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Excretion-Reuptake Route of B-Hexosaminidase in
Normal and I-Cell Disease Cultured Fibroblasts

GEORGIRENE D. VLADUTIU and MARIO C. RATTAZZI, Division of Human Genetics,
Department of Pediatrics at Children’s Hospital, State University of
New York at Buffalo, Buffalo, New York 14222

ABSTRACT It has been proposed that in cultured
fibroblasts the final packaging of enzymes in lysosomes
requires excretion followed by pinocytosis by neigh-
boring cells via a carbohydrate-specific receptor mecha-
nism. It has also been proposed that the abnormally
high activity of lysosomal enzymes in the medium of
cultured fibroblasts from patients with I-cell disease
(mucolipidosis II) results from an altered carbohydrate
recognition residue on the enzymes which prevents
reuptake into the cells. With B-hexosaminidase as a
marker, and competitive inhibition of uptake by 2 mM
mannose-6-phosphate, we have determined that only
12% of the total (intra- and extracellular) B-hexos-
aminidase in normal fibroblasts is channeled through
the excretion-reuptake route. After 9 d of exposure to
mannose-6-phosphate, normal fibroblast cultures ac-
cumulated in the medium only a fraction of the enzyme
excreted by I-cell disease fibroblasts in the same period.
Furthermore, this minimal loss of enzyme to the me-
dium did not result in a decrease of intracellular en-
zyme activity. Finally, if the defect in I-cell disease
were only because of an impairment of a reuptake
mechanism that involves only 12% of the total enzyme,
then 88% of the newly synthesized enzyme should
be retained by I-cell fibroblasts, resulting in intra-
cellular activity three to nine times higher than that
which is observed. These data are consistent with our
previous proposal that excessive lysosomal enzyme
activity in the medium of I-cell disease fibroblasts re-
sults from preferential exocytosis.

INTRODUCTION

I-cell disease (mucolipidosis II) is an inherited neuro-
degenerative disorder clinically similar to the muco-
polysaccharidoses, in which the primary biochemical
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lesion is unknown. Cultured skin fibroblasts from
these patients have been found to be partially de-
ficient in several lysosomal hydrolases (1) with the cor-
responding enzyme activities in the culture medium
increased severalfold over normal (1).

It has been observed that a number of lysosomal
enzymes from I-cell disease fibroblast culture medium
are not pinocytosed by non-I-cell fibroblasts, whereas
I-cell fibroblasts can take up enzyme excreted by normal
fibroblasts (2). This finding has led to the hypothesis
that in fibroblasts, the final packaging of lysosomal
enzymes requires intercellular cooperation, whereby
the hydrolases secreted by normal fibroblasts are
pinocytosed by neighboring cells via receptors that in-
teract with a carbohydrate “‘recognition marker” on the
enzyme (3). All available evidence with respect to up-
take of human fibroblast-derived enzymes by human
fibroblasts thus far indicates that uptake is via a specific
mannose-6-phosphate-inhibitable mechanism (4-7).
Hickman and Neufeld (2) have suggested that the rec-
ognition marker is defective in I-cell disease fibroblast-
excreted enzymes, hence the enzymes are not pinocy-
tosed and accumulate in the medium.

There has been no experimental evidence presented
so far that directly substantiates or refutes the excre-
tion-reuptake hypothesis of Hickman and Neufeld (2).
By using the strong inhibitory property of D-mannose-
6-phosphate in preventing the uptake of exogenous
enzyme by fibroblasts (4), we have attempted to de-
termine the proportion of endocellular lysosomal
hydrolases excreted and recaptured by normal cells, as
well as whether an impairment of the postulated reup-
take route alone can account for the excess of lysosomal
hydrolases found in I-cell fibroblast culture medium,
with a corresponding intracellular depletion. Our re-
sults, obtained with B-hexosaminidase (B-D-N-acetyl-
glucosaminidase, EC 3.2.1.30) as a marker, indicate
that =12% of the normal fibroblast’s enzyme is engaged
in excretion and reuptake via the mannose-6-phosphate
inhibitable route, and that impaired uptake of this frac-
tion does not explain the I-cell disease phenomenon.
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METHODS

