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Abstract Confluent monolayers of MDCK (Madin-Darby
canine kidney) cells provide a widely used model system for
studying epithelial cell polarity. We determined the polarity of
epithelial cell plastna membrane glycolipids and sulfated lipids
by analyzing the lipids released from both sides of monolayers
of metabolically labeled MDCK cells. These lipids were released
either as endogenously shed material or in budding viruses. All
of the glycolipids were detected in both the apical and
basolateral domains of the plasma membrane. However, galac-
tosylceramide was more basally oriented than any of the other
glycolipids; thus, the ratio of glucosylceramide to galactosylcera-
mide was more than twice as great in the apical domain as in
the basolateral domain. A sulfated sterol, which comigrated with
cholesterol sulfate, was released in a more basally polarized
manner than any of the glycolipids. Bl These results indicate
the presence of mechanisms which can produce different degrees
of polarity for specific lipids in polarized epithelial cells.
— Nichols, G. E., T. Shiraishi, and W. W. Young, Jr. Polarity
of neutral glycolipids, gangliosides, and sulfated lipids in
MDCK epithelial cells. J. Lipid Res. 1988. 29: 1205-1213.
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A complex pattern of intracellular traffic is involved in
transporting proteins from common sites of synthesis to
separate final destinations (1). In polarized epithelial cells,
this sorting results in the formation of discrete apical and
basolateral domains of the plasma membrane, each of
which has a distinct protein composition (2). Currently,
an intense research effort is beginning to reveal the
mechanisms responsible for the generation and main-
tenance of this protein polarity (3). Since the vehicles
responsible for the transport of proteins to their final des-
tinations are believed to be lipid vesicles (2), it is of
interest to determine whether the lipids of polarized epi-
thelial cells are themselves distributed in the plasma
membrane in a polarized fashion.

The Madin-Darby (MDCK) canine kidney epithelial
cell line has been widely used as a model system for study-
ing epithelial polarity because it has retained many of the
characteristics of functional epithelia (2). We recently

reported on the polarity of the Forssman glycolipid in
MDCK cells (4). In the present report we characterized
the release of labeled glycolipids from polarized MDCK
cells, either in the form of endogenously shed material or
in budding viruses. The rationale for the latter approach
was based on an extensive literature (reviewed in refs. 5
and 6) which indicated that, in general, the lipids of most
enveloped viruses closely resemble the lipids of the cellu-
lar membrane at which they mature. Thus, van Meer and
Simons (7, 8) used influenza virus and vesicular stomatitis
virus (VSV), which bud exclusively from the apical and
basolateral surface of MDCK cells, respectively (9), to
determine the phospholipid composition of those domains.
Our current results provide evidence that galactosylcera-
mide is more basally oriented than the other major glyco-
lipids of MDCK cells. In addition, a sulfated sterol was
released into the basal medium in a more basally pola-
rized manner than any of the glycolipids.

MATERIALS AND METHODS

Cells

Clone BGIl cells were derived from high passage
(strain II) MDCK cells and cultured as previously
described (10). Sources, methods of preparation of stocks,
and titers of stocks of vesicular stomatitis virus (VSV) and
the influenza A virus strain PR8 have been described (4).
The WSN strain of influenza virus was kindly donated by
Dr. E. Rodriguez-Boulan, Cornell University Medical
Center. A stock of WSN grown in MDCK cells was con-
centrated by the polyethylene glycol method (11) and had
a titer of 2.2 x 107 PFU/ml.

Abbreviations: MDCK, Madin-Darby canine kidney; VSV, vesicular
stomatitis virus; PD, potential difference; TLGC, thin-layer chromatogra-
phy; HPTLC, high performence TLC.
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Glycolipid shedding and virus production

