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The discovery by de Duve (1) that lysosomes contain the major portion of
intracellular hydrolytic enzymes has opened the way for new insights into the
digestive processes of phagocytic cells. Hirsch and Cohn (2, 3) have shown
that lysosomes are particularly large and numerous in macrophages and poly-
morphonuclear leukocytes and have clearly demonstrated lysosomal participa-
tion in bacterial digestion by phagocytic cells. However, the enzymatic changes
that accompany phagocytosis and the specific role of these enzymes remain to
be clarified. In this initial paper on the chemistry of phagocytosis we have
investigated acid phosphatase, a principle lysosomal enzyme, of activated
phagocytic cells. There have been no reports indicating the existence of iso-
enzymes of acid phosphatase in phagocytic cells although there have been
several studies of total enzyme activity in mononuclear phagocytes (4-6). The
demonstration of multiple forms of acid phosphatase in alveolar macrophages,
a partial characterization of the isoenzymes, and analysis of quantitative
changes in the various forms following phagocytic stimulation form the sub-
ject of this report. Our experimental system consists of Calmette-Guérin
bacillus (BCG)-stimulated and nonstimulated rabbit alveolar macrophages.
A preliminary report describing the multiple forms of macrophage acid phos-
phatase was presented to the American Association of Immunologists (7).

Materials and Methods

Normal Alveolar Macrophages.—The general methods of Myzrvik et al. (8) and Cohn and
Wiener (4) were used to obtain alveolar macrophages from normal New Zealand albino

* The research reported in this paper was sponsored by the USAF School of Aerospace
Medicine, Aerospace Medical Division (AFCS), Brooks Air Force Base, Texas. Experiments
were conducted according to the “Principles of Laboratory Animal Care” of the National
Society for Medical Research. The views expressed herein are those of the author and do not
necessarily reflect the views of the United States Air Force or the Department of Defense.
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rabbits weighing 2-4 kg. The yield from each normal rabbit was 1-2 X 107 cells of which
95%, were large macrophages. Only preparations that were erythrocyte-free were used for
analysis.

BCG-Induced Alveolar Macrophages—The procedure of Cohn and Wiener (4) was used to
obtain alveolar macrophages from rabbits following BCG stimulation. BCG (Aranson),
kindly supplied by Dr. Z. Cohn of The Rockefeller University, was injected into the marginal
ear vein of the rabbits on 2 consecutive days. Each injection contained 20 mg of the water-
washed, lyophilized, killed BCG suspended in 1 ml of saline containing 0.01%, Tween 80.
The alveolar macrophages were harvested in the same manner as for normal rabbits 28-35
days after BCG injection. The yield from each rabbit was 1-3 X 10° cells of which 80-85%,
of the cells were large macrophages, 5-10%, small mononuclear cells, and the remainder were
polymorphonuclear leukocytes.

Macrophage Disruption.—The macrophages were collected by centrifugation at 140 g for
15 min at 4°C. The cells were saline washed four times and resuspended in saline to a cell
concentration of 1-2 X 107/ml.

The saline-washed macrophages were disrupted by one of four methods: (a) five cycles of
alternate freeze-thaw treatment; (3) vigorous homogenization with a Teflon pestle for 4 min
in an ice bath; (¢) French press treatment with exposure to 6000 psi in a Wabash press; or
(d) nonionic detergent treatment with 5% Triton X-100 for 30 min at 4°C. Disruption of at
least 959, of the cells was achieved by each method used.

Disrupted cell suspensions were then centrifuged at 11,000 g for 15 min in a refrigerated
centrifuge. The resulting supernatant combined with the first wash of the pellet formed the
11,000 g supernatant’’ fraction.

After four washes of the pellet with physiological saline, the 11,000 g sediment was treated
with 5%, Triton X-100 as described above. The suspension was then centrifuged at 11,000 ¢
for 15 min and the supernatant was combined with the first wash of the sediment to yield the
Triton extract of the “particle’” fraction.

