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Summary

Homogenates of cultivated skin fibroblasts derived from pa-
tients with cystic fibrosis had a higher level of UDP-galac-
tose:ovalbumin galactosyl transferase activity compared to fibro-
blasts derived from control subjects. The activity in control
subjects was 1.82 + 0.43 nmol galactose transferred/hr/mg pro-
tein, whereas the activity in fibroblasts of patients was 2.95 +
0.77. The difference was significant at P — 0.01. Activity in the
fibroblasts of obligate heterozygotes was 2.15 = 0.60. The
difference between the activities in fibroblasts of heterozygotes
and patients was significant at P <= (.05. The activity in control
fibroblasts could be enhanced by basic polypeptides like polyly-
sine, polyarginine, histone, and protamine but not by neutral or
acidic polypeptides. Fibroblasts from patients released signifi-
cantly higher amounts of a soluble form of the enzyme activity
into the culture medium than control fibroblasts.

Speculation

The enhanced UDP-galactose:ovalbumin galactosyl transfer-
ase observed in fibroblasts of patients with cystic fibrosis may
explain many of the abnormalities observed in cystic fibrosis,
namely, enhanced glycoprotein secretion, elevated levels of cal-
cium in mucous secretions and obstruction of ducts. The mecha-
nism of enhanced activity is unknown; however, if the primary
defect lies in defective a.-macroglobulin-protease complexes,
the resulting deficient proteolytic activity could generate the
“factors’ previously identified in the disease. These “‘factors™
may interact with UDP-galactose:glycoprotein galactosyl trans-
ferase in a manner similar to that observed with the model
polypeptides employed in this study, enhancing its activity.

Cystic fibrosis (CF) is an autosomal recessive disorder associ-

tions of Tung tissues and salivary glands (15). A common mecha-
nism which can account for clevation of both clectrolytes and
proteins is not vet known. Mangos and coworkers (17, 18) have
reported the presence of cationie “factors™ inhibitory to sodium
reabsorption i sweat and saliva of paticnts with CF. The inhibi-
tory effect was mimicked by a number of cationic polymers such
as polyvlysine. The clevation of sodium levels in sweat and saliva
was thought to be related to the inhibition of sodium reabsorp-
tion by the glands.

Louisot e al. (16) observed that activity of glycosyl transfer-
ases. which are anvolved in the biosynthesis of glycoproteins,
were clevated in Tung tissue preparations from CF patients. The

mechanism of the clevation of the activity was not investigated in
detail.

It is of interest that canine tracheal UDP-galactose:glveopro-
tein galactosyl transferase activity is enhanced by many basic
molecules, including poty-L-lysine and histone (2). Thercefore. it
Is tempting to suggest that the lung tissue preparations from CF
paticnts employed by Louisot er af. (16) might have contained
some basic molecules similar to the salivary and sweat “factors”™
which might have activated the glveosyl transterases.

In order to determine whether the elevation of glycosy! trans-
ferase activity is a generalized phenomenon, the activity of
UDP-galactose:glycoprotein galactosyl transferase in cultivated
skin fibroblasts from patients with CEF and heterozygotes has
been compared to control fibroblasts. The results demonstrated
a significant elevation of UDP-gatactose:glveoprotein galactosyl
transferase in fibroblasts derived from patients with CF. A
possible mechanism for the elevation ot activity and its implicu-
tions for the pathogenesis of CF are discussed.

MATERIALS AND METHODS

Uridine  diphosphate-galactose  ([U-"'Clgalactose) was  ob-
tained from New England Nuclear, Boston. Mass. Uridine di-
phosphate-galactose  (UDP-gal). ovalbumin (crystalline, salt-
tfree).  N-hydroxyethylpiperazine  N’-2-cthanesulfonic  acid
(Hepes). poly-L-arginine (mol. wt. 45.000). poly-L-lysinc hy-
drobromide (grade 11, mol. wt. 85.000), protamine sulfate, and
histone were obtained from Sigma Chemical Company. St.
Loouis, Mo, Copoly-1-Lys:L-Tyr (1:1) was obtained from Miles
Laboratories. Elkhart. Ind. All other chemicals were of the best
commercial grade available.