Cell culture. A normal fibroblast culture and fibroblast cul-
tures from Sandhoff- and I-cell disease patients were obtained
as previously described (8, 9). All cultures were maintained
in 25-cm? disposable flasks (Corning Glass Co., Corning,
N.Y.), in Ham’s F-10 medium containing 15% fetal calf serum
(Grand Island Biologicals Co., Grand Island, N. Y.), and
kanamycin (20 pug/ml). Methods for the harvesting, counting,
and extracting of fibroblasts have been previously de-
scribed (8).

Enzyme preparations. Preparations of “low-uptake” B-
hexosaminidase were obtained by collection and concentration
of serum-free Ham’s F-10 medium containing hexosaminidase-
free human serum albumin (0.25% final concentration) from
4 to 7-d-old roller bottle cultures of normal fibroblasts (75
ml/bottle) over a 48 to 72-h period. The medium was con-
centrated 25 to 50-fold (3-5 ml) by ultrafiltration at 4°C
(membrane series XM 100; Amicon Corp., Lexington, Mass.). The
preparation contained 57% B-hexosaminidase A and 43% B-
hexosaminidase B. This ratio was not appreciably changed if
the enzyme secretions were collected over a short duration
(6 h). It has been reported that fibroblast-derived B-hexos-
aminidase A and B do not differ in uptake properties (10).

Preparations containing “high-uptake” B-hexosaminidase
were also obtained from roller bottle cultures. However,
during collection, the serum-free medium contained 2 mM
mannose-6-phosphate and collection was for 24 h. The me-
dium was then concentrated as above and dialyzed overnight,
first in 500 ml saline and then 500 ml serum-free medium
to remove residual mannose-6-phosphate. Both enzyme prep-
arations were stored at —20°C until use.

B-Hexosaminidase assay. B-Hexosaminidase activity was
assayed with the fluorogenic substrate 4-methylumbelliferyl-
N-acetyl-glucosaminide (Pierce Chemical Co., Rockford, Ill.).
The assay system was as follows: 10 ul of sample in 100 ul
of 5 mM fluorogenic substrate in 0.1 M citrate-phosphate buf-
fer, pH 4.5 (containing 0.05% bovine serum albumin and
0.01% NaN,), was incubated for 30 min at 37°C in a water
bath. The reaction was terminated by the addition of 3 ml of
0.25 M sodium carbonate-glycine buffer, pH 10. Saturation
kinetics are reached in this assay system, in contrast to a pre-
viously described procedure (11). One enzyme unit is the
activity which liberates 1 nmol of 4-methylumbelliferone/h
at 37°C. Enzyme activity is expressed as microunits per cell
(1078 U/cell).

Mannose-6-phosphate inhibition of pinocytosis. To assess
whether mannose-6-phosphate effectively inhibited pinocyto-
sis of B-hexosaminidase, confluent monolayers of Sandhoff
fibroblasts (=108 cells/monolayer) were preincubated for 24 h
with and without 2 mM mannose-6-phosphate (Sigma Chem-
ical Co., St. Louis, Mo.) after which time either the normal
fibroblast-excreted high- or low-uptake enzyme preparation
was diluted up to five-fold in albumin-containing serum-free
medium and added to the cultures for an additional 4 h, and
uptake was measured. Another set of cultures was incubated
for 9d in 2.5 ml serum-free medium with or without 2 mM
D-mannose-6-phosphate. The culture fluids were replaced
daily with or without addition of the inhibitor. Fibroblast-
excreted B-hexosaminidase (1,500 U/flask) was added to one
set of cultures on day 1 and to another set on day 8. Mono-
layers were harvested, extracted, and assayed 24 h after en-
zyme application. Endogenous residual activity of control
Sandhoff fibroblasts was measured and subtracted from
uptake values.