Isolation of Macrophage Lysosomes.—Saline-washed macrophages were suspended in 0.25
M sucrose at 0°C to a cell concentration of 5 X 107/ml. Cell suspensions were disrupted with a
chilled Teflon pestle homogenizer for three 2 min periods with equal intervals in an ice bath.
Homogenates were then separated into three fractions by the differential centrifugation
method of Cohn and Wiener (4). Homogenates were centrifuged at 500 g for 15 min at 0°C,
and the cloudy supernatant fraction was decanted. The pellet was resuspended to the original
volume in isotonic sucrose and constituted the “nuclear” fraction. The “lysosomal-mitochon-
drial” fraction was separated from the supernatant fraction by centrifugation at 15,000 g
for 12 min. The precipitate was gently resuspended in sucrose, washed once, and adjusted to
the original volume in sucrose. The supernatant and the washing from the high speed cen-
trifugation were combined and designated the “15,000 g supernatant” fraction.

Lysosomal-mitochondrial fractions were then disrupted either by repeated freezing and
thawing or by Triton X-100 treatment as described above.

Enzyme Assay—Acid phosphatase activity was quantitated by measuring the enzymatic
liberation of @-naphthol from a-naphthyl acid phosphate at pH 5.0 by the method described
by Allen and Gockerman (9). The reaction mixture contained 5 mM sodium a-naphthyl acid
phosphate and 50-100 mM sodium acetate-acetic acid buffer at pH 5.0. After incubation at
25°C for 15 min, the coupling reagent was added in a volume equal to that of the reaction
mixture. The coupling reagent contained 0.29, diazotized Fast Red ITR, 4%, sodium lauryl
sulfate, 100 mum sodium acetate, and 10 mu barbital-HCl buffer at pH 8.0. After addition of
the coupling reagent, the tubes were incubated for 5 min at room temperature in the dark to
permit color development. Optical density was measured with a Gilford spectrophotometer
at 545 myu. The enzyme reactions proceeded linearly with time and the activity was propor-
tional to the amount of enzyme added under the conditions of the test.
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The micro-Kjeldahl procedure was used to determine protein content of dialyzed speci-
mens for specific activity studies.

Electrophoresis—The general method of polyacrylamide gel electrophoresis described by
Ornstein and Davis' and Raymond and Weintraub (10) was used. Optimal separation could
be obtained with electrophoresis at pH 4.0 on a 7%, acrylamide gel matrix using a modifica-
tion of the system developed by Reisfeld et al. (11). Triton X-100 in a final concentration of
0.5%, was incorporated into the gels. Both buffer reservoirs contained 35 mum B-alanine and
1.4 mM acetic acid (buffer pH 5.0). Enzyme-containing specimens which had been dialyzed
overnight against the $-alanine buffer were layered over the upper surface of the gels in a
volume of 5-20 ul. Electrophoresis was carried out at 4°C for 90 min with a current of 4 ma/
tube.

Acid phosphatase activity was detected in the acrylamide gels by the coupling diazo dye
method described by Barka (12) using sodium a-naphthyl acid phosphate as the substrate.
After electrophoresis the gels were incubated for 15-30 min in the reaction mixture containing
0.1%, Na a-naphthyl acid phosphate, 0.1, diazo Fast Garnet GBC in 50 mM sodium acetate-
acetic acid buffer pH 5.0. The reaction was stopped by immersing the stained gels in 79,
acetic acid. The relative activity of each acid phosphatase was estimated from densitometric
tracings of stained acrylamide gels. A Canalco model E densitometer equipped with an in-
tegrator was used for these studies.

Isoelectric point determinations were obtained by electrophoresis on acrylamide gels. The
discontinuous buffer system previously described could not be used for the pI studies. Sodium
phosphate or sodium acetate-acetic acid buffers (u = 0.025) were used in the buffer reser-
voirs and in the preparation of the gels. The buffer was continuously recirculated during
electrophoresis to prevent pH and concentration changes during the run. To further improve
the uniformity of electrophoresis conditions a prerun before applying the specimen was em-
ployed. The same voltage and current to be used for electrophoresis were applied to the buf-
fer and gel for 45 min to achieve a steady state flux of buffer ions in the gel.

