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Some of the numerous biochemical substances
that have been identified in blood platelets are as-
sociated with known platelet functions (1), but
the role of many others is not clear (2). Since
most previous investigations had been carried out
on whole platelets, we initiated a study of enzymes
and coagulation properties of isolated subcellular
platelet components.

Preliminary investigations, employing differ-
ential centrifugation, provided useful information,
but were not entirely satisfactory due to unavoid-
able mixing of membrane and granule fractions
(3). However, by means of isopycnic gradient
ultracentrifugation, platelet homogenates were
satisfactorily fractionated and studied (4). This
report describes the preparation of platelet ho-
mogenates, their separation by ultracentrifugation
in a continuous sucrose gradient, identification of
the fractions by electron microscopy, and some bio-
chemical and physiological properties of the result-
ing components.

Methods

The starting material was 425 ml of whole blood ob-
tained from a fasting donor with a normal platelet count.
Collection was carried out in plastic bags with either
acid-citrate-dextrose solution or EDTA as anticoagulant.1
The bag was centrifuged at 400 X g for 15 minutes (40 C)
and the platelet-rich plasma transferred to 45- or 50-ml
conical polypropylene tubes.2 The platelet-rich plasma
was centrifuged for 30 minutes (40) at 2,000 X g. The
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platelet buttons were shaken in buffer (5) and centri-
fuged at 2,000 X g for 20 minutes, and this was repeated
once. Less than 2 hours elapsed between collection and
platelet homogenization.

Preparation of platelet homogenate. One ml of packed
platelets was finally obtained in each of two tubes and
homogenized separately. One ml of 0.44 M sucrose
(0.001 M EDTA) was added, the tubes were shaken,
and the mixture was transferred to a clear-walled tube 3
submerged in ice. Homogenization was carried out with
a Teflon pestle, which was rotated by motor 5 at 1,700
rpm for 5 minutes. Excursions of the homogenizing
tube were limited to ensure constant contact with the
platelet mass.
With this apparatus, the Teflon pestle did not fit in-

side the tube at 200 C. However, it contracted after a
few minutes at 4° and re-expanded slightly during ho-
mogenization, thereby enhancing it. The tube and
plunger were washed twice with 2 ml 0.44 M sucrose
(0.001 M EDTA), and the procedure was repeated with
the second aliquot of platelets. The combined homoge-
nate and washes (about 10 ml) were pooled in a 15-ml
conical glass tube and centrifuged for 30 minutes at
2,000 X g in a swing-out head. The resulting sediment
(about 0.3 ml) consisted of intact platelets, granules, and
cellular debris. The supernatant material, when exam-
ined by electron microscopy, consisted of granules and
membranes but no "intact" platelets. A sample of super-
natant (hereafter referred to as the homogenate) was
removed for protein determination and the remainder
layered on sucrose gradients in approximately 1.2-ml
amounts. In a series of pilot studies, other types of ho-
mogenizing apparatus were unsatisfactory when the re-
sults were studied in the electron microscope.
Preparation of continuous sucrose gradient. The su-

crose gradient was prepared at 40 immediately before use
in a commercially available apparatus.6 A continuous 30 to
60% gradient (0.001 M EDTA) was most suitable for
separation of platelet particles. Linearity of the gradient

3 No. K88600, size D, Kontes Glass Co., Vineland, N. J.
4 No. 12-152-A ("no clearance"), Kontes Glass Co.,

Vineland, N. J.
5 Type NS3S, Krebs Electric & Mfg. Co., New York,

N. Y.
6 No. 2-5051, with polystaltic pump, Buchler Instru-

ments, Fort Lee, N. J.
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was periodically checked by addition of methyl orange to
the 30% sucrose (6). Between preparations of gradient
tubes, the mixing chamber of the apparatus was washed
with 60% sucrose.

Centrifugation and collection of fractions. Ultracen-
trifugation was carried out in the Spinco model L-2 HV
for 2 hours at 30 C. The SW-39 L head was used at a
speed of 39,400 rpm (130,576 X g at the center of the
tube). After centrifugation, the tubes were capped with
a rubber stopper connected by glass and rubber tubing
to an air-filled syringe. The bottom of each tube was
pierced with a 26-gauge needle, and fractions were col-
lected manually.
The fractions were washed in 0.25 M sucrose with or

without EDTA. This was carried out in an SW-39 L
head. The membranes were sedimented at 39,400 rpm for
1 hour, and the granules were recovered at 20,000 rpm
(43,824 X g at the bottom of the tube) for 20 minutes.
Washed pellets were gently resuspended in appropriate
buffer. Occasionally mild homogenization was required.
When necessary, the subcellular particles were stored

at - 85° C.
Electron microscopy. Fractions prepared for electron

microscopy were not washed or stored. After collection
from the gradient tube, they were immediately fixed by
addition of an equal volume of 2% osmic acid (7). Sub-
sequently the formed elements were sedimented by low
speed centrifugation. Alternatively centrifugation was
carried out first, followed by fixation of the pellet with
1% osmic acid. Fixation time ranged from 5 to 30 min-
utes. Dehydration with increasing concentrations of al-
cohol and propylene oxide was followed by embedding in
Epon 812, as previously described (3). It was necessary
to centrifuge the specimens at each step of the procedure,
since cellular organelles do not sediment in the embedding
media by gravity alone. Thin sections, prepared with an
LKB Ultrotome, were placed on formvar-coated 7 Cop-
per grids, stained with lead hydroxide (8), and viewed
with a Siemens Elmiskop 1 electron microscope at magni-
fications ranging from 6,000 to 30,000.
Protein analysis. The technique of Lowry, Rose-

brough, Farr, and Randall (9), as modified by Miller
(10), was employed, with human serum albumin as a
standard.8
Cytochrome c oxidase. Stock solution of cytochrome c

