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ABSTRACT

Activities of /3-hexosaminidase A and ,8-hexosaminidase B

(Hex B) were measured both in human lung carcinoma and the
adjacent normal tissues of 47 patients. The specific activity of
total /3-hexosaminidase in the tumors was considerably higher

than in the adjacent normal tissues, irrespective of histological
types. In isoelectric focusing experiments, Hex B purified from
normal lung exhibited a single peak with an isoelectric point (pi)
of 7.9, while Hex B purified from adenocarcinoma contained two
forms with pi 7.6 and 7.9. With respect to heat stability, Hex B
from the normal lung was very stable at 52Â°,while the tumor

Hex B (mixture of pi 7.6 and 7.9 forms) was unstable. After
treatment of the tumor enzyme with dithiothreitol, heat stability
was restored. When the tumor pi 7.6 form was treated with
dithiothreitol and subjected to polyacrylamide gel electrophore-

sis, the enzyme converted to a pi 7.9 form similar to that of the
normal lung. Determination of the sulfhydryl group of the tumor
pi 7.6 form under nondenaturing conditions showed that the
enzyme had some easily reducible disulfide bonds on its surface.
These findings indicate that the formation of mixed disulfide
bonds in the tumor Hex B increases the net negative charge and
results in the appearance of a heat-labile form.

INTRODUCTION

The /3-hexosaminidase of various tumor tissues seems to offer

an interesting problem for the study of enzyme markers of
tumors. Two types of the enzyme, designated as Hex A3 and

Hex B, are known (21). Studies on these isozymes in human
colon (6, 24), breast (3), renal (19), and ovarian (7) carcinomas
indicated that total (Hex A + Hex B) and Hex B activities
increased. In different studies on human ovarian (8) and prostatic
tumors (26), the activity of Hex B was reported to be within
normal ranges. In addition to these major types of isoenzymes,
variant forms of the isozymes in tumor tissues have been de
scribed. Brattain ef al. (4) have reported that Hex B in the
malignant cells from transplantable rat colonie carcinoma was
relatively unstable to heat and low pH.

Recently, an atypical thermolabile form of human Hex B was
observed in a cell line of colonie carcinoma (16) as well as in
tumors metastasized to liver (1).

The present study on /3-hexosaminidase was undertaken as
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part of a research series on lung cancer in which several lyso-
somal and other enzymes (10, 15, 23) undergo cancer-associ

ated alterations. In the course of this work, we have found that
the Hex B in human lung adenocarcinoma contains a sulfhydryl
group whose modification appears to be associated with the
appearance of an electrophoretically distinct and heat-unstable

variant.

MATERIALS AND METHODS

Chemicals

4MU(*GlcNAc and 4-methylumbelliferyl-2-acetamido-2-deoxy-if-o-gal-
actopyranoside were from Koch-Light Laboratories, Colnbrook, Berk
shire, England; DEAE-cellulose and carboxymethylcellulose were from
Whatman, Springfield Mill, Kent, England; Sepharose 4B and PD-10
column were from Pharmacia, Uppsala, Sweden; naphthol AS-BI-W-
acetyl-ff-D-glucosaminide and Fast Garnet GBC salt were from Sigma
Chemical Co., St. Louis, Mo.; Servalyte AG 7-9 carrier ampholyte was
from Serva, Heidelberg, Germany; and lodo[2-3H]acetic acid was pur

chased from New England Nuclear, Boston, Mass. Other chemicals were
of analytical grade. p-Aminophenyl-A/-acetyl-/3-D-thioglucosaminide was

synthesized and coupled with Sepharose 48 by Dr. S. Gasa in our
laboratory according to the method of Grebner and Parikh (13).

Lung Tissues

The tumor and the uninvolved area were obtained from the lung
tissues at surgical operation and immediately stored at -80Â° until use.

Histopathological examination on aliquots of the specimens verified the
tumors as cancer as described previously (27), and the normal tissues
contained no microscopically detectable cancer involvement. The tumor
included 29 adenocarcinomas and 18 squamous cell carcinomas. Blood
contamination in the lung tissue contributed a negligible amount to the
enzyme activity.