Gel Filtration.—The molecular weight determinations were obtained by gel filtration on
Sephadex G-200 by the general method of Whitaker (13). All experiments were carried out
on a 1.3 X 60 cm column using 100 mM acetate buffer pH 5.5 containing 5%, Triton X-100.
Eluate fractions of 1.0 ml were collected with a volumetric siphon. The elution volumes (V)
of trypsin (Nutritional Biochemical Corp., Cleveland, Ohio), bovine serum albumin (Armour
& Co., Chicago, Ill.), human gamma globulin (fraction II, Pentex Inc., Kankakee, IiL), and
urease (kindly supplied by Sigma Chemical Corp., St. Louis, Mo.) were used to standardize
the column. The column void volume (V,) was determined with Blue Dextran (Pharmacia
Fine Chemicals, New Market, N. J.). All elution volumes from the addition of specimen
to the maximum concentration of solute were corrected for the buffer volume in the tubing
between the column and the fraction collector. The straight line plot of V./V, against the
logarithm of the molecular weights formed the standard curve. Blue Dextran was estimated
by extinction at 280 mu (610 mu in the presence of Triton X-100). Trypsin, albumin, and
4-globulin were detected by continuous monitoring of the column eluate for absorption at
280 mu. The turbidimetric protein assay method of Tappan (14) was used in the presence of
Triton X-100. Urease was detected by the activity assay of Gorin et al. (15).

Ion Exchange Chromatography—CM-Sephadex C-50 (kindly supplied by Pharmacia)
was cleaned and prepared for use as described by the manufacturers. A column of CM-Sepha-
dex (1 X 20 cm) was gravity packed and equilibrated with the starting buffer (5 mm sodium
phosphate buffer pH 5.6 containing 0.5%, Triton X-100). A 1.0 ml. volume of specimen, pre-
viously dialyzed overnight against the starting buffer, was applied and the column was

1 Omstein, L., and B. Davis. 1962. Disk Electrophoresis. Parts I and II. Distillation
Products Industries, Rochester, N. V.
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washed with starting buffer to remove unadsorbed protein. The enzyme was eluted with a
linear gradient of 0 to 1.0 M NaCl buffered with starting buffer. Fractions of 0.75 ml were
collected with a volumetric siphon. The sodium concentrations of the eluate were determined
in an Instrumentation Laboratories flame photometer.

RESULTS

Localization and Liberation of Acid Phosphatase—The majority if not all of
the acid phosphatase activity of macrophages resides in the lysosomal par-
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F16. 1. Distribution of acid phosphatase activity between particle fraction (11,000 g sedi-
ment) and supernatant fraction of macrophage suspensions disrupted by repeated freeze-
thaw treatment, prolonged homogenization, French-press treatment, and extraction with
5% Triton X-100.

HOMOGENIZATION

FREEZE—-THAW

ticles and a marked increase in acid phosphatase activity results from lyso-
somal rupture (4). We first investigated the distribution of acid phosphatase
activity of whole cell homogenates following lysosomal rupture.

Macrophage suspensions were disrupted by freeze-thaw treatment, prolonged homogeniza-
tion, French press treatment, or exposure to Triton X-100. The suspensions were then sepa-
rated into a supernatant and particle fraction by centrifugation at 11,000 g for 15 min. To
insure that all the acid phosphatase activity was measured the particle fractions were assayed
in the presence of 59, Triton X-100.

Freeze-thaw treatment released 60% of the total activity into the superna-
tant fraction and the remainder was present in the sediment (Fig. 1). Mechani-
cal means to solubilize acid phosphatase-prolonged homogenization and French
press treatment—released no more activity than freeze-thaw treatment. How-
ever, extraction of the cell suspension with Triton X-100 released 100% of the
total activity into the supernatant fraction.
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The observed discrepancy between the supernatant fraction and total acid
phosphatase activities could represent retention of the soluble enzyme in lyso-
somal particles and/or adsorption of the enzyme to other cellular material
(16, 17). Alternatively, the lysosomal particle could contain at least two cate-
gories of acid phosphatase, one readily released following lysosomal rupture
and the other more firmly particle-bound. The demonstrations by Barka (12,
18) and Allen and Gockerman (9), that a detergent soluble acid phosphatase
is chromatographically and electrophoretically distinct from an aqueous
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ELECTROPHORESIS 90 MIN & 4ma/4.5 X 65mm COLUMN

F1c. 2. Acid phosphatase pattern of rabbit alveolar macrophages following acrylamide gel
electrophoresis. A 5%, Triton X-100 extract of macrophage suspension was applied to the
anodal end of the acrylamide gel. Following electrophoresis acid phosphatase activity was
detected in the gels by a coupling diazo dye method (12).

soluble acid phosphatase in rat liver lysosome preparations, lend support to
the latter hypothesis.

