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Apical and basolateral proteins are maintained within
distinct membrane subdomains in polarized epithelial
cells by biosynthetic and postendocytic sorting pro-
cesses. Sorting of basolateral proteins in these processes
has been well studied; however, the sorting signals and
mechanisms that direct proteins to the apical surface are
less well understood. We previously demonstrated
that an N-glycan-dependent sorting signal directs the
sialomucin endolyn to the apical surface in polarized
Madin-Darby canine kidney cells. Terminal processing
of a subset of endolyn’s N-glycans is key for polarized
biosynthetic delivery to the apical membrane. Endolyn
is subsequently internalized, and via a cytoplasmic tyro-
sine-based sorting motif is targeted to lysosomes from
where it constitutively cycles to the cell surface. Here, we
examine the polarized sorting of endolyn along the post-
endocytic pathway in polarized cells. Our results suggest
that similar N-glycan sorting determinants are required
for apical delivery of endolyn along both the biosynthetic
and the postendocytic pathways.

Key words: polarized trafficking, endocytosis, sialic acid

Received 09 June 2005, revised and accepted for publica-
tion 18 October 2005, published on-line 18 November 2005

Crucial to the function of polarized epithelial cells is the
ability to sort proteins along both the biosynthetic and the
post endocytic pathways to generate and preserve distinct
populations of membrane proteins at their apical and baso-
lateral membrane domains. Intense research has been
focused on identifying sorting signals within proteins as
well as the cellular sorting machinery responsible for tar-
geting proteins to the correct domain. This has led to a
greater understanding of how proteins are sorted along
the biosynthetic pathway. Basolateral sorting is generally
dependent on cytoplasmic peptide-sorting sequences,
some of which conform to tyrosine- and dileucine-based
motifs (1). Understanding apical sorting, on the other
hand, has been more elusive. Proposed apical sorting
signals include glycosylphosphatidylinositol (GPI) lipid
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anchors, specific amino acid sequences within the
transmembrane or cytoplasmic domains of proteins, and
both N- and O-glycans (1-3).

Polarized sorting of newly synthesized proteins into dis-
tinct transport carriers has been demonstrated to occur in
the trans-Golgi network (TGN) in Madin-Darby canine kid-
ney cells (MDCK). More recently, it has been shown that
biosynthetic sorting of some proteins may occur within
endosomal compartments as well (4-6). Tyrosine- and
dileucine-based motifs can interact with adaptor protein
complexes in these compartments to direct proteins to
endosomes, lysosomes or the basolateral cell surface (7).
The association with glycolipid-enriched microdomains in
the Golgi complex may facilitate the concentration of GPI-
anchors and proteins whose apical sorting signals reside in
their transmembrane domains into apically destined trans-
port carriers (8). The sorting of some apical proteins is
glycan-dependent; however, the underlying mechanisms
that direct apical sorting have yet to be identified.

In addition to polarized biosynthetic delivery, the mainte-
nance of cellular polarity requires efficient sorting of
proteins along the postendocytic pathway. After internali-
zation from the apical or basolateral cell surface, proteins
can be recycled back to the appropriate cell-
surface domain, transcytosed to the opposing membrane
domain or be targeted to late endosomes and lysosomes.
A significant fraction of apically and basolaterally internal-
ized cargoes is known to intermix in common endosomes
prior to recycling; thus, there must exist cellular sorting
mechanisms in this compartment that enable efficient
polarized segregation of distinct proteins (9,10).

An obvious question of interest is whether polarized sort-
ing in the postendocytic pathway requires the same sig-
nals used to direct proteins along the biosynthetic
pathway. In the case of basolateral proteins, studies
have demonstrated that the postendocytic sorting signals
of the polymeric immunoglobulin receptor and the low-
density lipoprotein receptor are similar to those that direct
their polarized delivery along the biosynthetic pathway
(11,12). In contrast, basolateral biosynthetic and posten-
docytic sorting signals in the transferrin receptor are con-
tained within the same cytoplasmic region of the protein
but are not identical (13). Whether similar or distinct apical
sorting determinants operate along the biosynthetic and
the postendocytic pathways has been unexplored.

