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In nonpolarized epithelial cells, microtubules originate from a broad perinuclear region
coincident with the distribution of the Golgi complex and extend outward to the cell
periphery (perinuclear [PN] organization). During development of epithelial cell polar-
ity, microtubules reorganize to form long cortical filaments parallel to the lateral mem-
brane, a meshwork of randomly oriented short filaments beneath the apical membrane,
and short filaments at the base of the cell; the Golgi becomes localized above the nucleus
in the subapical membrane cytoplasm (apiconuclear [AN] organization). The AN-type
organization of microtubules is thought to be specialized in polarized epithelial cells to
facilitate vesicle trafficking between the trans-Golgi Network (TGN) and the plasma
membrane. We describe two clones of MDCK cells, which have different microtubule
distributions: clone II/G cells, which gradually reorganize a PN-type distribution of
microtubules and the Golgi complex to an AN-type during development of polarity, and
clone II/J cells which maintain a PN-type organization. Both cell clones, however, exhibit
identical steady-state polarity of apical and basolateral proteins. During development of
cell surface polarity, both clones rapidly establish direct targeting pathways for newly
synthesized gp80 and gp135/170, and E-cadherin between the TGN and apical and
basolateral membrane, respectively; this occurs before development of the AN-type
microtubule/Golgi organization in clone II/G cells. Exposure of both clone II/G and II/J
cells to low temperature and nocodazole disrupts .99% of microtubules, resulting in: 1)
25–50% decrease in delivery of newly synthesized gp135/170 and E-cadherin to the
apical and basolateral membrane, respectively, in both clone II/G and II/J cells, but with
little or no missorting to the opposite membrane domain during all stages of polarity
development; 2) ;40% decrease in delivery of newly synthesized gp80 to the apical
membrane with significant missorting to the basolateral membrane in newly established
cultures of clone II/G and II/J cells; and 3) variable and nonspecific delivery of newly
synthesized gp80 to both membrane domains in fully polarized cultures. These results
define several classes of proteins that differ in their dependence on intact microtubules
for efficient and specific targeting between the Golgi and plasma membrane domains.
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Molecular and Cellular Physiology, Stanford University School
of Medicine, Beckman Center, B121, Stanford, CA 94305-5426.

INTRODUCTION

The cell surface distribution of membrane proteins in
fibroblasts and polarized epithelial cells is distinctly
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different. In general, membrane proteins in fibroblasts
are randomly distributed except for specialized cell
adhesion complexes that are restricted to the cell–
extracellular matrix interface. In polarized epithelial
cells, proteins are restricted to discrete membrane do-
mains, termed apical and basolateral. Differences in
protein distributions in fibroblasts and epithelial cells
are related to specific cellular functions including cell
migration and vectorial ion and solute transport, re-
spectively.

Attempts to elucidate mechanisms that establish
and maintain cell surface distributions of membrane
proteins in polarized epithelial cells have revealed the
complex nature of these processes. Early studies in
simple epithelia showed that apical and basolateral
membrane proteins are sorted into separate transport
vesicles in the trans-Golgi Network (TGN) and then
delivered to the appropriate membrane domain (Ro-
driguez-Boulan and Nelson, 1989; Wandinger-Ness et
al., 1990). Thus, it was proposed that protein sorting in
the TGN is the basis for establishing and maintaining
cell surface polarity in epithelial cells. Subsequently,
signals for sorting basolateral membrane proteins in
the TGN have been identified, although less is known
about signals for sorting apical proteins (Matter and
Mellman, 1994). Recently, however, Musch et al. (1996)
and Yoshimori et al. (1996) found that marker proteins
of epithelial apical and basolateral membranes are
sorted into separate vesicles in the TGN of fibroblasts,
although these proteins become randomly distributed
after delivery to the plasma membrane. These results
show that sorting of apical and basolateral membrane
proteins in the TGN is not specific to polarized epi-
thelial cells, and that other cellular processes must be
required to establish and maintain the asymmetric
distribution of plasma membrane proteins character-
istic of polarized epithelial cells: targeting of transport
vesicles along the cytoskeleton, specific docking of
transport vesicles at the correct membrane domain,
and resorting or retention of proteins in a specific
membrane domain.

The cytoskeleton has been the focus of studies to
identify mechanisms involved in vesicle trafficking to,
and membrane protein retention at, specific mem-
brane domains. In polarized epithelial cells, the actin
cytoskeleton is distributed in a ring around the apex of
the lateral membrane at the site of the adherens cell–
cell adhesion junction, and along the lateral and basal
membranes; in cells that form a brush border (e.g.,
enterocytes), actin filaments also form the core of in-
dividual microvilli (Nelson, 1991; Mays et al., 1994).
Disruption of the actin cytoskeleton with cytochalasin
appears to have little affect on vesicle trafficking to
either the apical or basolateral membrane domain
(Salas et al., 1986; Parczyk et al., 1989; Ojakian and
Schwimmer, 1992). However, it is noteworthy that
myosin is present on purified, post-TGN transport

vesicles, indicating that the actin cytoskeleton is in-
volved in vesicle trafficking (Fath and Burgess, 1993).
In addition, the actin-based membrane cytoskeleton is
required to retain Na/K-ATPase in the basolateral
membrane (Hammerton et al., 1991).

Microtubule organization in fully differentiated ep-
ithelial cells comprises an apical web of filaments,
cortical filaments organized along the apical–basal
axis of the cells, and short filaments at the base of the
cell (Bacallao et al., 1989; van Zeijl and Matlin, 1990;
Gilbert et al., 1991); we term this microtubule organi-
zation, apiconuclear (AN)-type, to contrast it with the
organization of microtubules in nonpolarized epithe-
lial cells and fibroblasts in which the microtubules are
organized from a broad perinuclear region (PN-type)
(Bacallao et al., 1989). Previous studies have shown
that vesicle transport between the TGN and apical
membrane is affected after disruption of microtubules
with colchicine or nocodazole, whereas transport to
the basolateral plasma membrane is not (Rindler et al.,
1987; Achler et al., 1989; Eilers et al., 1989; Matter et al.,
1990; van Zeijl and Matlin, 1990). These results were
derived from the analysis of protein trafficking in fully
polarized epithelial cells, which, when examined, pos-
sessed an AN-type microtubule organization before
treatment with microtubule-disrupting drugs (van
Zeijl and Matlin, 1990; Gilbert et al., 1991). It has been
suggested that an AN-type microtubule organization
and the coincident relocalization of the Golgi complex
to apical region of the cell facilitates efficient delivery
of proteins from the TGN to the apical membrane (van
Zeijl and Matlin, 1990). However, basolateral trans-
port vesicles bind to microtubules in vitro (Van der
Sluijs et al., 1990), and delivery of marker proteins to
the basolateral membrane appears to require microtu-
bule motor proteins (Lafont et al., 1994).