Human skin fibroblasts were cultivated from skin biopsies of
patients with CF, obligate heterozygotes. and control subjects
by standard procedures (21). Skin biopsies were obtained with
informed consent under the guidelines of the Department of
Health, Education and Weltare and with the approval of the
Human Ethics and Rescarch Committee of The Children's
Memorial Hospital. The fibroblasts were grown in minimal es-
sential medium containing 15% fetal calf serum in the presence
of penicillin, streptomycin. and fungizone. harvested by trypsini-
zation. and uscd in the experiments. The cells were suspended in
10 mM Hepes buffer. pH 7.0, and homogenized for 1 min by
sonication (9). The microtip of the sonificr (Heat Systems-
Ultrasonics. Inc.. model WIS, Plainview. N.Y ) was set at full
speed and the suspension was chilled in an ice water mixture.
The whole homogenate was used in most of the experiments
immediately or was stored at - 10” for future use. Storage for at
least 2 months did not affect the assays.
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UDP-gal:glycoprotein galactosyl transferase (transferase) was
assayed by a modification of the procedure of Freilicheral. (12).
The reaction mixture for the assay in a volume of 0.025 ml
contained 7.3 uM UDP-gal ([U-"CJgalactose) (84,000 cpm). 10
mM Mn*", 0.1% Triton, 0.5 mg ovalbumin dissolved in 10 mM
Hepes. and fibroblast homogenate corresponding to 10-20 pg
protein. The reaction was initiated by the addition of the homog-
enate. The assay tubes were covered with Parafilm and incu-
bated at 37° for 10 min. The reaction was stopped by the
addition of 1.0 ml phosphotungstic acid in 0.5 M HCl followed
by 1.0 mg bovine serum albumin. which acted as a carrier. The
precipitate was separated by centrifugation at 4000 x g for 10
min. The pellet was washed with 3 x 1.0 ml §% trichloroaccetic
acid and dissolved in 0.2 ml 2 N NaOH. Radioactivity in a 0.1-
ml aliquot of the NaOH digest was determined in a liquid
scintillation  spectrometer (Mark 11, Nuclear Chicago. Des
Plaines, 111.). The counting vials were cooled for 8 hrin the dark
before counting. Under these conditions, the alkalinity of the
digest did not adversely affect the measurements. Assays were
routinely carried out in duplicate. Blanks omitting ovalbumin
were run with each incubation. Standard UDP-[U-"C]galactose
was always run with cach counting scries.

To study transferase activity in culture medium, fibroblasts
were grown to confluency in 75-cm? flasks. The medium was
discarded and the cell monolayer was gently washed with 3 X 30
ml Puck’s saline: 5 ml minimal essential medium supplemented
with penicillin, fungizone. and streptomycin were then added.
The flasks were incubated at 37° and the medium was collected
and centrifuged at 4000 x g at 4° for 15 min and the supernatant
saved. In some cases, the medium was concentrated to 25 % the
original volume by dialysis against Ficoll. Transferase activity in
the medium and the concentrates was assayed as described
above. Transferase activity is expressed as nanomoles of galac-
tose transformed per hr per mg protein or per culture.