To determine the amount of B-hexosaminidase excreted by
fibroblasts and taken back into cells through adsorptive
pinocytosis, normal fibroblast cultures were maintained for
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9d in 2.5 ml of albumin-containing serum-free medium with
or without 2 mM mannose-6-phosphate. The media were
harvested, and cultures reincubated daily in serum-free
medium with or without fresh mannose-6-phosphate. The cul-
ture fluids were assayed daily for B-hexosaminidase activity
to determine the extent to which the enzyme accumulated
in the medium. Daily assays were performed to minimize
possible enzyme inactivation in the medium. A second set
of normal fibroblast cultures was similarly incubated with 10
mM mannose-6-phosphate to determine whether a higher
dose of mannose-6-phosphate in the cultures would result
in a greater accumulation of enzyme in the culture fluid. A
concentration of 10 mM was chosen because it was the highest
concentration of the inhibitor that could be used without
apparent toxic effects on the fibroblasts.

I-cell fibroblast cultures were also maintained in serum-
free medium with or without 2 mM mannose-6-phosphate
as a control to determine whether mannose-6-phosphate
had any effect on B-hexosaminidase secretion from fibroblasts.

As a control for the effect of 2 mM mannose-6-phosphate
on the stability or catalytic activity of B-hexosaminidase ex-
creted from normal fibroblasts, duplicates of three different
concentrations of B-hexosaminidase ranging from 360 to 1,440
U/ml were incubated with 2 mM mannose-6-phosphate (final
concentration) at 37°C for 24 h. No stabilizing or inactivating
effect on enzyme activity was observed.

Half-life determination of B-hexosaminidase. The half-
life of B-hexosaminidase was estimated by measuring the
decay of internalized exogenous enzyme in Sandhoff fibro-
blast cultures over a period of several days. Excreted -
hexosaminidase was collected from roller bottle cultures of
normal fibroblasts in the absence of mannose-6-phosphate. The
medium was concentrated, centrifuged at 12,000 g for 10 min,
then filtered twice through Millex filter units (0.22 wm; Milli-
pore Corp., Bedford, Mass.) to ensure sterility. Monolayers
were incubated with 800 U/ml of the preparation for 24 h,
after which time all flasks were washed free of excess enzyme
with Hanks’ balanced salt solution. Duplicate flasks were then
harvested at this point and daily for up to 7 d. Cells were
extracted and assayed for B-hexosaminidase activity.

Kypiare constant determination for B-hexosaminidase. Du-
plicate flasks of Sandhoff fibroblasts were incubated with in-
creasing doses of either low- or high-uptake preparations of
B-hexosaminidase derived from concentrated normal fibro-
blast culture fluid. The enzyme dosages ranged from 130 to
1,488 U/ml. After 4 h incubation with enzyme preparations,
cell monolayers were washed with Hanks’ balanced salt solu-
tion, harvested, and extracted. The number of microunits of
B-hexosaminidase taken up per cell was determined and cor-
rected for endogenous activity. Standard double reciprocal
plots of cellular activity vs. dose were constructed, and the
apparent Kypake values were calculated from a linear regres-
sion line. The molar concentration of B-hexosaminidase was
calculated from the specific activity of the purified enzyme
(12) with the appropriate correction for the nonsaturation as-
say system used by these authors.

