tion of inorganic phosphate (Pi). The reaction was carried out at 220 -24C with con-
tinuous stirring. Pi was determined by the following modification (Matsushita and
Raacke, 1968; Raacke, personal communication, 1970) of the method of Delsal and
Manhouri (1958): at the end of the incubation period, 0.2 ml of the reaction mixture
was added to 4 ml of ice-cold molybdate-acetate reagent and mixed rapidly on a
vortex mixer; 90 s later 0.2 ml of cold stannous chloride was added with rapid mixing
and 3 min later the optical density was measured at 735 nm against distilled water.
Appropriate reagent blanks were carried through the same procedure and subtracted
from the optical density reading of the sample. The amount of Pi is determined from
a standard curve prepared from solutions of varying concentrations of KH 2PO 4. The
molybdate-acetate reagent is prepared fresh from 43 parts acetate buffer (45 g sodium
acetate: 3 H 20 in 1 liter 2 N acetic acid), I part 37 % formaldehyde, and 5 parts of
5 % ammonium molybdate :4 H2 0. Stannous chloride is prepared as a stock solution
of 5.935 g SnCI2:2H 2 0 in 25 ml of concentrated HC1 and is diluted 1:100 with dis-
tilled water just before use.

Electron Microscopy

The pellet fractions were resuspended in homogenizing medium and fixed for electron
microscopy by adding an equal volume of 6 % glutaraldehyde in 0.1 M cacodylate-
HCl buffer, pH 7.2. After 1 h at room temperature, the fixed suspensions were centri-
fuged at 14,000 g for 10 min (fraction I) or at 40,000 g for 1 h (fraction II). The glu-
taraldehyde-fixed pellets were washed with several changes of cold cacodylate-HCI
buffer, postfixed in cold 1 % OsO4 in 0.1 M cacodylate-HCI buffer, stained en bloc
with 0.5% uranyl acetate (Farquahar and Palade, 1965), dehydrated through a
graded ethanol series, and embedded in Epon 812 (Luft, 1961). Thin sections cut on
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an LKB Ultratome III (LKB Instruments, Inc., Rockville, Md.) were double-stained
with uranyl acetate and lead citrate (Reynolds, 1963) and examined in an RCA
EMU-3C or JEM-100B (JEOL U.S.A., Inc., Medford, Mass.) electron microscope.

Enzyme Histochemistry

For the histochemical demonstration of ATPase activity, the membrane fraction II
was used exclusively. After the 40,000 g centrifugation, the intact pellet was scooped
out of the conical centrifuge tube and cut into small blocks of approximately 1 mm
size. These blocks were carried through the histochemical incubation and subsequent
fixation and embedding as if they were tissue blocks.

The incubation medium for ATPase histochemistry was identical to that used for
biochemical determination of ATPase activity except for the addition of 1 mM
Pb(NO 3) 2. In preliminary measurements the ATPase activity of membrane fractions

suspended in this medium was about half of that obtained in the absence of lead. In
spite of the inhibition, there was still 0.2 mole Pi released/mg protein per 30 min.
Tice and Engel (1966) reported that a minimum of 0.1 mole Pi/mg protein was ade-
quate to produce an observable precipitate of lead phosphate in a similar system.
Small blocks of the platelet membrane pellet were incubated in the ATPase medium
for 1 h at room temperature. Control samples were incubated for 1 h at room tempera-
ture in the ATPase medium containing 10 /iM Salyrgan (Winthrop Laboratories,
New York), or in ice-cold ATPase medium for 10 min. After the enzyme incubation,
the blocks were rinsed twice with 20 mM Tris-HCl (pH 7.0), fixed for 2 h in 3 % caco-
dylate-buffered glutaraldehyde (pH 7.0), postfixed in 1% Os04, dehydrated in a
graded ethanol series, and embedded in Epon 812.

RESULTS

Electron Microscopy of Platelet Fractions

Fraction I contains unbroken platelets, platelet fragments, mitochondria,
granules, and coarse membrane fragments (Fig. 2). Fraction II consists pri-
marily of membranous vesicles and 200-300 A particles believed to be glyco-
gen (Fig. 3). The homogeneity of this fraction was observed to vary from one
preparation to another so that a few mitochondria and granules are observed
occasionally.