Separation of Acid Phosphatase Isozymes—To examine this hypothesis we
first sought to determine if alveolar macrophages contained more than one
form of acid phosphatase. We attempted electrophoretic separation by previ-
ously described techniques (9, 11, 19) but found none of them to be entirely
satisfactory. The most satisfactory system yielding good protein separation,
distinct narrow bands of acid phosphatase activity, and short product-stain-
ing times was obtained by electrophoresis for 90 min at 4 ma/tube at 4°C on
7% acrylamide gels containing 0.5 % Triton X-100.

Whole cell extracts from both normal and BCG-induced alveolar macro-
phages showed five bands of acid phosphatase activity (Fig. 2). All enzyme
activity migrated toward the cathode at a “running” pH of 4.0 used for these
studies. This pattern of phosphatase activity differed from that found in rat
liver in which two major bands of activity were found. In rat liver prepara-
tions, the slower moving band, corresponding to our band 1, occasionally
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formed as a doublet (9). We observed the same phenomenon in some macro-
phage extracts.

Fig. 3 shows a densitometric tracing of a typical specimen. The numbers
for the peaks correspond to the numbered bands of Fig. 2. No acid phospha-
tase activity remained at the point of application as determined by staining
techniques.

We next wanted to determine if the distribution pattern of the acid phos-
phatases was affected by the means used to solubilize the enzymes. The super-

+ -
20 4
> ¢
& 1.5 !
P
a
1.0F
_1 2 3
<
S . 5
- 05¢F
a ¢
(o]
o) 1 1 L L l—/I\L
0] 5 10 15 20 25 30 35
MILLIMETERS

T16. 3. Densitometric scan of acid phosphatase activity from whole macrophage extract
shown in Fig. 2. Distance in millimeters from the anodal end of the gel forms the abscissa.

natant fraction of mechanically ruptured macrophage suspensions contained
the major acid phosphatases of the greatest mobility (Fig. 4). Activity bands
corresponding to bands 2, 3, 4, and 5 of Fig. 1 were present. Neither mechani-
cal disruption of the cells nor freeze-thaw treatment solubilized the acid phos-
phatase activity of the lowest mobility. Triton extracts of the particle fraction
remaining after mechanical disruption or freeze-thaw treatment were then
examined. A small amount of activity corresponding to bands 3 and 4 and
occasionally to bands 2 and 5 were present. More importantly, the predomi-
nant activity corresponded to band 1, the acid phosphatase activity of lowest
mobility, which was not released by mechanical disruption or freeze-thaw
treatment. Exhaustive washing of the particle fraction prior to Triton extrac-
tion reduced but did not completely eliminate the acid phosphatase activities
represented by bands 2, 3, 4, and 3.

It seemed unlikely that the slowest moving fraction of acid phosphatase
present in the Triton extracts was due to alteration in electrophoretic mobility
of an aqueous soluble enzyme since Triton was incorporated in the acrylamide
gels. However, to examine this possibility, supernatant fractions following
repeated freezing and thawing were treated with 5% Triton X-100. The elec-
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trophoretic patterns of these specimens were identical with those of untreated
supernatant fractions eliminating the possibility of a Triton-induced artifact.

The Distribution of Acid Phosphatase Isozymes in Subcellular Fractions.—The
distribution of the slowly migrating acid phosphatase (band 1) could be ex-
plained by adsorption of a soluble enzyme to nuclear material, undisrupted
cells, or cellular debris other than lysosomal membranes present in the par-
ticle fraction or macrophage homogenates. To investigate this possibility we
examined the distribution of the acid phosphatases in isolated lysosomal

1 . PARTICLE FRACTION
(TRITON X=100 EXTRACT)

SUPERNATANT FRACTION d

F16. 4. Comparison of acid phosphatase pattern of supernatant and particle fraction of
freeze-thaw treated macrophage suspensions. Acid phosphatase activity of the particle frac-
tion was solubilized by extraction with 5%, Triton X-100.