We have reassessed the role of microtubules and
their specific distribution in protein trafficking. We
have used two clones of MDCK cells: clone II/G cells
reorganize microtubules and the Golgi complex from
a PN-type to AN-type distribution during develop-
ment of polarity, whereas clone II/J cells maintain a
PN-type organization. We show during development
of polarity that delivery of both endogenous apical
and basolateral marker proteins is efficient and spe-
cific before microtubule reorganization from a PN- to
AN-type. Furthermore, we find that the efficiency of
delivery of both apical and basolateral proteins is de-
creased upon microtubule disruption. These results
show that while microtubules are required for efficient
delivery of both apical and basolateral proteins, an
AN-type distribution of microtubules and the Golgi
complex is not critical for the appropriate targeting of
several classes of plasma membrane proteins to the
cell surface.
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MATERIALS AND METHODS

Cells and Tissue Culture Methodology
Madin-Darby canine kidney (MDCK) clone II/G cells were obtained
from the laboratory of Gerrit van Meer and isolated as previously
described (Gaush et al., 1966; Louvard, 1980); clone II/J cells were
independently isolated in the Nelson laboratory (Nelson and Vesh-
nock, 1986) from a single cell clone from a stock of MDCK cells
obtained from The American Type Culture Collection (Gaithers-
burg, MD). Based upon the transepithelial electrical resistance [200–
300 V/cm2], both clone II/G and II/J cells are type II MDCK cells
and are indistinguishable with respect to the steady-state localiza-
tion of Na/K-ATPase, E-cadherin, ankyrin, fodrin, and gp135/170,
as assayed by immunofluoresence and cell surface biotinylation
(Wollner et al., 1992; Mays et al., 1995a, 1995b).

Cells were maintained in DMEM supplemented with 10% fetal
bovine serum (FBS), penicillin, streptomycin, and kanamycin
(DMEM/FBS) as previously described (Nelson and Veshnock,
1986). Cells were routinely passaged at low density on tissue culture
dishes before plating at confluent density on Transwell 0.45-mm
polycarbonate filters (Costar, Cambridge, MA) coated with type I
rat tail collagen (Hammerton et al., 1991; Siemers et al., 1993). Cells
maintained in culture as confluent monolayers for extended periods
of time were refed daily. Low-passage replicates of the clones were
propagated for 4–6 wk, and then discarded.

To generate a confluent monolayer of ’contact-naive’ cells (Nelson
and Veshnock, 1987), cells were maintained at low density (2 3 106

cells/150-mm diameter dish) and passaged on consecutive days.
After treatment with trypsin, cells were centrifuged at 1000 3 g for
5 min and resuspended in DMEM containing 5 mM Ca21, supple-
mented with 10% FBS that had been exhaustively dialyzed against
phosphate-buffered saline (PBS) (without Ca21). Approximately 2 3
106 cells in 2 ml of medium were added to a 2.4-cm2 Transwell filter
coated with type I collagen; 2.5 ml of medium were added to the
outside (basolateral) compartment of the filter. After 3 h at 37°C, at
which time greater than 95% of the cells had attached to the filter,
the medium was replaced with DMEM/FBS containing 1.8 mM
Ca21 to induce synchronous cell–cell contacts across the monolayer
(Hammerton et al., 1991; Siemers et al., 1993); this modification from a
previous protocol (Nelson and Veshnock, 1987) minimizes the time the
cells are exposed to low Ca21 in the medium. After the switch to
normal calcium-containing medium, the cells were the maintained in
culture for up to 120 h as described in the text.

Immunofluoresence Specimen Preparation and
Imaging
The fixation and staining method used for examination of the mi-
crotubule organization was performed essentially as previously
described (Bacallao et al., 1989). At the indicated times after the
induction of cell–cell contacts, cells were fixed with 0.5% glutaral-
dehyde in 100 mM K-piperazine-N,N9-bis(2-ethanesulfonic acid)
(PIPES), pH 6.9, 4 mM MgCl2, 2 mM EGTA containing 0.1% Triton
X-100. The fixation reaction was quenched by treating the sample
with 1 mg/ml NaBH4 dissolved in PBS, pH 8.0. After several
washes with PBS, the samples were incubated with monoclonal
antibodies specific for a- and b-tubulin (Amersham, Arlington
Heights, IL). Excess antibody was washed off with PBS containing
0.1% Triton X-100, and samples were incubated with rhodamine-
conjugated donkey anti-mouse immunoglobulin G (Jackson Immu-
noResearch, West Grove, PA). Excess secondary antibody was
washed off with PBS containing 0.1% Triton X-100, and the samples
were postfixed with 2% paraformaldehyde dissolved in PBS for 30
min at room temperature. The samples were mounted in PBS con-
taining 50% glycerol and 100 mg/ml 1,4-diazabicyclo (2.2.2) octane
(Sigma, St. Louis, MO).

Samples prepared for examination of the Golgi complex were
fixed with 2% paraformaldehyde dissolved in PBS for 10 min at
room temperature. The fixation reaction was quenched with 50 mM

NH4Cl dissolved in PBS for 30 min at room temperature. Samples
were incubated in PBS containing 1% SDS for 1 min. Samples were
extensively washed in PBS containing 0.1% Triton X-100 and then
incubated with anti-b cop antibody (clone M3A5) (Sigma). Excess
antibody was washed off with PBS containing 0.1% Triton X-100,
and samples were labeled with Bodipy-conjugated donkey anti-
mouse immunoglobulin G (Jackson ImmunoResearch). Excess sec-
ondary antibody was washed off with PBS containing 0.1% Triton
X-100. The samples were mounted in PBS containing 50% glycerol,
100 mg/ml 1,4-diazabicyclo (2.2.2) octane, and 1 mg/ml of the
nucleic acid stain TO-PRO-3 (Molecular Probes, Eugene, OR).