(horse heart, type III) 9 was prepared by dissolving it
in Tris buffer (0.02 M, pH 7.4, 0.001 M EDTA) at a
concentration of 6.1 mg per ml (5 X 10- M cytochrome
c) (6, 11). Reduction of cytochrome c was carried out
with sodium borohydride (12). A few crystals were
added to 10 ml of cytochrome c solution and allowed to
stand for 10 minutes at room temperature. Per cent re-
duction was determined by utilizing the equation re-
ported by Smith (13). If the ratio OD 550/GD 565 was

7 Formvar = polyvinyl-formaldehyde in ethylene di-
chloride.

8 Kindly provided by Dr. Alan Johnson, New York
University School of Medicine.

9 Sigma Chemical Company, St. Louis, Mo.

less than 6, the proportion of reduced cytochrome c was
too low for use, and additional sodium borohydride was
required. After reduction, the cytochrome c was dialyzed
at 50 C for 15 hours against two changes of buffer
(2,000 ml each). Reduced cytochrome c was stored in
glass-stoppered tubes under nitrogen (14) at -200.
For assay, test samples were diluted 1: 4 in 0.02 M

Tris buffer (pH 7.4, 0.001 M EDTA). Measurements
were carried out at room temperature in Tris buffer (6,
15) in a total volume of 3 ml. Thus, the assay tube
contained 0.23 ml reduced cytochrome c, 2.57 ml buffer,
and 0.2 ml of diluted sample. Readings were taken at
550 mu in the Beckman DU spectrophotometer every 30
seconds for 10 minutes. Finally, the cytochrome c was
completely oxidized by addition of one drop of saturated
KaFe(CN)o (13) and a final reading taken. Before each
set of assays, a blank run was carried out with buffer
and reduced cytochrome c alone to test for autoxidation.

Calculations were based on first-order reaction kinetics
of the oxidation of cytochrome c (13, 16). The optical
density value of the completely oxidized sample (OD oo)
was subtracted from the optical density values obtained
during the course of the reaction. When these were
plotted on the logarithmic scale of semilogarithmic paper
against time, a straight line, the slope of which was pro-
portional to enzyme activity, was obtained. Activity was
expressed as follows: [log (OD -OD oo)t1 - log (OD -
OD oo ) t2] / [t2 - t1], where t was measured in seconds.
Acid phosphatase. The substrate was p-nitrophenyl-

phosphate, prepared as directed by the supplier.10 En-
zyme activity was determined as for serum acid phos-
phatase. The calibration curve was modified in the fol-
lowing manner: optical density values were plotted
against micromoles p-nitrophenol per 6.2 ml, the final
volume of each assay tube. In most instances the total
incubation time was 15 minutes. The unit employed was
defined as the phosphatase activity that could liberate 1
,mole of p-nitrophenol per hour under the specified
conditions.

Beta-glucuronidase. This was based on the method of
Fishman, Springer, and Brunetti (17). The assay tube
contained 0.8 ml acetate buffer (0.1 M, pH 4.5), 0.1 ml
substrate (phenolphthalein mono-g-glucuronidate,9 0.01
M, pH 7), and distilled water plus sample to bring the
final volume to 1 ml. When Triton X-100 was used, the
final concentration in the incubation tube was 0.15%
(vol/vol). Before addition of test sample, the tube was
heated to 370 for 5 minutes. After a 3-hour incubation
period, 5 ml of glycine buffer (0.2 M, pH 10.4 in 0.2 M
NaCl) 9 was added. Finally the tubes were centrifuged
for 10 minutes at 1,000 X g; the supernatant was aspi-
rated and the color read against a reagent blank at 550
m,u. Optical density readings were converted to micro-
grams phenolphthalein released by reference to a standard
phenolphthalein curve. The unit was that activity which
liberated 1 ,ug of phenolphthalein per hour.

Cathepsin. The method of Gianetto and De Duve (18,
19) was used. Measurements were made only for total

10 Sigma Technical Bulletin No. 104.
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FIG. 1. PHOTOGRAPH OF 5-ML CENTRIFUGE TUBE SHOW-

ING THE TWO MAIN PARTICULATE BANDS RESULTING FROM

ULTRACENTRIFUGATION OF 1.2 ML OF PLATELET HOMOGE-

NATE (8 MIG PROTEIN).