Tissue Extract

Approximately 100 to 300 mg of the tissues were homogenized in 5
volumes of 0.25 M sucrose: 10 HIM Tris-HCI buffer, pH 7.4, with a

Brinkmann homogenizer(Brinkmann Instruments, Westbury, N. Y.). After
centrifugation at 500 x g for 10 min, the supernatant was obtained and
assayed for enzyme activity.

Assay of /S-Hexosaminidase

/3-Hexosaminidase activity was determined by a modification of the

method of Geiger and Arnon (12) using 4MU#GlcNAc as a substrate. A
solution of 4MU/3GlcNAc was prepared in 0.15 M sodium phosphate-

citrate buffer, pH 4.5, to obtain a substrate concentration of 1 mw. Fifty
n\ each of enzyme and the substrate solution were incubated at 37Â°for

15 min, after which 3 ml of 0.2 M glycine-NaOH buffer, pH 10.7, were
added to stop the reaction. Fluorescence of 4-methylumbelliferone lib

erated was measured in a Turner Model 110 fluorometer (Amsco Instru
ments, CarpinterÃa,Calif.) with Corning 7-60 and 0-51 primary filters and
3-73 and 7-98 secondary filters using a standard solution of 4-methylum-
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belliferone. Hex A is almost totally inactivated at 52Â°for 2 hr, while Hex

B is barely affected. Thus, the activities of the unheated and the heated
samples gave the total activity and Hex B activity, respectively. The
activity of Hex A was expressed by the difference between the two. One
unit was defined as 1 nmol of 4-methylumbelliferone released per min.

Protein was determined by the method of Lowry ef al. (17) using bovine
serum albumin as a standard. The specific activity was expressed as
units/mg protein.

Purification of 0-Hexosaminidase from Lung Adenocarcinoma and

Normal Lung Tissue

Step 1. Tissues were homogenized in 5 volumes of 25 rriM sodium
phosphate buffer, pH 6.0, using a Brinkmann homogenizer, and the
homogenate was centrifuged at 10,000 x g for 20 min. The pellet was
homogenized similarly and centrifuged again.

Step 2. The 2 supernatants were combined and supplemented with
(NH4)2SO4. The precipitate formed between 25 and 65% saturation
contained most of the enzyme activity. The precipitate was dissolved in
a minimum amount of 25 mw phosphate buffer, pH 6.0; dialyzed against
the same buffer; and centrifuged at 50,000 x g for 1 hr.

Step 3. The extract was passed through a Sephadex G-200 column

which had been equilibrated with the same buffer.
Step 4. The fractions containing enzyme activity were pooled and

applied to a DEAE-cellulose column, which had been equilibrated with

the above buffer. Under these conditions, Hex B did not bind to the
column, whereas Hex A bound to the column. The unadsorbed fractions
from the DEAE-cellulose column were concentrated with (NH^SfJÂ« in a

VisKing tube. The precipitate was dissolved in 25 mw sodium phosphate
buffer, pH 6.0, and dialyzed against the same buffer. The enzyme
solutions of Hex B obtained at Step 4 from normal and tumor tissues
were used for most of the experiments except for electrophoresis and
SH determination. In order to separate the 2 components (pi 7.6 and 7.9
forms) of lung adenocarcinoma tissues, the enzyme solution obtained at
Step < was further purified with the use of a carboxymethylcellulose

column.
Step 5. For the study on the SH group of the enzyme, Hex B of lung

adenocarcinoma was further pi'rified. The enzyme solution containing

Hex B, which was fractionated as described above, was applied to a
carboxymethylcellulose column which had been equilibrated with 25 mw
sodium phosphate buffer, pH 6.O. The column was washed w;th the

same buffer. Elution was carried out with a linear gradient established
between 0 and 0.6 M NaCI in the same buffer. The fractions with ÃŸ-

hexosaminidase activity were pooled. In this chromatography, some of
the enzyme protein was not adsorbed to the column, and 2 peaks of
enzyme activity (pi 7.6 and 7.9 forms) were eluted by NaCI gradient. The
fractions with enzyme activity were pooled and dialyzed against 25 mw
sodium phosphate buffer, pH 8.O.