TABLE 1
Distribution of Acid Phosphatase Isozymes among Subcellular Fractions
Acid phosphatase activity bands
Fractions
1 2 3 4 5
% % % % %
Macrophage suspension 40* 15 8 35 2
Lysosomal-mitochondrial
Whole preparation 43 11 5 37 4
Particle fraction 62 7 4 25 2
(after freeze-thaw)
Supernatant fraction 0 9 4 83 4
(after freeze-thaw)
Nuclear 44 12 8 34 2
15,000 g supernatant 0 5 11 82 2

* Expressed as per cent of total activity for each fraction. Subcellular fractions were ob-
tained by differential centrifugation from cells ruptured by homogenization in 0.25 M sucrose
as described in Material and Methods. Triton extracts of each fraction were separated by
acrylamide gel electrophoresis and phosphatase activities were quantitated by densitometric
scanning.
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particles as well as in the “nuclear” fraction and the “15,000 g supernatant”
fraction.

All five forms of acid phosphatase were found in Triton extracts of the
whole lysosomal-mitochondrial preparations (Table I). The predominant
phosphatase activity of the particle fraction of freeze-thaw treated lysosomal-
mitochondrial preparations was due to the slowly migrating enzyme (band I).
Bands 2, 3, 4, and 5 were also present in the particle fraction. The supernatant
fraction of freeze-thaw treated lysosomal-mitochondrial preparations con-
tained activity bands 2, 3, 4, and 5 with band 4 the predominant form. Band
1 was not present in the supernatant fraction.

TABLE IT
Quantiiation of Acid Phosphatase Isoenzymes of Normal and BCG-Stimulaled Alveolar
Macrophages
Total activity (mumoles phosphate X min™ X mg protein™)
. 29.7 & 4.1 53379
Activity _
site
Normal BCG-induced
Range Mean Range Mean
1 8.9-11.9 10.4 17.6-24.5 21.9
2 1.5-2.1 1.8 2.74.3 3.2
3 1.8-3.0 2.4 0.5-5.3 2.1
4 11.0-12.5 11.9 22.9-26.1 24.0
5 1.8-5.0 3.3 0.5-3.2 2.1

Themean values of total acid phosphatase activity =+ standard deviation are shown for
the normal and BCG-stimulated alveolar macrophages.

In the course of differential centrifugations used to obtain the lysosomal-
mitochondrial fraction a nuclear fraction and a 15,000 g supernatant fraction
were collected as described in Materials and Methods. Triton extracts of the
nuclear fraction contained all five forms of acid phosphatase with the same
distribution found in Triton extracts of whole macrophages. The 15,000 g
supernatant fraction contained phosphatase bands 2, 3, 4, and 5. The distri-
bution of the phosphatases was essentially identical with that of supernatant
fractions of freeze-thaw treated, lysosomal-mitochondrial preparations.

The acid phosphatase experiments employing isolated lysosomal fractions
and those employing extracts of macrophage suspensions demonstrated that
two major groups of acid phosphatase are present in alveolar macrophages.
One group of acid phosphatases is soluble in the aqueous phase and is released
by physical treatment of the lysosomal particle. The other is firmly membrane
bound by the particle and can be extracted by nonionic detergent treatment.
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The Influence of BCG Stimulation on Acid Phosphalase Isosymes—We next
compared the total acid phosphatase activities of normal and BCG-stimulated
macrophages (Table II) using Triton extracts of cell suspensions. The acid
phosphatase activity of normal macrophages was 29.7 + 4.1 mumoles of
phosphate liberated X min™ X mg protein™ and from BCG-stimulated mac-
rophages was 53.3 &£ 7.9 mumoles of phosphate X min™ X mg protein™.
Thus, BCG treatment resulted in an 80% increase in specific activity of the
macrophage acid phosphatase. The magnitude of the increase is in close agree-
ment with that found by Cohn and Wiener (4) although the individual specific
activities are not comparable due to differences in enzyme and protein assay
techniques used.

Having demonstrated a marked effect of BCG stimulation on the acid phos-
phatase activity, we wanted to determine the contribution due to each of the
5 electrophoretically distinct forms.

Quantitation of the relative activities of the separate phosphatases was obtained by in-
tegration of the area under the curve of densitometric tracings of stained acrylamide gels. A
linear relationship, with a variation of =79, was observed between the activities determined
by the scanning technique and known activities applied to the gels.

A twofold increase in the two predominant forms of acid phosphatase, band
1 and 4, as well as in a minor form, band 2, resulted from BCG stimulation.
The Triton extractable enzyme, band 1, accounted for 35% and 41% of the
activity of normal and BCG-stimulated macrophages, respectively. Similarly,
the predominant aqueous soluble phosphatase, band 4, accounted for 40%
and 45% of the activity before and after BCG stimulation. It is clear that
bands 3 and S contribute only a small fraction to the total acid phosphatase
activity. The effect of stimulation on these two fractions is difficult to inter-
pret because of the low activity of each form and the large variation among
specimens. However, the results suggest that no increase of either band 3 or 5
resulted from BCG stimulation.

