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LYSOSOMAL ENZYMES 

Earl H. Harrison 
William E. Bowers 

I. GENERAL INTRODUCTION 

Mononuclear phagocytes are very active in the uptake and 
intracellular digestion of a variety of biological substances. 
The enzymes mainly responsible for the digestion of these 
substances are the lysosomal acid hydrolases, and these en-
zymes are found in relatively large amounts in mononuclear 
phagocytes. The cells also secrete acid hydrolases, as well 
as other hydrolytic enzymes that can degrade extracellular 
components. The latter enzymes, including lysozyme, colla-
genase, proteinases, neutral caseinases, elastaselike enzymes, 
and plasminogen activator are discussed in detail in other 
chapters. This chapter focuses on the assay of a number of the 
lysosomal acid hydrolases. 

The assays described below have been used for a number of 
years in our laboratory to study the acid hydrolases in a 
variety of tissues and cell types and should, with the appro-
priate precautions, be easily applicable to mononuclear phago-
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cytes from any species or tissue. It is, nonetheless, advis-
able to carry out preliminary kinetic studies with the par-
ticular enzyme source of interest to determine the optimal 
conditions for each enzyme assay. It is essential to carry 
out each assay under conditions where product formation is 
proportional to the time of incubation and to the quantity of 
enzyme assayed. 

Although the acid hydrolases act on a wide variety of 
substrates, they share certain properties. The most charac-
teristic common feature is enzyme latency, which results from 
the localization of acid hydrolases within membrane-bounded 
lysosomes. An accurate determination of the total enzyme 
activity requires that the lysosomal membrane be disrupted, 
which can be achieved by including the detergent, Triton X-100 
(at a concentration of about 0.1%) in the enzyme reaction mix-
ture. If desired, latency can be determined by measuring both 
the total activity and the free activity simultaneously, where 
the latter is determined under conditions that preserve the 
integrity of the lysosomal membrane (1,2,10). Latent activity 
represents the difference between the free and total activi-
ties. 

Acid hydrolases are very stable enzymes and can be assayed 
without loss of activity after storage of many tissue homogen-
ates in the freezer. It is, however, advisable to determine 
the stability of the enzyme in each instance. Unless stated 
otherwise below, the substrate solutions used in the assay of 
the hydrolases are stable for several weeks when stored in the 
refrigerator. They should be discarded when the blank values 
substantially increase. 

II. ACID PHOSPHATASE 

A. Introduction 

Acid phosphatase (EC 3.1.3.2) is most reliably measured by 
assaying the enzymic release of inorganic phosphate from ß-gly-
cerophosphate. The inorganic phosphate formed during the reac-
tion is determined colorimetrically by the micromethod of Chen 
et al. (3). 

B. Reagents 

1. For enzyme assay 
(a). 62.5 mM β-Glycerophosphate in 62.5 mM acetate buffer, 

pH 5.0, containing 0.125% (w/v) Triton X-100 
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(b). Bovine serum albumin, 100 mg/ml 
(c). 35% Trichloroacetic acid 

2. For Phosphate Determination 
(a). 10% (w/v) Ascorbic acid (store at 4°C, stable for 

1 week) 
(b). 2.5% (w/v) Ammonium molybdate 
(c). β Ν Sulfuric acid 

C. Procedure 

1. Enzyme Assay 
To 1.6 ml of substrate mixture add 0.4 ml of enzyme. En-

zyme blanks receive 1.6 ml of buffer containing Triton X-100 
and 0.4 ml of enzyme. Substrate blanks receive 1.6 ml of sub-
strate mixture and 0.4 ml of enzyme diluent. Reactions are 
run at 37°C for the appropriate time and then terminated by 
setting the tube in an ice-water bath. To each tube add 0.2 
ml of bovine serum albumin (100 mg/ml), mix, and add 0.4 ml 
of 35% trichloroacetic acid. Wait 10 min and centrifuge the 
tubes at 1500 g for 10 min at 4°C. Remove 1 ml of supernatant 
for phosphate determination. 

2. Phosphate Determination 
Prepare phosphate reagent by mixing 1 volume of 6 N sulfu-

ric acid with 2 volumes of water and 1 volume of 2.5% ammonium 
molybdate, then add 1 volume of 10% ascorbic acid and mix well. 
This reagent must be prepared fresh daily. 