Cell growth on filter-bottom cups, metabolic labeling
with [*H]galactose and H,**SO,, measurement of trans-
epithelial potential differences (PD), harvesting of labeled
glycolipids from the 150,000 g pellets and supernatants of
culture media, and infection of labeled cell monolayers
with viruses were all performed as previously described
(4, 10). Virally infected monolayers were incubated at
31°C with 0.2% BSA in DMEM until PD measurements
indicated the beginning of loss of monolayer integrity due
to the viral cytopathic effect (8 hr for VSV, 14 hr for WSN,
and 24 hr for PR8). At these times apical and basal media
were harvested. We previously described the methods for
virus purification and also provided evidence for pola-
rized viral budding and effectiveness of these purification
methods (4). Briefly, correct polarity of viral budding
from labeled cells was indicated by a 16-fold higher level
of [*H]galactose in the total lipid extract of the PR8 viral
pool from the apical medium as compared to the com-
parable fractions from the basal medium and an 18-fold
higher level for the WSN pool. In contrast, the VSV pool
from the basal medium contained 5.7-fold more radio-
activity than the apical counterpart. SDS-PAGE analysis
of the proteins in the viral pellets purified by the pro-
cedures described above indicated that all of the major
protein bands represented viral proteins.

Glycolipid analysis

Detailed procedures for the isolation and characteriza-
tion of MDCK glycolipids were described previously (10).
The lyophilized supernatants from labeled culture media
were extracted in 30 ml of chloroform-methanol 2:1 (v/v)
with stirring at 4°C for at least 48 hr followed by re-
extraction with an Omni mixer (Sorvall, Dupont, Wil-
mington, DE) once in chloroform-methanol 2:1 (v/v) and
twice in chloroform-methanol 1:2 (v/v). Purified glycolipid
samples were separated on HPTLC plates (Merck, Darm-
stadt, FRG) in solvent A (chloroform-methanol-0.25%
CaCl; (aqueous) 60:40:9 (v/v) or solvent B (chloroform-~
methanol-acetone-glacial acetic acid-water 60:12:24:12:6
(v/v), the latter for separation of sulfated lipids (12). Total
lipids were visualized with primuline (13). Glycolipid
standards were visualized by resorcinol spray for ganglio-
sides followed by orcinol for total glycolipids. Radio-
labeled TLC bands were visualized by autoradiography
with fluorographic enhancement (Enhance spray, New
England Nuclear) using Kodak XAR-5 film. Glycolipid
standards were purified using established procedures (14),
except that sulfated lactosylceramide was kindly donated
by Dr. David Roberts, NIH. Dehydroepiandrosterone
3-sulfate and sulfatide were purchased from Sigma
Chemical Co. Cholesterol sulfate was purchased from
Steroloids; Inc., Wilton, NH. Labeled glycolipid bands
were quantitated by scraping into scintillation vials and
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counting in the presence of 10 ml ACS scintillation fluid
(Amersham, Arlington Heights, IL).

Glucosyl- and galactosylceramides were separated using
the following modification of published methods (15, 16).
Glass-backed HPTLC plates were immersed in 2.5% so-
dium borate in methanol for 10 sec, dried, and activated
by heating for 1 hr at 110°C. Chromatography was per-
formed in solvent C (chloroform-methanol-water 62:22:3
(v/v). The densities of orcinol-labeled bands were quanti-
tated as previously described (10).

Distribution of radioactivity into sugar residues of
glycolipids was determined by acid hydrolysis and TLC
using the following modifications of a published method
(17). Glycolipid aliguots were hydrolyzed in 0.5 ml of 3 M
HCI at 100°C for 2 hr, with 10 nmol each of galactose,
glucose, and N-acetylgalactosamine added as carrier.
After drying under vacuum, the hydrolyzates were chro-
matographed by the continuous development method (18)
using HPTLC plates (E. Merck, West Germany) in posi-
tion 4 (next to the most horizontal position) with solvent
D (n-propanol-water 90:10 (v/v) and a development time
of 3 hr beyond the time at which the solvent reached the
top of the tank. Sugar standards were visualized with sil-
ver nitrate (19). This chromatographic method produced
1.2 cm separation between the glucose and galactose
bands; glucose, R;0.72; galactose, Ry 0.57; and galactosa-
mine, Ry 0.12. Areas corresponding to these sugars were
visualized by fluorography as described above, scraped
from the chromatogram into counting vials, and incu-
bated overnight with 1 ml of water. Radioactivity was
then measured after addition of 10 ml of ACS scintillant
(Amersham) to each vial.

