Constitutive Apical Secretion of an

80-kD Sulfated Glycoprotein Complex in the Polarized
Epithelial Madin-Darby Canine Kidney Cell Line

Joachim Urban, Karsten Parczyk, Achim Leutz,* Marlene Kayne, and Claudia Kondor-Koch

Institut fiir Biochemie, Abt. Molekulare Genetik, Universitit Frankfurt, 6000 Frankfurt, Federal Republic of Germany; and
* Differentiation Programme, European Molecular Biology Laboratory, 6900 Heidelberg, Federal Republic of Germany

Abstract. The biosynthesis, processing, and apical
secretion of a group of polypeptides (Kondor-Koch,
C.. R. Bravo. S. D. Fuller, D. Cutler, and H. Garoff.
1985. Cell. 43:297-306) are studied in MDCK cells
using a specific polyclonal antiserum. These polypep-
tides are synthesized as a precursor protein which has
an apparent M, of 65,000 in its high mannose form.
This precursor is converted into a protein with an ap-
parent M; of 80,000 containing complex carbohydrates
and sulfate. After intracellular cleavage of the 80-kD
protein, the 35-45-kD subunits are secreted as an 80-
kD glycoprotein complex (gp 80) linked together by
disulfide bonds. Secretion of the protein complex oc-
curs by a constitutive pathway at the apical surface of
the epithelial monolayer. Since the immediate post-

translational precursor, the 65-kD protein, is hydro-
philic in nature as shown by its partitioning behavior
in a phase-separated Triton X-114 solution, gp 80 is
segregated into the apical exocytotic pathway as a solu-
ble molecule. The proteolytic maturation of gp 80 is
blocked in the presence of chloroquine and its secre-
tion is retarded. The 80-kD precursor is released at
the apical cell surface, demonstrating that proteolytic
processing is not necessary for the apical secretion of
this protein. If N-glycosylation is inhibited by
tunicamycin treatment the protein is secreted in equal
amounts at both cell surfaces, indicating a role of the
carbohydrate moieties in the vectorial transport of this
protein.

and maintain boundaries between the compartments
of an organism and they condition the milieu on both
sides of the epithelial layer by their capacity to vectorially
secrete and transport selected substrates. The structural basis
for this function is the differentiation of the plasma mem-
brane into two distinct domains that differ from each other
in protein and lipid composition (39) and the presence of
tight junctions that separate the two plasma membrane do-
mains and tie adjacent cells into a continuous sheet.
Vectorial secretion has been studied extensively in epithe-
lia. In many epithelial cells polar secretion is accomplished
by a specialized exocytotic pathway in which proteins des-
tined for export are stored and concentrated in secretory
vesicles and only released upon an extracellular stimulus
(regulated exocytosis) (15, 30). Polarized secretion can, how-
ever, also occur constitutively as shown by the secretion of
albumin, transferrin, and other proteins at the sinusoidal sur-
face of liver parenchymal cells (17, 18).
We have used the polarized Madin-Darby canine kidney
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(MDCK) epithelial cell line as a model system to study vec-
torial secretion of proteins in transporting epithelial cells.
This cell line displays, in culture, morphological and enzy-
matic properties characteristic of distal tubule cells (23).
Furthermore, this cell line is well characterized with respect
to its cell surface polarity, using either viral membrane pro-
teins (34) or cellular plasma membrane proteins (33) as
probes. Analysis of the asymmetric segregation of plasma
membrane proteins at the cell surface and the vectorial dis-
charge of secretory proteins at either side of the epithelial
monolayer is facilitated by the ability of these cells to form
tight monolayers of polarized cells on permeable supports
such as nitrocellulose and polycarbonate filters (5, 9, 16, 25).

We have previously studied in these cells the secretion of
an exogenous protein, lysozyme, synthesized from a recom-
binant gene in MDCK cells as well as the secretion of endog-
enous polypeptides (16). It has been shown that lysozyme is
released in a nonpolarized fashion at both cell surfaces,
whereas a group of endogenous 35-45-kD polypeptides is
secreted at the apical cell surface. Since vectorial exocytosis
in MDCK cells had so far been demonstrated only for mem-
brane-spanning proteins it was important to test whether the
apically secreted 35-45-kD polypeptides were transported to
the cell surface as soluble molecules. Using specific antibod-
ies, we have now identified the intracellular precursors of
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these peptides. We show here that the immediate posttransla-
tional product is a soluble molecule, which is proteolytically
processed to the 35-45-kD polypeptides after terminal glyco-
sylation and sulfation. These polypeptides are secreted con-
stitutively as an 80-kD protein complex at the apical cell sur-
face. These results demonstrate that in MDCK cells soluble
molecules can be segregated into a constitutive pathway lead-
ing to the apical cell surface. We further investigate the role
of the proteolytic cleavage event and the N-linked carbohy-
drate groups in this process.

Materials and Methods

MDCK cells, strain II (19), baby hamster kidney (BHK)-21 cells (1), Semliki
Forest virus, and anti-E2 antibodies were gifts of K. Simons and H. Garoff
(European Molecular Biology Laboratory, Heidelberg, Federal Republic of
Germany). Media and reagents for cell culture were obtained from Bio-
chrom, Berlin, FRG and Gibco, Grand Island, NY; endoglycosidase H,
tunicamycin, and chloroguine were from Sigma Chemical Co., St. Louis,
MO; protein A-Sepharose was from Pharmacia Fine Chemicals, Piscata-
way, NJ. Polycarbonate Transwell filters were obtained from Costar, Cam-
bridge, MA. [**S]Methionine (>800 Ci/mmol; $1.204) and [*3S]sulfate
(25-40 Ci/mg; SIS.1) were purchased from Amersham Buchler, Braun-
schweig, FRG.

Culture of Cells on Plastic Dishes

MDCK cells were grown in culture medium containing MEM, supple-
mented with 10 mM Hepes (pH 7.3), 2 mM glutamine, 5% (vol/voly FCS.
BHK-2! cells were grown in culture medium containing G-MEM, sup-
plemented with 10 mM Hepes (pH 7.3), 2 mM glutamine, 5% (vol/vol}
FCS.