cathepsin activity. The substrate was denatured bovine
hemoglobin, prepared by bringing a 2.1% solution (twice
crystallized) 9 to a pH of 3.6 with lactate buffer. The
hemoglobin was initially dissolved in 0.15 M lactate buf-
fer, pH 3.6, and the pH readjusted to 3.6 with lactic acid.
The final concentration of lactate plus lactic acid was ap-

proximately 0.18 mole per L. The solution was then in-

cubated at 37° for 1 hour (19). The assay mixture con-

tained the following: 1.5 ml substrate, 0.1 ml 4%o (vol/
vol) Triton X-100, and the sample plus distilled water to

make a final volume of 2 ml. Duplicate samples were in-

cubated for 1.5 and 3 hours at 37°, and the reaction was

stopped with 5 ml 5% trichloroacetic acid (4°). Finally
the mixture was filtered through Whatman 1 paper at 4°.
The Folin-Ciocalteu reagent was diluted 1: 2.5, and 1 ml

of this plus 5 ml of 0.4 M NaOH were added to 1-ml ali-

quots of filtrate. The tube was agitated on a Vortex-type
mixer, and exactly 5 minutes later the optical density was

read at 660 met. The difference between readings in the

1.5- and 3-hour incubation samples was used to calculate

the tyrosine equivalents released in 90 minutes from a tyro-
sine calibration curve. For the calibration curve, a

range of 0 to 1.5 /Amoles tyrosine was used. The units

were tyrosine equivalents (micromoles) released per
hour.

Catalase. The procedure devised by Baudhuin and as-
sociates (20) was employed with modifications (19).
The substrate (H202) was diluted in 0.02 M imidazole-
HCl buffer, pH 7.0, containing 0.1% bovine serum albu-
min. The concentration of hydrogen peroxide in the final
substrate mixture was 0.8 mmole per L. To 0.1 ml of
the undiluted particle suspension, 0.1 ml of 0.5% (vol/
vol) Triton X-100 was added. The substrate (5 ml) was
added and the mixture held at 00 for 10 minutes. The
reaction was stopped with 3 ml titanium sulfate solution,
and readings were made at 420 m~uat room temperature.
Tissue blanks substituting 5 ml buffered albumin for
substrate were included and the values obtained sub-
tracted from assay values (19). The titanium sulfate
solution was prepared by boiling 1.7 g in 500 ml 2 N
H2SO4. After cooling to room temperature, the suspen-
sion was centrifuged and the supernatant diluted with
one-half its volume of 2 N H2SO4 (19). Calculations
were based on first order kinetics of the reaction. Units
per sample assayed were expressed as log (OD "zero"/
OD test) X (1/t), where t = 10 minutes and "zero" repre-
sents the initial H202 concentration measured in a tube
containing all reagents but devoid of particles.

Lactic dehydrogenase. The method of Wroblewski and
LaDue (21), slightly modified, was employed. The total
volume of the reaction mixture was 3 ml. Sigma re-
agents, including preweighed vials of DPNH (0.2 mg),
were used. One unit of activity equaled a decrease in
OD of 0.001 per minute.

Coagulation tests. Studies were carried out either im-
mediately after particle separation or after a brief pe-
riod of storage. In some instances, the particles were
washed with 0.25 M sucrose immediately before use and
the pellets suspended in 1 ml imidazole-buffered saline
(undiluted specimen). The thromboplastin generation
test (TGT) was performed as previously described (22).
The Russell viper venom (Stypven) test was carried

out as follows: Citrated blood was centrifuged at 1,400 X
g for 20 minutes at 50 and the upper two-thirds of the
plasma layer used. Stypven was reconstituted in imida-
zole-buffered saline to a dilution of 1: 100,000. Crude
brain cephalin at a dilution of 1: 400 (imidazole-buffered
saline) served as control. The test material and sub-
strate plasma were incubated in 0.1-ml amounts for 36
seconds at 370 with gentle agitation at 5-second intervals.
One-tenth ml Stypven, followed by 0.1 ml 0.025 M CaCl2,
was then added. The cephalin control value was 10
seconds.
The partial thromboplastin time (PTT), utilizing ka-

olin," was carried out according to standard techniques
(23-25). The fraction to be tested was added in 0.09-ml
amounts to 0.01 ml kaolin stock suspension in a 12- X 75-
mm test tube. One-tenth ml citrated plasma was added
and the mixture incubated for exactly 10 minutes, with
periodic agitation. Finally, 0.1 ml 0.025 M CaCI2 was
added and the clotting time recorded. The cephalin con-

11 N.F. colloidal, Mallinckrodt Chemical Works, St.
Louis, Mo.
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trol reagent was prepared with the kaolin stock solution
in a similar manner. Control values were 36 seconds.

Lipid extraction. The method of Folch, Lees, and
Sloane Stanley (26) was employed. With this tech-
nique the sucrose was washed out, as evidenced by its
lack of appearance on thin-layer chromatographic plates.
The upper phase of the Folch wash was taken to dry-
ness, dissolved in distilled water, and dialyzed. Phos-
phorus analysis (22) of the undialyzable material indi-
cated that less than 1%o of the lipid phosphorus was lost
during extraction. The procedure has been described in
detail (27).

Results

Ultracentrifugation
After density gradient ultracentrifugation the

components of the homogenate reached equilib-
rium, and efficient separation was achieved. Fig-
ure 1 is a photograph of a 5-ml gradient tube at
the conclusion of the procedure. The two main
particulate bands were examined by electron mi-
croscopy. The lower heterogeneous layer (density
range, 1.21 to 1.17) consisted of platelet granules,
mitochondria, and larger membrane fragments,
but no "intact" platelets. This granule band was
separated by a clear space from the upper mem-
brane band (density range, 1.13 to 1.12), which
appeared homogeneous. The top of the gradient
consisted of scattered membranes, solubilized en-
zymes, and lipoprotein material.