The samples were examined with a Bio-Rad MRC 1024 confocal
microscope (Bio-Rad, Richmond, CA) mounted on a Nikon Diaphot
200 inverted microscope (Fryer Scientific Instruments, Huntley, IL)
equipped with a He-Ar and Kr-Ar laser. Serial images were col-
lected with a 1003 oil immersion lens (numerical aperature 1.4)
with a z step of 0.2 mm. Stereo pair images were produced by
MetaMorph image-processing program (Universal Imaging, West
Chester, PA) on a Micron Millennia computer (Micron Electronics,
Nampa, ID). The processed images were adjusted to optimize the
contrast and brightness of the images.

Metabolic Labeling
Cell cultures were initially established in DMEM supplemented
with 10% FBS as described above. Cells were preincubated in
DMEM/FBS in the absence of methionine/cysteine (DMEM/FBS,
2met, 2cys) for 60 min, and then in DMEM/FBS, 2met, 2cys
containing 250 mCi [35S]methionine/cysteine (Amersham, Arlington
Heights, IL) for 1 h at 37°C. Cells were rinsed twice in prewarmed
DMEM/FBS, and then incubated in that medium for 5 min, after
which time an aliquot was removed from both the apical and
basolateral compartments to access gp80 secretion. Filters were then
subjected to domain-specific biotinylation as described below.

Domain-specific Biotinylation and
Immunoprecipitation
After the metabolic labeling period described above, confluent
monolayers of MDCK cells on Costar Transwell polycarbonate fil-
ters were washed twice in ice-cold Ringer’s saline (154 mM NaCl,
1.8 mM Ca21, 7.2 mM KCl, 10 mM HEPES, pH 7.4). NHS-SS-Biotin,
300 mg/ml (Pierce Chemical, Rockford, IL), prepared immediately
before use in Ringer’s saline, was added to either the apical (400 ml)
or basolateral (800 ml) compartment of the filter, and the cells were
incubated for 30 min at 4°C with constant rocking; Ringer’s saline
was added to the opposite compartment. The biotinylation reaction
was quenched by washing cells in five changes of Tris-saline (120
mM NaCl, 10 mM Tris, pH 7.4) at 4°C or, for microtubule/control
samples, two times with microtubule stabilization buffer (0.1 mM
PIPES, pH 6.75, 1 mM MgSO4, 1 mM EDTA, 2 M glycerol) at 37°C
(van Zeijl and Matlin, 1990). Duplicate filters, which were mock
labeled with [35S]methionine/cysteine and biotin (microtubule/
control samples), were used to access the presence of functional
tight junctions across the monolayer by measuring the diffusion of
[3H]inulin (DuPont New England Nuclear, Boston, MA) from the
apical to the basolateral compartment during the incubation with
biotinylated cross-linking reagent. Only filters that inhibited diffu-
sion of .98% of tracer were used further.

Cell Extraction and Immunoprecipitation
Cells were extracted in radioimmunoprecipitation assay (RIPA)
buffer (150 mM NaCl, 10 mM NaPO4, pH 7.0, 0.1% SDS, 1% NP-40,
1% deoxycholate) for 30 min at 4°C (Hinck et al., 1994), or microtu-
bule extraction buffer (0.1 mM PIPES, pH 6.75, 1 mM MgSO4, 1 mM
EDTA, 2 M glycerol, 0.1% (wt/vol) Triton X-100) for 20 min at 37°C
(van Zeijl and Matlin, 1990). An aliquot from each metabolically
labeled sample was removed and precipitated with 10% trichloro-
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acetic acid to normalize samples with respect to [35S]methionine/
cysteine incorporation. Cell extracts isolated in RIPA buffer (350 ml)
were precleared with 5 ml of preimmune serum and 60 ml Staphy-
lococcus aureus cells (Pansorbin; Calbiochem Novabiochem, La Jolla,
CA) for 60 min at 4°C. At the same time, primary antibody, 15 ml of
cadherin antiserum (Marrs et al., 1993), or 40 ml of gp135/170
monoclonal antibody (a gift from Dr. G. Ojakian, SUNY, Brooklyn,
NY), was added to Protein A Sepharose (PAS) beads (Pharmacia
Biotech, Piscataway, NJ) for 60 min at 4°C. For gp135/170 mono-
clonal antibody, rabbit anti-mouse secondary antiserum (Dako,
Carpinteria, CA) was prebound to PAS beads for 1 h at 4°C before
incubation with mouse monoclonal antibodies. Preabsorbed anti-
body–PAS complexes were added to the precleared extracts and
incubated for 120 min at 4°C. Immunoprecipitates were washed
under stringent conditions, as described previously (Hinck et al.,
1994). Antibody–antigen complexes were dissociated and biotinyl-
ated proteins were reprecipitated with avidin-agarose (Pierce
Chemical) and washed under stringent conditions, as described
previously (Hammerton et al., 1991; Siemers et al., 1993). Cell ex-
tracts isolated under microtubule-stabilizing conditions were cen-
trifuged at 20,000 3 g and separated into soluble and insoluble
fractions. Insoluble fractions were then solubilized in microtubule
solubilization buffer (25 mM Tris, pH 7.4, 0.4 M NaCl, 0.5% SDS) for
10 min at room temperature.

Gel Electrophoresis and Immunoblotting
Protein samples were incubated in SDS sample buffer for 10 min at
100°C before separation in a SDS-7.5% polyacrylamide gel (Lae-
mmli, 1970). For metabolically labeled samples, the gels were dried
under vacuum and exposed to x-ray film (XAR-5; Eastman Kodak,
Rochester, NY) and phosphoimager screens (Molecular Dynamics,
Sunnyvale, CA). The amount of labeled protein in the gels was
determined directly using a laser scanning phosphor imager (model
820; Molecular Dynamics). To monitor the appearance of gp80 in the
medium, aliquots of either the apical or basolateral medium were
separated by SDS-PAGE under nonreducing conditions. Under
these conditions, gp80 is the predominant labeled secretory protein
observed in MDCK cells and migrates as a single band at approxi-
mately 80 kDa (Kondor-Koch et al., 1985; Gottlieb et al., 1986; Urban
et al., 1987).

For tubulin samples, the gels were electrophoretically transferred
to Immobilon polyvinylidene fluoride membrane (Millipore, Bed-
ford, MA). The blots were processed for enhanced chemilumines-
cence according to the manufactures protocol (Amersham) using a
b-tubulin monoclonal antibody (Amersham). b-tubulin monoclonal
antibody was visualized with a rabbit anti-mouse horseradish per-
oxidase-conjugated secondary antibody (Amersham).