Culture of MDCK Cells on Filters

To allow separate access to the media on the two sides of an MDCK cell
monolayer, cells were grown on a permeable support. Earlier (16) we have
used 0.22-pm nitrocellulose filters (Millipore/Continental Water Systems,
Bedford, MA; GSTF 02500) to study the secretion of lysozyme expressed
from cDNA in MDCK cells. Control experiments had shown that the lyso-
zyme molecule needed ~30 min to cross the filter and that it was not ad-
sorbed to the filter material to any significant extent. Control experiments
to evaluate the permeability of the nitrocellulose filters for gp 80, however,
demonstrated that this protein was tightly adsorbed to the filter material; this
resulted in an artificially low recovery from the basolateral medium.

We therefore chose for the study of the polarity of gp 80 secretion poly-
carbonate filters (Nucleopore Transwell TM 3412) because of their fow
affinity for this protein (see below).

MDCK cells were seeded at a density of 6 x 10° cells/cm? on 0.4-pm
pore size polycarbonate filters and cultured in MEM supplemented with 10
mM Hepes, pH 7.3, 2 mM glutamine, 10% (vol/vol) FCS. Cells were fed
with fresh medium every 24 h and were used for experiments 3 d after seed-
ing at a density of 1.8 X 10° cells/cm?.

To assess the permeability of the polycarbonate filters for gp 80, filters
were preincubated in conditioned medium and mock pulse-chased. 1.5 ml
of medium obtained from a [**S]methionine-labeled MDCK cell mono-
layer containing either glycosylated or unglycosylated gp 80 were applied
on top of the filter and 2.6 ml fresh medium to the other side and the filters
were incubated at 37°C under gentle agitation. Afier various incubation
times the media on both sides of the filter were collected, the filters extracted
with cell lysis buffer, and the total samples were processed for immunopre-
cipitation. One individual filter was taken for each time point. Using this
assay gp 80 was detected on the other side of the filter already after a 15-min
incubation. After a 2-h incubation, 25% of the labeled gp 80 applied on
top of the filter was recovered from the medium in the bottom chamber and
2-5% were recovered from the filter extracts. In contrast, when the same
experiment was performed with filters covered with a confluent MDCK cell
monolayer, no labeled gp 80 was recovered from either the basolateral
medium or the cell lysates after a 2-h incubation.

Protein Purification and Generation of
Specific Antibodies

Subconfluent monolayers of MDCK cells grown in 85-cm? culture flasks
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were rinsed twice in PBS and in serum-free medium (43) and were then in-
cubated for 12 h at 37°C in 4.0 ml serum-free medium supplemented with
antipain (1 pg/ml), benzamidine (1.75 ug/ml), and aprotinin (10 ug/ml). Ev-
ery 10th flask was labeled with [**Sjmethionine (100 pCi [**S]methionine
in 1O ml serum-free medium for 30 min) and then processed in an identical
way. After the incubation, the media were collected and spun for 10 min
at 1,000 g. The cleared media were concentrated 20-fold by ultrafiltration
and dialyzed against 10 mM Tris-HCl, pH 7.4, 1 mM EDTA. The proteins
were separated by reverse-phase HPLC (material: wide pore C3; gradient:
H,0-0.1% fluoroacetic acid to H,0-0.1% trifluoroacetic acid/75% ace-
tonitrile). Fractions were lyophilized, taken up in 10 mM Tris-HCI, pH 7.4,
1 mM EDTA, and aliquots were analyzed by SDS-PAGE, silver staining,
and autoradiography. Fractions containing the secreted 35-45-kD peptides
and no contaminating proteins were pooled. Approximately 100 ug purified
proteins, as judged by the intensity of the Coomassie Blue-stained protein
bands in the PAGE, were obtained from the medium of 120 culture flasks.
They were used for the immunization of a rabbit following standard immuni-
zation protocols except that the first injection of the antigen was ad-
ministered directly into the lymph nodes of the hind legs.

In Vivo Labeling of Proteins in MDCK Cell Cultures

MDCK cells were pulse labeled either as subconfluent monolayers grown
in 35-mm plastic dishes (300 pCi [**S)methionine/300 pl; 15 min at 37°C)
or as 3-d-old cultures grown on 0.4-pm pore size polycarbonate filters (150
UCi [**S]methionine/150 pl applied to the basolateral side of the inverted
filter; 15 min at 37°C). Labeling was performed in MEM, supplemented
with 2.2 g/liter NaHCOs, 10 mM Hepes (pH 7.4), 0.2% BSA, and lacking
methionine. After the pulse the cells were rinsed twice in the same medium
containing excess methionine (150 mg/liter). Plastic-grown cells were
chased for various periods of time in the same medium containing methio-
nine (15 mg/liter). Cell lysates and media were collected and processed for
immunoprecipitation as described before (16). Filter cultures were chased
in serum-free medium (43) supplemented with 0.2% BSA (1.5 mi on the api-
cal side, 2.6 ml on the basolateral side of the monolayer). After the various
chase periods the media were collected, detergents and salts were added to
the concentrations in the cell lysates, and the samples were processed for
immunoprecipitation. The filters were removed from the chambers with a
scalpel, placed in a 1.5-ml tube containing 0.5 ml of 0.5% SDS, 100 mM
NaCl, 5 mM EDTA, 30 mM Tris-HCI, pH 8.1, and 5 pg/ml phenylmethyl-
sulfonyl fluoride (PMSF) and boiled for 10 min (27). The liquid was re-
moved and the filter reextracted with 0.5 ml 2.5% Triton X-100, 100 mM
NaCl, 50 mM Tris-HCl, pH 8.1, and 5 pg/ml PMSF using a short sonica-
tion. Both extraction media were pooled and processed for immunoprecipi-
tation.

In vivo labeling in the presence of chloroquine or tunicamycin was per-
formed with cells preincubated for 60 min at 37°C in culture medium con-
taining chloroquine (200 uM) or tunicamycin (4 pg/ml were used to obtain
a complete block of N-glycosylation in plastic-grown MDCK cells and a
partial inhibition in filter-grown MDCK cells; to achieve a complete block
of N-glycosylation in filter-grown MDCK cells 12 pg/mi had to be used).
In these experiments, cells were pulsed for 15 min with 300 pCi [**S]me-
thionine. Same amounts of either drug were added to all media used in these
experiments.