Electron micrographs of the membrane and
granule layers derived from a 5-minute homoge-
nate are shown in Figures 2 and 3, respectively.
The duration of the homogenization procedure af-
fected the ultrastructural appearance of individual
platelet fractions. Homogenization for 10 minutes
yielded membranes that were not contaminated by
any recognizable organelles or fragments of plate-
let cytoplasm. However, the granule band showed
considerable distortion, some rupture, and swol-
len mitochondria. A 5-minute homogenization
procedure preserved the integrity of the granules
and mitochondria, and contamination with plate-
let "ghosts" was avoided. However, a few large
membrane fragments ranging from 0.4 to 1.0 u in
length were present in this fraction. Since such
fragments seemed to have a tendency to round up,
they looked like empty platelet granules. The
membrane fractions obtained from the 5-minute
specimen did not seem to be as "clean" as those of
the 10-minute sample, since electron dense ma-
terial was still attached to some of them. Ho-
mogenization of less than 5 minutes proved to be
unsatisfactory from a morphological standpoint.
The organelles in the granule band of such speci-
mens were well preserved, but the fraction was
contaminated with some large platelet fragments
as well as occasional platelet ghosts. The mem-
brane band of this specimen was also unsatisfac-

FIG. 2. REPRESENTATIVE ELECTRON MICROGRAPH OF MEMBRANE FRACTION. Note the absence of formed or-
ganelles. Grey background material is believed to consist of soluble platelet proteins precipitated by the
fixative. X 30,000.
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FIG. 3. REPRESENTATIVE ELECTRON MICROGRAPH OF GRANULE FRACTION. Note that membranes surrounding
most granules have remained intact. Large membrane fragments (F) suggest their origin from ruptured gran-

ules. G, granule; M, mitochondrion. Arrows point to two "bull's eye" granules. X 30,000.

tory, since some platelet cytoplasm was still ob-
served to be attached.
The amount of material in each fraction was also

related to the time of homogenization. Since it
was not possible to completely disrupt all platelets
without damaging intracellular organelles, the ini-
tial discarded sediment necessarily contained both
whole and partially disrupted platelets that re-

leased variable amounts of soluble and particulate
components. A 5-minute homogenization time
was selected only because it yielded reasonable
amounts of morphologically satisfactory subcellu-
lar material. These considerations are illustrated

in Table I, where the results of protein and en-

zyme recoveries from 2- and 5-minute homoge-
nates, simultaneously prepared from identical
quantities of platelets, were compared. Increases
in protein recovery in fractions derived from a 5-
minute homogenate over recoveries resulting from
a 2-minute homogenate differed in each fraction.
Although the granule protein increased 1.7 times,
there was a twofold rise in membrane recovery,

and the soluble fraction was 1.4 times higher. If
the initial discarded sediment consisted of intact
platelets only, the relative increases in the frac-
tions of the 5-minute homogenate should have

TABLE I

A comparison of protein and enzyme recoveries from 2- and 5-minute homogenates

Soluble Total
Sediment Granules Membranes fraction recovery

2 minutes
Protein 49.6 12.6 2.1 34.2 98.5
Catalase + Triton 7.9 5.5 3.5 62.9 79.8
Acid phosphatase 54.9 17.4 1.9 13.7 87.9
Acid phosphatase4
+ Triton 44.4 38.7 3.1 9.9 96.1

5 minutes
Protein 18.9 22.0 4.3 47.6 92.8
Catalase + Triton 2.2 6.6 4.7 79.9 93.4
Acid phosphatase 16.8 42.4 8.0 28.5 95.7
Acid phosphatase
+ Triton 15.4 61.9 8.6 20.8 106.7

* % = amount in each fraction/(sediment + homogenate).
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FIG. 4. DISTRIBUTION OF CYTOCHROME C OXIDASE AC-
TIVITY IN SUBCELLULAR PLATELET PARTICLES. Activity of
this mitochondrial enzyme was found only in the granules.
In terms of specific activity, the lower portion of the
granule band predominated.

been the same when compared with the 2-minute
homogenate, but this did not occur. The inability
to prepare a "perfect" homogenate influenced the
absolute per cent of enzyme recovery in the sub-
cellular fractions, since varying amounts were lost
in the initial sediment.

Cytochrome c oxidase

Activity of this mitochondrial enzyme was con-

fined to the granule layer and was absent from
all other components of the gradient. In terms of
specific activity (activity per milligram of pro-
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FIG. 5. ACID PHOSPHATASE ACTIVITY IN SUBCELLULAR
PLATELET FRACTIONS. Enzyme activity is shown in rela-
tionship to protein distribution. Specific activity was

highest in the upper portion of the granule band, which
was in contrast to cytochrome c oxidase.

tein), higher values were found at the bottom of
the granule band. Results are shown in Figure 4.

