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SUMMARY o-L-Fucosidase activity is elevated in skin fibroblasts from cystic
fibrosis patients when compared to controls. The activities of nine other acid
hydrolases including neuraminidase are similar in cystic fibrosis and control
fibroblasts. The relationship of these results to the recent finding of a de-
creased activity of a-L-fucosidase in the serum of cystic fibrosis patients is
discussed. It is proposed that an abnormal distribution of a~L-fucosidase is
involved in the pathogenesis of this disease.

CFl is one of the most common inherited diseases of the Caucasian race.
Although it appears to have an autosomal recessive mode of inheritance, the pre-
cise biochemical lesion has not been identified (1). On the premise that a mi-
nor difference in glycoprotein structure could lead to the pathophysiology of
CF, we have reopened the question of aberrant lysosomal enzymes by examining in
particular, a-L-fucosidase (E.C.3.2.1.51) and neuraminidase (E.C.3.2.1.18).

Both of these enzymes remove terminal monosaccharides from glycoproteins and
neither has been examined sufficiently in CF (1). We recently found decreased
activity of a-L-fucosidase in sera of CF individuals when compared to matched
controls (2) and now report increased activity of this enzyme in CF skin fibro-
blasts.

METHODS Cell culture. Skin biopsies were obtained from eight individuals with
CF and from six control individuals. Four of the latter were matched according
to age, race, and sex of four CF individuals and the ages of all ranged from 1-
20 years. The CF patients had Shwachman scores (3) from 40 to 90. Growth con-
ditions have been described and no difference was observed between CF and control
cells in rate of growth (4). Cells, seeded at 2x10%/cm“, were harvested in log
phase (2.3x10 /ecm2) after 48 h. The remaining cultures were fed on Day 4 and
growth 2ont§nued for 3 days when the cells were harvested in confluent phase
(4.7x10" /cm®) In other experiments, the cells were harvested after 72 h in
upper log phase of growth. The cells were examined between passages 6 and 14,
and were negative for Mycoplasma.

Cell harvest. Cells were washed five times on the monolayer with Puck's saline
solution and were harvested by treating with 0.25% trypsin (Flow Laboratories)
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nitrocatechol sulfate; MP-NeuAc, 2-(3'methoxyphenyl) neuraminic acid.
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for 5 min at 37°, followed by the addition of media. After removal from the
monolayer, all steps prior to incubation were at 5%, The cells were further
washed three times with 0.16 M NaCl. The cell count and cell viability were
determined on a Biophysics Cytograph and the cells were at least 95% viable.

In most cases, the CF and control cells were harvested on the same day and

were within one passage for each reported experiment.

Preparation of enzyme extracts. The washed cells were immediately re-suspended
at a concentration of 2,.3x107 cells/ml of 0.1% Triton X-100 (Packard) and bro-
ken with 90 strokes of a tight-fitting B pestle in a Dounce homogenizer. The
homogenate was centrifuged (630g/10 min) and appropriate dilutions were made
from the supernatant solution for the respective assays. Proteins were deter—
mined on aliquots of each dilution (5). The supernatant solutions, containing
5~6 mg of protein per ml of homogenate, had approximately 80% of the total cell
protein and 90% of the enzyme activity. Similar amounts of protein were present
in CF and control cells (4).

Enzyme assays. All assay mixtures were in a final volume of 200ul and were incu-
bated for 1 h at 37°. The enzyme activity was expressed as nmol of substrate
hydrolyzed per mg of homogenate protein per h.

4-MU1—glycosides. The substrates used were 0.65 mM 4-MU-a-L-fucopyranoside,
-B-D-galactoside, and -f-D-glucuronide (Research Products International). The
reactions were in 50 mM citrate buffer, pH 5.8, pH 4.3, and 50 mM acetate buffer,
pH 4.5, respectively. Two aliquots of homogenate, diluted with 0.17% Triton X-100
(25-50 ug of protein) were assayed for each value. The reactions were stopped
by the addition of 1.8 ml of 125 mM glycine-carbonate buffer, pH 10, and read

at 450nm after excitation at 360 nm (AMINCO SPF Spectrophotofluorometer).