Step 6. Each enzyme solution of Hex B obtained at Step 5 was
subjected to an affinity column of Sepharose 4B coupled with p-amino-
phenyl-W-acetyl-.i-D-thioglucosaminide which had been equilibrated with

25 mM sodium phosphate buffer, pH 8.O. The column was washed with
the same buffer. The enzyme was eluted with a linear gradient estab
lished between 0 and 0.6 M NaCI in the same buffer. The enzyme-active

fractions were combined; dialyzed against sodium phosphate buffer, pH
6.0; and concentrated. The specific activity of purified pi 7.6 and 7.9
forms was 12.3 and 5.4 units/mg protein, respectively.

Effect of pH

The effect of pH on Hex B activity was studied by substituting the
phosphate-citrate buffer in the standard assay for sodium phosphate

buffer at the desired pH.

Thermal Inactivation

The heat stability of /3-hexosaminidase was examined at 52Â°. The

enzyme was removed from incubation at various time intervals, placed

in an ice bath, and assayed for activity as described above. In some
experiments, 0.1% bovine serum albumin was added to the enzyme
preparation before preincubation.

Isoelectric Focusing of /9-Hexosaminidase

Isoelectric focusing was carried out using a LKB column (100 ml) and
carrier ampholyte (pH 7 to 9) as described by Vesterberg and Svensson
(25).

Treatment of the Enzyme with SH Reagent and Gel Electrophoresis

Each form of Hex B, which was purified at Step 6, was reduced with
50 mM dithiothreitol for 10 min at 37Â°and subjected to a polyacrylamide

gel (7.5%) electrophoresis at pH 4.3 (20). Staining of /3-hexosaminidase

activity on the gel was performed according to the method described by
Hayase ef al. (14). The mixture for staining consisted of 1.5 mg of
naphthol AS-BI-A/-acetyl-/3-D-glucosaminide, 0.5 ml of ethyleneglycol

monomethyl ether, 10 mg of Fast Garnet GBC salt, and 9.5 ml of 1.0 M
citrate buffer, pH 4.5. Each gel was incubated at 37Â°for 90 min. The

reaction was stopped by immersion of the gels into 7% acetic acid
solution.

Determination of SH Group by lodo[2-3H]acetic Acid

Determination of the free SH group and disulfide group was done by
alkylation of purified Hex B with 3H-labeled iodoacetic acid before and

after reduction with dithiothreitol, respectively. For the determination of
the disulfide group, the enzyme (50 to 100 pmol) was treated with 5 mM
dithiothreitol at 37Â°for 1 hr in a nitrogen atmosphere and then loaded

on a PD-10 column which had been equilibrated with 0.1 M Tris-HCI

buffer, pH 8.O. Immediately after elution of the enzyme from the column,
alkylation of the enzyme was carried out as follows. The enzyme solution
was treated in the dark with 50 //mol iodo[2-3H]acetic acid (300 dpm/

pmol) in Tris-HCI buffer, pH 8.0. The sample was subjected to a PD-10

column to remove the unreacted iodoacetic acid. The radioactivity of the
eluted sample was determined by a liquid scintillation counter.

RESULTS

Activities of 0-Hexosaminidases in Lung Tumors and Ad
jacent Normal Tissues. The activities of 0-hexosaminidase in
the tissues from individual patients are shown in Chart 1, a to f.
The activities of Hex A, Hex B, and total 0-hexosaminidase from

adenocarcinoma and squamous cell carcinoma were higher than
those from uninvolved tissues with several exceptions. The
results of the statistical analysis of all lung tumors, including both
the histopathological types and the uninvolved tissues, are sum
marized in Table 1. The enzyme activity levels of the total ÃŸ-
hexosaminidase and Hex B in adenocarcinoma differed signifi
cantly from the respective levels of the uninvolved tissues. In
squamous cell carcinoma, the activities of the total 0-hexosamin-

idase and Hex A were significantly higher than those of the
uninvolved tissues. The activity ratio of Hex A to Hex B was not
significantly different in the tumor and normal tissues.