Calcium Uptake Activity of Platelet Fractions

The distribution of calcium uptake activity in the major fractions is shown in
Table I. Where calcium uptake activity was measured in the complete homog-
enate, an enrichment of specific calcium uptake activity is observed in both
pellet fractions I and II. The supernatant fraction III has negligible activity.

The morphological homogeneity of fraction II coupled with the higher
calcium uptake activity indicated that it is the more suitable fraction for
studies of the requirements for calcium uptake. Consequently, only fraction II
was used for many of the remaining experiments.
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The Effect of Oxalate on Calcium Uptake

Calcium uptake was measured in the presence of varying concentrations of
oxalate. For this experiment, the membrane fraction II was washed and re-
suspended in oxalate-free homogenizing medium. As seen in Fig. 4, oxalate in

TABLE I

DISTRIBUTION OF CALCIUM UPTAKE ACTIVITY

Samples were incubated in the standard incubation medium containing 5 m1M potassium oxa-
late for 60 min at 23 C. Calcium uptake activity is expressed as nanornoles calcium accumulated
per milligram protein.

Fraction

Complete
Experiment homogenate I IA I I III

1. Calf 52.6 170.5 11.8 215.0 0.87
2. Calf 95.0 342.0 0.76
3. Human 60.2 4.4 79.1
4. Human 16.4 87.8

200

100

0 10 5103 0o'

Oxalate Concentration, M

FIGURE 4. The effect of oxalate concentration on calcium uptake activity. Fraction II
was resuspended in oxalate-free homogenizing medium and incubated for 30 min in the
standard calcium uptake medium containing potassium oxalate in the concentrations
indicated on the abscissa. Protein concentrations of the complete reaction mixtures were
0.093 mg/ml.

FIGURE 2. opposite Electron micrograph of fraction I. This fraction, which sediments at
14,000g, contains unbroken platelets and platelet fragments (p), free granules (g)
and mitochondria (m), and membrane vesicles and fragments (my). Stained en bloc
with uranyl acetate. Section stained with uranyl acetate and lead citrate. X 26,500.
FIGURE 3. Electron micrograph of fraction II. This fraction, which sediments at 40,000
g, consists primarily of membrane vesicles and glycogen-like particles. Stained en bloc
with uranyl acetate. Section stained with uranyl acetate and lead citrate. X 26,500.
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concentrations of 1-10 /zM has little effect on calcium uptake. From 10 /uM
to 1 mM oxalate, the total amount of calcium accumulated increasesgradually.
When the oxalate concentration is above 1 mM, a sharp increase in calcium
accumulation is observed. This is characteristic of sarcoplasmic reticulum type
of calcium uptake (Hasselbach, 1964).

The time-course of calcium uptake is also influenced by the presence of
oxalate in the medium. As seen in Fig. 5, the steady-state level of calcium
accumulation is reached within 5 min in the absence of oxalate. In the pres-
ence of oxalate, calcium accumulation continues for 60 min or more. A similar

250 -

150 

5 50 

25

0 10 20 30 40 50 60

Minutes
FIGURE 5. The effect of oxalate on time to reach steady state. Fraction II was re
suspended in oxalate-free homogenizing medium and incubated in the standard calcium
uptake medium without oxalate (); or with oxalate at 1 mM () or 5 mM () final
concentration. Protein concentrations of the complete reaction mixtures were 0.081
mg/ml.

enhancement of the calcium uptake activity by oxalate is observed in the com-
plete homogenate and in fraction I, although the increase is not as great as that

seen in fraction II (Fig. 6).

Nucleotide Requirement for Calcium Uptake

A nucleotide triphosphate is required for significant calcium uptake activity.