Properties of Acid Phosphatase Isozymes.—The electrophoretic heterogeneity
and solubility differences among the phosphatases could reflect fundamental
chemical variations. We examined the isoelectric points, the elution charac-
teristics from ion exchange resins, molecular size differences, pH optima, and
enzyme inhibiton characteristics of the principal forms of acid phosphatase to
gain further information about the physicochemical background of enzyme
multiplicity.

Isoelectric point: Molecular separation by acrylamide gel electrophoresis is a
combined function of charge and molecular size differences. To examine charge
differences between the predominant acid phosphatase forms, we determined
the migration characteristics with varying pH conditions on acrylamide gels
of constant pore size.

The mobilities of the two principal forms of acid phosphatase and their
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isoelectric points are shown in Fig. 5. The pI of the principal aqueous soluble
acid phosphatase (band 4) was 4.9 and the pI for the Triton-extractable acid
phosphatase (band 1) was between 4.4 and 5.0. The pI for the Triton-extract-
able phosphatase could not be determined with precison due to the limited
mobility of the enzyme in 7% acrylamide gels. In a sodium acetate-acetic
acid buffer system (results not shown) the isoelectric point for both the aque-
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FiG. 5. Electrophoretic mobility of the two principal acid phosphatase forms plotted as a
function of pH. ¢, aqueous soluble band 4; o------ o, Triton-extractable acid phosphatase
band 1.

ous soluble phosphatase (band 4) and for the Triton-extractable phosphatase
(band 1) was 5.6. The electrophoretic migration curves were similar to those
obtained by electrophoresis in phosphate buffer. Again, the limited mobility
of the Triton-extractable phosphatase (band 1) in 7% acrylamide gels pre-
vented a precise determination of the pL

We further examined charge differences of the two principal enzyme forms
by determining their elution characteristics from a cation exchange resin.
Both phosphatases were firmly adsorbed to CM Sephadex at pH 5.6 and could
be clearly separated by gradient elution column chromatography as shown in
Fig. 6. The first acid phosphatase-containing peak, eluted by 0.13 M NaCl,
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contained 65% of its activity in the form of band 1 and 35% in the form of
band 4. The second acid phosphatase—containing peak, eluted by 0.38 M NaCl,
contained 87% of its activity in the form of band 4 and 13% in the form of
band 1. The lesser affinity of the Triton-extractable phosphatase for the cation
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F16. 6. Separation of the two principal macrophage acid phosphatases by gradient elution
chromatography on CM-Sephadex. Acid phosphatase activity not adsorbed to the column
had diminished to O by fraction 40. Gradient elution was begun at this point. —-, [Nat]
in molarity; +, acid phosphatase activity. Electrophoretic characterization of pooled
eluate fractions are shown in inserts above graph.

exchange resin suggested that the isoelectric point of the Triton extractable
phosphatase was lower than that of the aqueous soluble form band 4.
Additional experiments were performed in which Triton was eliminated
from the eluting buffer. The recovery and the elution characteristics of the
aqueous soluble phosphatase, band 4, were unaffected by the removal of Tri-
ton. By contrast, band 1 could not be eluted by sodium concentrations as
high as 1.0 (NaCl) in the absence of detergent. The addition of Triton to
the eluting buffer, however, resulted in prompt elution of an active acid phos-
phatase with the electrophoretic mobility of band 1. Removal of Triton most
likely resulted in precipitation of the slowly migrating phosphatase and sub-
sequent addition of detergent resulted in a resolubilization of the enzyme.
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Molecular weight: We next determined the molecular weights of the two
predominant forms of acid phosphatase by gel filtration through Sephadex
G-200 (Fig. 7). Two standard curves were necessary since the calibration
changed when Triton X-100 was present.
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F1c. 7. Molecular weight determination for aqueous soluble acid phosphatase band 4 (x)
and Triton-extractable acid phosphatase band 1 (®) by gel filtration on Sephadex G-200.
Ordinate: ratio of elution volume to column void volume (V./V,); abscissa: molecular weight
plotted on logarithmic scale. o o, standard curve obtained in the absence of Triton;
o o, standard curve obtained on column equilibrated with buffer containing 59, Triton
X-100. Proteins of known molecular weight used to obtain standard curves were trypsin,
mol wt = 23,800; bovine serum albumin, mol wt = 68,000; human 7S -globulin, mol wt =
154,000; and urease, mol wt = 425,000.