PNPL and pns! substrates. The incubation mixture contained 2mM substrate (Sigma),
50 pl of homogenate in two or three appropriate dilutions, and 0.1 M citrate
buffer, pH 4.3 for all substrates with the exception of a-L-fucosidase which was
assayed in 0.1 M citrate buffer pH 5.0, and B-D-glucuronidase which was assayed
in 0.1 acetate buffer, pH 4.5. The activity of o-L-fucosidase was stopped by
the addition of 300 ul of 0.2 M sodium carbonate. The other reactions were
stopped by the addition of 200 ul of 20% TCA and centrifuged (560g/15 min). The
supernatant solution (200 ul)} was treated with 300 ul of 0.5 M sodium carbonate.
The released PNP was measured at 405 nm in the Zeiss Spectrophotometer, PM6.
Sulfatase was assayed by a modification of the method of Antonowicz et al. (6)
with 2 mM PNS, 50 mM acetate buffer, pH 4.5, and 50 ul of three dilutions of the
homogenate (50-250 pg of protein).

MP-NeuAc~. For the neuraminidase assay, an aliquot of the homogenate was fur-
ther centrifuged at 10,400g/20 min. The supernatant solution was assayed using
100 ul of three dilutions (80~300 ug of protein) in duplicate with 150 pug of MP-
NeuAc (Boehringer Mannhein Biochemicals) and 50 mM phosphate buffer, pH 5.9, or
25 mM acetate buffer, pH 4.5. The reaction was stopped by the addition of alkali
and, after development of the color, the released methoxyphenol was measured at
500 mm (7).

RESULTS a-L-Fucosidase activity. The activity of a-L-fucosidase was higher in

fibroblast homogenates from seven CF individuals than in any of the controls us-
ing 4-MU-fucoside as substrate. The mean activity of the enzyme in all eight

CF cell lines was 103 + 29 nmol/mg of protein/h while that of the controls was
59 + 13 (Fig. 1). Using PNP-fucoside as substrate, the mean activities were

36 + 14 and 23 + 10 nmol/mg of protein /h for 4 CF cell lines and 3 age, race,
and sex matched controls, respectively. Clearly, the mean activity of a-L-

fucosidase in the CF fibroblasts was higher than that of the controls using
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Fig. 1. Comparison of enzyme activities in CF and control skin fibroblasts.
4-MU-a-L-fucopyranoside and -~B-D-glucuronide and PNP-phosphate and —-N-acetyl-
B-D-glucosaminide were used as substrates. The bars represent the mean +

S.D. (F) of nmol of substrate hydrolyzed/mg/h by homogenates of 8 CF and 6
control skin fibroblast lines. The value for each of the fibroblast lines rep-
resented the average of several experiments in both logarithmic and confluent
phase of growth. The Student's t-test was applied to the means using a two-
tailed test: 2P=<0.005 for the activities of a-L-fucosidase and for all other
enzymes 2P>0.2.

either substrate, and was 175% and 158% of the controls with the 4-MU- and PNP-
a-L-fucosides, respectively (Fig.2).

Using 4-MU-fucoside as substrate, no growth related differences in enzyme
activity were observed in either cell type. The mean activities of the enzyme
from logarithmically growing and confluent CF fibroblasts were 98 + 35 and
109 + 15 nmol/mg/h, respectively, and those of the controls were 57 + 15 and
63 + 13 nmol. For this reason the values were combined for Fig. 1.

Activity of other acid hydrolases. In contrast to the elevated activity of a-

L-fucosidase in the CF fibroblasts, the activities of eight other lysosomal hy-
drolases were similar or lower than the controls (Fig. 1 and 2). Fig. 2a ex-
presses the mean activities of the enzymes of four CF cell lines as percentage

of the three matched controls. Using PNP-derivatives and PNS, 8 hydrolases which
were assayed had 71-108% of the activity of the controls while a-L-fucosidase
was elevated in the CF fibroblasts. When additional cell lines were examined

for 3 of these enzymes, the activities remained similar for both cell types (Fig.
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Fig. 2. Activity of lysosomal enzymes of CF fibroblasts expressed as percentage
of the activity of control fibroblasts. A) Data from mean values of 4 CF and

3 matched control skin fibroblast lines using PNP- and PNS-substrates with cells
harvested in the upper log phase of growth. B) Data from 8 CF and 6 control
skin fibroblast lines using 4-MU-substrates for o-L-fucosidase and B-D-glucuron-
idase and PNP-substrates for the other two enzymes.