Acidphosphatase

The major particulate site of acid phosphatase
activity was the platelet granules. The highest
specific activity was found at the top of the gran-

ule layer. Activity was also found in the top sec-

tion of the gradient, which contained soluble com-

ponents and scattered membranes. Results of en-

zyme assays on fractions from the entire gradient
are depicted in Figure 5.

3LE II

Subcellular distribution of enzymes studied*

No. of
Enzyme experiments Granules Membranes Soluble fraction

Acid phosphatase 6 51.1 4 7.2 16.0 d 9.5 34.6 4 7.3
(6)t (60.2) i 10.7 (17.0) =1 8.5 (22.8) I 7.7

Beta-glucuronidase 2 38.6 A 8.7 7.9 1 0.5 53.6 A 8.2

Cathepsin 1 58.1 2.5 39.5
(2) (61.7) i 10.5 (1.9) 4 2.6 (36.5) ± 13.2

Catalase 1 2.6 3.2 94.3
(3) (6.5) ± 1.7 (5.3) d 0.4 (88.2) i 1.2

Lactic dehydrogenase 1 2.0 0.2 97.8

* Results are reported as a percentage of the sum of recovered activity. Values given refer to the means 4 the
standard deviations.

t The values in parentheses indicate assays performed in the presence of Triton X-100.
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Acid Phosphatase (6)
No Triton

2 G M

fl-Glucuronidose (2)
No Triton

Acid Phosphatase (6)
G Triton

G
L_ z//q Cathepsin (2) Catalase (3) Lactic Dehydrogenase(l)

2 _g Triton Triton No Triton
S
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w~~~~~

Mg __
0 20 60 100 0 20 60 100 0 20 60 100

PERCENTAGE OF TOTAL PROTEIN

FIG. 6. DISTRIBUTION OF ENZYMES IN SUBCELLULAR PLATELET FRACTIONS. The
ordinate represents the mean relative specific activity (percentage of total activity/
percentage of total protein), and the abscissa percentage of total protein (29).
The area of each bar is proportional to the percentage of activity recovered in the
corresponding fraction, and its height indicates the degree of purification above the
homogenate (which is represented by unity). There was about a twofold puri-
fication of acid phosphatase in the granules and almost that amount in the mem-

branes. G, granules; M, membra*es; S, soluble fraction. Numbers in parentheses
refer to the number of experiments performed.

To distinguish between particulate and soluble
sources of acid phosphatase activity, we divided
the contents of each gradient tube into two por-

tions, one containing granules and the other mem-
branes and soluble material. The division was

made at the level of tube 10 (see Figure 5). The
granules and membranes were washed and the
homogenized pellets and supernatants reassayed.
These manipulations resulted in variable losses of
enzyme activity ranging from 4 to 10% when cal-
culated as a fraction of the material originally
placed on the gradient. The granule wash con-

tained faint traces of protein and no enzyme ac-

tivity, but the membranes and the soluble protein
with which they previously overlapped were both
active.
Enzyme distribution in components of the gradi-

ent as a percentage of the sum of recovered ac-

tivity is shown in Table II. Some of the soluble
activity could have been derived from damaged
granules or membranes, or it might have repre-

sented a soluble nonlysosomal acid monoester
phosphohydrolase similar to that described in other
animal tissues (28). The results are further il-
lustrated in Figure 6 (29).

Studies were undertaken to determine whether
the platelet granules demonstrated biological prop-

erties attributed to "classical" lysosomes, namely,
that certain physical manipulations result in in-
creases in release of enzyme activity (30). For
example, two aliquots of the same platelet sus-

pension were homogenized for 2 and 5 minutes,
respectively, and the granules isolated therefrom
compared with respect to enzyme units per milli-
gram of protein. The "free" activities (31, 32)
(as assayed in 0.25 M sucrose for 10 minutes at

370) were 9.0 and 8.8 U, respectively, demon-
strating that the increase in homogenization time
did not enhance enzyme availability. In another
experiment, granules derived from a 3-minute
homogenate were rehomogenized, and no increase
in free activity was found. Other procedures for

particle disruption, such as treatment in a Waring
blendor, repeated freezing and thawing, and ultra-
sonic disruption 12 were also without effect.

Therefore, the platelet granules did not respond
to physical trauma by an increase in acid phos-

12 Branson model S-75, Heat Systems Co., Melville,
N. Y.
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phatase activity and in this sense were not "clas-
sical" lysosomes.
When assays were performed in the absence of

"osmotic protection" (31, 32) of 0.25 M (iso-
tonic) sucrose in the substrate, there was 1.2 to
1.5 times more acid phosphatase activity than
found in its presence. This difference occurred
only in granule and membrane fractions and was
unrelated to storage. Experiments were per-
formed to determine whether the higher values
obtained without isotonic sucrose were due to re-
lease of enzymes from "unprotected" particles.
Granules were incubated under the usual assay
conditions, with and without osmotic protection,
but in the absence of substrate. Samples were
assayed for free activity, and. the values were
identical. Therefore, there was no increase in
free activity in the tube that was initially incubated
without osmotic protection. On the other hand,
when the preincubated granules were assayed in
the regular manner (without addition of isotonic
sucrose to the substrate), there was a 1.3-fold in-
crease in activity. Thus, the action of sucrose
could not be explained by osmotic protection, but
probably by an inhibitory effect on the interaction
between substrate and particle-bound enzymes.
The effect of the nonionic detergent, Triton