The relative specific activity of [?’H]galactose in glucose
and galactose residues of glycolipids was determined as
follows. Forssman glycolipid and Gus3 ganglioside were
purified from extracts of BG11 cells labeled with [*H]galac-
tose using latrobead column chromatography as previ-
ously described (10). Aliquots of these purified glycolipids
were acid-hydrolyzed and incorpoation of radioactivity
into sugars was quantitated as described above. The ratio
of label in glucose to galactose was 0.43 + 0.03 (mean +
range for duplicate analyses) for Gyus ganglioside (theo-
retical ratio 1.0) and 0.215 + 0.01 for Forssman (theoretical
0.5); therefore, the incorporation of label into glucose was
43% of that into galactose. This value was used to com-
pare the relative contents of glucosyl ceramide and galac-
tosyl ceramide as described in the Results.

RESULTS

To determine the polarity of the glycolipids of polarized
MDCK clone BG11 cells, we compared the glycolipid pat-
terns of high speed pellets and supernatants obtained
from the apical and basal media of polarized monolayers

2T0Z ‘6T aunr uo ‘1sanb Aq Bio 1)l mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

labeled with [*H]galactose. As shown in Table 1, the
amount of [*H]galactose-labeled glycolipids shed from
both sides of the monolayers was roughly 10% of the cellu-
lar content for both total neutral and total acidic glyco-
lipids. To rule out the possibility that this material was
due to the release of a small number of dead cells from the
monolayer, we analyzed the high speed pellets for activity
of the basolateral enzyme (Na',K")-ATPase (2). As we
have previously reported (4), the basolateral pellet con-
tained 58.9 + 2.4% (mean + SEM; n = 4) of the total
(apical plus basolateral) pellet protein. In striking con-
trast, (Na© K ©)-ATPase activity could only be detected
in the basolateral pellet. Thus, the pelleted material had
been released in a polarized fashion and was not the
product of dead cells.

sisted of a major doublet in the ceramide monohexoside
region, a single band of ceramide dihexoside, minor
bands in the ceramide tri- and tetra-hexoside areas, and
a major doublet of the Forssman ceramide pentasaccharide,
as we have previously described (10). We further resolved
the ceramide monohexoside region into glucosylceramide
and galactosylceramide on borate-impregnated plates
(Fig. 2, lane 1). The ratio of labeled glucosyl ceramide to
galactosyl ceramide in the cells was 2.41 (Table 2) as deter-
mined by scraping TLC bands and counting followed by
correction for the relative specific activity of the [*H]galac-
tose label in glucose residues (0.43) compared to that in
galactose residues (1.0; see Materials and Methods). This
ratio of labeled components was similar to the ratio of the
chemical quantities of these two glycolipids of 2.08 1+ 0.02

(mean t range for duplicate measurements) determined
by densitometry of orcinol-stained bands. In contrast,
Hansson, Simons, and van Meer (20) reported that in
strain II MDCK cells over 90% of the ceramide mono-

Patterns of [*H]galactose-labeled glycolipids

The pattern of neutral glycolipids of MDCK clone
BGt1 cells labeled with [*H]galactose (Fig. 1, lane 1) con-

TABLE 1. Release of labeled glycolipids and sulfated sterols from MDCK clone BG11 cells

Released Lipids®

Percent of
Cell Apical Basal Cell Content Polarity”
Content” Medium Medium Total Released’ (Basal/Total)
cpm x 107* %
" Total neutral glycolipids 236.3 9.3 12.2 21.5 9.6 + 1.0 542 + 1.0
Ceramide monohexoside 106.4
Supernatant 0.6 2.4 3.0 73.3 + 3.6
Pellet 2.1 4.5 6.6 56.9 + 6.0
Combined 2.7 6.9 9.6 10.3 + 1.3 62.2 + 4.3
Glucosylceramide 52.4
Supernatant 0.4 1.0 1.4 65.0 + 2.3
Pellet 1.3 1.8 3.1 51.6 + 5.1
Combined 1.7 2.8 4.5 10.8 + 2.0 55.7 + 3.8
Galactosylceramide 47.7
Supernatant 0.2 1.2 1.4 82.0 + 2.7
Pellet 0.7 2.2 2.9 71.1 £+ 2.5
Combined 0.9 3.4 4.3 10.0 + 0.6 74.7 + 2.2¢
Ceramide dihexoside 26.4 1.4 1.7 3.1 10.4 + 1.3 545 + 0.9
Forssman 75.0 3.5 3.9 7.4 10.3 + 2.4 52.0 + 0.9
Total acidic glycolipids 20.9 1.3 1.4 2.7 11.3 + 0.9 54.2 + 2.0
Gpms ganglioside 6.6 0.6 0.5 1.1 149 + 0.8 49.1 + 3.9
Sulfated glycolipids 10.9 0.6 0.7 1.3 11.1 ¢+ 2.1 57.9 + 1.7
Sulfated sterol 0.58 0.27 1.15 1.4 241.6 + 20.9 81.0 + 4.5