Disruption of Microtubules with Nocodazole
Stocks of nocodazole (10 mg/ml) were prepared in dimethylsulfox-
ide and stored in single use aliquots at 220°C. Stock solutions of
nocodazole were diluted into the appropriate medium to a final
concentration of 10 mg/ml (33 mM) immediately before use. As
diagrammed in the time line shown in Figure 3A, cultures were
initially incubated for 30 min at 4°C in DMEM/FBS. The medium
was then replace with DMEM/FBS, 2met, 2cys, supplemented
with 33 mM nocodazole where appropriate, and the cultures were
incubated for an additional 30 min at 4°C. The cultures were refed
with DMEM/FBS, 2met, 2cys, supplemented with 33 mM nocoda-
zole where appropriate, and shifted to 37°C for an additional 30
min. The cells were then pulse labeled as described above with the
modification that 33 mM nocodazole was included in the appropri-
ate medium. It should be noted that the microtubule organization in
cultures that were exposed to 4°C treatment in the absence of
nocodazole when assayed after the labeling period displayed the
identical microtubule organization as cultures that had been main-

tained at 37°C at all time points during the development of polarity
(our unpublished observations).

RESULTS

Organization of Microtubules after Establishment of
Cell–Cell Contacts in MDCK Clone II/G and II/J
Cells
We have analyzed two independently derived clones
of MDCK cells (Gaush et al., 1966; Nelson and Vesh-
nock, 1986). Both clones form tight (TER ;250 Vcm2),
polarized monolayers in which apical (gp80, gp135/
170) and basolateral (E-cadherin) proteins are local-
ized exclusively to specific membrane domains at
steady state (Wollner et al., 1992; Mays et al., 1995a,
1995b).

The distribution of microtubules was examined by
confocal immunofluorescence microscopy; the images
are presented as stereoscopic pairs. In clone II/G cells,
24 h after induction of cell–cell adhesion, microtu-
bules originate from a broad region of the cytoplasm
near the nucleus and extend outward to the plasma
membrane (Figure 1A). By 48 h, the microtubule or-
ganization in these cells had changed dramatically
(Figure 1C). Microtubules form a web of filaments in
the subapical membrane cytoplasm, long cortical fila-
ments oriented parallel to the lateral membrane that
span the length of the cell, and a randomly organized
mat of short filaments along the basal membrane. The
organization of cortical microtubules is clearest in the
image of 96-h cultures in which the first 8 mm of the
image stacks have been removed from the stereo-
scopic views (Figure 1E). The observed reorganization
and final distribution of microtubules in clone II/G
cells are similar to those reported previously (Bacallao
et al., 1989).

In direct contrast to the reorganization of microtu-
bules in clone II/G cells, the distribution of microtu-
bules in clone II/J cells did not change during devel-
opment of cell polarity. In clone II/J cells, 24 h after
the induction of cell–cell contacts, microtubules orig-

Figure 1 (facing page). Confocal images (stereoscopic pairs) of
microtubules in MDCK clone II/G and II/J cells at various times
after the induction of cell–cell contacts. Confluent MDCK clone II/G
(A–E) and II/J (F–J) cultures were established by seeding ’contact-
naive’ cells at confluent density on collagen-coated polycarbonate
filters in DMEM/FBS containing 5 mM Ca21. Synchronous cell–cell
contact was subsequently initiated by raising the Ca21 concentra-
tion of the culture medium to 1.8 mM. At the indicated times after
induction of cell–cell contacts, samples were fixed and processed for
immunofluorescence with monoclonal antibodies against a- and
b-tubulin as described in MATERIALS AND METHODS. Stereo-
scopic pairs of image stacks were produced from serial images
collected for each specimen using a z step of 0.2 mm. (E) The first 8
mm of the image stack were removed from the stereoscopic pairs of
the 96-h sample of clone II/G cells so that the organization of
cortical microtubules can be easily viewed. Bar, 10 mm.
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inate from a broad perinuclear region of the cytoplasm
and extend outward to the cell periphery (Figure 1F);
this distribution is similar to that in clone II/G cells at
this time (see above). However, this microtubule or-
ganization persisted in clone II/J cells maintained in
culture for up to 120 h (Figure 1J).

These results show that microtubule distributions
are distinctly different in two independently derived
clones of MDCK cells during development of cell sur-
face polarity. The microtubule array of nonpolarized
cells from both clones is nucleated from a perinuclear
site (PN-type). During the subsequent establishment
of cell surface polarity, microtubules in clone II/G
cells reorganize around subapical sites (AN-type),
whereas those in clone II/J cells maintain a PN-type
microtubule organization. Nevertheless, cells of both
clones develop identical distributions of apical and
basolateral membrane proteins at steady state (Woll-
ner et al., 1992; Mays et al., 1995a, 1995b). Note that
analysis of the morphology of cells from both clones at
each time point revealed that on average 1) the height
of clone II/J cells is 5–15% less than that of clone II/G
cells; and 2) the diameter of clone II/J cells is 1.2–1.5
times greater than that of clone II/G cells (our unpub-
lished observations).

Changes in Golgi Distribution after Cell–Cell
Adhesion in MDCK Clone II/G and II/J Cells
Previous studies have shown that the distribution of
the Golgi complex in cells is directly related to micro-
tubule organization (Bacallao et al., 1989). Therefore,
we compared Golgi and microtubule distributions in
clone II/G and II/J cells during development of po-
larity. Golgi distribution was determined by the dis-
tribution of b-COP (Allan and Kreis, 1986; Duden et
al., 1991), which localizes to the cis-region of the Golgi
complex; results are presented in Table 1. Twenty four
hours after cell–cell adhesion, the Golgi complex in
clone II/G and II/J cells was localized predominately
in a perinuclear/circumnuclear position (;70% of
cells). However, ;36 h after the induction of cell–cell
contacts, the Golgi complex in .70% of II/G cells had
relocated to an apiconuclear position, concomitant
with microtubule reorganization in these cells. By
48 h, the Golgi complex in ;90% of clone II/G cells
had relocalized to the apiconuclear position; after 96 h,
100% of clone II/G cells displayed this Golgi distribu-
tion. In contrast, the Golgi complex in II/J cells re-
mained predominantly localized to the perinuclear/
circumnuclear position at all time points examined
(Table 1). Similar results were obtained when the
Golgi was labeled with C6-NBD-ceramide (our un-
published observations). These results demonstrate an
interrelationship in the distribution of microtubules
and the Golgi complex; in clone II/G cells, they ini-
tially exhibit a PN-type distribution and then redis-

tribute to an AN-type organization during develop-
ment of polarity, but maintain a PN-type organization
in clone II/J cells at all times.