pH Optimum and Kinetics of /3-Hexosaminidases. Hex B

obtained from normal lung and adenocarcinoma exhibited the
optimal activity in the range of pH 4.5 to 5.0. However, the
enzyme of the tumor had a slightly higher pH optimum (Chart 2).
The Kâ€ž,values were determined using 4MU/3GlcNAc and 4-
methylumbelliferyl-2-acetamido-2-deoxy-j8-D-galactopyranoside

as substrates. The Kâ€žvalues of normal and tumor Hex Bs were
in the same order of magnitude (Table 2).

Heat Stability of /3-Hexosaminidases and Effect of Dithio

threitol. The heat stability of the enzyme was investigated at
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Chart 1. .(-Hexosammidase activities in individual lung carcinomas of 2 histological types, a, total 0-hexosaminidase; Â£>.Hex A; c. Hex B in adenocarcmoma: d. total
ii-hexosaminidase; e, Hex A; f. Hex B in squamous cell carcinoma. Lett column, activities in the uninvolved lung tissues. Right column, activities in lung carcinomas.
Numbers in middle column, patient's number; n.d.. not determined because of lack of material.

Table 1
Statistical analysis oÃ0-hexosaminidase activity

Specific activity (units/mgprotein)AdenocarcinomaUninvolvedSquamous

cell
carcinomaUninvolvedTotal15.8Â±1.258'9.96

Â±1.0716.6

Â±1.39"9.30

Â±1.281>(29)C(28)(16)(13)Hex

A7.03

Â±0.96(26)5.44

Â±0.72(28)9.96

Â±1.156(15)5.08Â±0.92

(13)Hex

B8.57
Â±0.77a(26)4.65

Â±0.64(28)6.78

Â±1.13(15)4.22

+ 0.96 (13)
"Mean Â±S.E.
"p < 0.005; Student's f test (carcinoma versus uninvolved tissue).
cNumbers in parentheses, number of tumors.
dp < 0.001 ; Student's i test (carcinoma versus uninvolved tissue).

52Â°. Hex B obtained from normal lung remained at nearly its

maximum activity at this temperature, while Hex B from lung
adenocarcinoma was more labile (Chart 3). Since Hex B is known
to contain disulfide bonds (10), the heat-labile tumor Hex B was
examined for the effect of dithiothreitol. After Hex B was pre-
treated with dithiothreitol at 37Â°for 10 min, it was subjected to

heat treatment. The pretreated tumor Hex B became more heat-

stable, resembling Hex B of normal lung (Chart 3).
Charge Heterogeneity of Tumor Hex B. To investigate further

the altered properties of the lung tumor Hex B, the enzyme was
subjected to isoelectric focusing in a narrow pH range (pH 7 to
9). As shown in Chart 4, the tumor Hex B afforded 2 peaks of
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Chart 2. pH optimum of Hex B. Activities of Hex B from normal (O) and
adenocarcinoma lung tissue (â€¢)were assayed at various pHs. Maximum activity
was taken as 100.

.30
Incubation Time (min)

60

Chart 3. Heat stability of Hex B and effect of dithiothreitol. After the treatment
of Hex B from normal (A) and adenocarcinoma lung tissue (O) at 52Â°at various
times, the remaining activities were assayed. Hex B from lung adenocarcinoma
was pretreated with dithiothreitol and then subjected to the heat treatment (â€¢).

Table 2
Kmvaluesof Hex B from normal and cancerous lung tissues

The value was expressed as a mean of duplicate experiments of each sample.
The data were not analyzed statistically.