RESULTS

Our operational definition of low- and high-uptake
forms of B-hexosaminidase in normal fibroblast culture
fluid stems from the observation that in one case (low-
uptake), B-hexosaminidase remains in the culture
fluid (Fig. 1) and is taken up by Sandhoff fibroblasts
with low efficiency (Table I), whereas in the other case
(high-uptake) it requires competitive inhibition of up-
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FIGURE 1 Effect of D-mannose-6-phosphate on daily B-hexos-
aminidase activity in the culture medium (A) and in the cell
extracts (B) of normal fibroblasts (O, @) and I-cell disease
fibroblasts (A, A). O, A: control cultures; @, A: cultures with
2 mM D-mannose-6-phosphate. (A) Mean=SE of duplicate
assays on 2-10 flasks. (B) Mean=SE of duplicate assays on
two to seven flasks (normal fibroblasts); mean+mean devia-
tions of duplicate assays on two flasks (I-cell fibroblasts).

take by 2 mM mannose-6-phosphate to remain in the
culture fluid (Fig. 1), and it is taken up more efficiently
by Sandhoff fibroblasts (Table I).

Pinocytosis of both low- and high-uptake exogenous
B-hexosaminidase by Sandhoff fibroblasts was in-
hibited >96% by 2 mM mannose-6-phosphate when
the enzyme was added after 24 h preincubation of the
monolayers with 2 mM mannose-6-phosphate (Table I).
After 8d in serum-free medium, Sandhoff fibroblasts
retained both their ability to pinocytose exogenous
B-hexosaminidase and to be >95% inhibited from inter-
nalizing enzyme in the presence of 2 mM mannose-6-
phosphate. No toxic effects of prolonged exposure to
2mM mannose-6-phosphate were observed.

There was no statistically significant difference
(paired t test) in the intracellular activity of B-hexos-
aminidase between mannose-6-phosphate-treated and
untreated normal fibroblast cultures (Fig. 1B). A grad-
ual, slight increase in the overall enzyme activity in
both cultures was observed (Fig. 1B). Hence both sets
of data were pooled, and a linear regression line was
calculated so that an estimate of the mean B-hexos-
aminidase activity could be made for any given day.
There was also no statistical difference in the intra-
cellular  B-hexosaminidase concentration between
treated and untreated I-cell fibroblast cultures (Fig. 1B).

There was a statistically significant difference, how-
ever (P < 0.01 when all determinations were pooled),
in the daily noncumulative excretion of B-hexos-
aminidase between mannose-6-phosphate-treated and
untreated normal cultures. The daily excretion also in-
creased with time. Therefore, to express the amount
of excreted enzyme at any given time in terms of total
intracellular and extracellular enzyme, regression lines
were separately calculated from the daily excretion data
(Fig. 1A).

Normal fibroblast cultures incubated for up to 9d
in serum-free medium with and without 2 mM man-
nose-6-phosphate excreted 1116 (SE) to 196+7, and
9613 to 14413 uU/cell per day, respectively, so that
by 9 d the mannose-6-phosphate-treated cultures built
up significantly more enzyme in the medium than the

TABLE I
Inhibition of B-Hexosaminidase Uptake by D-Mannose-6-Phosphate*

B-Hexosaminidase addedt

Uptake§

Compound added Low-uptake High-uptake Low High
Ulml wUlcelll4 h
None 810 1,293, 1,348 3.9+1.37"(100)  52.7+5.46" (100)
Man-6-PO, (2 mM) 810 1,290, 1,435 0" (0) 2.15+0.95" (4)

Percent uptake is given in parentheses.

* Pinocytosis of B-hexosaminidase was measured by using Sandhoff disease fibroblasts as

described in Methods.

1 Prepared from normal skin fibroblast culture medium as described in Methods.

§ Corrected for endogenous activity.
"Mean=SE of triplicate flasks.
¥ Mean=SE of duplicate flasks.
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FIGURE 2 Effect of D-mannose-6-phosphate on cumulative
B-hexosaminidase activity in culture medium of normal fibro-
blasts (O, @) and I-cell fibroblasts (A, A). O, A: control cul-
tures; @, A: with 2 mM D-mannose-6-phosphate. Mean+SE
of duplicate assay on samples from 2-17 flasks.

untreated cultures (P < 0.01) (Fig. 2). Similar results
were obtained in normal cultures incubated with 10
mM mannose-6-phosphate.