2b). The activity of g-D-galactosidase was also similar in both cell Tines with
PNP- and 4-MU-g-galactoside.

One control cell line showed that the activities of all the hydrolases
were elevated above those from other control cultures. A repeat biopsy verified
these results. In both cases, the cells grew in a non-fibroblast pattern with
a slow generation time. The activity of a-L-fucosidase, although elevated, was
not elevated in comparison to the other enzymes. These results are not inclu-
ded in Fig. 1 and 2.

Neuraminidase activity. Using MP-NeuAc as substrate, the activity of neuramin-

idase was similar in homogenates of CF and control fibroblasts. Both cell types

in confluent growth hydrolyzed 140-170 nmol of substrate/mg protein/h in 25 mM
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acetate buffer, pH 4.5. One third of this activity was found in 50 mM phosphate
buffer, pH 5.9.

Parameters of a-L-fucosidase. Several parameters of the a-L-fucosidase activ-

ity of CF and control fibroblasts have been examined in at Teast one age, race,
and sex matched pair. The enzyme from both cell types behaved in a comparable
manner in the following experiments.

The activity of a-L-fucosidase toward natural substrates was examined us-
ing milk oligosaccharides labeled with tritium (8). A slow hydrolysis of fucose-
linked o, 1=3 and a, 1>4 to GIcNAc was observed. In contrast, fucose-linked
a, 1>2 to Gal was not hydrolyzed under similar conditions.

4-MU was released at a linear rate up to 150 min under the conditions of
the assay. A broad pH maximum, pH 5 to pH 6, was observed. Al1 detectable a-
L-fucosidase activity was absorbed on a column of agarose- € -amino-caproyl-
fucosamine and eluted with 50 mM fucose (9). The enzyme was stable when the
homogenate was held at 50° for 10 min, but partially inactivated at 559 for 15
min. In contrast, g-glucuronidase was stable under both conditions. Under more
acidic conditions (50 mM citrate buffer, pH 4.8), o-L-fucosidase was partially
inactivated at 50° for 10 min. Full activity was retained in homogenates stored
at -20° for two weeks. Passages 6 through 14 maintained constant enzyme activ-
ity although prolonged passage in culture to passage 19 showed a 45% loss of
activity when compared to passage 11.

DISCUSSION The finding of an elevated activity of a-L-fucosidase in CF fibro-
blasts when 9 other acid hydrolases have activities similar to control fibro-
blasts suggests an alteration in fucose metabolism in CF. Other observations
support this hypothesis: 1) a lowered activity of a-L-fucosidase in the sera

of CF individuals when compared to age matched controls (2) and ii) the complex
carbohydrates from the CF fibroblast cell surface were enriched in fucose when
compared with the control fibroblasts (4). Additional support comes from studies
by others. 1In 1959, Dische et al. (10) reported increased ratios of fucose to

sialic acid in CF mucous secretions. Not all secretions showed this difference,
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but many did (1). Differences have been shown in Tow molecular weight material
labeled with radioactive fucose when CF and control fibroblast culture media
were compared (11) and macromolecules containing increased amounts of fucose
have been reported in CF serum {(12}.

This is the first report of neuraminidase activity in CF fibroblasts and,
as found for 8 other acid hydrolases, the mean activity was comparable to the
controls. There did appear to be a growth-related elevation of neuraminidase in
both types of cells similar to that reported for hamster fibroblasts (7).

A number of studies have been reported which give the activity of a-L-
fucosidase in skin fibroblasts from normal individuals (13-15). Using PNP-fuco-
side as substrate, Butterworth et al. (16) have examined fibroblasts from four
patients with CF. They reported no difference from normal fibroblasts; however,
their normals had a range of activity much greater than those reported here.
Similar results were obtained with one patient (13). The activities were ex-
pressed per mg of homogenate protein and since the amount of protein depends on
the method of cell breakage, centrifugation steps, and technical factors, compar
isons between laboratories are difficult.