The molecular weight of the predominant aqueous soluble acid phosphatase,
band 4, was 80,000. No change in the apparent molecular weight of this phos-
phatase was observed in the presence of Triton X-100. The molecular weight
of the Triton-extractable acid phosphatase, band 1, was 340,000.

pH optima and response lo inhibitors: The predominant aqueous soluble
phosphatase, band 4, and the Triton extractable phosphatase, band 1, used
for these studies were obtained from macrophage suspensions disrupted by
repeated freeze-thaw treatment. Band 4 constituted 88 % of the acid phospha-
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tase activity of the 11,000 g supernatant fraction and band 1 constituted 85%
of the phsophatase activity of the extract of the “particle” fraction.

The relative activities of the two principal phosphatases are plotted as a
function of pH in Fig. 8. The pH optimum for each of the two acid phospha-
tase forms was 5.2-5.4. The response to enzyme inhibitors was identical for
the two prinicpal forms of acid phosphatase. Fluoride (1 mm) inhibited both
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F1c. 8. Acid phosphatase activity of the aqueous soluble band 4 (e
extractable band 1 (e——o) are plotted as a function of pH.

¢) and the Triton-

phosphatase forms by 90%. Tartrate (10 mu) inhibited the Triton-extractable
acid phsophatase, band 1, by 84% and inhibited the aqueous soluble phospha-
tase, band 4, by 78%. Formaldehyde (0.25 M), EDTA (50 mm), and azide
(3 mm) had no inhibitory effect upon either of the two principal acid phospha-
tases.

DISCUSSION

Localization of nearly 80% of the acid phosphatase activity to lysosomes of
rat liver cells was initially demonstrated by de Duve et al. (1). Subsequent
evidence from cell fractionation and histochemical studies confirmed the general
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nature of the phenomenon for multiple mammalian tissues (20-22). Cohn and
Wiener (4) showed that more than 70% of the total acid phosphatase activity
of rabbit alveolar macrophages resides in the lysosomal fraction. In all cell
fraction studies, 10-20% of the total acid phosphatase activity has been found
free in the supernatant fraction. Although this has frequently been considered
to be lysosomal enzyme released by trauma during the preparation procedures,
Neil and Horner (23) and Tappel et al. (24) suggested that, for liver tissue, the
free phosphatase may not be lysosomal in origin. They have demonstrated that
the supernatant acid phosphatase differs from the lysosomal form in substrate
specificity and in sensitivity to inhibitors. Our observation that the acid phos-
phatases of the lysosomal fraction are identical in number and electrophoretic
mobility with those in whole macrophage extracts suggests that there are no
unique nonlysosomal acid phosphatases in rabbit alveolar macrophages.

The data presented here have shown that five electrophoretically distinct
forms of acid phosphatase are present in rabbit alveolar macrophages. The
phosphatases can be subdivided into two major groups. One group, composed
of four electrophoretically distinct forms, is readily soluble in the aqueous
phase following prolonged homogenization, French press treatment, or repeated
freezing and thawing. The other category, constituting approximately 40% of
the total acid phosphatase, is firmly membrane bound and can be solubilized
from the lysosomal particle fraction with the nonionic detergent Triton X-100.
The predominant component of the particle-bound acid phosphatase is elec-
trophoretically distinct from the readily aqueous soluble forms. In addition,
the particle fraction contains a small fraction of acid phosphatase activity
electrophoretically identical with that found in the supernatant fraction.

It has previously been observed that not all of the acid phosphatase activity
is released from the lysosomal particle following disruption. Berthet, de Duve,
and Applemans (16, 17) attributed this discrepancy to nonspecific adsorption
of enzyme to collapsed lysosomal vesicles and to other cellular material. This
interpretation follows from a view of the lysosome as a sac-like structure
containing enzymes which are not bound to membrane or matrix. Nonspecific
adsorption may account for our observation that a small fraction of the mem-
brane bound phosphatases are electrophoretically identical with those released
into the supernatant fraction. The selective lysosomal membrane binding of
the acid phosphatase identified as band 1, however, cannot be explained by
nonspecific adsorption.