“BG11 cells were grown in culture on nitrocellulose filters as described in Materials and Methods. Data were obtained by scraping and counting
the bands seen in Figs. 1-4 and were not corrected for the relative specific activity of the [*H]galactose label in glucose and galactose residues. Data
are for cells labeled with [*H]galactose except for the sulfated sterol which was labeled with 3*SO,. Data represent the amount of labeled material
harvested from three filter-bottom cups, which is equivalent to 1.5 x 10® cells. Due to differences in total incorporation of radiolabeled precursors
between experiments, data for cell content and released lipids are presented for one representative experiment. In addition to the data presented for
the 150,000 g supernatants and pellets of ceramide monohexosides, roughly one-third of the released quantity of each glycolipid category was present
in the high speed supernatant and two-thirds in the high speed pellet. The ceramide monohexoside data were obtained by scraping this region from
a standard HPTLC plate run in solvent A as shown in Fig. 1, while glucosyl- and galactosylceramide data were obtained from borate-impregnated
plates as shown in Fig. 2. Sulfated glycolipids means sulfatide plus sulfated ceramide dihexoside as shown in Fig. 3. Values for the minor glycolipid
species ceramide trihexoside, globoside, Gy, and higher gangliosides were too low for quantitation.

*Mean + SEM for three separate [*H]galactose labeling experiments. The sulfated sterol values are mean + range for duplicate analyses from
a single labeling experiment. A second labeling experiment produced a labeling pattern identical to that shown in Fig. 4 but was not quantitated.

‘Mean t SEM for four separate [*H]galactose labeling experiments. The sulfated sterol values are mean + range for duplicate analyses from
a single labeling experiment.

“Galactosylceramide was significantly more basally polarized than any of the other glycolipids analyzed (P < 0.01); the differences between groups
were evaluated for statistical significance using unpaired Student’s (-tests.
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Fig. 1. High performance thin-layer chromatography (HPTLC) pat-
tern of [*H]galactose-labeled neutral glycolipids from MDCK clone
BGl1 cells. Cells were plated at confluence on nitrocellulose filters and,
after generation of a transepithelial potential difference, were labeled
with 5 pCi [*H]galactose/ml for 96 hr. Glycolipids from cells, culture me-
dia high speed pellets and supernatants, and viruses were isolated and
purified as described in Materials and Methods. Aliquots of neutral
glycolipids (1000 cpm per lane in lanes 1-3, 5 and 6, 3000 cpm in lane
4, and 500 cpm in lane 7) were separated on an HPTLC plate in solvent
A with standards: a) ceramide monohexoside; b) ceramide dihexoside;
c) ceramide trihexoside; d) globoside; and e) Forssman. O, origin, f, sol-
vent front. Bands were visualized by fluorography using Enhance spray
with exposure to X-ray film at -80°C (30 days for lanes 1-3, 5 and 6;
10 days for lane 4; and 48 days for lane 7). Lanes: 1, cells; 2, apical
medium 150,000 g pellet; 3, apical medium 150,000 g supernatant; 4,
influenza strain PR8 purified from the apical medium; 5, basal medium
150,000 ¢ pellet; 6, basal medium 150,000 ¢ supernatant; and 7, VSV
purified from the basal medium. X, nonglycolipid material that could be
separated from the labeled glycolipids by chromatography on Sephadex
LH-20.

hexoside fraction was galactosylceramide. Thus, clone
BG11 and strain II MDCK cells differ markedly in cera-
mide monohexoside composition, even though the glyco-
lipid patterns of these two cell sources are very similar in
other respects, as we previously described (10).