IDENTIFICATION OF PRODUCT

For purposes of the assay. it was necessary to demonstrate that
galactose was transferred from UDP-gal to ovalbumin rather
than endogenous acceptors. Therefore, the following experi-
ment was carricd out. The standard incubation employed for the
assay of the transferase was terminated by the addition of an
equal volume of 100 mM Na, EDTA. Two volumes of a mixture
of 40 sucrose and 0.4 sodium dodeceyl sulfate were added.
The centire mixture was resolved by clectrophoresis in Tris
buffer. at pH 8.9, containing 0.1 % sodium dodecyl sulfate in 10-
c¢m polyacrylamide rods at 2 mA current (32). The electrophore-
sis was stopped when the tracking dye reached 0.5 em from the
bottom edge of the tube. The gels were sliced into 4-mm sections
and oxidized with 0.2 ml 307 H,O, overnight at 50° in capped
scintillation vials (20). A small vial containing 0.2 ml hyamince
base was also kept in the vials to trap the CO, evolved. After
heating. the vials were cooled and shaken to enable the hyamine
to mix with the oxidized gels. Radioactivity in the vials was
determined by liquid scintillation spectrometry at 20%  cffi-
ciency. A control incubation mixture not containing ovalbumin
was also run. Another gel containing ovalbumin as the marker
was run simultancously and stained with Coomassic blue. Data
were analyzed for statistical significance by the Students-test (1).

RESULTS

ASSAY OF TRANSFERASE ACTIVITY IN CONTROIL. FIBROBLASTS

Cultivated human  <kin fibroblasts contain  UDP-gal:
glycoprotein transferase which can transfer galactose from
UDP-gal to ovalbumin. The product of the reaction was identi-
fied as galactose covalently linked to ovalbumin as shown by
polyacrylamide disc gel clectrophoresis (Fig. 1). Two peaks of
radioactivity are observed in the gels. The first peak. which is
present in both blanks and in the incubation mixture containing
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ovalbumin, is close to the dye front and represents free UDP-
gal. The second peak. corresponding to the position of ovalbu-
min (which moves similar to labeled ovalbumin in gels contain-
ing sodium dodecyl sulfate), is present only in the gels loaded
with the incubation mixture containing ovalbumin.

Transferase activity is lincar up to 10 min at 7.3 uM UDP-gal
concentration (Fig. 24); linear up to 0.030 mg protein (Fig.
2B). and optimal at pH 7.0 in Hepes bufferi(Fig. 2C). Therefore,
all the incubations have been carried out for 10 min at pH 7.0 at
0.10-0.020 mg protein.

Under these conditions. the blanks (in the absence of ovalbu-
min) gave approximately 200 cpm whereas in experimental as-
says, 1200-2000 ¢cpm were observed, depending upon the pro-
tein concentration. Although the assay was lincar for longer
periods at 1.0 mM UDP-gal, the sensitivity of the assay was
decreased because of the dilution of the substrate by nonradioac-
tive UDP-gal. Since the emphasis in this study is on discrimina-
tion between the levels of transferase in control cells and cells
from patients with CF. the more sensitive conditions, i.e., at 7.3
M UDP-gal. have been employed. In one experiment, | ml
fresh homogenate of control fibroblasts was centrifuged at
100,000 x g at 4° for 30 min and 80%¢ of the transferase activity
could be recovered from the pellet.

The specific activity of transferase was not significantly af-
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Fig. 1. Identification of the product of the transferase reaction. The
gel slices are numbered from the bottom of the gel. @ @®: rcaction
X : reaction mixture containing

mixture containing no ovalbuming %
ovalbumin.
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Fig. 2. Transferase activity in fibroblast homogenates derived from
control subjects (CONTROI. ), obligate heterozvgotes (HET). and pa-
tients with cystic fibrosis (CF).
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fected by the duration of time maintained in culture or by cell
density. The cells were routinely harvested at confluency for
assay.