For labeling cells with [*S]sulfate, plastic-grown monolayers were
preincubated for 3 h at 37°C in MEM supplemented with 10 mM Hepes,
pH 7.3, 2 mM glutamine, in which MgSO, had been replaced by MgCl,.
The cells were then labeled for 15 min at 37°C in the same medium contain-
ing carrier-free [**Slsulfate (500 pCi/500 ul). After the pulse the cells
were rinsed twice in medium containing excess MgSO; (2 g/liter) and
were chased in the presence of normal amounts of MgSO; (0.2 g/liter).

Digestion of [*>S]Methionine-labeled Proteins with
Endoglycosidase H

Subconfluent monolayers of MDCK cells were labeled with [*3Sjmethio-
nine in the presence of chloroquine, chased for either 5 or 60 min, and cell
lysates were collected. Proteins were immunoprecipitated and each sample
was split into two portions; one was digested with endoglycosidase H and
the other was mock digested as described by Zilberstein et al. (45) with the
following modifications. The digestion was performed for 4 h with 16 mU
of enzyme. Then another 16 mU of enzyme and 1/10 vol of 5 M NaSCN
were added and the digestion was continued for 12 h.

Extraction with Triton X-114
A subconfluent monolayer of MDCK cells in a 3.5-cm dish was labeled with
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Figure 1. Pulse-chase analysis
of the processing and secre-

tion of gp 80 in MDCK cells.
B (A) Subconfluent plastic-grown
617181920 1 2 3 monolayers (lanes 2-15) and

filter-grown monolayers (lanes
17-20) of MDCK cells were
pulse labeled with [*3S}me-
thionine for 10 min and chased
for the indicated periods up to
120 min. Lanes 2-8, 17, and
I8 show the immunoprecipi-
tated, reduced, and alkylated
proteins in the cell lysates;
lanes 9-15 in total; lane 19 in
the apical medium; and lane
20 in the basolateral medi-
um. Molecular mass standards
are run in lanes / and 16, (B)
A subconfluent monolayer of
MDCK cells was pulse labeled
with [**SImethionine, chased
for 60 min, and the proteins in
the medium were immunopre-
cipitated. Half of the sample
was prepared for SDS-PAGE
in the absence of DTT (lane
2), and the other half in the
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[*S}methionine (1 mCi/ml; 15 min). A subconfluent monolayer of BHK 21
cells in a 3.5-cm dish was infected with Semliki Forest virus (50 pfu/cell)
as described by Saraste et al. (37). 4 h after infection cells were labeled with
[**S]methionine (200 pCi/ml; 30 min) and then chased for 30 min. Cells
were rinsed twice in PBS and lysed at 0°C in PBS containing 0.5% Triton
X-114, 4 pg/mi PMSF, and 10 mM iodoacetamide. Nuclei were spun down
in an Eppendorf centrifuge at 0°C and the sample was divided into half.
One half was directly used for immunoprecipitation; the other half was
separated into a detergent and an aqueous phase according to the procedure
of Bordier (4). Each phase was used separately for immunoprecipitation.
Samples generated from MDCK cells were immunoprecipitated with anti-
p35/p45 antibodies; samples generated from Semliki Forest virus-infected
BHK 21 cells were immunoprecipitated with anti-E2 antibodies.

Other Methods

Immunoprecipitations were done as described before processing the entire
cell lysate and media samples of one plastic-grown or one filter-grown
MDCK cell culture (16). Equal amounts of serum were added to cell sam-
ples (1.0 ml) and media (1.0 ml) of plastic-grown MDCK and BHK cell cul-
tures and to the apical (1.5 ml) and basolateral (2.6 ml) media of filter-grown
MDCK cell cultures. Control experiments were performed to ensure that
the efficiency of the immunoprecipitation was the same in all samples. PAGE
was performed as described by Piccioni et al. (32) using 10% polyacryl-
amide slab gels. The procedure for fluorography has been described by Bon-
ner and Laskey (3). The radioactivity in specific bands was quantitated by
the method of Walter et al. (44).

Results

Biosynthesis, Processing, and Secretion of an 80-kD
Glycoprotein Complex (gp80) in MDCK Cells

In a previous paper (16) we have described a group of acidic
35-45-kD polypeptides which are secreted from filter-grown
monolayers of MDCK cells at the apical cell surface. From
the analysis of in vivo-labeled proteins by two-dimensional
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are run in lane 1.

PAGE it was clear that these polypeptides are synthesized as
higher molecular mass precursor proteins. However, in the
absence of specific antibodies we could only speculate on
putative precursor molecules. Polyclonal antibodies have
now been raised in rabbits against these polypeptides
purified from serum-free MDCK cell medium by reverse-
phase HPLC. The antiserum obtained is highly specific for
the secreted 35-45-kD peptides and their precursor forms as
judged by comparative immunoblot and fluorographic analy-
ses of two-dimensional PAGE of in vivo-labeled MDCK celi
lysates (data not shown) as well as by the analysis of im-
munoprecipitable proteins from MDCK cells and their me-
dia by one-dimensional PAGE (Fig. 1). Although the anti-
bodies have been raised against the secreted peptides, they
recognize all biosynthetic forms of the protein with appar-
ently similar affinity as indicated by the quantitation of the
pulse-chase experiments. We use this antiserum here to
study biosynthesis, processing, and intracellular transport of
the apically secreted polypeptides in MDCK cells.
Subconfluent monolayers of MDCK cells grown in culture
dishes and filter-grown monolayers of MDCK cells were
pulse labeled for 10 min with [*S]methionine and chased
for various time intervals at 37°C. Cells and media were col-
lected, immunoprecipitated, and analyzed by SDS-PAGE
and fluorography. As shown in Fig. 1 A the immediate post-
translational form is a molecule with an apparent M, of 65
kD. This precursor is converted into a protein with an appar-
ent M; of 80,000, which is only present in minor amounts in
the cells since it is rapidly cleaved into the 35-45-kD poly-
peptides. The 80-kD protein can however be detected easily
in the cell lysates of chloroquine-treated cells, since proteo-
lytic maturation is inhibited under these conditions (see Fig.
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5). The 35-45-kD polypeptides are found in the cell lysates
as early as 20 min after synthesis and are readily secreted.
They can be detected in the medium of plastic-grown mono-
layers as early as 20 min after labeling. A faint band co-
migrating with the intracellular 80-kD precursor protein is
also visible in the medium samples showing that the un-
cleaved 80-kD protein is also secreted, although in small
amounts. Of the pulse-labeled protein, 50% is secreted at 30
min of chase; 60 min after synthesis only 10% is found in
the cell lysates of plastic-grown cells. This does not change
significantly at later times of chase.