Standards are prepared containing 20-200 nmol inorganic 
phosphate in a final volume of 1 ml. Samples contain 1 ml of 
supernatant from enzyme assay. To all tubes add 2 ml of phos-
phate reagent and mix. Incubate tubes at 37°C for 30 min to 
develop color. Read absorbance at 820 nm. 

D. Calculation of Data 

Results are expressed as milliunits, i.e., nanomoles in-
organic phosphate released per minute. 

E. Critical Comments 

The presence of several phosphatases in most cell types 
makes the assay of any one of them in crude preparations prob-
lematical. Thus, although acid phosphatase is the "classical" 
lysosomal acid hydrolase, its assay poses more problems than 
many of the other acid hydrolases. The lysosomal ß-glycero-
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phosphatase is characteristically completely inhibited by low 
concentrations (2-5 mAf) of fluoride or L- (+)-tartrate, but is 
totally resistant to treatment with N-ethylmaleimide (4). 
The use of substrates other than ß-glycerophosphate in the 
assay of acid phosphatase (e.g., the chromogenic, p-nitro-
phenyl phosphate, or fluorogenic, 4-methylumbelliferyl phos-
phate) should be avoided unless the activities responsible 
for their hydrolysis can be shown to have the characteristics 
of the lysosomal enzyme. 

III. ACID GLYCOSIDASES 

A. Introduction 

The acid glycosidases [N-acetyl-ß-glucosaminidase 
(EC 3.2.1.30), ß-galactosidase (EC 3.2.1.23), a-mannosidase 
(EC 3.2.1.24), etc.] can be conveniently assayed by using the 
nitrophenyl or phenolphthalein derivatives of the appropriate 
glycosides as substrate and determining the amount of released 
chromophore by absorption spectrophotometry. Alternatively, 
when high sensitivity is required, the fluorogenic 4-methyl-
umbelliferyl derivatives can be used as substrate and the 
product of the reaction fluorometrically determined. 

B. Reagents 

1. For Colorimetric Assay 
(a). 7.5 mM p-Nitrophenyl-N-acetyl-ß-glucosaminide in 

0.125 M citrate buffer, pH 5.0, containing 0.125% (w/v) Triton 
X-100 (for other glycosidase assays use 6.25 mM o-nitrophenyl-
ß-galactoside, 7.5 mM p-nitrophenyl-a-mannoside, or 1.6 mAf 
phenolphthalein-ß-glucuronide in 0.125 M acetate buffer, pH 
5.0) . 

(b). Glycine buffer, pH 10.7. 133 mM glycine 83 mM 
sodium carbonate, 67 mAf sodium chloride adjusted to pH 10.7 
with sodium hydroxide. 

2. For Fluorometric Assay 
(a). 10 mM Stock solutions of the appropriate 4-methyl-

umbelliferyl glycosides (Koch-Light Laboratories, Colnbrook, 
Buckinghamshire, England) are prepared in dry methoxyethanol 
(stable for 4-6 weeks at 4°C). 

(b). Substrate solutions are prepared immediately before 
use by diluting the above stock solutions to 0.2 mM in 0.1 M 
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acetate buffer, pH 5.0, containing 0.2% Triton X-100. Use 
0.1 M citrate buffer, pH 5.0, for 4-methylumbelliferyl-iV-
acetyl-ß-glucosaminide. 

(c). 50 mM Glycine - 5 mW EDTA adjusted to pH 10.4 with 
sodium hydroxide. 

C. Procedures 

1. Colorimetric Assay 
To 0.4 ml of substrate add 0.1 ml of enzyme and incubate 

at 37°C for the appropriate time. Include enzyme and substrate 
blanks in assay. Terminate reaction by adding 3 ml glycine 
buffer and read absorbance of resulting solution at 400 nm 
(for nitrophenyl substrates) or at 540 nm (for phenolphthalein 
substrates). 

2. Fluorometric Assay 
To 0.1 ml of substrate add 0.1 ml of enzyme and incubate 

at 37°C for the appropriate time. Include enzyme and substrate 
blanks in assay. Terminate reaction by adding 2 ml of glycine 
buffer and determine the fluorescence emission of the resulting 
solution at 460 nm with an excitation wavelength of 365 nm. 