The nucleotide requirement appears to be specific for ATP since calcium

uptake activity is substantially lower in the presence of the triphosphates

GTP, CTP, or UTP and the diphosphate, ADP (Fig. 7, Table II). ATP-
dependent calcium uptake activity is the same with ATP concentrations rang-
ing from 0.5 to 4 mM. ADP in equimolar concentration with ATP is inhibitory

(Table II).
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FIGURE 6. The effect of oxalate on calcium uptake activity. Time-course of calcium
uptake by: complete homogenate (r, ); fraction I (A, ). Open symbols, 1 mM

oxalate; closed symbols, 5 mM oxalate. Protein concentrations of the complete reaction
mixtures were 0.510 mg/ml for the complete homogenate and 0.230 mg/ml for fraction I.

0 10 20 30 40 50 60

Minutes

FIGURE 7. The effect of nucleotide triphosphates (NTP) on calcium uptake activity.
Fraction II was incubated in the standard calcium uptake medium containing 2 mM

ATP (); 2 mM UTP (); 2 mM GTP (0); 2 mM CTP (); or no NTP (A).
Protein concentrations of the complete reaction mixtures were 0.074 mg/ml.

A TPase Activity Associated with Calcium Uptake

ATPase activity was measured under the same conditions as calcium uptake

but with 4 5CaC12 omitted. EGTA at 2 mM concentration was used to chelate
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any extraneous calcium in order to determine whether a calcium-activated
ATPase might be present. Table III shows the results of these experiments.
EGTA reduces the ATPase activity significantly, suggesting the presence of a
calcium-activated ATPase. The parallel effects of Salyrgan on calcium uptake
and ATPase activity support the concept of an ATPase being involved in
calcium uptake. Sodium azide has less effect on either calcium uptake or
ATPase activity indicating a small mitochondrial participation. The ATPase

TABLE II

EFFECT OF ADP ON CALCIUM UPTAKE

Samples were incubated in calcium uptake medium containing the indicated
nucleotide for 30 min at 23°C. Protein concentrations of the complete reac-
tion mixtures were 0.040 mg/ml.

Ntucleotide Ca uptake

(nmoles/g)

1 mM ATP 87.0
2 mM ATP 91.9
1 mM ATP + 1 mM ADP 14.1
2 mM ADP 15.9

TABLE III

ATPase ACTIVITY ASSOCIATED WITH CALCIUM UPTAKE

Samples were incubated for 30 min at 23 C in the standard incubation media
as described in Methods. Inhibitors were added to the medium so that final
concentrations in the complete reaction mixture were: Salyrgan, 10 AM; so-
dium azide, 0.5 mM; EGTA, 2.0 mM. Calcium (Ca) uptake is expressed as
nanomoles Ca per milligram protein. Inorganic phosphate released (Pi) is
expressed as micromoles Pi per milligram protein. Protein concentrations in
the complete reaction mixtures were: 1) 0.300 mg/ml; 2) 0.113 mg/ml; and 3)
0.093 mg/ml.

Sample Pi Inhibition Ca uptake Inhibition

% %

1. Fraction I 0.407 5.6
a. + Salyrgan 0.187 54 1.6 71
b. + Azide 0.367 10 4.3 23
c. + EGTA 0.227 44

2. Fraction II 0.460 24.3
a. + Salyrgan 0.274 40 7.1 71
b. + Azide 0.496 0 14.8 39
c. + EGTA 0.274 40

3. Fraction II 0.540 52.3
a. + Salyrgan 0.086 84 10.7 79
b. + Azide 0.387 28 53.6 0
c. + EGTA 0.054 90
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activity is inhibited less than 15% by 0.1 mM ouabain indicating that the con-
tribution of the Mg++-dependent, (Na+ and K+)-stimulated ATPase to the
observed ATPase activity is small. ADP at 1 mM concentration produces 40%
inhibition of the ATPase activity.

Enzyme Histochemistry

Samples incubated for demonstration of ATPase activity are heavily labeled
with dense black deposits of lead phosphate (Fig. 8). The precipitates are con-
fined to the vesicle lumens, sometimes filling the entire vesicle. In vesicles that
are not filled completely, the precipitate is associated with the inner surface of
the membrane and is not "floating free" within the lumen. No precipitates are
observed in the spaces between vesicles. The inhibition of ATPase activity by
Salyrgan is demonstrated by the marked reduction in lead phosphate deposi-
tion when Salyrgan is included in the incubation medium (Fig. 9). No deposits
are observed in samples incubated in ice-cold ATPase medium.