If the cell lysate, the apical medium, and the basolateral
medium of filter-grown monolayers at 90 min of chase are
analyzed, 75% of the pulse-labeled gp 80 present in the
5-min cell sample is found in the apical medium, 20% is
found in the basolateral medium, and 3% is recovered in the
cell lysate (Fig. 1 4, lanes I7-20; see also Fig. 7). This result
shows that gp 80 secretion from filter-grown MDCK cells is
polar. However, its sorting into the apical pathway of exocy-
tosis does not occur with 100% efficiency, an observation that
has also been made for the hemagglutinin of influenza virus,
a marker protein of the apical plasma membrane domain in
virus-infected MDCK cells (39).

The 35-45-kD polypeptides are secreted as an 80-kD pro-
tein complex, in which the polypeptide chains are linked to-
gether by disulfide bonds as shown by the analysis of the un-
reduced immunoprecipitated proteins by SDS-PAGE (Fig. 1
B). The unreduced secreted protein complex comigrates in
SDS-PAGE with the intracellular, uncleaved 80-kD precur-
sor protein.

Analysis of the carbohydrate structure of the two intra-
cellular precursor proteins with endoglycosidase H demon-
strates that the 65-kD form is sensitive to, whereas the 80-kD
form is resistant to, digestion with endoglycosidase H (Fig.
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Figure 3. Analysis of immunoprecipitated [>*S]methionine- and
[**S)sulfate-labeled proteins. Subconfluent plastic-grown mono-
layers of MDCK cells were either pulse labeled with [**S]methio-
nine (lanes 2-5) or with [**S}sulfate in the absence (lanes 6-9) or
presence of tunicamycin (lanes //-14). After chase periods of 5 or
60 min, the proteins in the cell lysates (C) and media (M) were im-
munoprecipitated, reduced, and alkylated, and then processed
for SDS-PAGE. The gel with the glycosylated proteins was exposed
for 3 d, the gel with the samples from tunicamycin-treated cells for
30d.

2). Since endoglycosidase H cuts the Glc-NAC -4 Glc-NAC
bond in Asn-linked oligosaccharides with five or more man-
nose residues present in the endoplasmic reticulum but not
the complex oligosaccharide units present in the Golgi stacks
(12), the shift in apparent M, is due to modifications of the
protein during its migration from the endoplasmic reticulum
to the cell surface, one of those being the maturation of its
carbohydrate side chains.

Concomitant with the acquisition of endoglycosidase H
resistance, the protein can be metabolically labeled with
[(**S]sulfate. 5 min after labeling with sulfate, the 80-kD and
the 35-45-kD polypeptides are found in the cell lysates (Fig.
3, lane 6) and traces of these proteins can already be detected
in the medium sample (Fig. 3, lane &8). On gels loaded with
[**S]sulfate-labeled, immunoprecipitated proteins of tunica-
mycin-treated MDCK cells in which N-glycosylation is in-
hibited, we do not detect any protein bands comigrating
with the unglycosylated forms even in prolonged exposures
(Fig. 3, lanes 11-14). gp 80 biosynthesis is not markedly de-
creased under these conditions as determined by the amount
of [**S]methionine incorporated during pulse labeling. There-
fore the label is present predominantly in the N-linked oligo-
saccharides. This observation is in agreement with results
obtained by Friedrich and Huttner (Friedrich, E., and W. B.
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Figure 4. Analysis of the 65-kD precursor protein by Triton X-114
extraction. A subconfluent plastic-grown monolayer of MDCK
cells was pulse labeled with [**S)methionine, chased for 5 min,
and processed for Triton X-114 extraction. Proteins were immuno-
precipitated with antibody directed against the secreted 35-45-kD
subunits (lanes 2-4). A subconfluent monolayer of BHK-21 cells
was infected with Semliki Forest virus, pulse labeled with [*3S}me-
thionine 4 h after infection, chased for 30 min, and processed for
Triton X-114 extraction (lanes 6-8). Proteins were immunoprecip-
itated with anti-E2 antibodies. Lanes 2 and 6 show the unparti-
tioned samples (7); lanes 3 and 7 the aqueous phases (S); lane 4
and 8 the detergent phases (P). Molecular mass standards are run
in lanes / and 5.

Huttner, personal communication), who found that ~10% of
the [*S]sulfate incorporated into the 35-45-kD polypeptides
was recovered as tyrosine sulfate whereas the bulk was alkali
sensitive, suggesting linkage to carbohydrate.

To investigate whether the gp 80 complex is segregated
into the apical exocytotic pathway as a membrane-bound or
as a soluble protein, we tested if the protein exists in an am-
phiphilic form at any stage of its biogenesis. For this reason
we performed a Triton X-114 extraction of the pulse-labeled
65-kD immediate posttranslational precursor protein. The
partitioning of proteins between the aqueous and the deter-
gent phase upon phase separation of dilute Triton X-114 solu-
tions is taken as an operational distinction between amphi-
philic and hydrophilic proteins (4). MDCK cells were pulse
labeled and chased for 5 min. After solubilization of the cells
in 0.5% Triton X-114 containing buffer at 4°C, half of the ly-
sate was directly processed for immunoprecipitation. The
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other half was incubated at 30°C to separate into an aqueous
and a detergent phase. Both samples were reextracted; the
proteins were immunoprecipitated and analyzed by SDS-
PAGE and fluorography. The partitioning of a viral mem-
brane protein, the E2 protein of the Semliki Forest virus,
was used as a control. The E2 protein is a component of the
viral spike glycoprotein complex and spans the lipid bilayer
once (10). BHK-21 celis infected with Semliki Forest virus
were pulse labeled and chased as described in Materials and
Methods. Cells were lysed in buffer containing 0.5% Triton
X-114 and processed either directly or after phase separation
for immunoprecipitation with an anti-E2 antibody. The im-
munoprecipitates were analyzed by SDS-PAGE and fluorog-
raphy. The 65-kD precursor protein was found exclusively in
the aqueous phase, contaminating proteins as well as the E2
membrane protein were recovered in the detergent phase
(Fig. 4). We conclude, that the 65-kD precursor behaves as
a soluble protein in this analysis.