D. Calculation of Data 

For the colorimetric assays, the absorbance data are con-
verted to nanomoles of nitrophenol or phenolphthalein by ref-
erence to standard curves constructed with 10-200 nmol of the 
authentic compounds in solutions having a composition identical 
to those resulting from the enzyme assay. Results are express-
ed in milliunits, i.e., nanomoles product formed per minute. 

Fluorometric readings are converted to nanomoles of 4-
methylumbelliferone by reference to a standard curve construct-
ed with solutions containing 0.1 to 1.0 nmol of 4-methylumbelli-
ferone. Results are expressed in milliunits as defined above. 

E. Critical Comments 

The ease of assay and availability of chromogenic and 
fluorogenic derivatives of a large number of glycosides make 
the acid glycosidases attractive enzymes for study as lyso-
somal enzymes. N-Acetyl-ß-glucosaminidase is present in rela-
tively high amounts in most tissues and is exclusively local-
ized in lysosomes in all tissues studied. However, the enzyme 
is inhibited to a considerable extent by acetate (5) and must 
be assayed in citrate buffer for a reliable determination of 
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maximal activity. High sucrose concentrations are also inhi-
bitory for glycosidases; the effect must be determined for 
each enzyme. The activities of other acid glycosidases are 
generally lower than that of N-acetyl-ß-glucosaminidase. If 
assayed at pH values closer to neutrality, some of the glyco-
sides may be hydrolyzed by enzymes other than the lysosomal, 
acid pH optimum enzyme. 

IV. ARYLSULFATASE 

A. Introduction 

Arylsulfatase (EC 3.1.6.1) is assayed by incubation of 
enzyme with p-nitrocatechol sulfate and spectrophotometric 
determination of released p-nitrocatechol. 

B. Reagents 

(a). 25 mAf p-Nitrocatechol sulfate in 62.5 mM acetate 
buffer, pH 5.0, containing 0.125% Triton X-100 

(b). 2.2% Trichloroacetic acid 
(c). 3.5 N Sodium hydroxide 

C. Procedure 

To 0.4 ml of substrate add 0.1 ml of enzyme and incubate 
at 37°C for the appropriate time. Include enzyme and sub-
strate blanks in the assay. Reaction is terminated by addinq 
1.5 ml of ice-cold 2.2% trichloroacetic acid, after which each 
tube is placed in an ice-water bath (for 15 min). To develop 
the color, remove each tube from the ice bath and add 1.0 ml 
of 3.5 N NaOH. After 10 min read absorbance at 540 nm. 

D. Calculation of Data 

Absorbance measurements are converted to nanomoles of 
p-nitrocatechol by reference to a standard curve constructed 
with solutions containing 10-200 nmol of p-nitrocatechol. 
Activities are expressed in milliunits, i.e., nanomoles p-ni-
trocatechol released per minute. 
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E. Critical Comments 

In rat spleen homogenates, the ionic strength of the re-
action mixture affects the activity of arylsulfatase; optimal 
activity was obtained in the presence of 0.2 M KC1 (1). To 
minimize hydrolysis of the substrate that occurs under acid 
conditions, tubes are placed in ice after the enzyme reaction 
is stopped by the addition of trichloroacetic acid. 

V. ACID NUCLEASES 

A. Introduction 

Acid deoxyribonuclease (EC 3.1.22.1) and acid ribonuclease 
(EC 3.1.27.5) are assayed by spectrophotometric quantitation 
at 260 nm of enzymically produced acid-soluble nucleotides. 

B. Reagents 

1. For Acid Deoxyribonuclease 
(a). DNA is denatured by heating for 3-5 min at 95°C, 

cooling rapidly, and then dialysing overnight at 2°C against 
either 0.1 M acetate buffer, pH 5.0, or against distilled 
water. 

(b). Substrate solution contains 3.125 mg/ml denatured 
DNA in 62.5 mM acetate buffer, pH 5.0, 0.25 M KCl, and 0.125% 
Triton X-100. 