Establishment of Direct Targeting Pathways to the
Cell Surface for New Synthesized Proteins in MDCK
Clone II/G and II/J Cells
That two independently derived clones of MDCK cells
generate different microtubule distributions provides
an opportunity to directly assess whether microtubule
organization per se specifies protein targeting from
the TGN to different plasma membrane domains. Fur-
thermore, since clone II/G cells initially have a PN-
type and then develop an AN-type microtubule/Golgi
organization, we can examine whether protein traf-
ficking to specific plasma membrane domains cor-
relates temporally with transition from PN- to AN-
type microtubule/Golgi organization.

We examined the direct delivery to the cell surface
of three endogenous proteins. Protein delivery to ei-
ther the apical or basolateral membrane domain was
determined by capturing the arrival of the first wave
of newly synthesized proteins at the plasma mem-
brane. We monitored the appearance of the predomi-
nantly apical secretory protein gp80 (Kondor-Koch et

Table 1. Localization of the Golgi complex in MDCK clone II/G
and II/J cells at various times after the initiation of cell–cell contacts

Cell type

Golgi Localization

Perinuclear/
Circunuclear Apiconuclear

Clone II/G
24 h 60 6 10 40 6 10
36 h 26 6 3 74 6 3
48 h 6.2 6 3.7 93.3 6 4.2
96 h 0 100
120 h 0 100

Clone II/J
24 h 75.3 6 4.5 24.6 6 4.5
36 h 54.5 6 16.1 45.3 6 20.4
48 h 79.5 6 11.2 20.5 6 11.6
96 h 63 6 14.7 37 6 14
120 h 65 6 12.5 35 6 12.4

Confluent MDCK clone II/G and II/J cultures were established by
seeding ‘contact naive’ cells at confluent density on collagen-coated
polycarbonate filters in DMEM/FBS containing 5 mM Ca21. Syn-
chronous cell–cell contact was subsequently initiated by raising the
Ca21 concentration of the culture medium to 1.8 mM. At the indi-
cated times after induction of cell–cell contacts, samples were fixed
and stained with a monoclonal antibody against b-Cop as described
in MATERIALS AND METHODS. Confocal serial images of each
specimen were collected and used to determine the location of the
Golgi complex with respect to the nucleus. Results for each time
point are from four fields, each containing .30 cells, collected from
two independent experiments (i.e., ;250 cells/time point) and are
presented as the mean 6 SE.
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al., 1985; Gottlieb et al., 1986; Urban et al., 1987), the
apical membrane protein gp135/170 (Ojakian and
Schwimmer, 1988), and the basolateral membrane pro-
tein E-cadherin (Le Bivic et al., 1990).
Targeting of gp80 and gp135/170 to the Apical Mem-
brane Secretion of gp80 can be detected simply by
removing medium from the apical and basolateral
chambers of filter-inserts and separating proteins by
nonreducing SDS-PAGE. At all times examined in
both clone II/G and II/J cells, .80% of newly synthe-
sized gp80 was secreted from the apical membrane
domain (Figure 2). Arrival of gp135/170 at the plasma
membrane was detected by cell surface domain-spe-
cific biotinylation; biotinylated proteins were ex-
tracted from cells and affinity isolated with a specific
gp135/170 antibody followed by precipitation of bio-
tinylated gp135/170 with avidin-agarose. Results
show that, at all times examined in both II/G and II/J
cells, .90% of newly synthesized gp135/170 was de-
livered directly to the apical membrane (Figure 2).

Targeting of E-Cadherin to the Basolateral Membrane
Delivery of newly synthesized E-cadherin to the cell
surface was determined by cell surface domain-spe-
cific biotinylation; biotinylated proteins were ex-
tracted from cells and affinity isolated with a specific
E-cadherin antibody followed by precipitation of bio-
tinylated E-cadherin with avidin-agarose. At all times
examined in both clone II/G and II/J cells, .90% of
the newly synthesized E-cadherin was targeted di-
rectly to the basolateral membrane (Figure 2).

Taken together, these results demonstrate that direct
delivery pathways for gp80 and gp135/170, and E-
cadherin to the apical and basolateral plasma mem-
branes, respectively, are established in both clone II/G
and II/J cells within 10 h after induction of cell–cell
contacts. At this time, microtubules have a PN-type
organization in both cell clones. Reorganization of
microtubules to an AN-type in clone II/G cells occurs
later and does not coincide with a change in the tar-
geting of these proteins.

Role of Intact Microtubules in Protein Targeting to
Cell Surface Domains in MDCK Clone II/G and II/J
Cells during Development of Polarity
We next sought to examine whether intact microtu-
bules per se are required for protein targeting irre-
spective of a PN- or AN-type organization. Microtu-
bules were disrupted in MDCK clone II/G and II/J
cells using a combination of cold treatment and no-
codazole (Figure 3A). Microtubule breakdown was
initiated by preincubating cells at 4°C followed by the
addition of 33 mM nocodazole. Indirect immunoflu-
oresence of 120-h differentiated clone II/G and II/J
cells revealed no intact microtubules after nocodazole
treatment (Figure 3B); identical results were observed

with cells maintained in culture for shorter periods of
time after the induction of cell–cell contacts (our un-
published observations). To evaluate microtubule dis-
ruption quantitatively, we examined the amount of
tubulin distributed between pellet and supernatant
fractions after cell extraction in microtubule-stabiliz-
ing buffer and centrifugation at 20,000 3 g for 20 min.
In extracts prepared from control cells at different
stages in the development of cell polarity, .30% of
tubulin was present in pellet fractions. However, after
treatment with 33 mM nocodazole, tubulin was not
detected in the pellet fractions, and the amount of
tubulin in the supernatant fraction increased propor-
tionally, indicating that this protocol had resulted in
disruption of .99% of polymerized tubulin (Figure
3C).