Our previous studies have focussed on dissecting the
trafficking signals that govern polarized biosynthetic



trafficking of endolyn, a sialomucin that localizes to lyso-
somes and apical membranes in polarized MDCK cells
(14). Lysosomal targeting of endolyn is conferred by a
tyrosine-based tetrapeptide motif in the cytoplasmic tail
of the protein (14,15); however, along the biosynthetic
pathway, the basolateral/lysosomal sorting information in
this signal is largely overridden by N-glycan-dependent
apical sorting information in the lumenal domain of the
protein (14,15). Biosynthetic apical sorting of endolyn
requires specificity in both the structure and the position
of N-glycans (16) and appears to be lipid raft-independent
as endolyn is soluble in cold TX-100 (14). Because a sig-
nificant fraction of endolyn recycles to the apical surface
after internalization from the surface, we have used this
protein as a model to examine the requirements for N-
glycans in postendocytic sorting. Our data suggest that
endolyn is efficiently recycled from endosomes and lyso-
somal compartments to the apical surface and that polar-
ized postendocytic sorting of this protein relies on the
same N-glycan-dependent sorting information that is
important for its polarized biosynthetic delivery. Endolyn
is thus the first apical protein shown to use the same
sorting signals in both the biosynthetic and the postendo-
cytic pathways.

Results

Internalization of endolyn is not affected by
perturbation of terminal glycosylation

Our previous studies demonstrated that mutants of endo-
lyn lacking N-glycans at positions 68 and 74, or endolyn
synthesized in the presence of the mannosidase inhibitors
kifunensine (KIF) or deoxymannojirimycin were delivered
in a non-polarized manner to the plasma membrane of
polarized MDCK cells (16). To determine whether these
structural features are also important for sorting of endo-
lyn along the endocytic pathway, we first characterized
the entry kinetics of endolyn from the apical plasma mem-
brane, because glycosylation status has been demon-
strated to affect the internalization rate of some proteins
(17,18). Internalization of endolyn from clathrin-coated pits
is mediated by a tyrosine-based tetrapeptide motif in its
cytoplasmic tail that also functions as the lysosomal-
targeting signal for this protein (14,15,19). Using a stan-
dard biotinylation-based endocytosis assay to quantitate
the kinetics of endolyn internalization, we determined
that the initial rate of wild-type endolyn internalization
from the apical surface was roughly 1% per minute
(Figure 1). A similar rate was observed when using an
antibody uptake assay (data not shown). This is compar-
able to the rate measured for apical internalization of a
mutant influenza hemagglutinin protein that contains a
tyrosine-based internalization motif (20). We next mea-
sured the internalization kinetics of endolyn synthesized
in the presence of KIF, as well as endolyn whose N- and
O-glycans were desialylated by cell-surface treatment
with neuraminidase. Treatment with KIF or neuraminidase
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Figure 1: Endolyn is efficiently internalized. Polarized endolyn-
expressing MDCK cells were radiolabeled for 2 h in the presence
or absence of KIF and chased for 15 min prior to biotinylating the
apical surface with sulfo-NHS-SS-biotin. Where indicated, filters
were then incubated with apically added NA on ice. The cells
were rapidly warmed to 37 °C for 0, 5 or 15 min, and biotin was
stripped from the surface using MESNA. One of the 0-min sam-
ples was left unstripped to extrapolate the total amount of endo-
lyn initially present at the apical surface. The cells were
solubilized, and the biotinylated fraction of endolyn was recovered
and analyzed as described in Materials and Methods. Quantitation
of the data are shown below.

altered the mobility of endolyn on SDS-PAGE as predicted;
however, the internalization rate of endolyn over 15 min
was similar to control conditions in either case (Figure 1).
Thus, the rate of internalization of endolyn appears to be
largely independent of its terminal glycosylation status.

Endolyn recycles from common recycling endosomes
and late endocytic compartments

Once internalized into apical early endosomes, endolyn
could be recycled back to the cell surface or be targeted
deeper into the endocytic pathway towards lysosomes.
Our previous studies following the fate of internalized
radioiodinated anti-endolyn antibodies suggest that both
events occur to a significant extent (14). The majority of
the fraction that is not recycled from early compartments
is efficiently targeted to lysosomes; however, because the
internalized antibodies are degraded in this compartment,
potential recycling of endolyn from late endosomes and
lysosomes cannot be detected using this assay.
Nevertheless, there is good evidence that endolyn
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constitutively recycles from these deeper endocytic com-
partments. Because they are accessed by both apically
and basolaterally internalized proteins, the return of endo-
lyn from late endosomes and lysosomes to the apical
membrane would require active polarized sorting.

To test whether apically internalized endolyn enters com-
mon endosomes, iron-loaded canine transferrin and pre-
bound anti-endolyn antibody were cointernalized from the
basolateral and apical surfaces, respectively, for 45 min at
37 °C prior to fixation and subsequent processing for indir-
ect immunofluorescence. Modest co-localization of these
two cargo molecules was observed in confocal sections
taken through the medial portion of the cells (Figure 2),
consistent with the reported distribution of common endo-
somes (10). No co-localization was seen at or above the
level of the tight junctions (apical) or just above the filter
support (basal). Thus, at least a fraction of apically inter-
nalized endolyn gains access to common endosomes
from which it must be actively sorted prior to return to
the apical cell surface.