Because excreted I-cell disease enzyme is not
usually pinocytosed (2, 9), an increase in extracellular
enzyme in mannose-6-phosphate-treated I-cell disease
cultures would indicate enhanced excretion. I-cell
fibroblast cultures excreted 1,019 wU/cell per day when
incubated with 2 mM mannose-6-phosphate and 908
uU/cell per day without 2 mM mannose-6-phosphate;
the difference between treated and untreated cells was
not statistically significant (P > 0.05) (Fig. 2). The in-
crease of B-hexosaminidase accumulation in mannose-
6-phosphate-treated normal cultures, therefore, was the
result of impaired uptake alone.

A half-life of 2.6 d for B-hexosaminidase in fibro-
blasts was determined from an exponential decay curve
calculated from the percent enzyme remaining inside
Sandhoff cells on successive days after the initial 24-h
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uptake period (Fig. 3). It should be emphasized that
endogenous B-hexosaminidase activity in control Sand-
hoff cells was taken into account daily because this
activity tends to increase with time in “step-down”
conditions when the cells are in serum-free me-
dium (13).

An apparent Kypake of 0476 uM was estimated
for low-uptake B-hexosaminidase, whereas the high-
uptake enzyme had an apparent Kyyake of 33.4 nM
when the data were analyzed in terms of enzyme
kinetics (Fig. 4). From our inhibition of reuptake ex-
periments (Fig. 1), however, only 20% of the high-
uptake preparation is in fact internalized by normal
fibroblasts in the absence of mannose-6-phosphate
(Fig. 1). Therefore, this fraction represents the actual
high-uptake component of the preparation. Consider-
ing that both high- and low-uptake forms are endo-
cytosed through the same mannose-6-phosphate-in-
hibitable system (Table I), and that there is at least one
order of magnitude difference in the apparent Kypake
values (Fig. 4), then the apparent K. of the mixture
is mainly attributable to the high-uptake enzyme frac-
tion (20% of total). If the Kypake is calculated on the

100+

501

B-HEXOSAMINIDASE ACTIVITY(%remaining)

uptake period
—

© 2 TIMEDh ) 72 %

FIGURE 3 Decay of B-hexosaminidase internalized by Sand-
hoff disease fibroblasts after a 24-h uptake period. In four
separate experiments, the residual activity in the cells, cor-
rected for endogenous activity, was expressed as a percentage
of the activity at the end of the uptake period. An exponential
equation was calculated (y = 83.78¢~-0112); r2 = 0.74) which
gave the best fit to the means of the normalized values.
The resulting half-life was 61 h.
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FIGURE 4 Endocytosis by Sandhoff disease fibroblasts of g-
hexosaminidase from low-uptake (@) and high-uptake (O) cul-
ture fluid preparations. The concentration of enzyme ap-
plied varied between 130 and 1,500 U/ml. The apparent
Kypake Was obtained by fitting a regression line to the ex-
perimental data by the least squares method.

basis of =20% of the applied dose, a value of K =6.7
nM is obtained; this value is of the same order of mag-
nitude as those obtained for purified high-uptake a-
L-iduronidase and B-glucuronidase (5, 14).

DISCUSSION

The data obtained with the inhibition of exogenous
enzyme uptake by Sandhoff fibroblasts (Table I) in-
dicate that constant exposure of the normal cultures
to 2 mM mannose-6-phosphate renewed daily can ef-
fectively inhibit the uptake of endogenous excreted
enzyme. The dosage of B-hexosaminidase used in the
uptake inhibition experiments with Sandhoff fibro-
blasts (Table I) was chosen to exceed the amount of
enzyme usually accumulated daily in I-cell fibroblast
cultures (=400-600 U/ml). If I-cell disease results
from an impaired uptake of hydrolases normally ex-
creted (2), then the activity that accumulates in I-cell
medium in 24 h should represent the amount theo-
retically excreted by, and taken back into, normal
fibroblasts in 24 h. Hence the concentration of mannose-
6-phosphate that inhibits the uptake at two to five times
higher concentrations of exogenous enzyme by Sand-
hoff fibroblasts in 24 h should even more effectively
inhibit the reuptake of enzyme theoretically excreted
by normal fibroblasts in 24 h.