Effect of Chloroquine Treatment on the Processing and
Secretion of gp 80in MDCK Cells

Since treatment of cells with chloroquine has been shown to
interfere with the proteolytic maturation of various glycopro-
teins and their intracellular transport (7, 26, 42), we wished
to study its effect on gp 80 secretion. Specifically we wanted
to determine whether the proteolytic processing of gp 80 is
inhibited in the presence of chloroquine and whether gp 80
would be diverted from the apical into a basolateral or non-
polarized exocytotic pathway. Cells of plastic- and filter-
grown monolayers were preincubated, pulse labeled, and
chased in medium containing 200 pM chloroquine. Proteins
in the cell lysates and media were immunoprecipitated and
analyzed by SDS-PAGE and fluorography (Fig. 5).

In plastic-grown cells proteolytic processing of the 80-kD
precursor protein is almost completely inhibited in the pres-
ence of chloroquine (Fig. 5, lanes 2-13). gp 80 accumulates
in its terminally glycosylated uncleaved precursor form in
the cells. It can, however, be secreted at a low rate, as demon-
strated by the protein bands in the media samples at 60 and
120 min of chase, which comigrate with the intracellular 80-
kD protein. At 2 h of chase, 70-80% of the pulse-labeled,
immunoprecipitable protein is present inside the cells, 20-
30% is found in the medium. Significant intracellular degra-
dation of the protein does not take place.

The analysis of immunoprecipitated proteins in the cell ly-
sates and in the apical and basolateral media of filter-grown
monolayers at 90 min of chase shows that the proteolytic pro-
cessing of the 80-kD precursor is also inhibited in filter-
grown cells, although to a lesser extent than in plastic-grown
cells (Fig. 5, lanes 15-18). Secretion of gp 80 from filter-
grown cultures is delayed, not as dramatically, however, as
in cultures grown on plastic support. At 90 min of chase,
15-20% of the pulse-labeled gp 80 present in the 5-min cell
sample is recovered from the cell lysates, 80-85% from the
apical medium, and 15% from the basolateral medium, a
slightly more polar distribution than observed in untreated
cells (Fig. 5, lanes 15-18; see Fig. 7). These results demon-
strate that chloroquine, although affecting processing and the
kinetics of secretion, does not interfere with the polarity of
gp 80 secretion. Proteolytic cleavage of the 80-kD precursor
molecule is therefore not necessary for the apical secretion
of the gp 80 complex in MDCK cells.
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Figure 7. Quantitation of gp 80 present in the cell lysates, in apical
medium, and in basolateral medium of untreated cells and cells
treated with either chloroquine or tunicamycin. The radioactivity
recovered in the gp 80 precursor present in the 5-min cell lysates
was taken as 100%. The amount of radioactivity recovered in the
individual samples at 90 min of chase was calculated as percentage
of the amount present in the 5-min cell sample. Open bars (C) show
the radioactivity recovered from the cell lysates; striped bars show
the radioactivity recovered from the apical media (A4) or basolateral
media (B).

Effect of Tunicamycin Treatment on the Processing and
Secretion of gp 80 in MDCK Cells

To examine the effect of N-linked carbohydrate units on the
intracellular transport of gp 80 to the apical cell surface,
MDCK cells were treated with tunicamycin. This drug in-
hibits the synthesis of the dolichol-linked oligosaccharide
precursors and therefore prevents the transfer of oligosaccha-
ride units to asparagine residues in the initial step of protein
glycosylation (14). Incubation of MDCK celis grown in cul-
ture dishes in medium supplemented with tunicamycin (4
ug/ml) 1 h before and during the pulse and chase periods
effectively blocks N-linked glycosylation as demonstrated by
the increased mobilities of the precursor protein and the ma-
ture products in SDS-PAGE (Fig. 6). In the presence of tuni-
camycin a precursor protein with an apparent M; of 50,000
is found at early times of chase. The concentration of the
50-kD protein in the cell lysates decreases as it is cleaved into
peptides with apparent M; of 27,000 and 23,000. The proteo-
lytic processing of the precursor molecules takes place
quickly after synthesis. We can detect the cleavage products
already in the 5-min cell sample, i.e., 20 min after the onset
of the labeling period. The unglycosylated peptides are rap-
idly secreted. They can be detected in the medium at 20 min
of chase. At 60 min of chase, 30% of the pulse-labeled mate-
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rial is found in the cell lysates, and 25% is found in the
medium. This does not change significantly with longer
chases.

Nearly 50% of the gp 80 present in the 5-min cell sample
can not be recovered at all after 60 min of chase. The low
recovery of pulse-labeled gp 80 at late times of chase from
plastic-grown MDCK cells could be due to a difference in
the affinity of the antibody to the unglycosylated precursor
and cleaved peptides, to an increased degradation of the un-
glycosylated cleaved peptides during sample preparation, or
to an increase in the intracellular degradation of the unglyco-
sylated protein. We can rule out the first two possibilities,
since we do not observe this phenomenon in the analysis of
unglycosylated proteins of filter-grown MDCK cells (Fig. 6,
lanes 15-18, and Fig. 7). We therefore think that increased
intracellular degradation of the unglycosylated protein ac-
counts for the low recovery of pulse-labeled material at late
periods of chase and that this process is significant in plastic-
grown but not in filter-grown cells.

If cell lysate, apical, and basolateral media of filter-grown
MDCK cells preincubated, pulse labeled, and chased for 90
min in the presence of 12 pg/ml tunicamycin are analyzed,
the unglycosylated protein was found in equal amounts in
both media (Fig. 6, lanes 15-18, and Fig. 7). When the same
analysis was performed in the presence of 4 pug tunicamy-
cin/ml only an incomplete block of N-glycosylation was
achieved. Using this condition the glycosylated protein was
recovered in a 75:20 ratio as in untreated cells, whereas the
unglycosylated protein was recovered in a 50:50 ratio as ob-
served during complete inhibition from the apical and baso-
lateral medium of the same filter-grown cell monolayer (Fig.
6, lanes 20-23). These results suggest that the N-linked car-
bohydrate groups play a role in the polar segregation of this
secretory protein.