Effect of Calcium Concentration on Calcium Uptake and A TPase Activity

The total amount of calcium accumulated by fraction II increases with in-
creasing medium calcium concentration (Fig. 10). The ATPase activity also
increases with an apparant activation produced by the addition of small
increments of calcium. A sharp increase in the amount of inorganic phosphate
liberated is observed with the addition of 5-10 uM calcium to the reaction
medium. (Fig. 11).

Effect of Magnesium on Calcium Uptake and A TPase Activity

The effect of magnesium concentration on calcium uptake and ATPase ac-
tivity is shown in Fig. 12. Both activities are maximal at a magnesium concen-
tration of 5.0-7.5 mM. At 0 and 10 mM magnesium there is no measurable
ATPase activity although there is some calcium uptake.

Effect of Temperature on Calcium Uptake Activity

The rate of calcium uptake is temperature dependent. From the data in Fig.
13, the activation energy is approximately 13 kcal/mol. At 37°C there is less
total calcium uptake at steady state than at 250 C. This difference may be the
result of breakdown of the system during prolonged incubation at the higher
temperature.

Effect of pH on Calcium Uptake and A TPase Activity

Calcium uptake and ATPase activities were determined over a pH range from
5.0-8.5 using the zwitterionic buffer MOPS (3-(N-morpholino) propane-
sulfonic acid, pK 7.2) rather than Tris (pK 8.1). Both buffers gave the same
results in preliminary experiments at pH 7.0. Fig. 14 shows the effect of vary-
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ing the pH of the reaction medium on calcium uptake and ATPase activities.
Calcium uptake has a sharp peak at pH 7.0. This is in contrast to the ATPase
activity which seems to reach a plateau between pH 6.5 and 7.5 and then
increases sharply above pH 7.5. It is not known whether the difference in the
two activities at high pH is the result of membranes becoming leaky and un-
able to retain accumulated calcium, or is the result of other phosphatases in
the preparation.

.5 80

* 60
E

40

E
20

106 10s 104

Initial Ca Concentration, M

FIGURE 10. The effect of calcium concentration on calcium uptake activity. Fraction

II was incubated for 30 min in the standard calcium uptake medium containing a range

of calcium concentrations. The concentrations indicated on the abscissa represent the

total calcium concentration of the complete reaction mixture at the start of the

reaction. Protein concentrations of the complete mixture were 0.263 mg/ml.

DISCUSSION

The results presented here demonstrate that platelet membrane structures
accumulate calcium by an ATP-dependent process. Although granules and
mitochondria are occasionally found in fraction II, membrane vesicles are the
principal component. The enrichment of calcium uptake activity in fraction
II indicates that calcium uptake is a membrane-associated activity. The ac-
tivity observed in fraction I, which contains all types of subcellular structures,
is probably the result of its membrane constituent. The participation of mem-
brane structures rather than mitochondria in the calcium uptake by both
fractions is demonstrated by the enhancement of calcium uptake activity by

FIGURE 8. opposite Electron micrograph of membrane fraction after incubation in

standard ATPase medium. Section stained with uranyl acetate and lead citrate to

illustrate morphology. Dense precipitates of lead phosphate reaction product are at-
tached to the inner surface of vesicles (I) and sometimes fill the entire lumen (2). X

43,700.
FIGURE 9. Electron micrograph of membrane fraction after incubation in ATPase

medium containing Salyrgan. The only lead phosphate reaction product evident is a fine

stippling associated with membranes (arrows). Unstained section. X 61,200.
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FIGURE 11. The effect of calcium concentration on ATPase activity. Fraction II was

incubated for 30 min in the standard ATPase medium containing a range of calcium

concentrations. The concentrations indicated on the abscissa represent the total calcium

concentration of the complete reaction mixture at the start of the reaction. Protein con-

centrations of the complete mixtures were 0.263 mg/ml.
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FIGURE 12. The effect of magnesium concentration on calcium uptake () and
ATPase (A) activity. Fraction II was resuspended in magnesium-free homogenizing

medium and was incubated for 30 min in the standard calcium uptake or ATPase
medium containing final concentrations of magnesium as indicated on the abscissa.
Protein concentrations of the complete reaction mixtures were 0.041 mg/ml.

oxalate and by the greater inhibition of activity with Salyrgan in low concen-
tration than with sodium azide.