In addition to recycling from early and common endo-
somes, there is evidence that endolyn constitutively
recycles from lysosomes. lhrke et al. (2004) (19) demon-
strated that inhibition of AP-2-mediated endocytosis upon
overexpression of dominant-negative AP-180 in 3T3 cells
resulted in the redistribution of endolyn from lysosomes to
the cell surface. To examine recycling from late compart-
ments more quantitatively, we used domain selective bio-
tinylation to quantitate the fraction of newly synthesized
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radiolabeled endolyn that was present at the plasma mem-
brane (apical and basolateral) of MDCK cells over a long
chase period (Figure 3). Endolyn-expressing cells were
radiolabeled for 2 h, then chased and biotinylated 0, 6 or
21 h later. These experiments were performed using filter
pairs of endolyn that were biotinylated apically or basolat-
erally; the biotinylated fraction was calculated as the total
percentage biotinylated in each filter pair. Initially after the
radiolabeling period, roughly 20% of endolyn was present
at the cell surface. After 6 h of chase, this fraction
decreased to approximately 8%, consistent with the inter-
nalization and lysosomal delivery of newly synthesized
endolyn. This appears to represent the steady-state distri-
bution of endolyn between cell surface and intracellular
pools in these cells, as the same percentage of presynthe-
sized endolyn was detected at the cell surface after 21 h of
chase. Given the internalization rate of endolyn that we
measured and the relatively long half-life of the protein
(approximately 21 h), our data suggest that endolyn
recycles from both early and late endocytic compartments
and requires the active segregation from basolateral cargo.

Endolyn does not recycle via the TGN

In a few cases, apically internalized proteins have been
shown to recycle via the TGN (21). While the short cyto-
plasmic tail (13 aa) of endolyn is unlikely to contain a TGN-
targeting signal, it was important to rule out the possibility
that polarized postendocytic sorting of this protein occurs
in this compartment. To determine whether internalized
endolyn returns to the TGN, we used both immunofluor-
escence and biochemical approaches (Figure 4). In our

Figure 2: Apically internalized endo-
lyn co-localizes with basolaterally
internalized transferrin in endo-
somes. Anti-endolyn antibody was pre-
bound to the apical surface of polarized
endolyn-expressing MDCK cells for 1 h
L on ice. After washing, cells were
warmed to 37 °C in the presence of
basolaterally added iron-loaded transfer-
rin for 45 min. Cells were then fixed,
permeabilized, processed for indirect
immunofluorescence to detect endolyn,
transferrin and the tight junction marker
Z0-1 and examined by confocal micro-
scopy. Single optical sections taken at
the tight junction (apical), immediately
below the tight junction, and near the
basal surface are shown. The individual
staining patterns for endolyn (red) and
transferrin  (green) are shown, along
with merged images that include the
Z0-1-staining pattern. Co-localization
(arrows) between endolyn and transfer-
; rin was observed only in medial sections.
2o} Scale bar: 4 um.

Apical

Basolateral
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25 and the cells were then warmed to 37 °C for 45 min.
After fixation and permeabilization, cells were pro-
20;' cessed for double-label indirect immunofluorescence to
T detect endolyn and either the TGN marker furin
é 154 (Figure 4A) or the G.olgli complex marker gigntin .(not
> shown). No co-localization was observed with either
3 marker, suggesting that endolyn does not traffic back
3 104 to the TGN. Moreover, no co-localization was observed
° * . ] when the internalization step was performed for 4 h at
5 - 20 °C to retain any retrieved proteins in the TGN (not
shown).
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In the biochemical approach, we determined whether
Time endolyn desialylated at the cell surface could be resialy-
lated upon return to culture for up to 21h.
Sialyltransferases reside in the distal compartments of
the Golgi complex, and this approach has previously
been used to document recycling of proteins via the TGN

Figure 3: Newly synthesized endolyn recycles to the cell sur-
face over a long chase period. Polarized MDCK cells stably
expressing endolyn were radiolabeled for 2 h then chased for 0,
6 or 21 h. At each time-point, cells were biotinylated. The total

percent of presynthesized endolyn that was biotinylated at the in other cell types (21'_22)‘ Both the apical a“q the baso-
plasma membrane (apical + basolateral) at each time-point is lateral surfaces of polarized MDCK cells were biotinylated,
plotted (mean = +/~SEM; n = 17-22). and then subsequently treated with neuraminidase on ice.