Discussion

The data presented in this paper demonstrate that soluble
proteins can be.sorted into a constitutive apical pathway of
exocytosis in MDCK cells.

The protein studied is an 80-kD sulfated glycoprotein
complex (gp 80) consisting of two polypeptide chains linked
together by disulfide bridges. This protein may be identical
to the one described by Gottlieb et al. (11). Their observation
of a single 81-kD species in the cells and medium may result
from the use of unreduced samples for SDS-PAGE or differ-
ences in processing between strains of MDCK cells.

Pulse-chase analysis shows that the kinetics of gp 80
secretion is typical for proteins released through a constitu-
tive exocytotic pathway. Of the pulse-labeled protein, 50%
is secreted within 30 min in MDCK cells. This lies within
the range of half-times for secretion reported for albumin (23
min) in rat hepatoma cells (reference 41), and for albumin
and antitrypsin (45 min), C3 complement (90 min), and anti-
chymotrypsin (90 min) in a human hepatoma cell line (18).
There is no evidence for intracellular storage of the 80-kD
precursor protein or the mature protein complex.

Constitutive and polar exocytosis has been well character-
ized for plasma membrane proteins in MDCK cells. It has
been shown that apical and basolateral membrane proteins
are sorted inside the cell and not at the plasma membrane
(5, 21, 24, 31) and that sorting occurs as a late step in the bio-
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genesis of these proteins since they share the same pathway
at least as far as the trans-Golgi compartment (8). The only
example of constitutive and polar exocytosis of soluble pro-
teins had been the secretion of proteins at the sinusoidal
surface of the hepatocyte (15). It was therefore important to
analyze whether gp 80 is segregated as a soluble or as a
membrane-bound protein into the apical exocytotic pathway
in MDCK cells. If segregation occurs after terminal glycosy-
lation it could affect either the 80-kD precursor or the
cleaved peptides. In the latter case, soluble proteins would
be sorted, since the intracellular cleaved peptides are elec-
trophoretically indistinguishable from the secreted forms.
The same argument also applies to the 80-kD precursor. An
80-kD protein, which comigrates with the intracellular ter-
minally glycosylated precursor protein can be detected in the
medium of plastic-grown MDCK cell monolayers.

Direct evidence that gp 80 is segregated as a soluble pro-
tein was obtained by the analysis of the partitioning of the 65-
kD immediate posttranslational precursor in a phase-sepa-
rated Triton X-114 solution. Our data show that the 65-kD
precursor protein is hydrophilic in nature since it does not
partition into the detergent phase but is recovered exclusively
from the aqueous phase. Hence gp 80 is segregated as a solu-
ble protein into the apical pathway. This characterization
shows that gp 80 belongs to the large group of secretory pro-
teins, which are synthesized as soluble proforms and are pro-
teolytically processed before release from the cells. How-
ever, in most cells vectorial release of these proteins is
achieved via a regulated pathway. In this respect, gp 80
secretion in MDCK cells resembles that of albumin and C3
complement secretion in the hepatocyte (18).

When gp 80 secretion from filter-grown MDCK cells was
analyzed after 90 min of chase, 75% of the newly synthe-
sized protein was found in the apical medium, 20% was
found in the basolateral medium, and 3% was recovered in
the cell lysate. This distribution is similar to that observed
for an apical membrane protein, the hemagglutinin of influ-
enza virus (39) showing that sorting of this secretory protein
occurs with an efficiency similar to that of an apical mem-
brane protein.

It has been shown that intracellular transport processes are
impaired by incubation of the cells with exogenous amines.
These drugs inhibit endocytosis and receptor recycling and
divert proteins from the regulated exocytotic and the lyso-
somal pathway into the constitutive exocytotic pathway (7,
26, 42). The mechanism by which they exert their effects is
not clear. Based on the observation that vesicles of both the
endocytotic and exocytotic pathways display an acidic pH (2,
6) and that exogenous amines raise the pH of these vesicles
(22), the disturbance of a pathway by amines is taken as evi-
dence that a low pH compartment is involved in that particu-
lar transport route. The increase in pH of acidic vesicles
may also account for the inhibition of proteolytic cleavage in
the maturation of various peptide hormones and neuropep-
tides by these drugs (6, 29, 36, 40). If proteolytic maturation
of a protein were a prerequisite for the entry of the protein
into a particular pathway the consequence of drug interfer-
ence with the action of the processing protease would be a
block in transport of the protein to its usual destination.

We tested this for the 80-kD protein in MDCK cells. Incu-
bation of MDCK cells with 200 uM chloroquine inhibits the
proteolytic processing of the 80-kD precursor molecule and
decreases its rate of cell surface transport. The release of the
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gp 80 precursor is slow, but occurs at the apical cell surface.
This result demonstrates that proteolytic cleavage of gp 80
is not necessary for the apical secretion of this protein and
suggests the involvement of a low pH compartment in apical
transport.

The role of carbohydrate moieties in the intracellular
transport of plasma membrane and secretory proteins has
been studied extensively. It has been demonstrated that the
unglycosylated proteins show an increased intracellular deg-
radation and a decreased efficiency of transport to the cell
surface (13, 28, 38). Studies on the targeting of viral mem-
brane proteins in either tunicamycin-treated or lectin-resis-
tant MDCK cells demonstrated that N-glycosylation is not a
prerequisite for the polar segregation of these proteins (13,
35). When analyzing gp 80 biosynthesis and secretion in the
presence of tunicamycin we observed an increased intracel-
lular degradation in plastic-grown cells but not in filter-
grown cells. The efficiency of transport seems to be unaf-
fected at least in filter-grown cells. We cannot determine the
efficiency of transport in plastic-grown cells, since we can-
not, in that analysis, distinguish whether the protein recov-
ered at late times of chase in the cell lysates was located in-
tracellularly or had been secreted basolaterally and was
deposited between the cells and the plastic support.

Interestingly, the polarity of gp 80 transport is lost in the
absence of N-glycosylation. gp 80 is released in equal
amounts at both cell surfaces in tunicamycin-treated MDCK
cells. This result demonstrates an important role for the
N-linked carbohydrate chains and/or associated modifica-
tions in the apical secretion of this protein. This role may be
either direct (as a sorting signal) or indirect (as a factor
stabilizing a sorting competent conformation of the protein).