Kn,(mM)
4MU/3GlcNAc 4MU0GalNAca

Normal
Adenocarcinoma

0.59
0.47

0.23
0.50

a4MU0GalNAc, 4-methylumbelliferyl-2-aÅ“tamidc-2-deoxy-0-D-galactopyrano-

side.

enzyme activity at pis 7.6 and 7.9, while only one peak, with pi
7.9, was observed in normal lung Hex B. Such charge hetero
geneity of the enzyme was found in all cases of crude extracts
of 10 lung carcinomas (5 cases of adenocarcinoma and 5 cases
of squamous cell carcinoma) which were examined. On the other

80

60

o
Â§40
u

o

Â¿20

20 40 60
Fraction Number

80

11

40
Fraction Number

Chart4. Comparisonof isoelectric focusing pattern of Hex B in lung tumor and
normal lung. Isoelectric focusing of Hex B isolated from normal lung (a) and
adenocarcinoma (o) were performed as described in "Materials and Methods."
Fractionswere analyzedfor pH (A) and 0-hexosaminidaseactivities (â€¢).

hand, in uninvolved tissues, only one of 5 cases had pi 7.6 and
7.9 forms.

Effect of Dithiothreitol on Electrophoretic Mobility. The ap
pearance of the pi 7.6 form (Chart 4) observed in the tumor Hex
B may be ascribed to some modification of the sulfhydryl group
of the enzyme, as was demonstrated in the heat stability exper
iments. This possibility was examined by reduction of the ade
nocarcinoma enzyme with dithiothreitol followed by electropho-
resis. As shown in Fig. 1, after treatment of the pi 7.6 form from
the tumor with dithiothreitol, the enzyme converted to a basic
form which appeared to have a mobility similar to that of the pi
7.9 form. This mobility was the same as that observed in the pi
7.9 form from normal tissues (data not shown).

Determination of SH Group of Hex B. The free SH group of
Hex B was determined by incorporation of iodo[2-3H]acetic acid

under nondenaturating conditions. The pi 7.9 forms from normal
and lung adenocarcinoma tissues gave very close values of 0.53
and 0.55 SH mol/mol of enzyme, respectively. The values did
not vary before and after reduction with dithiothreitol. On the
other hand, the pi 7.6 form from tumor tissue contained 0.55 SH
mol/mol of enzyme and 0.66 SH mol/mol of enzyme before and
after dithiothreitol reduction, respectively (Table 3). Under these
conditions, SH content of bovine serum albumin was found to
be 0.7 SH mol/mol of enzyme, and this value was identical with
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Fig.1
Fig. 1. Effect of dithiolhreitol on the electrophoretic mobility. Electrophoresis of

pi 7.6 and 7.9 forms of Hex B was performed before (Lanes 1 and 2) and after
(Lanes 3 and 4) treatment with dithiothreitol. Lanes 1 and 3, pi 7.9 form; Lanes 2
and 4, pi 7.6 form.

Table 3

SH content of Hex B prepared from lung adenocarcinoma

Content (mol SH/mol enzyme)

Native Dithiothreitol-treated

pi 7.6 form
pi 7.9 form

0.55 + 0.011"

0.55 Â±0.009

0.66 Â±0.0276
0.55 Â±0.011C

8Mean Â±S.E. of quadruplicate analyses.
bp < 0.05; Student's t test (dithiothreitol-treated versus native enzyme).
cNot significant.

that reported previously (2). This indicated the validity of the
method used. These results were confirmed by repeated exper
iments.

Therefore, it is most probable that the variant form of the
tumor Hex B with pi 7.6 contains some disulfide bonds which
are reducible by dithiothreitol, and this tumor-associated modifi

cation results in reduced heat stability and in charge heteroge
neity of the enzyme.

DISCUSSION

Activity levels of ÃŸ-hexosaminidase have been demonstrated
in various human and animal tumors. In dimethylhydradine-in-
duced colonie tumor of rats, the activities of both /3-hexosamin-
idase and 0-galactosidase were elevated (18). Bosmann and Hall
(3) reported that the levels of human 0-hexosaminidase and

other glycosidases were elevated in breast cancer as compared
to uninvolved tissue, whereas they were not elevated in colonie
carcinoma. Although the levels of human 0-hexosaminidase re

mained unchanged or slightly elevated, the activity ratio of Hex
B to Hex A was noted to have increased in colonie and renal
carcinoma as compared to their adjacent normal tissues (6, 19,
24). Chatterjee ef a/. (8) reported recently that the activity of ÃŸ-

hexosaminidase was significantly higher in human malignant
ovarian tissue than in normal tissue. However, the activity ratio
of Hex B to Hex A was not higher in the carcinoma.