The cells were returned to culture at 37 °C for 0-21 h,
immunofluorescence approach, the apical surfaces of solubilized, and then immunoprecipitated with anti-endo-

polarized MDCK cells stably expressing endolyn were lyn antibody. The biotinylated fraction was isolated using
preincubated with anti-endolyn antibody for 1 h on ice, streptavidin-agarose and examined by SDS-PAGE. Similar
A Endolyn Furin Merge

Endolyn
B Oh 2h  4h 6h 21h Oh
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Figure 4: Internalized endolyn does not transit the TGN. (A) Anti-endolyn antibody was prebound to the apical surface of MDCK cells
for 1 h on ice, and the cells were rapidly warmed to 37 °C for 45 min. After fixation, cells were processed for indirect immunofluores-
cence to visualize endolyn (red) and the TGN marker furin (green) and examined by confocal microscopy. A supranuclear section
containing the Golgi complex is shown. Scale bar: 8 um (B) Polarized MDCK cells stably expressing endolyn or MUC1 were radiolabeled
for 2 h or overnight, respectively. Both the apical and basolateral surfaces were biotinylated on ice, and the indicated samples were
incubated on ice with NA to desialylate cell-surface proteins. The cells were returned to culture for 0-21 h, then solubilized, and the
biotinylated pool of endolyn recovered and analyzed by SDS-PAGE. The decrease in mobility of desialylated endolyn relative to wild-type is
characteristic of mucin-like proteins. A dotted line is drawn through the center of the 0 h time-point to emphasize the presence or
absence of a shift in electrophoretic mobility. Similar results were observed in three experiments for each construct.
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to other mucin-like proteins, efficient desialylation resulted
in significantly slower mobility upon SDS-PAGE due to a
decrease in the overall negative charge of endolyn
[Figure 4B, compare 0 h £+ neuraminidase (NA) lanes]. The
stability of desialylated endolyn over the 21-h time—course
was significantly lower than that of wild-type endolyn (not
shown), presumably reflecting enhanced degradation of the
protein upon delivery to lysosomes; however, we could
follow the radiolabeled, biotinylated protein for at least 6 h.
No shift in electrophoretic mobility of desialylated endolyn
was observed during this period, confirming that recycling
endolyn is unlikely to access sialyltransferase-containing
compartments. This result was also confirmed by isoelectric
focusing (not shown). To verify that our approach could
indeed detect the recycling of a protein through the TGN,
we examined the trafficking of the transmembrane mucin
MUCT. Litvinov and Hilkens (23) previously showed that a
premature desialylated form of MUC1 is delivered to the
surface of non-polarized cells and then subsequently sialy-
lated after multiple rounds of internalization and recycling via
the TGN. Consistent with this, we reproducibly observed a
shift in the electrophoretic mobility of desialylated cell-
surface MUC1 in stably transfected MDCK cells after
returning to culture for 6 h (Figure 4B).

Polarized recycling of endolyn is N-glycan-dependent
We next sought to determine whether postendocytic deliv-
ery to the cell surface requires the same N-glycan-dependent
apical sorting information we have shown to be important
for biosynthetic sorting. To determine whether terminal
processing is important for postendocytic sorting of endo-
lyn, we compared the surface polarity of newly synthesized
endolyn synthesized in the absence or presence of KIF over
a long time—course during which multiple rounds of recy-
cling would occur. Polarized MDCK cells stably expressing
endolyn were radiolabeled with [*®S]-cysteine for 2 h, then
chased for 0, 6 or 21 h. Kifunensine was included in the
indicated samples during the starve and radiolabeling steps
but omitted from the chase. At each time-point, cells were
subjected to domain-selective biotinylation, then solubilized,
and the polarity of the presynthesized endolyn was deter-
mined as described in Materials and Methods. Figure bA
depicts the possible outcomes of these experiments: if
N-glycans are not important for postendocytic sorting, we
predict that newly synthesized proteins that are initially
delivered in a non-polarized manner would gradually regain
a polarized distribution upon multiple rounds of recycling. In
contrast, if the same N-glycan-dependent signal is important
for biosynthetic and postendocytic sorting, then those pro-
teins that are initially delivered in a non-polarized manner
would maintain a non-polarized distribution after numerous
rounds of recycling.