ASSAY OF TRANSFERASE IN FIBROBLASTS DERIVED FROM
CONTROL SUBJECTS. OBLIGATE HETEROZYGOTES, AND PATIENTS
WITH CF

The results of assays of transferase in fibroblasts from 8
control subjects, 5 obligate heterozygotes. and 11 patients with
cystic fibrosis are shown in Figure 3. These assays were carried
out at 7.3 mM UDP-gal. The control cells had activity of .82 +
0.43, the cells from CF patients had 2.95 = 0.77_ and heterozy-
gotes had 2.15 + 0.60. The difference between control subjects
and patients was significant at P < .01 between patients and
heterozygotes the difference was significant at P < 0.05. In all of
these experiments, a standard control homogenate was always
assayed as an internal control and the reproducibility of the
activity in this homogenate was within 10% . In other lines, the
reproducibility of the assay was within the range of 5-15% at
successive passages in culture. All cells were analyzed within 15-
20 passages in culture. Similar experiments using I mM UDP-gal
in four control lines and four lines from patients with CF demon-
strated activity of 1.83 = 0.29 and 3.75 = 1.22, respectively.
This difference was also significant at P << 0.05. Assays in the
absence of ovalbumin did not reveal any difference between
transferase levels in control subjects and patients.

EFFECT OF POLYMERS ON TRANSFERASE

The effect of a series of polypeptides on transferase in a
control fibroblast homogenate. tested at a 1.0 mM UDP-gal
concentration, is shown in Table ©. Itis clear that the positively
charged polypeptides.  poly-L-arginine. poly-L-lysine. prota-
mine, histone. and copoly-L-Lys:L-Tyr (at pH 7.0). enhance the
activity. However, poly-L-glutamic acid. which is acidic. or poly-
L-hydroxyproline, which is neutral. did not produce a compara-
ble level of enhancement. The enhancement by poly-L-lysine
and poly-L-arginine followed a dosc-response relationship.

TRANSFERASE ACTIVITY IN SERUM-FREE MEDIUM FROM
CULTURES OF FIBROBLASTS

Serum-free medium, obtained after contact with confluent
cultures at 37°, contained significant amounts of transferase
activity. The medium at the beginning of incubation did not
contain any activity; however, activity accumulated (Fig. 3) as a
function of time and leveled off at 72 hr. The exact nature of this
activity is not clear, but it is heat labile and nondialyzable. Newly
subcultured cells grown in the presence of serum-free medium
contained low levels of activity. In addition, no activity could be
detected in the culture medium under these conditions.

ASSAY OF ACTIVITY IN CULTURE MEDIUM OF FIBROBLASTS FROM
CONTROIL. SUBJECTS, PATIENTS WITH CF, AND HETEROZYGOTES

Assay of transferase activity in serum-free medium collected
after 48 hr in contact with confluent cells showed that CF
fibroblasts released a greater amount of activity than control
cells (Fig. 4). The mean activity was 2.00 = 0.97 in control
culture media and 4.59 = 0.57 in CF culture media. This
difference was significant at P <2 0.01. Medium from cultures of
two heterozygotes had activities similar to control. and medium
from two other heterozygote cultures had levels of activity com-
parable to those derived from patients with CF. Similar differ-
ences in activity between control and CF fibroblasts could be
demonstrated when the activity was expressed in terms of pro-
tein content of the fibroblasts rather than the volume of culture
medium.

DISCUSSION

The experiments reported in this paper demonstrate  that
UDP-gal:glycoprotein galactosyl transferase activity is signifi-
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Fig. 3. Transferase activity in fibroblast homogenates and serum-free
culture medium assayed as a function of time. T oactivity in
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Table 1. Effect of polymers on transferase activity in a control
Jibroblast homogenate

Concen-

tration,
Polymer mM Activity “
None 1.63 100
Poly-1.-arginine 0.01 4.95 300
Poly-L-lysine 0.1 3.04 187
Histone 0.1 345 212
Protamine 0.1 2.93 180
Copoly-L-lysine:L-tyrosine (1:1) 0.1 248 152
Poly-1.-glutamic acid 0.1 1.72 106
Poly-L-hydroxyproline (.1 .89 116
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Fig. 4. Transferase activity in serum-free medium in cultures of fibro-
blasts derived from patients with cystic fibrosis (CF). heterozygotes
(HET), and control subjects (CON).

cantly clevated in fibroblasts and culture medium derived from
paticnts with CF. This clevation of activity in fibroblasts is not
due to the higher level of an endogenous glycoprotein aceeptor.