In the present study dealing with human lung carcinoma, we
showed that the activity of total 0-hexosaminidase was signifi
cantly higher in the carcinoma tissues, irrespective of their his-

tological types, while activities of Hex A in adenocarcinoma and
Hex B in squamous cell carcinoma were nearly in the normal
range. Furthermore, the activity ratio of Hex B to Hex A in lung
carcinoma and normal tissue was unchanged. Therefore,
changes of the activity level and of the activity ratio (Hex B/Hex
A) in tumor tissues appear to be in an organ-specific manner. It
is of interest that the activity levels of urinary 0-hexosaminidase

in lung cancer patients can be correlated with its progression
and the effect of therapy (5). The authors reported that the
increased activities of urinary 0-hexosaminidase were observed

in the patients with nonmalignant respiratory disease and ad
vanced infections. Whether the SH variant of Hex B found in the
present study will appear in the nonmalignant respiratory disease
remains to be studied.

We demonstrated in this study that the tumor Hex B was
more heat labile than that of normal tissue, consistent with the
results of recent studies on human carcinoma tissues and cells
(1, 16). Alhadeff and Holzinger (1) suggested that the decrease
of thermostability was due to the altered /3-chain of the enzyme

which was being synthesized in metastatic tumor tissue; how
ever, the mechanism by which these thermolabile forms appear
has not been elucidated. In the present study, all cases of lung
tumor extract examined were found to have pi 7.6 and 7.9 forms,
whereas, in normal lung tissue extract, only one of 5 cases had
both forms. In order to investigate the mechanism by which the
charge heterogeneity occurred frequently in the tumor enzyme,
the tumor Hex B variant form (pi 7.6 form) was treated with
dithiothreitol. The enzyme was converted to a more basic form
(pi 7.9 form) which was similar to the Hex B obtained from
normal tissue (Fig. 1), concomitant with the increase of heat
stability (Chart 3), which was essentially the same as that of the
enzyme from normal lung. Since dithiothreitol serves as a reduc
ing agent for the disulfide group, it is likely that the change in the
disulfide content of the enzyme may be responsible for the
difference in pi as well as heat stability. Geiger and Amon (11)
reported that the human placental /3-hexosaminidase contained

a smaller amount of SH (0.1 SH mol/mol of enzyme) under
nondenaturating conditions. In the present study, we obtained
values of 0.55 and 0.53 SH mol/mol of enzyme for the pi 7.9
form from lung adenocarcinoma and normal lung, respectively.
On the other hand, the pi 7.6 form observed in the cancer tissue
contained 0.55 SH mol/mol of enzyme under nonreduced con
ditions. Treatment of the enzyme with dithiothreitol brought
about an increase of SH content (0.11 SH mol/mol of enzyme).
Thus, it is most probable that the presence of disulfide or mixed
disulfide bonds in the pi 7.6 form from cancer tissue brings about
the increased negative net charge as well as thermolability. One
possible explanation for this phenomenon is that a variant form
of lung cancer was involved in the formation of a mixed disulfide,
such as a reaction between the SH group of cysteine residues
of the enzyme and a disulfide such as GSSG. The following
reaction will be assumed:

Enz-SH + GSSG -Â»Enz-S-S-G

dithiothreitol

. Enz-SH + GSH
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where Enz is enzyme and GSH is reduced glutathione. The
formation of such a mixed disulfide, linking one-half of a molecule

of GSSG to an enzyme from lung carcinoma, would increase the
net negative charge. Thus, the enzyme would acquire an anodal
electrophoretic mobility as well as heat lability. This type of
modification has been reported in several enzymes, such as
carbonic anhydrase (9) and y-glutamyl cyclotransferase (22).

These facts indicate that the formation of a mixed disulfide in the
enzyme is not an uncommon phenomenon. Whether the expres
sion of a variant form in the lung cancer tissue is a common
phenomenon in other tumor tissues remains to be studied.
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