The relationship of a-L-fucosidase to the genetic lesion may be hard to
define, although a number of possibilities can be examined. The parameters of
a-L-fucosidase activity which we examined indicated no qualitative difference
between the enzyme in CF and control fibroblasts. However, more detailed analy-
ses are required since multiple enzyme forms {17) and inherited polymorphism in
isozyme types (18) have been reported. Another possible explanation of the spe-
cific increase in a-L-fucosidase activity is an alteration in the secretion/re-
capture pathway. Studies of the recognition components of these receptor medi-
ated processes show that minor alterations in carbohydrate moieties alter the
intra- and extracellular distribution of glycoproteins (19-21), thus presenting
an attractive hypothesis for the abnormal distribution of o-L-fucosidase in the

serum and fibroblasts from CF individuals. Regardless of the mechanism, an al-
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tered distribution of a-L-fucosidase is associated with CF and this may lead to

the diverse manifestations of this disease.

ACKNOWLEDGEMENTS. We are grateful to Dr. V. Ginsburg, NIH, for milk oligosac-

charides and Ms. Jean Kershaw for technical assistance. Supported by U.S.P.H.S.
Grants AM16859, CA14489 and GM07025.

REFERENCES

N

~ W

10.
11.
12,
13.
14.
15.
16.
17.
18.

19.
20.

21.

. Di Sant'Agnese, P.A. & Davis, P.B. (1976) N. Engl. J. Med., 295, 481-485,

534-541, 597-602.

. Scanlin, T.F., Matacic, $.S. & Glick, M.C. Manuscript submitted.

Shwachman, H. & Kulczycki, L.L. (1958) A.M.A.J. Dis. Child., 96, 6-15.

. Scanlin, T.F. & Glick, M.C., Proceedings of the VII Internatiomal Cystic

Fibrosis Congress. In press.

. Lowry, O.H., Rosebrough, N.J., Farr, A.L. & Randall, R.J. (1951) J. Biol.

Chem,., 193, 265-275.

. Antonowicz, I., Sippell, W.G. & Shwachman, H. (1972) Pediat. Res., 6, 803-

812.

. Santer, U.V., Yee-Foon, J. & Glick, M.C. Manuscript submitted.
. Nishigaki, M., Muramatsu, T., Kobata, A. & Maeyama, K. (1974) J. Biochem.,

75, 509-517.

. Alhadeff, J.A., Miller, A.L.,Wenaas, H., Vedvick, T. & O'Brien, J.S.

(1975) J. Biol. Chem., 250, 7106-7113.

Dische, Z., Di Sant'Agnese, P.A., Pallavicini, C. & Youlos, J. (1959)
Pediatrics, 24, 74-91.

Novak, R.A. & Abell, C.W. (1976) Texas Rep. Biol. Med., 34, 199-207.
Pearson, R.D. & Lubin, A.H. (1977) Pediat. Res., 11, 462.

Zielke, K., Veath, M.L. & O'Brien, J.S. (1972) J.’ Exp. Med., 136, 197-~199.
Berman, E.R., Kohn, G., Yatziv, S. & Stein, H. (1974) Clin. Chim. Acta, 52,
115-124.,

Beratis, N.G., Turner, B.M., Labadie, G. & Hirschhorm, K. (1977) Pediat. Res.,
11, 862-866.

Butterworth, J., Scott, F., McCrae, W.M. & Bain, A.D. (1972) Clin. Chim.
Acta, 40, 139-142.

Di Mattee, G., Orfeo, M.A. & Romeo, G. (1976) Biochim. Biophys. Acta, 429,
527-537.

Turner, B.M., Turner, V.S., Beratis, N.G. & Hirschhorn, K. (1975) Am. J.
Hum. Genet., 27, 651-661.

Ashwell, G. & Morell, A.G. (1974) Adv. Enzymol., 41, 99-128.

Neufeld, E.F., Lim, T.W. & Shapiro, L.J. (1975) Annu. Rev. Biochem., 44,
357-376.

Kaplan, A., Achord, D.T. & Sly, W.S. (1977) Proc. Natl. Acad. Sci., 74, 2026-
2030.

875