The pattern of neutral glycolipids released into the
basal medium during the labeling period and recovered in
the high speed pellet (Fig. 1, lane 5) was nearly identical
to the cellular pattern. In contrast, the glycolipid patterns
of both the high speed pellet and supernatant from the ap-
ical medium (Fig. 1, lanes 2 and 3, respectively) were
depleted of ceramide monohexosides as compared to the
cellular pattern. Similarly, influenza virus PR8, purified
from the apical medium following viral infection, also had
a reduced level of ceramide monohexosides (Fig. 1, lane
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4). The basis of these differences in the ceramide mono-
hexoside region was revealed by chromatography on
borate-impregnated TLC plates (Fig. 2). Samples taken
from the apical medium, namely the apical pellet, super-
natant, and PR8 virus preparations (Fig. 2, lanes 2, 3,
and 4, respectively) had reduced contents of galactosyl-
ceramide relative to glucosylceramide while galactosylcer-
amide was more abundant in the basolateral pellet, super-
natant, and VSV samples (Fig. 2, lanes 5, 6, and 7,
respectively). These observation are quantitated in Table 1
and discussed in the following section.

Another major difference in neutral glycolipid patterns
between cells and released material was that both the apical
and basolateral supernatants (Fig. 1, lanes 3 and 6,
respectively) were enriched in the slower migrating band
of the Forssman doublet as compared to the patterns of
the cells or high speed pellets. We previously reported that
the faster Forssman band contained mainly C24 fatty
acids while the slower band was composed of C16 and C18
fatty acids (10). Thus, the shedding of Forssman was con-

b( W8 - - -
C el
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Fig. 2. HPTLC pattern of [*H]galactose-labeled neutral glycolipids
from MDCK clone BGI1 cells separated on a borate-impregnated plate.
Cells were labeled and glycolipids were extracted as described in the
legend to Fig. 1. Aliquots of neutral glycolipids (5000 cpm per lane in
lanes 1-3, 5, and 6; 3000 cpm in lane 4; and 2000 cpm in lane 7) were
separated on a borate-impregnated HPTLC plate in solvent C with stan-
dards: 1) glucosylceramide; b) galactosylceramide; and c) ceramide di-
hexoside. O, origin; f, solvent front. Bands were visualized by fluorogra-
phy using Enhance spray with exposure to X-ray film at -80°C (9 days
for lanes 1-3, 5 and 6; and 21 days for lanes 4 and 7). Lanes: 1, cells;
2, apical medium 150,000 g pellet; 3, apical medium 150,000 ¢ superna-
tant; 4, influenza strain PR8 purified from the apical medium; 5, basal
medium 150,000 g pellet; 6, basal medium 150,000 g supernatant; and
7, VSV purified from the basal medium. The mobility of bands in lane
7 was slightly greater than other lanes due to variation in chromatogra-
phy conditions.
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sistent with a pattern that we had previously observed in
lymphoma cells (21), namely, the release of less polar spe-
cies of each glycolipid in a form that could be pelleted
while more polar species were enriched in the high speed
supernatant (see Discussion). This pattern of supernatant
enrichment of more polar glycolipid species was visible in
glucosylceramide as well (Fig. 2, lanes 3 and 6). Karlsson,
Samuelsson, and Steen (16) indicated that the basis for
separation of the three glucosylceramide bands on borate
TLC was due to the presence of one free hydroxyl
group in the ceramide structure of the fastest band, two
in the middle band, and three in the slowest band. We
have not determined the lipid composition of these glyco-
lipid species from MDCK cells to date. However, we did
verify that each of the three glucosylceramide bands con-
tained only glucose and that the galactosylceramide
region contained only labeled galactose (data not shown);
this was accomplished by Iatrobead column chromatogra-
phy and preparative TLC purification of individual bands
followed by acid hydrolysis as described in Materials and
Methods.

We previously identified (10) the three major acidic
glycolipid species of BG11 cells as a major Gys doublet,
a sulfatide doublet, and a sulfated ceramide dihexoside
doublet (Fig. 3, lane 1). The acidic glycolipid patterns of
both apical and basolateral high.speed pellets were identi-
cal to the whole cell pattern (Fig. 3, lanes 2 and 4). The
acidic glycolipid patterns of high speed supernatants,
however, were relatively enriched in the slower migrating
species of both the sulfated lactosylceramide and the Gy
doublets (Fig. 3, lanes 3 and 5). Thus, the phenomenon
of enrichment in the high speed supernatants of the more
polar forms of each glycolipid species extends to acidic as
well as neutral glycolipids in MDCK cells.