Our results conform to the second scenario. Endolyn
maintained a polarized distribution (approximately 70%
apical) throughout the time-course, confirming that the
wild-type protein is preferentially returned to the apical
surface after internalization. When endolyn was
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Figure 5: Polarized postendocytic sorting of endolyn is N-
glycan-dependent. (A) A schematic illustrating the predictions
for the long time—course polarity experiments. Kifunensine-
treated endolyn and NG68A/N74A are initially delivered to the
plasma membrane of polarized cells in a non-polarized fashion. If
an N-glycan-independent signal is required for polarized posten-
docytic sorting (left-hand panel), then endolyn constructs that are
initially delivered to the surface in a non-polarized manner will
gradually redistribute apically. In contrast, if N-glycans are
required for polarized postendocytic sorting (right hand panel),
then proteins initially delivered in a non-polarized manner will
retain their non-polarized distribution over multiple rounds of recy-
cling. (B) The polarity of endolyn and glycosylation mutants is
maintained over long chase periods. Polarized MDCK cells expres-
sing endolyn, the N68A/N74A mutant (which lacks N-glycans at
positions 68 and 74) or endolyn synthesized in the presence of
KIF were radiolabeled for 2 h, and then chased for 0, 6 or 21 h
prior to domain-selective biotinylation. The percentage of total
biotinylated endolyn present at the apical surface at each time-
point is plotted (mean + SEM; n = 17-22). There is no statistical
difference in the surface distribution of wild-type, KIF-treated or
mutant endolyn after 21 h relative to their initial delivery.

synthesized in the presence of KIF, it was delivered in a
non-polarized manner, similar to our previous observation
(Figure 5B, 52% apical) and, importantly, we observed no
change in its distribution over the 21-h chase period. The
consistent difference we observed in the distribution of
wild-type and incorrectly glycosylated endolyn is not a
reflection of altered trafficking rates or reduced stability
of KIF-treated endolyn, as both proteins have long half-
lives (>18 h) and are internalized and recycled with similar
rates. Thus, the continued non-polarized distribution of
KIF-treated endolyn after numerous rounds of
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internalization and recycling suggests that the absence of
terminally processed N-glycans prevents polarized sorting
of this protein along the postendocytic pathway.

We also examined the behavior of mutant endolyn miss-
ing the two N-linked glycans at positions 68 and 74 (N68A/
N74A), which shows reduced biosynthetic apical polarity
(16). Although this mutant is cleaved intramolecularly over
time and is therefore less stable than wild-type endolyn
(t12 < 6; data not shown), we were able to monitor the
cell-surface polarity of newly synthesized intact N68A/
N74A over a 21-h chase period (Figure 5B). The initial
polarity of N6BA/N74A was 53% apical, similar to that of
KIF-treated endolyn, and the distribution of this mutant
remained non-polarized during the time—course. Taken
together, these data suggest that similar N-glycosylation
requirements govern the efficiency of endolyn sorting
along the biosynthetic and the postendocytic pathways.

Postendocytic apical sorting of endolyn relies on
terminal sialylation

If glycosylation directs polarized postendocytic sorting of
endolyn, then acute perturbation of endolyn glycans at the
apical cell surface might result in redistribution of the
protein. Because we previously implicated terminal pro-
cessing of N-glycans in the proper biosynthetic sorting of
endolyn, we asked whether cell-surface treatment with
neuraminidase would interfere with postendocytic apical
sorting of the protein. Polarized MDCK cells stably expres-
sing endolyn were radiolabeled for 2 h, chased for
10-15 min, and the apical sides of the filters were treated
with or without neuraminidase. The cells were then
returned to culture for 0 or 2 h and biotinylated to deter-
mine the polarity of wild-type and desialylated endolyn
(Figure 6). Mock-treated endolyn displayed a primarily api-
cal distribution at both 0 and 2 h. In the samples treated
with NA, efficient desialylation of endolyn was observed in
the apically biotinylated samples at the 0 h time-point
(Figure 6, +NA, 0 h). Importantly, upon return to culture,
a significant fraction of the desialylated endolyn was
rapidly transcytosed to the basolateral surface, consis-
tently resulting in a non-polarized distribution of this pool
of protein. In the neuraminidase-treated samples, we also
noted the appearance of sialylated endolyn at the apical
surface after 2 h; this likely reflects preferential apical
delivery of correctly glycosylated endolyn from both intra-
cellular compartments and basolateral cell surface. Thus,
terminal sialylation of N-glycans may contribute to the
apical sorting determinant that governs polarized sorting
of endolyn along the postendocytic pathway.

Discussion

Our data demonstrate that endolyn recycles constitutively
to the apical surface of polarized MDCK cells via compart-
ments in which it is actively segregated from basolateral
and lysosomal cargo. Moreover, although internalized
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Figure 6: The polarity of endolyn is rapidly altered upon cell-
surface neuraminidase treatment. Madin-Darby canine kidney
cells stably expressing endolyn were radiolabeled, and the apical
surfaces were mock-treated or treated with NA on ice for 1 h.
Subsequently cells were returned to culture at 37 °C for 0 or 2 h,
and the apical (A) or basolateral (B) surface was biotinylated.
Samples were analyzed by SDS-PAGE, and a representative gel
is shown. The mobility of desialylated endolyn is denoted by the
bracket. The apically desialylated pool of endolyn is shifted to a
non-polarized distribution by 2 h. The graph below shows the
polarity of mock-treated and apically desialylated endolyn after
2h in culture (mean + SE; n=10-11). *p < 0.001 versus
mock-treated by Student’s t-test. The dotted line at 50% denotes
the distribution of a non-polarized protein.