Together with our previous results (16) on the secretion of
chicken lysozyme expressed in MDCK cells using an SV-40
vector, we have demonstrated the existence of two pathways
of secretion in one cell type. Lysozyme is secreted at both
cell surfaces with the same kinetics in equal amounts; the gp
80 complex is secreted at the apical cell surface. We do not
know whether these proteins use the same vesicle popula-
tions. One possibility is that the apically directed lysozyme
is transported in the same vesicles as the gp 80 complex and
that the basolaterally directed lysozyme is routed in a differ-
ent vesicle population. Another possibility is that apically
and basolaterally directed lysozyme molecules migrate to-
gether in a vesicle population distinct from that transporting
the gp 80 complex to the apical cell surface. Experiments in-
volving comparative pulse-chase analysis of gp 80 and lyso-
zyme secretion of filter-grown MDCK cell monolayers under
the influence of drugs and low temperature (20) will help to
elucidate this.

The presence of two secretory pathways in one cell re-
quires specific sorting signals in the proteins of at least one
pathway (15). Our results on gp 80 secretion in tunicamy-
cin-treated cells argue that carbohydrates are involved in the
signals needed for the apical secretion of this protein. We
plan to pursue the identification of the pathway(s) requiring
specific sorting signals and the characterization of the struc-
tures recognized by in vitro mutagenesis and expression of
cDNA molecules coding for proteins secreted apically and/
or basolaterally in MDCK cells.

We wish to thank Dr. H. Fasold, Dr. S. D. Fuller, Dr. H. Garoff, Dr.
W. Huttner, Dr. K. Simons, and our colleagues in the molecular genetics
group for advice and stimulating discussions, for a critical reading of the

2742



manuscript, and for helpful comments. We also thank H. W. Miiller for
technical assistance and B. Jiirgens for typing the manuscript.

This work was supported by the Deutsche Forschungsgemeinschaft (SFB

169) and by the Fonds der Chemischen Industrie in cooperation with the
Bundesministerium fiir Forschung und Technologie.

Received for publication 4 August 1987, and in revised form 3 September
1987.

References

1.
2.

10.
11.

13.

14,

i6.

7.
18.

19.

20.

21.

22.

American Type Culture Collection. 1981. Catalogue of Strains II. Ameri-
can Type Culture Collection, Rockville, Maryland. 9.

Anderson, R. G. W, and R. K. Pathak. 1985. Vesicles and cisternae in
the trans Golgi apparatus of human fibroblasts are acidic compartments.
Cell. 40:635-643.

. Bonner, W. M., and R. A. Laskey. 1974. A film detection method for

tritium-labelled proteins and nucleic acids in polyacrylamide gels. Eur.
J. Biochem. 46:83-88.

. Bordier, C. 1981. Phase separation of integral membrane proteins in Triton

X-114. J. Biol. Chem. 256:1604-1607.

. Caplan, M. I., H. C. Anderson, G. E. Palade, and J. D. Jamieson. 1986.

Intracellular sorting and polarized cell surface delivery of (Na*,K*)
ATPase, an endogenous component of MDCK cell basolateral plasma
membranes. Cell. 46:623-631.

. Cidon, S., H. Ben-David, and N. Nelson, 1983, ATP-driven proton fluxes

across membranes of secretory organelles. J. Biol. Chem. 258:11684~
11688.

. Dean, R. T., W. Jessup, and C. R. Roberts. 1984, Effects of exogenous

amines on mammalian cells, with particular reference to membrane flow.
Biochem. J. 217:27-40.

. Fuiler, S. D., R. Bravo, and K. Simons. 1985, An enzymatic assay reveals

that proteins destined for the apical or basolateral domains of an epithelial
cell line share the same late Golgi compartments. EMBO (Eur. Mol. Biol.
Organ.) J. 4:297-307.

. Fuller, S., C.-H. von Bonsdorff, and K. Simons. 1984. Vesicular stomatitis

virus infects and matures only through the basolateral surface of the po-
larized epithelial cell line, MDCK. Celil. 38:65-77.

Garoff, H., C. Kondor-Koch, and H. Riedel. 1982. Structure and assembly
of alphaviruses. Curr. Top. Microbiol. Immunol. 99:1-50.

Gottlieb, T. A., G. Beaudry, L. Rizzolo, A. Colman, M. Rindler, M. Ades-
nik, and D. D. Sabatini. 1986. Secretion of endogenous and exogenous
proteins from polarized MDCK cell monolayers. Proc. Natl. Acad. Sci.
USA. 83:2100-2104.

. Green, J., G. Griffiths, D. Louvard, P. Quinn, and G. Warren. 1981. On

the passage of viral membrane proteins through the Golgi complex. J.
Mol. Biol. 152:663-698.

Green, R. F., H. K. Meiss, and E. Rodriguez-Boulan. 1981. Glycosylation
does not determine segregation of viral envelope proteins in the plasma
membrane of epithelial celis. J. Cell Biol. 89:230-239.

Heifetz, A., R. W. Keenan, and A. D. Elbein. 1979. Mechanism of action
of tunicamycin on the UDP-GLcNac dolichyl-phosphate GlcNAc-1-phos-
phate transferase. Biochemistry. 18:2186-2192.

. Kelly, R. B. 1985. Pathways of protein secretion in eukaryotes. Science

(Wash. DC). 230:25-31.

Kondor-Koch, C., R. Bravo, S. D. Fuller, D. Cutler, and H. Garoff. 1985.
Exocytotic pathways exist to both the apical and the basolateral cell sur-
face of the polarized epithelial cell MDCK. Cell. 43:297-306.

Ledford, B. E., and D. F. Davis. 1983. Kinetics of serum protein secretion
by cultured hepatoma cells. J. Biol. Chem. 258:3304-3308.

Lodish, H. F., N. Kong, M. Snider, and G. J. A. M. Strous. 1983. Hepa-
toma secretory proteins migrate from rough endoplasmic reticulum to
Golgi at characteristic rates. Nature (Lond.). 304:80-83.

Louvard, D. 1980. Apical membrane aminopeptidase appears at site of cell-
cell contact in cultured epithelial cells. Proc. Natl. Acad. Sci. USA.
77:4132-4136.