Quantitation of [3H]galactose-labeled glycolipids

As shown in Table 1, 54% of the total (apical plus
basolateral) neutral and acidic glycolipids labeled with
[*H]galactose was released into the basal compartment
during the labeling period. Among the individual glyco-
lipids analyzed, ceramide dihexoside, Forssman, Gys,
and sulfated glycolipids all exhibited a similar pattern of
release. In the ceramide monohexoside region, however,
galactosylceramide release was significantly more basally
oriented than any of the other glycolipids including glu-
cosylceramide (Table 1).

A comparison of the relative quantities of labeled
glucosylceramide and galactosylceramide in BGI1 cells
and samples derived from the apical and basolateral
domains is shown in Table 2. The ratio of labeled
glucosylceramide to galactosylceramide released from the
basolateral membrane was slightly but not significantly
reduced from the cell values (Table 2). In striking con-
trast, the ratios for apically shed glycolipids and for
influenza viruses harvested from the apical medium after
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Fig. 3. HPTLC pattern of [*H]galactose-labeled acidic glycolipids
from MDCK-BGI1 cells. Acidic glycolipids were isolated from cells that
were labeled metabolically as described in the legend to Fig. 1. Aliquots
of acidic glycolipids (1000 cpm per lane) were separated in solvent A with
standards: a) sulfatide; b) sulfated lactosylceramide; c) ganglioside
GM3; d) ganglioside GMI; and e) ganglioside GT. Fluorographic ex-
posure was at —80° for 42 days. Lanes: 1, cells; 2, apical medium
150,000 g pellet; 3, apical medium 150,000 ¢ supernatant; 4, basal
medium 150,000 g pellet; and 5, apical medium 150,000 ¢ supernatant.
The unidentified material near the solvent front in lanes 3 and 5
migrated faster than any glycolipid standards.

viral infection were approximately twice as high as the cell
values. As shown in Table 1 and Fig. 4, all other
glycolipids analyzed had patterns of release that were very
similar to that of glucosyl ceramide. Thus, the apical
domain of BG11 cells was roughly twice as enriched in all
other glycolipids relative to galactosylceramide as the
basolateral domain.

Release of sulfated sterol

As we have shown previously (10), the sulfolipids of
BG11 cells consisted of major sulfatide and sulfated lac-
tosylceramide doublets, and in agreement with the results
of Ishizuka et al. (13), included a minor species migrating
in the cholesterol sulfate region (Fig. 5, lane 1). The pat-
terns of sulfolipids extracted from both apical and baso-
lateral high speed pellets (Fig. 5, lanes 2 and 4) were iden-
tical to the cellular sulfolipid pattern. In striking contrast,
the high speed supernatants were greatly enriched in a
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TABLE 2. Ratio of labeled glucosyl ceramide to galactosyl cera-
mide in samples from MDCK clone BG11 cells

Ratio of Glucosyl Ceramide to
Galactosyl Ceramide

Cells 2.41 + 0.11 (n = 5)
Influenza
PRS 5.63 ¢ 0.05
WSN 3.76 + 0.5
Apically released glycolipids
150,000 g Supernatant 5.05 + 0.4 (n = 4)
150,000 g Pellet 447 + 0.35 n =4
Combined 4.61 ¢+ 0.28 (n =4
VsV 2.19 + 0.08
Basally released glycolipids
150,000 g Supernatant 1.99 + 0.12 (n =49
150,000 g Pellet 1.92 ¢+ 0.15 (n =4
Combined 1.95 + 0.13 (n =4

Neutral glycolipid samples were prepared from BG11 cells metaboli-
cally labeled with [*H]galactose. Data were obtained by scraping and
counting the glucosyl- and galactosylceramide bands separated on borate-
impregnated TLC plates as shown in Fig. 2. Values represent the
mean t+ SEM for the number of separate experiments indicated by n,
except for the virus values which represent duplicate analyses of one ex-
periment (mean t range) each for PR8, WSN, and VSV. Glucosylcer-
amide values were corrected for the relative specific activity of {*H]galactose
in glucose compared to galactose as described in Materials and Methods.
The ratio of labeled glucosylceramide to galactosylceramide in the cells
was similar to the ratio of the chemical quantities of these two glycolipids
of 2.08 + 0.02 determined by densitometry of orcinol stained bands.