endolyn does not recycle through the TGN, the polarized
sorting of endolyn along the postendocytic route depends
on an N-glycan-dependent signal with characteristics simi-
lar to the determinants that are important for polarized
biosynthetic delivery of newly synthesized endolyn. Two
specific N-glycans of endolyn are essential for efficient
apical delivery in both pathways, and in particular, terminal
sugar modifications appear to be key determinants for
apical sorting. Our study is the first to demonstrate a
role for N-glycans in polarized apical recycling.

It has long been thought that polarized biosynthetic
and postendocytic sortings occur in distinct cellular com-
partments in MDCK cells (2). However, recent evidence
suggests that a significant fraction of some newly syn-
thesized basolateral proteins also traverses endosomal
compartments en route to the cell surface (4-6,24).
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Whether the indirect route via an endosomal intermediate
represents a significant pathway for the delivery of endo-
genous apical proteins has not yet been demonstrated.
Thus, it is possible that N-glycan-dependent sorting of
endolyn along the biosynthetic and postendocytic routes
occurs at the same intracellular site. Regardless, our data
demonstrate for the first time that N-glycans can direct
polarized apical sorting within the postendocytic pathway.

After internalization, proteins in polarized cells can be
returned to the same or opposing cell surface (recycling
and transcytosis, respectively) or be targeted deeper into
the endocytic pathway for delivery to lysosomes. Polarized
recycling requires active sorting of internalized cargo and is
essential for maintaining the appropriate cell-surface distri-
bution of membrane proteins. Endocytic sorting of basolat-
eral transmembrane proteins appears to be mediated by
cytoplasmic sorting motifs binding to adaptor protein com-
plex(es) (25,26). However, little is known about the sorting
mechanisms for apical proteins in the postendocytic path-
way. A study in polarized hepatic cells (WIF-B) showed that
during basolateral-to-apical transcytosis, exit of several api-
cal membrane proteins from early endosomes depended
on the presence of cholesterol and glycosphingolipids,
although only some of these proteins were detergent-inso-
luble in cold Triton X-100 (27). Moreover, recent evidence
suggests that some GPI-linked proteins take a transcytotic
route to the apical domain in MDCK cells, rather than a
direct route as previously thought (24). These results sug-
gest that incorporation into lipid rafts may serve as an apical
sorting mechanism both at the TGN and in endosomes;
however, this mechanism may not apply to all apical pro-
teins, and cell-type specific differences may also exist.

In this study, we have examined the signals that govern
apical postendocytic trafficking of the sialomucin endolyn.
After internalization, a large fraction of endolyn is trans-
ported to lysosomes, while a smaller but still significant
proportion is recycled back to the apical surface (14). The
recycling of this latter fraction can occur from common
endosomes, as we have shown that a population of endo-
lyn enters into these compartments and intermixes with
basolateral cargo or from peripheral early endosomes/api-
cal recycling endosomes. In addition, our ability to detect
newly synthesized endolyn at the apical surface over a
long chase period suggests continuous recycling of endo-
lyn from later endocytic compartments including lyso-
somes. Additional evidence for the constitutive cycling of
endolyn between the cell surface and the lysosomes in
non-polarized cells has been previously documented (19).
Trafficking of endolyn from lysosomes to the apical mem-
brane could be direct or via an endosomal intermediate but
in either case must involve active sorting of the protein
from basolaterally destined cargo.

In our previous studies, we examined the fate of apically
and basolaterally internalized radioiodinated anti-endolyn
antibodies (14). This method allows more sensitive
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quantitation of internalization and recycling rates com-
pared with the biochemical methods used in this study.
Unfortunately, the long half-life of endolyn does not allow
us to replace the entire cellular population of wild-type
endolyn with KlF-treated protein and thus precludes the
use of this technigque to compare the trafficking of these
two proteins. However, it is important to note that the rates
of internalization and recycling that we measured for endo-
lyn using biotinylation-based methods are consistent with
our determinations using an antibody approach (data not
shown). We did attempt to use radioiodinated anti-endolyn
antibodies to measure differences in the trafficking rates
between cells stably expressing wild-type endolyn and the
missorted glycosylation mutant N68A/N74A. However,
straightforward interpretation of these experiments was
confounded by the considerably shorter half-life of N68A/
N74A compared with wild-type endolyn (<6 h versus
approximately 21 h), which resulted in significantly less
recycling of antibody internalized from either cell-surface
domain. The decreased stability of NB8A/N74A likely
reflects susceptibility to cleavage within a putative
disulfide-bound loop that houses the two missing glycans.
Moreover, it should be noted that all of the available
anti-endolyn  antibodies recognize reduction-sensitive
epitopes that appear to be localized within the loop domain.
It is, therefore, possible that antibody binding perturbs
recognition by the sorting machinery of glycan-
dependent trafficking signals in this region of wild-type
endolyn.