X-100 '3 (alkyl phenoxy polyethoxy ethanol), on
enzyme activity was studied (33). It was added
to the assay mixture before incubation, in a pre-
determined final concentration of 0.125%o (vol/
vol). The presence of EDTA in some incubation
mixtures reduced the effectiveness of Triton, and
whenever possible it was omitted. The specific
activity of acid phosphatase in the granules in-
creased from a mean of 13.6 U per mg protein to
27.3 U. The increase in the membranes was from
12.2 to 23.9, and the value for the homogenate
was 6.5 to 12.1. However, little or no change oc-
curred in the soluble fraction (3.4 to 4.2).
The Triton effect was further investigated to

ascertain whether the increases in activity repre-
sented solubilized enzyme. Granules were diluted
1: 5 in 0.25 M sucrose (no EDTA) containing
1.5%o Triton (vol/vol). A similar dilution with
no Triton was prepared, and both were incubated
at 370 for 10 minutes. Aliquots of the Triton-
containing incubation mixture were ultracentri-

13 Rohm and Haas, Philadelphia, Pa.

fuged at 39,400 rpm for 20 minutes. The super-
natant fluid and pellet contained 11 and 66%o, re-
spectively, of the activity in a similar uncentri-
fuged sample. Despite the loss of activity due
to manipulation, the centrifuged pellets from Tri-
ton-treated granules contained 1.4 times more ac-
tivity than was present in the total untreated
granule sample. Thus, the usual increase with
Triton was obtained, but only 11%o of the total
enzyme activity was recovered in soluble form.
An attempt was made to determine whether the

Triton effect resulted from a direct interaction be-
tween detergent and particles, or whether it was
similar to sucrose, taking place only in the pres-
ence of substrate. Granules were preincubated
with Triton (with lowest concentration to give
maximal effect) for 10 minutes, and an aliquot
was assayed for free activity without adding Tri-
ton to the final assay system. The assay value of
the Triton-treated granules was 1.6 times greater
than that of a comparable control that was not
pretreated with Triton. This indicated that the
Triton effect took place during the preincubation
period, and not during the assay procedure, sug-
gesting a direct effect on the particles.

Beta-glucuronidase

When gradient fractions were assayed as in
Figure 5, the highest specific activities in the gran-
ule band for both acid phosphatase and ,B-glucuron-
idase occurred in the same tube. Distribution of
the enzyme is shown in Table II and Figure 6.
Treatment of the granules with Triton X-100 re-
sulted in a 1.7-fold increase in activity, but assays
of the soluble form were unaffected.

Cathepsin

The activity of this enzyme was weak, necessi-
tating large aliquots for measurement and pro-
longed incubation times, which may have intro-
duced inaccuracies. Recovery experiments indi-
cated that the granule layer accounted for more
than half of the cathepsin activity (Table II).
Relatively little enzyme was associated with the
membranes (Figure 6). Treatment with Triton
X-100 resulted in a twofold increase in the ac-
tivity of the granules, a 2.4-fold increase in the
membranes, and no effect on the soluble fraction.
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FIG. 7. SUBCELLULAR PLATELET PARTICLES IN THE THROMBOPLASTIN GENERATION TEST. The
platelet membranes and original homogenate had shorter 6-minute substrate clotting times than
platelet granules at comparable protein concentrations.

Catalase

In contrast to the acid hydrolases, only small
amounts of catalase were recovered in granule and
membrane fractions. Most of the activity ap-

peared in soluble form (Table II, Figure 6).
The distribution pattern persisted despite reduc-
tion of homogenization time from 5 to 2 minutes.
Triton treatment caused twofold increases in gran-
ule and membrane activity and had a negligible
effect on the soluble material.

Effects of homogenization on the release of
platelet catalase and acid phosphatase are compared
in Table I. After 2 minutes of platelet homogeni-
zation, about one-half of the acid phosphatase and
total protein was found in the discarded sediment.
Only 8% of the catalase was in this sediment, and
63% was released into the soluble fraction. These
differences persisted in the 5-minute homogenate.

Lactic dehydrogenase
In contrast to the enzymes found in particulate

fractions, 98% of the lactic dehydrogenase activity

was soluble (Table II and Figure 6), suggesting
that it was a "cytoplasmic" enzyme, unassociated
with intracellular organelles.

Blood coagulation studies

A) Thromboplastin generation test (TGT).
In this system the platelet granules, membranes,
and homogenate were compared with respect to
the amount of protein required to give a specific
clotting time after 6 minutes of incubation. The
membranes and homogenate showed similar ac-
tivity, which exceeded that of the granules. These
differences were more marked if the particles
were tested immediately after fractionation. Since
the granules at this point were in concentrated su-
crose, and EDTA was present, experiments were
also carried out on washed fractions. After wash-
ing, activity of both the membranes and granules
increased in a proportionate manner. It is not
clear whether it was the additional manipulations
or merely removal of sucrose and EDTA that
was responsible for this increase. Nevertheless,
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there was no instance in which the general pat-
tern was altered. At comparable protein concen-
trations, the granules lagged behind the mem-
branes and homogenate and showed a sharp drop
in activity with increasing dilution. A typical
experiment is shown in Figure 7.
To determine whether the lipid component of

the particles contributed to the observed differ-
ences in clotting activity, lipid extraction was per-
formed on the granules, membranes, and whole
platelets. The amount of lipid phosphorus in the
incubating mixture was measured and plotted
against the clotting time obtained after 6 minutes.
The differential between granules and membranes
was no longer present when their constituent lip-
ids were tested. Optimal activity occurred at
identical phosphorus concentrations. We con-
cluded that the lipid moiety of the membranes and
granules was not responsible for observed differ-
ences in their coagulation properties.