(c). 10% (w/v) Perchloric acid 
(d). 0.01% Triton X-100 

2. For Acid Ribonuclease 
(a). RNA is dialyzed overnight at 2°C against 0.1 Af ace-

tate buffer, pH 5.O. 
(b). Substrate solution contains 5.625 mg/ml RNA in 62.5 

mM acetate buffer, pH 5.0, and 0.125% Triton X-100. 
(c). 10% (w/v) Perchloric acid containing 0.25% uranyl 

acetate. 
(d). 0.01% Triton X-100. 

C. Procedures 

2. Acid Deoxyribonuclease 
To 0.8 ml substrate solution add 0.2 ml enzyme. Incubate 

at 37°C for the appropriate time. Terminate reaction by adding 
1 ml of ice-cold 10% perchloric acid. Blanks are run in an 
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identical manner except that the incubation is stopped after 
2 min. Keep mixture on ice for 15 min and filter in the cold. 
An aliquot of the filtrate is made up to 3 ml with 0.01% 
Triton X-100 and the absorbance of the resulting solution is 
measured at 260 nm. 

2. Acid Ribonuclease 
To 0.8 ml substrate solution add 0.2 ml enzyme. Incubate 

at 37°C for the appropriate time. Terminate reaction by ad-
ding 1 ml of ice-cold 10% perchloric acid containing 0.25% 
uranyl acetate. Blanks are run in an identical manner except 
that the incubation is stopped after 2 min. Mixtures are kept 
on ice for 1 hr before being filtered. Readings are made as 
described above for acid deoxyribonuclease. 

D. Calculation of Data 

For both acid deoxyribonuclease and acid ribonuclease, 
results are expressed as nanomoles of mononucleotides released 
per minute, assuming an extinction coefficient of 8.5 x 106 

cm2/mol at 260 nm (6). 
With acid deoxyribonuclease, a sigmoidal relationship is 

observed between the amount of acid-soluble nucleotides re-
leased and enzyme concentration (1,6). Thus, each sample must 
be assayed at 4 or 5 enzyme concentrations and activity calcu-
lated from those in the linear range. 

E. Critical Comments 

With both rat spleen and liver, the optimal rate for acid 
deoxyribonuclease occurs when 0.2 M KC1 is present in the re-
action mixture (1,6). The acid ribonuclease of rat spleen al-
so exhibits marked increases in activity in the presence of 
high salt concentrations (1). Under conditions of higher salt 
concentrations, however, the enzyme activity versus time curve 
shows considerable deviation from linearity. Reducing the 
ionic strength to that of buffer alone results in linear ki-
netics for both enzyme activity versus time and for enzyme 
activity versus enzyme concentration. 

VI. CATHEPSIN D 

A. Introduction 

Cathepsin D (EC 3.4.23.5) is assayed by incubation of en-
zyme with 2% denatured hemoglobin followed by quantitation of 
acid-soluble proteolytic products. The latter is accomplished 
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either by: (1) reaction of the Folin-Ciocalteau reagent with 
aromatic peptides or (2) the reaction of fluorescamine with 
the free amino group of peptides and amino acids to yield a 
fluorescent product (7). 

B. Reagents 

1. For Enzyme Assay 
(a). Preparation of substrate solution: Prepare 120 ml 

of 14% bovine hemoglobin by adding water slowly to hemoglobin. 
This procedure is carried out with thorough mixing so as to 
avoid clumping of hemoglobin. Dialyze solution extensively 
against distilled water at 4°C, and after dialysis add 200 ml 
of water. Add 83.7 ml of 1 M lactate buffer, pH 3.6, and 41.8 
ml of 2% Triton X-100. Let solution stand at 37°C for 1 hr. 
Add enough lactic acid to bring pH to 3.6. Bring to a final 
volume of 725 ml with H20. Substrate solution is stored fro-
zen and is indefinitely stable. 

(b). 35% Trichloroacetic acid. 
2. For colorimetric determination of acid soluble products: 
(a). Folin-Ciocalteau reagent 
(b). 0.44 N sodium hydroxide 

3. For fluorometric determination of acid soluble products: 
(a). Fluorescamine (Fluram, Hoffman-LaRoche Inc., 4-phenyl-

spiro [furan-2(3)H, l'-phthalanl-S^'-dione) , 0.1 mg/ml in 
acetone 

(b). 0.2 M borate buffer, pH 8.5, containing 0.1% Triton 
X-100. 