In our extended time-course experiments, we demon-
strated that KlF-treated endolyn and the N68A/N74A
mutant maintain a non-polarized distribution, suggesting
that the same N-glycan-dependent sorting signal that is
utilized in the biosynthetic pathway also directs polarized
postendocytic sorting. To examine whether glycan-depen-
dent sorting occurs in early endocytic compartments, we
compared the recycling of wild-type or KIF-treated endo-
lyn. We found that approximately 40% of preinternalized
endolyn recycled to the apical surface within 15 min but
could detect no discernable difference in the rate or fide-
lity between the wild-type or the KIF-treated protein. This
suggests that early recycling occurs predominantly from
peripheral apical early/recycling endosomes that do not
receive basolateral cargo and from which recycling to the
apical cell surface may occur by ‘default’. In this model,
polarized sorting of endolyn occurs from compartments
deeper within the cell, such as common recycling endo-
somes and lysosomes. Because a large fraction of endolyn
is efficiently sorted to and recycles from these compart-
ments, these organelles must either have sorting capabil-
ity or correspond with other endosomes where sorting
from basolateral cargo occurs. It is currently not known
whether recycling and polarized sorting can take place in
late endosomes/lysosomes. In any case, our results indi-
cate that return to the apical surface from these ‘deeper’
endocytic compartments is dependent on intact N-glycan
processing of endolyn.
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Our experiments further suggest that terminal sialic acid
residues play an important role in sorting, as acute cell-
surface neuraminidase treatment rapidly redistributed a
population of apical endolyn to the basolateral cell surface.
A previous study suggested that glycan the apical protein
gp114 is mislocalized in galactosylation-deficient ricin resis-
tant cells due to defective terminal glycosylation; however,
in contrast to our observations with endolyn, gp114 mis-
localization was not observed upon deoxymannojirimycin
treatment of wild-type cells (28). Similarly, a role for a-2,3-
linked sialic acid in the biosynthetic apical delivery of
mucins has previously been suggested based on the
effects of pharmacological disruption of glycan synthesis
using Benzyl-N-acetyl-a-galactosaminide (BGN) (29). An ele-
gant recent study from the same group suggests that the
effects of this drug on apical sorting may be due to changes
in the composition and stability of lipid rafts rather than to
altered mucin glycosylation (30), and it is predicted that
similar effects on raft composition would be found in ricin-
resistant cells. Such a mechanism is unlikely to be the
cause for the non-polarized redistribution of endolyn that
we observed when the protein was synthesized in the
presence of KIF or deoxymannojirimycin, or upon
cell-surface treatment with neuraminidase. Because neur-
aminidase desialylates both N- and O-linked glycans, it
remains to be shown whether sialic acids on endolyn’s
O-glycans may facilitate apical sorting. Nonetheless,
because terminal processing of N-glycans is a requirement
for polarized sorting of endolyn in the biosynthetic and
postendocytic pathway, our data are consistent with the
idea that sialylation of N-glycans is important for efficient
recognition of the apical sorting determinant.

The mechanism by which glycosylation-dependent sorting
signals are recognized is not known. Current models pro-
pose that glycans may stabilize a proteinaceous conforma-
tion that confers a transport-permissive structure to a
protein, or alternatively, that glycans are directly recog-
nized by a lectin-like receptor (31). While our data do not
distinguish between these models, our observations sug-
gest that common mechanisms are utilized along both the
biosynthetic and the postendocytic pathways. Future
studies will be required to unravel how these N-glycan-
dependent sorting signals are decoded.

Materials and Methods

Cell lines, antibodies and drug treatments

The generation of MDCK |l cells stably expressing wild-type endolyn and
endolyn glycosylation mutants was described previously (14,16). The o-
mannosidase inhibitor KIF, which prevents terminal processing of N-gly-
cans, was purchased from BIOMOL and used at a concentration of
21.5 um. Cells were pretreated with KIF for 1 h at 37 °C prior to initiating
the pulse-chase protocol and was included during the starve (30 min) and
pulse (2 h) steps. Cell-surface neuraminidase treatment was performed for
2 h at 4 °C using 20 mU/mL «-2-3,6,8-Neuraminidase isolated from Vibrio
cholerae (Calbiochem, La Jolla, CA, USA). Anti-endolyn (mAb 501) was
used at 25 pg/mL; rabbit anti-canine transferrin antibody was a gift from
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Gerard Apodaca; rabbit anti-furin was used at 1:400 dilution (Affinity
Bioreagents, Golden, CO, USA), and rat anti-ZO-1 (1:20) was a gift from
Gerard Apodaca. Affinity purified, minimal cross reacting Alexa-488 and
Alexa-647 conjugated secondary antibodies (Molecular Probes, Eugene,
OR, USA) were used at 1:500 dilution.