The effectiveness of 2 mM mannose-6-phosphate
inhibition is validated by the following considerations.
Adsorptive endocytosis can be considered analogous to
an enzymatic reaction, and can be analyzed in terms
of classic enzyme kinetics (5, 15, 16). If we assume

that the inhibition constant, K;, of mannose-6-phosphate
for B-hexosaminidase uptake is of the same order of
magnitude as that found for B-glucuronidase and a-
L-iduronidase uptake, i.e., 30-50 uM (5, 14), it can be
calculated (15) that endocytosis of B-hexosaminidase
of the low-uptake form (K,yake 0.48 uM) should be
inhibited >99% at the concentrations used (Table I).
Analogously, endocytosis of the high-uptake enzyme
(Kuptake 6.7 nM), which constitutes only 20% of total
in the high-uptake preparation, should be inhibited
>95%. These predicted figures correspond closely with
those obtained experimentally (Table I). Thus, 2 mM
mannose-6-phosphate can effectively inhibit reuptake
of high- and low-uptake enzyme forms at the enzyme
concentrations predicted by the Hickman and Neufeld
hypothesis (2).

If all the newly synthesized enzyme in cultured
fibroblasts must be excreted and taken back into the
cells to be packaged in lysosomes, then by 2.6 d, which
is the half-life of B-hexosaminidase internalized by
Sandhoff fibroblasts in serum-free medium, the normal
fibroblasts should excrete and pinocytose one-half of
the total intracellular and excreted B-hexosaminidase.
From our data, if the enzyme excreted daily and not
taken back because of the inhibition by mannose-6-
phosphate is expressed as a percentage of the total
daily intracellular and excreted enzyme, by 2.6d
only 6% of this total activity has accumulated in the
medium (Fig. 1). Therefore, our data indicate that the
mannose-6-phosphate-inhibitable excretion and re-
uptake route can only account for =12% of the total
B-hexosaminidase in cultured fibroblasts.

An independent confirmation of our results can be
found in recent experiments by Halley et al. (17), who
studied the exchange of B-hexosaminidase through the
medium in co-cultivation experiments with Sandhoff
disease and normal fibroblasts. From their data, it can
be calculated that only about 14% of total B-hexos-
aminidase engages in the excretion-reuptake route.

Although apparently involving a small fraction of
total enzyme, the excretion-reuptake route may still
have a physiological role in cell metabolism. For in-
stance, it has been shown that significant correction
of glycosaminoglycan catabolism takes place in muco-
polysaccharidosis II-cultured fibroblasts after uptake of
only 2-5% of normal cellular concentrations of a-
acetylglucosaminidase (18). Not all lysosomal enzymes
are necessarily involved in excretion and reuptake by
neighboring fibroblasts, however, as intercellular ex-
change of a-glucosidase and B-galactosidase was not
observed (17, 19).

If the defect in I-cell disease were an impairment of
reuptake because of an altered recognition marker (2),
then preventing the reuptake of B-hexosaminidase ex-
creted by normal fibroblasts should result in an enzyme
concentration in the medium approaching that found
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in I-cell fibroblast medium. As shown in Fig. 2, even
after 9d incubation, the cumulative differential ex-
cretion due to mannose-6-phosphate inhibition of re-
uptake does not approach the levels in I-cell cultures.
In fact, the mannose-6-phosphate-treated normal cul-
tures have accumulated in their medium only 5% of
the enzyme accumulated in the I-cell fibroblast cul-
tures in the same period (Fig. 2). It could be argued
that mannose-6-phosphate inhibits excretion of g-
hexosaminidase by normal cells. However, as shown
by the treatment of I-cell fibroblast cultures with
mannose-6-phosphate (Fig. 2), excretion is not affected.