The mechanism of clevation of activity in fibroblasts is not
clear at present. Preliminary studies of kinetic parameters such
as Ky, and V., for UDP-gal. ovalbumin, and Mn'" show that
the Km for Mn* " in CF fibroblasts is | mM whercasitis 2.5 mM
in control subjects. This observation is analogous to the decrease
in Km for Mn'" observed by Baker and Hillegass (2) in the
presence of basic molecules for canine tracheal transferase. It is
conceivable that some factor present in the homogenates of CF
fibroblasts interacts with the transferase. reducing its Km for
Mn ", thereby activating the enzyme.

The mechanism of clevation of activity discharged into the
secrum-free medium of CF fibroblasts is not known. It probably
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represents cither a soluble form of the enzyme produced by the
fibroblasts or a solubilization of the particulate enzyme under
the experimental conditions. Since transferase in serum s a
glycoprotein (11). the clevation of the soluble enzyme activity in
the medium probably represents a case of increased synthesis
and sceretion of glveoprotein and could be the demonstration of
such a phenomenon by a nonexocrine cell.

In contrast to our findings of a significant difference between
transferase levels in fibroblasts from control subjects and pa-
tients with CF. Butterworth (5) found clevated but not statisti-
cally different levels in fibroblasts from patients. The differences
in experimental conditions in Butterworth’s work (5) and the
present study are as follows: (/) we have employed while homog-
enates in buffer, whercas Butterworth employed microsomal
suspensions in sucrose: (2) we have used crystalline ovalbumin
in contrast to commercial submaxillary mucin; and (3) we have
corrected our data for variations associated with scintillation
spectrometry rather than direet counts per min.

The physiologic basis of the clevation of activity in CF is
unknown at present. [tis well known that saliva (18). serum (4.
30). and culture medium of cells derived from CF patients (3. 7)
contain high molecular weight substances which can inhibit so-
dium reabsorption (18, 26) or induce cessation of ciliary beat (3.
4. 7). These substances contain protein or polypeptide moictics
and are all basic at physiologic pH. In addition. synthetic basic
polypeptides can simulate some of these effects. Therefore, the
enhancement of transferase activity by basic polypeptides. but
not neutral or acidic polypeptides. suggests that CF cells produce
some basic polypeptide or polypeptides similar to the ““tactors™
which interact with the transferase enhancing its activity. The
cnhancement might be nonspecific in that other transferases like
manosyl and glucosyl transferases may also be clevated, as
suggested indirectly by the data of Louisot ¢f «l. (16).

The enhancement of transferase activity provides a physio-
logic basis for understanding the elevation of glycoproteins in
mucous secretions of CF patients. The elevation of glycosyl
transferases could result in an elevation of net synthesis of
glycoproteins. The clevated levels of glycoproteins may be se-
creted by mechanisms operating in normal cells like stimulus-
coupled sceretion (27) or membrane degranulation (6). It is of
interest that the activity we have studied and that Louisot ¢f al.
(16) have studied resides in the particulate fraction. These en-
zymes are known to reside in the Golgi apparatus. which has
long been known to be involved in glycoprotein synthesis and
secretion. Thus. an clevation of glveosyl transferase activity
could be a reflection of hyperactivity of this seeretory organelle.