Internalization assay

The internalization rate of endolyn was determined using the procedure
described by Altschuler et al. (17). Briefly, endolyn-expressing MDCK cells
plated on Costar 6-well transwells were radiolabeled with [*®S]-cysteine for
2 h and chased for 10-15 min. The apical surface was biotinylated on
ice twice for 10 min with sulfo-NHS-SS-Biotin (0.5 mg/mL; Pierce,
Rockford, IL, USA) in triethanolamine (TEA)-buffered saline (pH 7.6). The
reaction was quenched by washing the cells with culture medium contain-
ing fetal bovine serum. After biotinylation, cells were incubated at 37 °C for
0, 5 or 15 min in HEPES-buffered MEM. After each time-point, cells were
washed with ice cold PBS and the apical surface incubated with sodium 2-
mercaptoethansulfonate (MESNA) to strip remaining biotinylated proteins.
lodoacetic acid (120 mm) was then added to quench any remaining
MESNA. A duplicate 0-min time-point was left untreated with MESNA to
determine the total amount of endolyn at the apical cell surface (100%).
The cells were then solubilized, immunoprecipitated and then incubated
with immobilized streptavidin (Pierce). Samples were analyzed by SDS-
PAGE to determine the percent of endolyn internalized relative to the total
amount initially present at the apical surface.

Immunofluorescence microscopy

The apical surface of polarized endolyn-expressing MDCK cells was incu-
bated with anti-endolyn antibody (25 pg/mL) on ice for 1 h. For the studies
with transferrin, cells were starved in serum-free medium for 45 min prior
to incubation with apical anti-endolyn antibody on ice. The filters were then
transferred to 37 °C for 45 min to allow internalization of antibody from the
apical surface and transferrin from the basolateral surface. The cell sur-
faces were then acid-stripped for 60 min at 4 °C. Cells were prepared for
confocal microscopy using a pH-shift fixation method as previously
described (32). After fixation, excess formaldehyde was quenched in PBS
containing 20 mm glycine (pH 8.0). The cells were washed and then per-
meabilized with 0.1% Triton X-100 in PBS containing 1% BSA (PBSA). This
was followed by incubation in PBS containing 5% normal goat serum
(Sigma, Saint Louis, MO, USA). Cells were immunostained with appropri-
ate primary antibodies diluted in PBSA for 1 h, washed and incubated with
fluorescent-labeled secondary antibodies diluted in blocking buffer. Filters
were washed and mounted onto glass coverslips with Aqua-polymount
(Polysciences, Inc., Warrington, PA, USA). Imaging was performed on a
TCS-SL confocal microscope (Leica, Dearfield, IL, USA) equipped with
argon, green helium-neon and red-helium-neon lasers. Acquisition of
images was performed with x100 plan-apochromat oil objective (NA 1.4)
and the appropriate filter combination. The images were saved as TIFFs
and imported into Adobe Photoshop (Adobe, San Jose, CA, USA) where
contrast was corrected.

Determination of polarity

Domain selective biotinylation was performed as previously described
(14,16). Briefly, polarized cells stably expressing wild-type or mutant endo-
lyn were starved in cysteine- and methionine-free media for 30 min and
radiolabeled for 2 h with [*®S]-cysteine. In some experiments, the apical or
basolateral surface was then incubated with neuraminidase as described
above. Samples were then chased for the indicated periods, and either the
apical or basolateral surface of a pair of filters was biotinylated on ice. Cells
were solubilized and immunoprecipitated with anti-endolyn antibody. As
described previously, four-fifths of the sample after elution was incubated
with streptavidin-agarose beads to recover the biotinylated (surface) frac-
tion of protein. The remaining fraction was retained to calculate the total
amount of endolyn. After electrophoresis of the surface and total protein
samples, the fraction of cell-surface endolyn recovered from each apically
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or basolaterally biotinylated filter was determined by normalizing to the
total endolyn recovered from that filter. The ratio of apical surface endolyn
to total surface endolyn (apical plus basolateral) in each filter pair was then
calculated. Data were analyzed using Student’s t-test, and outlying num-
bers were discarded using Chauvenet's criterion.
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