C. Procedures 

To 0.9 ml of substrate add 0.1 ml of enzyme and incubate 
at 37°C for the appropriate time. Blanks of identical compo-
sition (including enzyme) are incubated for 10 min. Terminate 
reaction by adding 5 ml of ice-cold 3.5% trichloroacetic acid, 
mix well, and keep on ice for 20 min. Centrifuge at 1500 g 
for 10 min and use an aliquot of the supernatant for subsequent 
assay. 

For the colorimetric assay, a 2 ml aliquot of the superna-
tant is mixed with 1 ml of Folin-Ciocalteau reagent. 5 ml of 
0.44 N Sodium hydroxide is added, and after 10 min the absorb-
ance at 660 nm is determined. 

For the fluorometric assay, a 0.2 ml aliquot of the super-
natant is diluted to 0.4 ml with water. After addition of 1.0 
ml of borate buffer, 1.0 ml of the fluorescamine reagent is 
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Table I. Studies on Lysosomal Acid Hydrolases in Mononuclear Phagocytes 

Ref. Species Macrophages Studied Enzymes Studied 

(10) Resident peritoneal macrophages Acid phosphatase 
N-Acetyl-3-grIucosaminidase 
3-GIucuronidase 
QL-Galactosidase 
a-Mannosidase 

(11) Mouse Resident peritoneal macrophages 
Thioglycollate peritoneal 

macrophages 
Proteose-peptone peritoneal 

macrophages 
Cell Wall (strep A) peritoneal 

macrophages 

Acid phosphatase 
N-Acetyl-3-glucosaminidase 
&-G1ucuronidase 
a-Mannosidase 
Cathepsin D 

(12) Mouse Resident peritoneal macrophages Acid phosphatase 
N-Acetyl*-&-glucosaminidase 
&-Glucuronidase 
&-Galactosidase 
Cathepsin D 

(13) Resident peritoneal macrophages 
Thioglycollate peritoneal 

macrophages 
Endotoxin peritoneal macrophages 

N-Acetyl-$-glucosaminidase 
Cathepsin D 

(14) Thioglycollate peritoneal N-Acetyl-3-g2ucosaminidase 
Q-Glucuronidase 
&-Galactosidase 
Cathepsin D 

(15) Resident peritoneal macrophages 
LPS peritoneal macrophages 

Acid phosphatase 
3-G2 ucuronidase 
Acid ribonuclease 
Cathepsin D 
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Substrate Studies Conducted 

4-MU-phosphatea 

4-MU-2-acetamido-2-deoxy-$-glucose 
4-MU-&-glucuronide 
4-MU-a-galactose 
4-MU-ct-mannose 

Enzyme kinetics, inihibitors, activators, 
and latency. Complete analytical frac-
tionation using isopycnic centrifugation 
and marker enzymes for various organelles. 
Effect of in vitro culture (72 hr) on 
enzyme activities, release of enzymes, 
and density of lysosomes and other 
organelles. 

4-NP-phospha te*> 
4-MU-2-acetamido-2-deoxy-$-D-glucose 
4-MU-$-D-glucuronide 
4-MU-α-D-mannose 
Iodinated hemoglobin 

Cellular content and secretion of enzymes 
during 10 days in culture. Distribution 
of enzymes after differential centrifuga-
tion. Stability of enzyme activities in 
culture medium. Other constituents 
studied were lysosome, plasminogen acti-
vator, lactate dehydrogenase. 

ct-Naph thylphospha te 
o-NP-2-acetamido-2-deoxy-β-D-glucose 
Phenolphthalein-&-D-glucuronide 
o-NP-Q-D-galatose 
Hemoglobin 

Cellular content and release of enzymes 
during 72 hr in culture in the presence 
or absence of streptococci type-specific 
polysaccharide and peptidoglycan (PPG). 
Other constituents were leucine-2-naph-
thylamidase and lactate dehydrogenase. 

p-NP-2-acetamido-2-deoxy-ß-D-glucose 
Denatured hemoglobin 

Enzyme levels before and during latex 
ingestion. Major focus of study was on 
fibrinolysin and plasminogen activation. 

p-NP-2-acetamido-2-deoxy-$-D-glucose 
Phenolphthalein-&-glucuronide 
p-NP-&-galatose 
Denatured hemoglobin 

Cellular content of thioglycollate-
stimulated macrophages after 2, 24, and 
72 hr of culture. Major focus was on 
lysosome synthesis and secretion. 