The intracellular activity of mannose-6-phosphate-
treated normal fibroblasts did not decrease over a 9-d
period. In fact, the activity increased in both the
treated and untreated cells despite a daily loss to the
medium of 11.5 and 9%, respectively, of the mean intra-
cellular activity. A stepdown effect (13) presumably
masked the small loss of intracellular enzyme in
normal fibroblast cultures. At any rate, by simply in-
hibiting the reuptake of a small fraction of excreted
enzyme, it is not possible to produce a phenocopy of
I-cell disease.

If the only abnormality in I-cell disease were im-
paired uptake due to an altered recognition marker,
then the enzyme found in the I-cell culture medium
should represent only that 12% of the newly syn-
thesized enzyme which in normal cells is engaged in
the excretion-reuptake route. I-cell fibroblasts excrete
=1,000 uU/cell per day (Fig. 2), whereas their intra-
cellular concentration is relatively constant (Fig. 1B).
Therefore at least 1,000 uU/cell are synthesized daily,
and of these about 880 should not engage in the ex-
cretion-reuptake route and should be retained inside
the cells. However, the observed intracellular activity
(100-300 wU/cell) is only 11-34% of the expected
activity. Therefore, it appears that I-cell fibroblasts con-
stantly lose the newly synthesized enzyme to the me-
dium through an abnormal excretion process.

From our data we conclude that an excretion-
reuptake route of lysosomal enzyme processing through
a phosphomannose recognition mechanism in normal
fibroblasts only accounts for 12% of the total enzyme,
and the extracellular buildup of B-hexosaminidase and
probably other lysosomal enzymes in I-cell disease is
not a result of an inability to recapture excreted en-
zyme through a mechanism inhibitable by 2 mM man-
nose-6-phosphate. Our observations are limited to a
mannose-6-phosphate-specific uptake, but most evi-
dence so far points to this as the major route of re-
ceptor-mediated uptake of human fibroblast-excreted
enzymes by human fibroblasts (4, 5, 7).

Sly and Stahl (20) have postulated that very high
affinity forms of lysosomal enzymes exist which appear
at the cell surface, are not released into the culture
fluid, and are rapidly reinternalized for final proces-
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sing. Although these forms could not explain the cross-
correction observed in fibroblast cultures without cel-
lular contact (17), an alternative cell surface-mediated
pathway for lysosomal enzyme processing could still
exist (21).

Our experiments have demonstrated the existence of
high- and low-uptake forms of B-hexosaminidase de-
rived from normal fibroblast excretions. We cannot ex-
clude the possibility that the low-uptake form consists
of a small amount of high-uptake enzyme in combina-
tion with a “no-uptake” form. High- and low-uptake
forms of human a-N-acetylglucosaminidase (6), o-
mannosidase A (6), a-L-iduronidase (5), and B-gluc-
uronidase (22) have been reported by others. We can-
not exclude the existence of a B-hexosaminidase form
with greater affinity for the uptake mechanism than
that of the high-uptake form we observed. Inasmuch
as cultures exposed to 10 mM mannose-6-phosphate
did not accumulate significantly more enzyme in the
medium than those with 2 mM mannose-6-phosphate,
it can be reasoned kinetically (15) that a very high
affinity form should have a Kypake lower than =1 nM.

We have proposed that the abnormal extracellular
concentration of lysosomal enzymes in I-cell disease
fibroblast cultures results from preferential exocytosis
(8), associated with abnormal glycosylation of enzymes
(9). The data presented here, considering the limita-
tions of the in vitro system with individual cell lines,
support our hypothesis because it appears that impair-
ment of reuptake cannot account for the observed intra-
and extracellular enzyme levels in I-cell fibroblast
cultures.
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