The enhancement of transferase activity has a bearing on
other observations related to ceystic fibrosis. The carbohydrate
chains of many glvcoproteins have sialic acid at their termini.
Addition of a greater number of galactose residues could provide
more sites for the addition of other sugars and sialic acids.
Alternatively, the activity of other transferases may also be
enhanced. as sugpested by the results of Louisot ef al. (16).
resulting in a net increase of sialic acid residues. Ttis of interest
that sialic acid incorporation into glycoproteins of CF fibroblasts
has been shown to be significiantly elevated (19). Furthermore.
preliminary experiments in our laboratory have indicated that
sialic acid levels in fibroblasts of CF patients are significantly
clevated. The strongly acidic carboxyl group of sialic acid (pK
2.6) can preferentially react with anionie dyes like totuidine blue
O. producing metachromatic granules to a greater extent in
many CF fibroblast lines. as reported in the literature (8).
Theretore, the enhancement of transferase provides a hypotheti-
cal but rational basis for the production of metachromasia.

The enhanced levels of sialic acid could also provide more sites
for the binding of calcium. Sialic acid-bound calcium being less
exchangeable (14). would be bound tightly. It becomes unavail-
able for reabsorption by calcium transport mechanisms and thus,
its net level in mucous secretions becomes elevated. Calcium,
because of its divalent nature. will form intermolecular cross-
links between glycoproteins (13) and between mucins (10).
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producing insoluble polymers (10). Under physiologic condi-
tions. the polymers formed in the presence of clevated calcium
may result in the formation of mucous plugs, thereby producing
the classic pathologic and physiologic abnormality in CF.namely
organ obstruction.

It is of interest that the “factors™ reported from tissues and
fluids derived from CF patients are all cationic at physiologic
pH. contain protein or polypeptide entities (3.4, 7. 18). and are
similar to polylysine and other cationic polymers in their effects
in experimental systems. These “factors.” because of their cati-
onic polypeptide nature. are ideal substrates for proteolytic
enzymes of specificity similar to trypsin. Rao and Nadler (22-
25) have documented previously a deficiency of proteolytic ac-
tivity in saliva and plasma of patients with CF and have postu-
lated that such a deficiency could account for the elevation of the
fevels of the “factors.” More recently, Wilson and Fudenberg
(31) and Shapira et al. (28, 29) have demonstrated that the
deficiency of proteolytic activity arises from abnormal complex
formation between a,-macroglobulin and endopeptidases. Re-
cently, work in our laboratory in collaboration with Dr. Shapira
has suggested distinet molecular differences in normal and CF
a,-macroglobulin. Therefore. the elevation of the cationic poly-
peptides originating from the abnormalities in the a,-macroglob-
ulin-protease complexes could account for the various abnormal-
ities associated with cystie fibrosis. The interrelationships dis-
cussed above have been integrated schematically in Figure 5.

CONCLUSION

UDP-gal:ovalbumin galactosyl transferase activity is signifi-
cantly enhanced in cultivated skin fibroblasts of patients with
cystic fibrosis. This enhancement of activity can be simulated by
the addition of basic polypeptides to homogenates of control
fibroblasts. The enhanced transferase activity may be due to the
interaction of some basic “factors™ present in the CF cells with
the transferase. The presence of the factor may be caused by a
deficieney of proteolvtic activity. In addition, CF fibroblasts also
release a soluble form of transferase activity into serum-free
medium to a greater extent than control cells. This phenomenon

Abnormal X,-Macroglobulin-
Protease Complex

Protcase Activity l/

Basic Polypeptides T
("Factors™)

T/\micilmr_\' Lifects Nat' Reabsorption l

Glycosyl Transferase
Activity T

Glycoprotein Synthesis
and Secretion

cat! Binding to ‘|~
Glycoproteins and Mucin

/

JI(‘.M‘ . / \ .
a' " Reabsorption Organ Obstruction

Fig. 5. Hypothesis relating the defective ap-macroglobulin-protease
complex to abnormalities reported in cystic fibrosis. 1
decrease.

sincrease: |
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may be a reflection of increased glycoprotein synthesis and
seeretion,

A hypothesis retating the deficiency of proteolytic activity in

cystic fibrosis. reported carlier by us, and the enhanced transter-
ase activity to abnormalities in cystic fibrosis is presented.
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