The firm binding of a large fraction of acid phosphatase to the lysosomal
membrane may be representative of a more general phenomenon. Recent in-
vestigations by Beck and Tappel (25) have demonstrated that 8-glucosidase is
firmly membrane bound. Conchie and Hay (26) and Weissman et al. (27) have
shown that 8-N-acetylglucosaminidase is almost completely membrane bound.
Conchie and Hay (26) further showed that a significant fraction of «-man-
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nosidase and B-galactosidase activities could not be easily removed from the
lysosomal membrane. Ugazio and Pani (28) have shown that arylsulfatase A
is more firmly membrane bound than arylsulfatase B. Indeed, all lysosomal
enzymes may be membrane bound but some are more easily released than
others. Membrane binding of lysosomal enzymes as a general phenomenon
suggests the possibility of structure-linked enzyme localization. Although
multiple forms of acid phosphatase have been identified in human erythrocytes
(29-31), there has been no evidence that these nonlysosomal phosphatases are
membrane bound.

Any explanation for the structural nature of acid phosphatase multiplicity
must take into account the enzyme differences as well as the observed simi-
larities. The two predominant forms of alveolar macrophage acid phosphatase
differ in several important respects. They differ significantly in degree of bind-
ing to the lysosomal membrane, in solubility, in net charge, and in molecular
weight. Despite these differences the two principal phosphatases are identical
in pH optima and in their response to enzyme inhibitors. The observed simi-
larities argue against the possibility that the two phosphatases represent
entirely different molecular species. The observation that the principal phos-
phatases differ in molecular weight by a factor of four suggests the possibility
that the high molecular weight form is composed of subunits of the lower
molecular weight form. Such an explanation is not incompatible with the ob-
served differences in charge. Cytochrome ¢ (32), for example, has been shown
to form polymers which differ from the monomer in enzymatic properties and
in net charge permitting their separation on cation exchange resins. A mono-
mer-tetramer relationship by itself, however, does not adequately explain the
requirement for detergent to maintain the high molecular weight form in
solution. Triton has in common with other detergents the ability to disperse
lipoprotein micelles. It is possible that Triton solubilizes the membrane-bound
phosphatase by either breaking lipoprotein complexes between the enzyme and
membrane or within the membrane itself. The Triton-solubilized phosphatase
could then contain membrane components instead of or in addition to multiple
subunits of the low molecular weight aqueous soluble form.

The macrophage has been shown to differentiate in response to multiple
environmental stimuli including phagocytosis (4) and pinocytosis (33). An
increase in number and size of lysosomal granules accompanies this differentia-
tion. The nearly twofold increase in acid phosphatase activity that we observed
after BCG stimulation is in close agreement with that observed by other
workers (4-6). In addition we have shown that the increased activity is ac-
counted for by a nearly proportionate increase in the two predominant acid
phosphatase forms. Failure to find selective increases in the phosphatase forms
would suggest that the enzymatic response to inflammatory stimuli is a non-
specific one. A complete explanation of the changes in the individual phos-
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phatase forms, however, must await clarification of the chemical and functional
differences of the various isoenzymes.

SUMMARY

The acid phosphatase activity of normal alveolar and BCG-induced alveolar
macrophages has been examined. Five electrophoretically distinct forms of
acid phosphatase have been identified in both normal and BCG-induced
macrophages. The acid phosphatases can be divided into two major categories.
One category, containing four distinct forms, is readily solubilized after repeated
freezing and thawing or mechanical disruption The second category, containing
one form, is firmly bound to the lysosomal membrane and can be solubilized
by treatment of the lysosomal fraction with Triton X-100.

The Triton-extractable acid phosphatase and the predominant aqueous
soluble acid phosphatase have been shown to differ in the degree of membrane
binding, in solubility, in net charge, and in molecular weight. The two pre-
dominant phosphatases possess identical pH optimum and do not differ in
response to enzyme inhibitors.

BCG stimulation has been shown to result in a nearly twofold increase in
acid phosphatase activity. A nearly proportionate increase in the major acid
phosphatase forms has been observed.

The author gratefully acknowledges Mrs. Jowa W. Marable and Michael DeBuysere for
their excellent technical assistance, and the United States Air Force for supporting these
studies.
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