ATP-dependent calcium uptake is accompanied by the liberation of in-
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FIGURE 13. The effect of temperature on calcium uptake activity. Fraction II was
incubated in the standard calcium uptake medium at the temperatures indicated. The
protein concentrations of the complete reaction mixtures were 0.074 mg/ml.
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FIGURE 14. The effect of pH on calcium uptake ( ) and ATPase activity (A). Fraction
II was incubated for 30 min in standard calcium uptake medium prepared with MOPS
buffer at the pH indicated on the abscissa. Prtotein concentrations of the complete
reaction mixtures were 0.101 mg/ml.

organic phosphate. Magnesium ion is required for optimum levels of both
activities. The marked increase in phosphate liberation with the addition of
low concentrations of calcium is evidence for the presence of a calcium-
activated ATPase. This evidence, coupled with the observation that calcium
uptake is reduced to very low levels under conditions that inhibit the ATPase
activity, suggests that the ATPase activity is associated with calcium uptake.
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The demonstration of ATPase activity by enzyme histochemistry provides
further evidence for a membrane function. Unfortunately, EGTA cannot be
used to identify the ATPase activity histochemically as a calcium-activated
enzyme because of the high affinity of EGTA for lead. However, the marked
inhibition of histochemical activity by Salyrgan suggests that the same ATPase
enzyme is being demonstrated by both biochemical and histochemical
methods. It seems reasonable to conclude that the biochemical activity asso-
ciated with calcium uptake is identical with the membrane-associated activity
observed histochemically.

The calcium uptake activity observed here may be the result of a binding of
calcium to the membrane, or it may be the result of a transport process in
which calcium is moved across the membrane into the vesicle lumen, or it
may represent a combination of both. In the absence of ATP, approximately 1
nmol calcium/mg vesicle protein is taken up (Fig. 7). Assuming an approxi-
mate vesicle volume of 10 l/mg protein (Weber, Herz, and Reiss, 1966), the
concentration of calcium within a vesicle lumen equals 100 MM, which is
somewhat higher but in the same order of magnitude as the external medium
concentration of 50 MM. With the addition of ATP there is a 10-fold increase
in calcium uptake to 10 nmol/mg protein in the absence of oxalate, and over
200-fold increase to 250-350 nmol/mg protein with 5 mM oxalate in the
medium (Figs. 4 and 5). Using the same calculation as before, these uptake
values correspond to vesicular calcium concentrations of 1 mM and 25-35
mM, respectively. If the vesicles are freely permeable to calcium, then an
equilibrium concentration within the vesicles of 50 MM would be expected.
Amounts in excess of this might be due to binding of calcium by sites on the
membrane and is probably the case in the ATP-free system. The presence of
ATP might induce a preferential binding of calcium as has been described for
the sarcoplasmic reticulum by Carvalho and Leo (1967), or it might actively
promote the translocation of calcium across the membrane into the lumen
where it could exist as the free ion or be bound to the inner aspect of the mem-
brane (Weber, Herz, and Reiss, 1966; Vanderkooi and Martonosi, 1971). The
present experiments cannot completely distinguish between these possibilities,
but the enhancement of calcium uptake by oxalate indicates that at least some
of the accumulated calcium is available to combine with oxalate. If the free
calcium concentration is above 0.5 mM in the presence of 5 mM magnesium,
ATP, and oxalate, precipitation of calcium oxalate will occur (Hasselbach
and Makinose, 1961). The above calculations indicate that there is sufficient
intravesicular calcium to precipitate with oxalate even if there is as much as
50% error in the values used.