We examined the effects of microtubule disrup-
tion on targeting of newly synthesized proteins to
apical and basolateral membrane domains during
establishment of epithelial polarity in clone II/G
and II/J cells. Note that protein trafficking could
still be examined by cell surface domain-specific
biotinylation despite disruption of microtubules,

Figure 2. Targeting of newly synthesized gp80, gp135/170, and
E-cadherin to the plasma membrane during the development of
polarity in MDCK clone II/G and II/J cells. Confluent MDCK clone
II/G and II/J cultures were established as described in MATERIALS
AND METHODS. Duplicate filters from each clone were metaboli-
cally labeled with [35S]methionine/cysteine for 1 h at 37°C. Imme-
diately after the metabolic labeling period, medium was collected
from the apical and basal compartments of the filter and separated
by SDS-PAGE to monitor the delivery of newly synthesized gp80 to
the apical (Ap) and basolateral (BL) surface. The cells were then
labeled at either the apical (Ap) or basolateral (BL) surface with
NHS-SS-biotin. Cells were extracted in RIPA buffer as described in
MATERIALS AND METHODS. Samples were then split in half and
sequentially precipitated with either a monoclonal antibody to
gp135/170 or antiserum against E-cadherin followed by avidin
agarose. The culture medium and immunoprecipitates from sam-
ples collected at the indicated times after the induction of cell–cell
contacts were processed for SDS-PAGE and fluorography. Fluorog-
raphy results from representative samples from two to four inde-
pendent experiments for each time point are presented.
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since tight junctions remained impermeable to the
paracellular passage of inulin (our unpublished ob-
servations).

Targeting of gp80 and gp135/170 to the Apical Mem-
brane Disruption of microtubules in II/G cells be-
tween 0 and 40 h after the induction of cell–cell con-
tacts resulted in a ;50% decrease in apical secretion of

gp80 (Figure 4A). Concomitantly, an increased pro-
portion of gp80 was secreted into the basolateral me-
dium. By 50 h, the inhibitory effect of microtubule
disruption on apical delivery of gp80 was less pro-
nounced, although gp80 was still missorted into the
basolateral medium. Analysis of subsequent time
points revealed inconsistencies between independent
experiments in the amounts of gp80 secreted into the

Figure 3. Distribution of tubulin in MDCK clone II/G and II/J cells after treatment with nocodazole. (A) Timeline scheme of experimental
protocol used to disrupt microtubules. Confluent MDCK clone II/G and II/J cultures were established as described in MATERIALS AND
METHODS. (B) After incubation in either the absence (2noc) or presence (1noc) of nocodazole, 120-h differentiated MDCK clone II/G and
clone II/J cells were fixed and processed for immunofluorescence with monoclonal antibodies against a- and b-tubulin (see MATERIALS
AND METHODS) to show the distribution of intact microtubules. Image stacks were produced from serial images collected for each specimen
using a z step of 0.2 mm. (C) At the indicated times after the induction of cell–cell contacts, the amount of soluble (S) and polymerized tubulin
(P) was determined in both clones of MDCK cells incubated in either the absence (2noc) or presence (1noc) of nocodazole. Samples were
extracted in microtubule-stabilizing buffer containing 0.1% Triton X-100 and centrifuged at 20,000 3 g to separate soluble (S) and insoluble
fractions (P). The insoluble fractions were then solubilized in 0.5% Triton X-100. Equal amounts of supernatant and pellet fractions for each
sample were separated by SDS-PAGE. Gels were then electrophoretically transferred to Immobilon polyvinylidene fluoride membrane and
probed with a monoclonal antibody to b-tubulin. The b-tubulin antibody was visualized with a horseradish peroxidase-conjugated secondary
antibody followed by enhanced chemiluminescence. Representative samples from two to four independent experiments for each time point
are presented. Bar, 10 mm.
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apical and basolateral media; results of a typical ex-
periment are shown in Figure 4A, and the averages
and individual results from eight independent exper-
iments are presented in Figure 4B. Note that in parallel
cultures of control clone II/G cells, .80% of the newly
synthesized gp80 was secreted from the apical surface
at all time points examined during development of
cell polarity (Figure 4, A and B).

In clone II/J cells, 10 h after induction of cell–cell
contacts, microtubule disruption inhibited secretion of
newly synthesized gp80 into the apical medium by

;30%, with a concomitant increase in secretion of
gp80 into the basolateral medium (Figure 4C). At 20 h,
secretion of gp80 into the apical medium was de-
creased by .50% after microtubule disruption, but
little or no gp80 was secreted into the basolateral
medium. Thirty hours after induction of cell–cell con-
tacts, the inhibitory effect of microtubule disruption on
apical secretion of newly synthesized gp80 was mark-
edly reduced, although significant amounts of gp80
were secreted into the basolateral medium. By 50 h,
microtubule disruption did not have an inhibitory

Figure 4. Role of intact microtubules in targeting of newly synthesized gp80 to the plasma membrane during the development of polarity
in MDCK clone II/G and II/J cells. Confluent MDCK clone II/G and II/J cultures were established as described in MATERIALS AND
METHODS. As diagrammed in Figure 3A, cultures were incubated in either the absence (2noc) or presence (1noc) of nocodazole. During
the last hour at 37°C, cultures were metabolically labeled with [35S]methionine/cysteine. After the metabolic labeling period, medium was
collected from the apical and basal compartments of the filters. Secreted proteins were separated by SDS-PAGE to monitor the delivery of
newly synthesized gp80 to the apical (Ap) and basolateral (BL) surface at the indicated times after the induction of cell–cell contacts (10–120
h). (A) Fluorography results of representative samples for each time point are presented. The amount of labeled gp80 in gels was determined
directly using a Molecular Dynamics phosphor imager (model 820). Scanning densitometry results of protein from MDCK clone II/G (B) and
clone II/J (C) cells are presented as a percentage of the total newly synthesized gp80 delivered to the plasma membrane in the absence of
nocodazole (Percent Delivery). The bar graphs depict the mean of two to nine independent experiments, each of which is represented by one
of the symbols in the scatter plots.
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effect on apical secretion of gp80, although we did
observe pronounced variability in the amount of gp80
secreted into the basolateral medium (Figure 4C). Sim-
ilar to results from clone II/G cells, we found at later
times that the amounts of gp80 secreted into the apical
and basolateral medium varied considerably between
independent experiments (Figure 4C). Note that in
control clone II/J cells, .80% of the newly synthesized
gp80 was secreted into the apical medium at all times
(Figure 4, A and C).

For the following reasons, we do not think that the
variability in gp80 secretion into the apical and basolat-
eral media observed at these later times is due to exper-
imental error: 1) the effect was documented in multiple
independent experiments; 2) delivery of newly synthe-
sized gp80 in parallel control cells did not vary between
individual experiments; 3) relatively little variation was
detected between experiments for the other apical or
basolateral membrane proteins that were prepared from
the same Transwell filters in each experiment; and 4)
gp80 did not diffuse between filter-insert compartments,
since the tight junction remained impermeable to the
paracellular diffusion of inulin after microtubule disrup-
tion. Thus, the variability between experiments likely
represents the randomization of gp80 secretion from the
apical and basolateral surface after disruption of micro-
tubules. While gp80 targeting in polarized MDCK cells
has previously been shown to be sensitive to microtu-
bule disruption (Parczyk et al., 1989), the changes we
observed in gp80 secretion after microtubule disruption
at various times after establishment of cell–cell contacts
have not been reported.