ß-Glycerophosphate 
Phenolphthalein-ß-glucuronide 
Yeast RNA 
Denatured hemoglobin 

Cellular content of enzymes over 6 
days in culture. 

4-MU; 4-methylumbelliferyl. 
b NP; nitrophenyl 
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Table I. (cont.) 

Ref. Species Macrophages Studied Enzymes Studied 

(16) Mouse Resident peritoneal macrophages Acid phosphatase 
$-Glucuronidase 
Cathepsin D 

(17) Mouse Resident peritoneal macrophages Acid phosphatase 
&-Glucuronidase 
Cathepsin 

(18) Rabbit Mineral oil peritoneal Acid phosphatase 
macrophages 3-G2ucuronidase 

Alveolar macrophages Acid ribonuclease 
BCG-induced alveolar macrophages Cathepsin 

(19) Rabbit BCG-induced alveolar macrophages Acid phosphatase 
&-G1ucuronidase 
Acid ribonuclease 
Cathepsin 
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Substrate Studies Conducted 

&-G1ycerophosphate 
Phenolphthalein-&-glucuronide 
Denatured hemoglobin 

Effects of inhibitors of protein and 
nucleic acid synthesis on production of 
lysosomal enzymes by cultured macrophages. 

8-G1ycerophosphate 
Phenolphthalein-ß-glucuronide 
Denatured hemoglobin 

Effects of various sources and concentra-
tions of serum on production of acid 
hydrolases. 

$-G2 ycerophosphate 
Phenolphthalein-$-glucuronide 
Yeast RNA 
Denatured hemoglobin 

Content and subcellular distribution of 
hydrolases after differential or isopycnic 
centrifugation of macrophage homogenates. 
Studies on enzyme latency. 

3-Glycerophosphate 
Phenolphthalein-$-glucuronide 
Yeast RNA 
Denatured hemoglobin 

Effects of phagocytosis of particles on 
content and release of lysosomal enzymes. 
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added while the contents are thoroughly mixed. The fluores-
cence emission at 475 nm is determined with an excitation 
wavelength of 390 nm. 

D. Calculation of Data 

For the colorimetric assay, activity is expressed as de-
scribed by de Duve et al. (2). The unit is defined as the 
chromogenic equivalent of 1 mg/ml of bovine serum albumin as-
sayed under identical conditions. Thus, standards (2 ml total 
volume) containing 20 to 100 yg of bovine serum albumin are 
included in each assay. 

For the fluorometric assay, leucylleucine is used as a 
standard in the range of 1-20 nmol. Enzyme activity is ex-
pressed in milliunits, one milliunit being the amount of en-
zyme that yields per minute a fluorescence equal to that of 
1 nmol of leucylleucine. 

E. Critical Comments 

A potential problem in assaying cathepsin D with the Folin 
reagent procedure is that the time course of the reaction is 
not linear until 5-10 min after initiation of the reaction. 
Thus it is extremely important that appropriate blanks be run 
with each assay. The nonlinear kinetics occur because the en-
zyme in its initial attack on the hemoglobin molecule releases 
large trichloroacetic acid-soluble peptides that are subsequent-
ly degraded without significantly increasing the amount of Folin 
reactive soluble material. The fluorescamine reagent in reac-
ting with primary amino groups is not subject to this error and 
leads to more nearly linear time courses. 

Other assays for cathepsin D activity that utilize radio-
active hemoglobin substrates have also been described (8,9). 

VII. CONCLUDING REMARKS 

Most of the acid hydrolases described in this article have 
been studied in both resident mononuclear phagocytes and in 
those elicited by injection of animals with various substances. 
In general, these studies have revealed differences in the con-
tent of acid hydrolases among macrophages from different tissue 
sites, and differences between elicited and resident populations. 
Studies have also been carried out to assess the effects of in 
vitro culturing of macrophages for periods of up to several days 
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on the cellular content and secretion of acid hydrolases. 
Table I summarizes a number of the major studies that have 
been carried out on acid hydrolases in mononuclear phagocytes. 
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