It was possible to calculate and compare the
amount of phospholipid required for an 11-second

TABLE III

Lipid requirement for 11-second substrate clotting time in the
thromboplastin generation test

Component tested Lipid phosphorus

Ag

Granule particles 5
Granule lipid 17.5
Membrane particles 0.9
Membrane lipid 20
Homogenate particles 2.7
Platelet lipid 15

clotting time when it was present as lipoprotein in
the subcellular particle and when it was in the
form of extracted lipid. This is shown in Table
III. The clot-promoting property of platelet
phospholipid linked with protein was more effec-
tive than the lipid alone.
The soluble component at the top of the gradi-

ent showed clotting activity comparable to that
found with the membranes, and it persisted after
prolonged ultracentrifugation. Because of its
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FIG. 8. COMPARISON BETWEEN PLATELET GRANULES AND MEMBRANES IN THE STYPVEN TEST. The membranes and
homogenate showed similar responses, whereas the Stypven times of the granules were longer. In general, the differ-
ences were less pronounced than in the thromboplastin generation test.
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FIG. 9. ACTIVITY OF SUBCELLULAR PLATELET PARTICLES IN THE PARTIAL THROM-
BOPLASTIN TIME TEST. Differences were least striking in this system, but the
efficiency of the granules did not exceed that of the membranes.

heterogeneous nature, no further studies were
carried out.
B) Stypven test. Results with the Stypven

time were comparable to those in the TGT. At
similar protein concentrations, the clotting times
obtained with the granules were consistently longer
than those obtained with the membranes and ho-
mogenate. An experiment is depicted in Fig-
ure 8. On repeated testing, the results with frac-
tions sometimes showed less of a differential, but
at no time did the activity of the granules exceed
the homogenate or membranes. Removal of the
lipid moiety and retesting produced the same re-
sults as obtained with the TGT. The differential
between particles was lost, and identical amounts
of lipid phosphorus were needed for comparable
clotting times.

C) Partial thromboplastin time (PTT). Dif-
ferences between the granules and membranes
were least striking in this system. There was
only a slight, but consistent, lag of granule ac-
tivity behind that of the membranes in three sepa-
rate experiments. As shown in Figure 9, both
subcellular fractions and the homogenate were
more active than a control consisting of frozen
and thawed platelets.

Discussion

Sucrose gradient ultracentrifugation of plate-
let homogenates has made it possible to study
their major cytoplasmic components. These con-
sisted of mitochondria, other granules, at least
some of which were probably lysosomes, and
membranes. Although the necessarily high su-
crose concentrations presented certain practical
and technical disadvantages, such as high vis-
cosity and hypertonicity (34), they allowed the
granules to reach density equilibrium without
sedimenting and permitted separation from the
membranes. The origin of the soluble components
at the top of the gradient is difficult to assess, and
this problem has been alluded to by others (34-
36). Although some of the material may have
originally been soluble in the intact platelet, it may
also have been liberated by damaged particles
during homogenization.

Cytochrome c oxidase, an enzyme found only
in mitochondria, was a principal cytoplasmic
"marker." Its localization in the granule band,
but not in the membranes, was further evidence of
efficient separation of these particles. The rela-
tive specific activity of cytochrome c oxidase in
the entire granule band was 3.8 (with the ho-
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mogenate taken as 1), indicating a high degree
of purification. Tube 6 (Figure 4) had a rela-
tive specific activity of 4.4, indicating that samples
of granules from the lower portion of the band had
the highest ratio of mitochondria to other granules.

Acid phosphatase was studied in detail for sev-
eral reasons: a) Zucker and Borrelli (37) and
others have demonstrated the presence of this
enzyme in human platelets. b) It has been used
as a marker for lysosomes by De Duve (30) and
associates. c) Electron microscopic observations
on platelets during clotting by Parmeggiani (38)
and Rodman, Mason, and Brinkhous (39) indi-
cated that the granules disappear in the process.
Firkin, O'Neill, Dunstan, and Oldfield have
shown that they also disappear after storage (40).
Giudici and Turazza (41, 42), Rodman and as-
sociates (39), and Firkin (43) have previously
suggested that platelet granules may be lysosomes.
In the present study, the highest specific activity
of acid phosphatase was in a portion of the gran-
ule band above the area of greatest specific ac-
tivity of cytochrome c oxidase, indicating the
presence of particles other than mitochondria and
suggesting that they were lysosomes.

Studies on the influence of Triton X-100 on
enzyme activity were of interest. This detergent
produced a twofold increase in assay values of all
particle-bound enzymes. When the Triton-treated
granules were ultracentrifuged, only 11% of the
activity present in an uncentrifuged sample was
found in the supernatant. Although there may
have been enzyme release followed by irreversible
adsorption to the particles (44), this was con-
sidered unlikely. It appeared that the increase in
activity mediated by Triton represented a form
of activation other than solubilization.