ATP-dependent, oxalate-enhanced calcium uptake is a property of micro-
somal fractions derived from skeletal muscle (Martonosi and Feretos, 1964),
cardiac muscle (Weber, 1966), and uterine muscle (Carsten, 1969), and a
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similar activity has been demonstrated in red cell membrane fragments (Cha,
Shin, and Lee, 1971). Microsomes prepared from brain tissue also accumulate
calcium in an ATP-dependent process, but this uptake is not enhanced by
oxalate (Ohtsuka, Ohtsuki, and Ebashi, 1965; Diamond and Goldberg, 1971).
In all types of muscle microsomes, calcium uptake is a rapid process
and reaches steady state within a few minutes. It is generally accepted that
the calcium-accumulating membranes isolated from muscle are derived from
the sarcotubular system of the intact muscle (Porter, 1961), and that calcium
uptake by isolated sarcotubular membranes is the in vitro manifestation of the
in vivo process by which the sarcotubular system removes calcium from the
sarcoplasm thus producing relaxation (Weber, Herz, and Reiss, 1963). A
rapid rate of calcium uptake is required for correlation of calcium uptake with
the speed of relaxation-contraction cycles and the sarcoplasmic reticulum
appears to be specialized to fulfill the rate requirements (Ebashi and Endo,
1968).

In contrast, the calcium uptake observed in red cell membrane fragments is
a slow reaction reaching steady state in about 40 min (Cha, Shin, and Lee,
1971). A calcium-extrusion pump has been demonstrated in red cells (Schatz-
mann, 1966; Schatzmann and Vincenzi, 1969) and it is believed that the
calcium uptake observed in red cell membrane fragments results from mem-
brane inversions occurring during preparation of the membrane fragments
(Steck et al., 1970). Inversions produce inside-out membrane vesicles so that
an extrusion pump in intact cells acts like an inward, accumulating pump in
inverted membrane vesicles. The slow rate of calcium uptake in red cell mem-
brane fragments compared with the rapid rate in muscle microsomes may
reflect differences in function of the calcium pumps, the red cell pump having
a homeostatic function of maintaining a low intracellular calcium concentra-
tion.

Because of the morphological complexity of a platelet compared to a red
cell, it is not possible to define precisely a location for the membranes involved
in calcium uptake. In addition to a plasma membrane, platelets have an
intracellular membrane system comprising the surface-connected tubules and
the dense tubules (Behnke, 1967). It is not known whether the plasma mem-
brane forms vesicles. In the absence of evidence to the contrary, it is assumed
that the platelet membrane preparations used here contain a mixture of
inside-out and right-side-out vesicles and also that these vesicles are derived
from both internal and external membranes. Since transport is a vectorial
process which proceeds actively in only one direction, then only those vesicles
which are oriented with transporting sites facing the medium can be expected
to be active in calcium uptake. Thus far there is no evidence as to which way
the active vesicles are oriented and one can only speculate about the direction
of calcium transport in the intact platelet.
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The similarity of the platelet release reaction to secretory processes (Grette,
1962; Holmsen, Day, and Stormorken, 1969) and the requirement for calcium
in both release (Grette, 1962; Mustard and Packham, 1970; Kinlough-Rath-
bone and Mustard, 1971) and secretion (Banks, 1971; Rahaminoff, 1971),
suggests that calcium may act in platelets as a stimulus-secretion coupling
agent (Douglas, 1968). It is reasonable to postulate that some mechanism is
required to keep the free calcium in the cytoplasm at a low level until a stimu-
lus for release occurs. The calcium uptake activity of platelet membrane frac-
tions may be an in vitro expression of a calcium extrusion pump in the intact
cell, just as calcium uptake activities of microsomal fractions of muscle, secre-
tory and nervous tissues, and membrane fragments of red cells represent cal-
cium extrusion pumps in their respective tissues (Ebashi and Endo, 1968;
Banks, 1971; Diamond and Goldberg, 1971; Cha, Shin, and Lee, 1971). The
calcium extrusion pumps of muscle and secretory tissues play an important
role in the removal of calcium after the contractile or secretory response. In
platelets, however, the secretory response of release is generally followed by
irreversible aggregation that ultimately leads to the destruction of the cell. A
calcium pump would not be required to function as it does in muscle or secre-
tory cells, to rapidly return the cells to a "relaxed" or "nonsecreting" state.
The slow rate of calcium uptake by platelet membranes is more in keeping
with a homeostatic function of maintaining a constant, low concentration of
free intracellular calcium.
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