After microtubule disruption in both clone II/G and
II/J cells at each time examined, delivery of newly
synthesized gp135/170 to the apical plasma mem-
brane was inhibited by ;50%, but, in contrast to gp80,
we did not detect a concomitant missorting of gp135/
170 to the basolateral membrane. Note that .90% of
newly synthesized gp135/170 was directly delivered
to apical plasma membrane in control II/G and II/J
cells at all times (Figure 5).

Targeting of E-Cadherin to the Basolateral Membrane
Microtubule disruption in both clone II/G and II/J
cells, and at all times examined, resulted in a ;30%
reduction in the amount of newly synthesized E-cad-
herin delivered to the basolateral plasma membrane.
We did not detect any missorting of E-cadherin to the
apical membrane. Note that in control clone II/G and
II/J cells, .90% of newly synthesized E-cadherin was
delivered directly to the basolateral plasma membrane
at all times (Figure 6).

DISCUSSION

We show that direct delivery of newly synthesized
gp135/170, gp80, and E-cadherin to the correct mem-

brane domain of both clone II/G and II/J MDCK cells
is established within 10 h of induction of cell–cell
contacts (see also, Wollner et al., 1992; Mays et al.,
1995b). Significantly, at this time, both clone II/G and
II/J cells have a PN-type microtubule/Golgi organi-
zation; the AN-type microtubule organization did not
develop in clone II/G cells until 48 h after cell–cell
adhesion. Nevertheless, the PN-type of microtubule
organization is important for delivery of these pro-
teins to the cell surface; microtubule disruption in
both clones of MDCK cells reduced by 25–50% the
amounts of gp135/170 and E-cadherin delivered to
the apical and basolateral membrane, respectively. We
note that these proteins were not missorted to the
incorrect membrane domain in the absence of micro-
tubules. Delivery of gp80 to the apical membrane in
newly established MDCK cultures was also decreased
by ;30–50% upon microtubule disruption. In contrast
to gp135/170 and E-cadherin, some missorting of
gp80 to the basolateral membrane was detected in the
absence of microtubules. In fully differentiated cells
treated with nocodazole, gp80 delivery to both mem-
brane domains was variable and nonspecific. Thus,
gp80 represents a class of apical proteins that requires
intact microtubules for efficient and appropriate deliv-
ery to the cell surface.

We draw two conclusions from these results. First,
intact microtubules appear to facilitate the delivery of
proteins to both the apical and basolateral plasma
membranes. This result confirms a role for microtu-
bules in facilitating protein delivery to the apical
membrane (Rindler et al., 1987; Achler et al., 1989;
Eilers et al., 1989; Matter et al., 1990; van Zeijl and
Matlin, 1990; Gilbert et al., 1991). In contrast to several
previous studies (Rindler et al., 1987; Achler et al.,
1989; Eilers et al., 1989; Matter et al., 1990; van Zeijl and
Matlin, 1990), our results show that microtubules are
also required to facilitate targeting of membrane pro-
teins to the basolateral membrane. The reason for this
discrepancy is not easily reconciled. We note that
.99% of microtubules were disrupted in our experi-
ments. In addition, our labeling protocol was designed
to capture the initial wave of protein reaching the
plasma membrane and, therefore, we cannot comment
on the effects of microtubule disruption on the kinetics
of protein delivery at later chase times (see Gilbert et
al., 1991).

Second, direct delivery of proteins to the cell surface
is independent of a specific microtubule organization.
Our results show unequivocally that the AN-type mi-
crotubule/Golgi organization does not represent a
specialized structural framework in epithelial cells for
vesicle targeting from the TGN to either the apical or
basolateral membrane. Thus, either the polarity of mi-
crotubules between the TGN and different membrane
domains is not important with respect to vesicle traf-
ficking in cells with PN- and AN-type organizations,
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or vesicles can adapt to different microtubule orienta-
tions due to the presence on their membrane of plus-

and minus-end–directed microtubule motors. Lafont
et al. (1994) have presented evidence that in polarized

Figure 5. Role of intact microtubules in targeting of newly synthesized gp135/170 to the plasma membrane during the development of
polarity in MDCK clone II/G and II/J cells. Confluent MDCK clone II/G and II/J cultures were established as described in MATERIALS
AND METHODS. As diagrammed in Figure 3A, cultures were incubated in either the absence (2noc) or presence (1noc) of nocodazole.
During the last hour at 37°C, cultures were metabolically labeled with [35S]methionine/cysteine. At the indicated times after the induction
of cell–cell contacts (10–120 h), duplicate filters were labeled on either the apical (Ap) or basolateral (BL) membrane with NHS-SS-biotin. Cells
were than extracted in RIPA buffer as described in MATERIALS AND METHODS. Samples were sequentially precipitated with a monoclonal
antibody to gp135/170 followed by avidin agarose. Immunoprecipitates were then processed for SDS-PAGE and fluorography. (A)
Fluorography results from representative samples for each time point are presented. The amount of labeled gp135/170 in gels was
determined directly using a Molecular Dynamics phosphor imager (model 820). Scanning densitometry results of protein from MDCK clone
II/G (B) and clone II/J (C) cells are presented as a percentage of the total newly synthesized gp135/170 delivered to the plasma membrane
in the absence of nocodazole (Percent Delivery). The bar graphs depict the mean of one to three independent experiments, each of which are
represented by one of the symbols in the scatter plots.
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MDCK cells, both plus-end (kinesin)- and minus-end
(dynein)–directed microtubule motors are involved in

transport of hemagglutinin to the apical membrane,
whereas only a plus-end–directed motor (kinesin) is