Beta-glucuronidase, another lysosomal enzyme
(45), was present in the granule band, but the
differences in distribution between this enzyme
and acid phosphatase indicated that it was less
firmly bound to the particles. Alternatively, these
differences could have been due to the presence of
nonlysosomal /-glucuronidase (30). Assay of
cathepsin, the third lysosomal enzyme studied,
presented certain inherent difficulties (45); nev-
ertheless, it was well localized in the granule
layer and effectively purified on the sucrose
gradient.

Thus, three acid hydrolytic enzymes have been

found in association with platelet granules. These
data, along with the evidence for structure-linked
latency provided by Triton X-100, suggest that
the granule fractions contain lysosomes. How-
ever, their lack of response to various types of
physical trauma differed from the properties of
lysosomes as classically defined (30). On the
other hand, lysosomes with properties similar to
those of platelet granules have been described in
tissues other than rat liver (30). Furthermore,
the lysosome concept as originally proposed
has already been expanded to include several
distinct acid phosphatase-containing subcellular
structures (30, 46, 47). Some of these organelles
contain acid phosphatase in or near their delimiting
membrane (46, 47).
The main reason for studying catalase was the

morphological similarity between so-called "bull's
eye" platelet granules and microbodies (20, 48-
50). The microbodies have been defined as non-
lysosomal particles that contain urate oxidase,
D-amino acid oxidase, and catalase. From the data
obtained in these studies, it can be said that a
small amount of catalase was associated with
platelet granules, but no other correlation is pos-
sible. Lactic dehydrogenase is known to be pres-
ent in platelets in high concentration (51) and
from our data appeared to be soluble. In a sense,
it served as a control, indicating that all available
enzymes were not bound in random fashion, i.e.,
the association of certain enzymes with the gran-
ules was not a chance occurrence.
The subcellular platelet particles were sub-

stituted for whole platelets in three clotting sys-
tems. The membrane fractions could replace
platelets as efficiently as the original homogenate,
whereas the granules were less effective. Differ-
ences were most pronounced in the TGT, some-
what less in the Stypven test, and only slight in
the PTT. This may have been related to the pro-
longed (10-minute) incubation time in the PTT
assay and was reminiscent of observations made
on latex particles (52), which were inert as plate-
let substitutes unless incubated in plasma before
testing. When the phospholipids were extracted
from the particles, their effectiveness as platelet
reagents was identical. Perhaps the lipoprotein of
the platelet membrane is more "available" for in-
teraction with plasma clotting factors than that of
the granules.
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Since the soluble material at the top of the gradi-
ent was active, it is possible that there is soluble
lipoprotein in the platelets that is capable of cata-
lyzing prothrombin activation. It may represent
"structural" lipoprotein, which ordinarily is not
free in the intact platelet. Alternatively it could
correspond to the nonsedimentable platelet Factor
III (PF-3) described by Horowitz (53) or the
thromboplastic cell component of Shinowara (54).

Electron microscopic observations on platelets
during the coagulation process indicate that the
membranes remain essentially intact during the
formation of thrombin (38, 39). Platelet mem-
branes may therefore provide the catalytic lipo-
protein surface that enhances formation of the in-
trinsic prothrombin activator, and this is what is
referred to as platelet Factor III. Precisely what
makes the platelet membrane lipoprotein available
under these circumstances is not known. It is
probably not necessary to postulate release of
granules or soluble material from the interior of
platelets in order for them to function in the co-
agulation process.

Although the above speculations are based on
information derived from subcellular particles that
are in an unnatural physical state, their validity is
enhanced by the recent observation that mem-
branes retain their "inside-outside" orientation
and net negative charge (55) when isolated. The
finding that hydrolytic enzyme activity, fibrinogen
(56), and serotonin (57) are associated with
granules would lead us to suggest further that
platelet granules function primarily as store-
houses for enzymes and other metabolic sub-
stances, and not in the coagulation process.

Summary

1. Homogenates of human platelets were sub-
jected to continuous sucrose gradient ultracentri-
fugation and separated into granule and membrane
components.

2. The effectiveness of the homogenization proc-
ess and the results of ultracentrifugation were
evaluated by electron microscopy.

3. Acid hydrolytic enzyme activity (lysosomal)
was associated with the platelet granules. This
activity could be increased by treatment with Tri-
ton X-100, but not by physical disruption of the
granules.

4. The platelet granules and membranes were
tested in three in vitro coagulation systems, and
although the degree of effectiveness was variable,
the platelet membranes were more efficient as clot-
promoting agents than were the granules. When
the lipids were extracted from the granules and
membranes and tested, the differential was abol-
ished and clot-promoting activity of granule and
membrane lipid was the same. We concluded that
the lipoprotein of platelet membranes was more
"available" for interaction with coagulation pro-
teins than was the lipoprotein from the granules.

5. We suggest that platelet granules are pri-
marily concerned with lysosomal and metabolic ac-
tivities, and the platelet membranes furnish a cata-
lytic surface for the formation of the intrinsic pro-
thrombin activator.
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