*P < 0.01 when comparing combined apically released glycolipids to
either cells or combined basally released glycolipids (unpaired Student’s
t-tests). The ratio for basally released glycolipids was not significantly differ-
ent from that of the cells (P > 0.05).

triplet of sulfolipids migrating in the cholesterol sulfate
region (Fig. 5, lanes 3 and 5). Although the structure of
this apparent sulfated sterol has not been determined as
yet, the material comigrated with cholesterol 3-sulfate not

only in solvent B, as shown in Fig. 5, but also solvent A
(data not shown). The release of this sulfated sterol was
more basally polarized than any of the glycolipids, with
81% of the released material being found in the basal
compartment (Table 1). Sulfated sterol release also dif-
fered from the release of glycolipids in that twice as much
sulfated sterol was released into the medium as was present
in the cells at the end of the labeling period (Table 1). In
addition, approximately 35% of the shed glycolipid label
was found in the high speed supernatant, whereas more
than 95% of the released sulfated sterol was recovered in
the high speed supernatant.

DISCUSSION

In MDCK cells, several plasma membrane proteins
have been shown, within the limits of detection of the ex-
perimental methods, to be localized exclusively to the
basolateral domain whereas apical proteins were less com-
pletely polarized (reviewed in ref. 2). In contrast to the ex-
amples of strongly polarized proteins, differences in distri-
bution of lipids between apical and basolateral domains of
epithelia generally have been less striking; glycolipids in
particular have been found to be enriched in the apical
domain of several epithelial (summarized in ref. 4). In the
present study we characterized the release of labeled
glycolipids from polarized MDCK cells, either in the
form of endogenously shed material or in budding
viruses. These data allow us to estimate the polarity of in-
dividual glycolipids in these cells.

von Bonsdorff, Fuller, and Simons (22) reported that
the ratio of basolateral to apical membrane areas of
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culture medium. The apical domain was roughly twice as enriched in all glycolipids relative to galactosylceramide as the basolateral domain. Data
presented as the mean values for four separate experiments with the bars representing SEM.
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Fig. 5. HPTLC pattern of **SO,-labeled glycolipids. BG11 cells were
plated on nitrocellulose filters as described in the legend to Fig. 1 except
that the cells were metabolically labeled in medium containing 5 uCi
H,**SO, per ml. Aliquots of total glycolipids (2000 cpm) were separated
in solvent B with standards: a) cholesterol sulfate; b) dehydroepi-
androsterone 3-sulfate; c) sulfatide; d) ceramide dihexoside; e) sulfated
lactosylceramide; and f) ceramide trihexoside. Fluorographic exposure
was for 5 days at —80°C. Lanes: 1, cells; 2, apical medium 150,000 g
pellet; 3, apical medium 150,000 g supernatant; 4, basal medium 150,000
¢ pellet; and 5, basal medium 150,000 g supernatant.

MDCK strain II cells was four to one. If release of compo-
nents were strictly proportional to surface area, then 80%
of the total released quantity of each nonpolarized compo-
nent would be found in the basolateral compartment.
Thus, from our data in Table 1, galactosylceramide and
the sulfated sterol would be considered to be nonpolarized
while the concentration of remaining glycolipids would be
roughly three- to fourfold higher in the apical than the
basolateral domain. However, studies of the secretion of
proteins from MDCK cells grown on nitrocellulose filters
indicate that a much higher percentage of nonpolarized
components is released into the apical compartment than
would be predicted from relative surface areas. Kondor-
Koch et al. (23) found roughly equal amounts of trans-
fected lysozyme secreted from strain II cells into the
apical and basal compartments, whereas Gottlieb et al.
(24) reported that for several transfected proteins approxi-
mately 60-65% of the total secreted protein was found in
the basolateral side of the chamber. As described in the
Results, we have found that the high speed pellet from the
basolateral culture medium contained 59% of the total

(apical plus basolateral) pellet protein. When considered
together, these findings suggest that a more realistic figure
for release of nonpolarized membrane components would
be 60% of the total being found in the basolateral com-
partment. Based on these latter considerations, galactosyl-
ceramide would be strongly polarized (P < 0.01) to the
basolateral domain while the other glycolipids would be
slightly enriched in the apical domain.