Matlin, K. 5., and K. Simons. 1983. Reduced temperature prevents transfer
of a membrane glycoprotein to the cell surface but does not prevent termi-
nal glycosylation. Cell. 34:233-243,

Matlin, K. S., and K. Simons. 1984. Sorting of an apical plasma membrane
glycoprotein occurs before it reaches the cell surface in cultured epithelial
cells. J. Cell Biol. 99:2131-2139.

Maxfield, F. R. 1982. Weak bases and ionophores rapidly and reversibly

Urban et al. Secretion in MDCK Cells

23.

24,

25.
26.

27.
28.

29.

30.

31.

32.

33

34

35.

36.

37.

38,

39.

41.

42,

43,

45.

raise the pH of endocytic vesicles in cultured mouse fibroblasts. J. Cell
Biol. 95:676-681.

McRoberts, §. A., M. Taub, and M. H. Saier. 1981. The Madin-Darby
Canine Kidney (MDCK) cell line. Irn Functionally Differentiated Cell
Lines. Alan R. Liss, Inc., New York. 117-139,

Misek, D. E., E. Bard, and E. Rodriguez-Boulan. 1984. Biogenesis of epi-
thelial cell polarity: intracellular sorting and vectoral exocytosis of an api-
cal plasma membrane glycoprotein. Cell. 39:537-546.

Misfeldt, D. §., S. T. Hamamoto, and D. R. Pitelka. 1976. Transepithelial
transport in cell culture. Proc. Natl. Acad. Sci. USA. 73:1212-1216.
Moore, H.-P., B. Gumbiner, and R. B. Kelly. 1983. Chloroquine diverts
ACTH from a regulated to a constitutive secretory pathway in AtT-20

cells. Nature (Lond.). 302:434-436,

Mostov, K. E., and D. L. Deitcher. 1986. Polymeric immunoglobuiin
receptor expressed in MDCK cells transcytoses IgA, Cell. 46:613-621.

Olden, K., R. M. Pratt, and K. M. Yamada. 1978. Role of carbohydrates
in protein secretion and turnover: effects of tunicamycin on the major cell
surface glycoprotein of chicken embryo fibroblasts. Cell. 13:461-473.

Orcti, L., M. Ravazzola, M. Amherdt, O. Madsen, A. Perrelet, J.-D. Vas-
salli, and R. G. W. Anderson, 1986. Conversion of proinsulin to insulin
occurs coordinately with acidification of maturing secretory vesicles. J.
Cell Biol. 103:2273-2281.

Palade, G. 1975. Intracellular aspects of the process of protein synthesis.
Science (Wash. DC). 189:347-358.

Pfeiffer, S., S. D. Fuller, and K. Simons. 1985. Intracellular sorting and
basolateral appearance of the G protein of vesicular stomatitis virus in
Madin-Darby canine kidney cells. J. Cell Biol. 101:470-476.

Piccioni, R., G. Bellemare, and N, H. Chua. 1982. Methods of polyacryl-
amide gel electrophoresis in the analysis and preparation of plant poly-
peptides. In Methods in Chloroplast Molecular Biology. M. Edelman,
R. B. Hallich, and N.-H. Chua, editors. Elsevier Biomedical, Amster-
dam. 985-1014,

Reggio, H., E. Coudrier, and D. Louvard. 1982. Surface and cytoplasmic
domains in polarized epithelial cells. Jn Membranes in Growth and De-
velopment. G. Biebisch, editor. Alan R. Liss, Inc., New York. 89-105,

Rodriguez-Boulan, E., and D. D. Sabatini. 1978. Asymmetric budding of
viruses in epithelial monolayers: a model system for study of epithelial
polarity. Proc. Natl. Acad. Sci. USA. 75:5071-5075.

Roth, M. G., 1. P. Fitzpatrick, and R. W. Compans. 1979. Polarity of
influenza and vesicular stomatitis virus maturation in MDCK cells: lack
of a requirement for glycosylation of viral glycoproteins. Proc. Natl.
Acad. Sci. USA. 76:6430-6434.

Russel, J. T. 1984, ApH, H* diffusion potentials, and Mg** ATPase in
neurosecretory vesicles isolated from bovine neurohypophyses. J. Biol.
Chem. 259:9496-9507.

Saraste, J., C.-H. v, Bonsdorff, K. Hashimoto, L. Ki#ridinen, and S. Keri-
nen. 1980. Semliki Forest virus mutants with temperature-sensitive trans-
port defect of envelope proteins. Virology. 100:229-245.

Schwarz, R. T., J. M. Rohrschneider, and M. F. G. Schmidt. 1976. Sup-
pression of glycoprotein formation of Semliki Forest, influenza, and
avian sarcoma virus by tunicamycin. J. Virol. 19:782-791.

Simons, K., and S. D. Fuller. 1985. Cell surface polarity in epithelia. Annu.
Rev. Cell Biol. 1:243-288.

. Steiner, D. F., K. Kocherty, and R. Caroll. 1984. Golgi/granule processing

of peptide hormone and neuropeptide precursors: a minireview. J. Cell.
Biochem. 24:121-130.

Strous, G. J. A. M., and H. F. Lodish. 1980. Intracellular transport of
secretory and membrane proteins in hepatoma cells infected by vesicular
stomatitis virus. Cell. 22:709-717.

Strous, G. J., A. du Maine, J. E. Zijderhand-Bleekemolen, J. W. Slot,
and A. L. Schwartz. 1985. Effect of lysosomotropic amines of the secre-
tory pathway and on the recycling of the asialoglycoprotein receptor in
human hepatoma cells. J. Ceil Biol. 101:531-534.

Taub, M., L. Chuman, H. Saier, and J. Sato. 1979. Growth of
Madin-Darby canine kidney epithelial cell (MDCK) line in hormone-
supplemented, serum-free medium. Proc. Natl. Acad. Sci. USA. 76:
3338-3342.

. Walter, P., R. C. Jackson, M. M. Marcus, V. R. Lingappa, and G. Blobel.

1979. Tryptic dissection and reconstitution of translocation activity for
nascent presecretory proteins across microsomal membranes. Proc. Natl.
Acad. Sci. USA. 76:1795-1799.

Zilberstein, A., M. D. Snider, M. Porter, and H. F. Lodish. 1980. Mutants
of vesicular stomatitis virus blocked at different stages in maturation of
the viral glycoprotein. Cell. 21:417-427.

2743