Figure 6. Role of intact microtubules in the targeting of newly synthesized E-cadherin to the plasma membrane during the development of
polarity in MDCK clone II/G and II/J cells. Confluent MDCK clone II/G and II/J cultures were established as described in MATERIALS AND
METHODS. As diagrammed in Figure 3A, cultures were incubated in either the absence (2noc) or presence (1noc) of nocodazole. During the last
hour at 37°C, cultures were metabolically labeled with [35S]methionine/cysteine. At the indicated times after the induction of cell–cell contacts
(10–120 h), duplicate filters were labeled on either the apical (Ap) or basolateral (BL) membrane with NHS-SS-biotin. Cells were than extracted in
RIPA buffer as described in MATERIALS AND METHODS. Samples were sequentially precipitated with an antiserum to E-cadherin followed by
avidin agarose. Immunoprecipitates were then processed for SDS-PAGE and fluorography. (A) Fluorography results from representative samples
for each time point are presented. The amount of labeled E-cadherin in gels was determined directly using a Molecular Dynamics phosphor imager
(model 820). Scanning densitometry results of protein from MDCK clone II/G (B) and clone II/J (C) cells are presented as a percentage of the total
newly synthesized E-cadherin delivered to the plasma membrane in the absence of nocodazole (Percent Delivery). The bar graphs depict the mean
of one to three independent experiments, which are represented by one of the symbols in the scatter plots.
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involved in transport of VSV G protein to the basolat-
eral membrane. Delivery of gp80-containing vesicles
to the apical (and basolateral) membrane in cells with
a PN-type microtubule organization is toward the
plus-ends of microtubules, whereas apical delivery of
gp80-containing vesicles in cells with a AN-type orga-
nization would require a minus-end–directed motor.
Therefore, it is likely that gp80 vesicles contain both
plus- and minus-end–directed motors. However, it
unclear at this time how cells ensure that gp80-con-
taining vesicles are delivered predominantly along
microtubules that extend toward the apical plasma
membrane in PN-type cells. In cells with an AN-type
microtubule organization, it is possible that either the
plus-end–directed motor becomes less active or the
minus-end–directed motor becomes dominant in de-
termining the direction of vesicle movement; this tran-
sition would presumably not occur in clone II/J cells
as they differentiate. As with gp80, gp135/170-con-
taining vesicles must also contain both plus- and mi-
nus-end–directed motors. We note, however, that
gp135/170 was never missorted to the basolateral
membrane under control conditions or after disrup-
tion of microtubules. E-cadherin, which was never
missorted to the apical membrane, would only require
a plus-end–directed motor for appropriate delivery to
the basolateral membrane in cells with either a PN- or
AN-type microtubule organization.

Our previous studies showed that an increasing pro-
portion of aNa/K-ATPase is delivered directly to the
basolateral membrane in II/G cells coincident with the
development of an AN-type microtubule/Golgi orga-
nization; aNa/K-ATPase delivery in II/J cells re-
mained ;50:50 to both membrane domains (Mays et
al., 1995b). However, sorting of aNa/K-ATPase, but
not E-cadherin, to the basolateral membrane in II/G
cells appeared to depend on glycosphingolipid (GSL)
sorting, which excluded aNa/K-ATPase from the api-
cal pathway. Inhibition of GSL synthesis in II/G cells
with fumonisin resulted in delivery of aNa/K-ATPase
equally to the apical and basolateral membranes, as in
II/J cells, without any affect on E-cadherin sorting
(Mays et al., 1995b). However, as with E-cadherin,
there is little or no affect of microtubule disruption on
missorting of aNa/K-ATPase to the apical membrane
(i.e., the amount of aNa/K-ATPase delivered to the
apical membrane is not altered in the presence of
nocodazole; Grindstaff and Nelson, unpublished re-
sults; see also Boll et al., 1991). Furthermore, treatment
of II/G cells with fumonisin does not affect gp80 and
E-cadherin sorting (Mays et al., 1995b), whereas mi-
crotubule disruption produces a marked reduction in
the delivery of these proteins to their appropriate
membrane domains. We conclude that the effects of
GSLs on sorting of aNa/K-ATPase in the TGN are
distinct from the role of microtubules in delivery of

transport vesicles between the TGN and plasma mem-
brane domains.

The rapid establishment of efficient and specific tar-
geting of proteins to the apical and basolateral mem-
brane indicates that protein-sorting pathways develop
quickly after induction of cell–cell contacts. Previous
studies have shown that the cell surface distribution of
apical proteins, including gp135/170, is polarized in
single MDCK cells attached to a substratum (Vega-
Salas et al., 1987; Ojakian and Schwimmer, 1988). Ba-
solateral membrane proteins, on the other hand, are
randomly distributed on both the free (apical) surface
and the basal membrane of single cells (Nelson and
Veshnock, 1986; Vega-Salas et al., 1987; Salas et al.,
1988). These results suggest that cell surface polarity
of basolateral proteins requires induction of cadherin-
based cell–cell adhesion. Because sorting of apical and
basolateral membrane proteins into discrete transport
vesicles occurs in ’nonpolarized’ fibroblasts (Musch et
al., 1996; Yoshimori et al., 1996), it is likely that sorting
of apical and basolateral proteins occurs constitutively
in MDCK cells, regardless of the state of cell–substra-
tum or cell–cell adhesion.

If all cell surface proteins were sorted in the TGN
into a single class of apical or basolateral transport
vesicles, we would expect that gp80 would exhibit
characteristics of gp135/170 delivery. Similar to
gp135/170, gp80 was delivered directly to the apical
membrane domain within 10 h of induction of cell–
cell contacts. Microtubule disruption resulted initially
in a 30–50% reduction in delivery of gp80 to the apical
membrane, similar to gp135/170. However, in con-
trast to gp135/170, a significant amount of gp80 was
missorted to the basolateral membrane domain. Our
results indicate that vesicles containing gp80 require
intact microtubules to specify their delivery to the
apical membrane, and that, in the absence of microtu-
bules, these vesicles are able to dock and fuse with the
basolateral membrane. Similar results have been re-
ported for the targeting of basement proteins in
MDCK cells and LLC-PK1 renal epithelial cells and
serum albumin in rat hepatocytes after microtubule
disruption (Boll et al., 1991; De Almeida and Stow,
1991; Saucan and Palade, 1991). This suggests that
gp80 represents a class of proteins that is sorted into a
population of vesicles that have promiscuous docking
capabilities with both membrane domains. In contrast,
gp135/170 and E-cadherin represent two additional
classes of proteins whose specificity of delivery is
primarily dependent on membrane domain-specific
organization of docking and fusion machinery, rather
than establishment of microtubule-based targeting
pathways.

In summary, we have shown that redistribution of
microtubules and the Golgi complex from a PN-type
organization characteristic of ’nonpolarized’ cells to
an AN-type organization is not required to establish
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direct delivery pathways from the TGN to either the
apical or basolateral membrane domain. Thus, the
fidelity of post-TGN transport vesicle delivery to the
correct membrane domain appears to be determined
by domain-specific vesicle-docking machinery.
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