Regardless of the above considerations of the definition
of quantitative polarity, our data indicate that galactosyl-
ceramide is significantly more basally oriented than the
other glycolipids studied (Tables 1 and 2 and Fig. 4). Un-
like the emerging evidence concerning the mechanisms
responsible for protein polarity (3, 25), very little is
known about the means by which membrane lipid distri-
butions are generated. One possible mechanism could in-
volve specific proteins that transport or translocate lipids.
Cytoplasmic lipid transfer proteins, some of which have
specificity for different lipid classes including glycolipids
(26-28), could result in the net accumulation of certain
lipids in a particular domain. Other proteins, which
translocate lipids to the opposite monolayer of the lipid
bilayer in the endoplasmic reticulum (29) and in human
erythrocytes (30), could markedly effect the distribution
of lipids in plasma membrane domains.

Another explanation for the generation of lipid polarity
is that lipids partition into different membranes based on
the affinity of membrane proteins for specific lipid classes.
Several proteins have been shown to exhibit preferential
binding to specific lipid classes (31, 32). Thus, the lipid
polarity would be a consequence of protein polarity. The
observed difference in galactosylceramide polarity could
be the result of galactose-specific binding proteins, like the
asialoglycoprotein receptor (33), which could direct the
distribution of lipids bearing terminal galactose residues.

Alternatively, Coste, Martel, and Got (34) recently
showed that in Golgi membranes from porcine submaxil-
lary glands glucosylceramide and glucosyltransferase
were oriented on the cytoplasmic surface while glyco-
protein galactosyltransferase was on the luminal side.
Future studies will be required to determine whether
glucosylceramide and galactosylceramide and their syn-
thetic enzymes differ in their orientation in MDCK cells.
Such topological differences could be related to the differ-
ences in polarity of these glycolipids that we have observed
in the present study.

Although shedding of glycolipids from tumor cells has
been proposed to be of clinical significance (35), the
mechanisms responsible for shedding of membrane com-
ponents are not well understood (36). We previously
showed that glycolipids were shed from mouse lymphoma
cells in two forms, one of which was pelleted at high
speed, had a high molecular mass (>40 x 10° daltons),
and had a glycolipid profile identical to that of the cell
plasma membrane (21). We concluded that this form
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represented membrane vesicles which in the case of
MDCK cells could be used as a means of sampling the
respective plasma membrane domain from which they
were released. The second form remained in the high
speed supernatant, was of a size consistent with the
glycolipids being bound to plasma proteins, and was en-
riched in the more polar forms of each glycolipid species
(21). With regard to the present studies on MDCK cells,
the high speed pellet material may consist of vesicles
released from the respective plasma membrane domain.
We can only speculate that the high speed supernatant
material may result from release of the more polar forms
of each lipid species in a nonmembrane bound form,
perhaps due to a secretion process.

A sulfated sterol was released from BGI11 cells in a more
basally polarized manner than any of the glycolipids
(Table 1). Based on comigration with cholesterol sulfate in
two solvents and the previous identification of cholesterol
sulfate in MDCK cells (13), we have tentatively identified
this compound as cholesterol sulfate. A variety of func-
tions for cholesterol sulfate have been proposed (37). In
most studies cholesterol sulfate has been described as a
plasma membrane component (37, 38). However, the pat-
tern of release of the sulfated sterol in our system was very
different from that of the glycolipids (Table 1). Twice as
much suifated sterol was released into the medium as was
present in the cells at the end of the labeling period. Also,
nearly all of the released sterol sulfate was present in the
high speed supernatant of the medium. These findings
suggest that cholesterol sulfate may be released from
MDCK cells in a nonmembrane bound form. Our results
may differ from earlier studies because cholesterol sulfate
may be more readily released from cells growing on the
filters that we used, whereas it may be trapped in the
extracellular matrix when released from cells cultured on

plastic dishes.0
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