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Tyrosine-dependent sequence motifs are implicated
in sorting membrane proteins to the basolateral domain
of Madin-Darby canine kidney (MDCK) cells. We find
that these motifs are interpreted differentially in vari-
ous polarized epithelial cell types. The H,K-ATPase b
subunit, which contains a tyrosine-based motif in its
cytoplasmic tail, was expressed in MDCK and LLC-PK1
cells. This protein was restricted to the basolateral
membrane in MDCK cells, but was localized to the apical
membrane in LLC-PK1 cells. Similarly, HA-Y543, a con-
struct in which a tyrosine-based motif was introduced
into the cytoplasmic tail of influenza hemagglutinin,
was sorted to the basolateral membrane of MDCK cells
and retained at the apical membrane of LLC-PK1 cells. A
chimera in which the cytoplasmic tail of the H,K-ATPase
b subunit protein was replaced with the analogous re-
gion of the Na,K-ATPase b subunit polypeptide was lo-
calized to both surface domains of MDCK cells. Mutation
of tyrosine-20 of the H,K-ATPase b subunit cytoplasmic
sequence to an alanine was sufficient to disrupt basolat-
eral localization of this polypeptide. In contrast, these
constructs all remain localized to the apical membrane
in LLC-PK1 cells. The FcRII-B2 protein bears a di-
leucine motif and is found at the basolateral membrane
of both MDCK and LLC-PK1 cells. These results demon-
strate that polarized epithelia are able to discriminate
between different classes of specifically defined mem-
brane protein sorting signals.

Polarized epithelial cells serve as barriers between composi-
tionally dissimilar environments. Their plasma membranes
are divided into apical and basolateral domains, which are
separated by tight junctions. These domains are composed of
distinct sets of proteins and lipids, allowing them to serve
diverse physiological functions (1, 2). Newly synthesized mem-
brane proteins are delivered to the sites of their ultimate func-
tional residence and retained there throughout continuous re-

modeling of the plasma membrane. Information specifying
sorting behavior must, therefore, be encoded within the struc-
ture of each individual plasma membrane protein. Further-
more, these signals must be correctly recognized and inter-
preted by sorting machinery to dictate proper targeting.

A number of sequence motifs, which mediate the sorting of
membrane proteins to various polarized domains, have re-
cently been described. The transmembrane (3, 4)1 and ectodo-
mains (5–7) of several polypeptides have been implicated in
mediating delivery to the apical domain. Several classes of
sequences have been found to direct specific sorting to the
basolateral domain in the polarized kidney epithelial cell line,
MDCK.2 pIGR (8) contains a unique basolateral sorting se-
quence that does not appear to be found in other basolateral
polypeptides. A second class of basolateral sorting motif, which
encompasses a critical tyrosine residue, has been found in a
wide variety of membrane proteins (9–13). These motifs appear
to take the form YXX-aliphatic amino acid (14). Similar se-
quences have also been shown to mediate internalization into
endosomes via clathrin-coated pits (15, 16). A representative of
such an internalization signal is the YXRF sequence found in
the cytoplasmic tail of the transferrin receptor (17). In addition,
Brewer and Roth found that a single point mutation introduc-
ing a tyrosine-dependent endocytosis sequence (HA-Y543) into
the cytoplasmic tail of the influenza hemagglutinin (HA) pro-
tein was sufficient to override the apical sorting signal previ-
ously demonstrated in that protein. HA-Y543 is sorted to the
basolateral domain of MDCK cells (12). Tyrosine-independent
di-leucine endocytosis sequence motifs constitute yet a third
class of basolateral sorting signal (18–20).

We have begun to identify the protein domains of a het-
erodimeric ion pump, the gastric H,K-ATPase, which are re-
sponsible for its localization in polarized epithelial cells. We
have previously demonstrated that the H,K-ATPase b subunit
is sorted both to the apical domain and to a subapical popula-
tion of endosomes in an epithelial cell line derived from the
mammalian kidney, LLC-PK1 (21). Analysis of the N-terminal
cytoplasmic domain of the H,K-ATPase b subunit revealed the
presence of a putative tyrosine-based motif (FRHY). Because
the H,K-ATPase b subunit is a type II membrane protein, this
motif is presented in reverse orientation to the YXX-aliphatic
amino acid sequence discussed above. However, reversing the
orientation of similar tyrosine-based motifs in the transferrin
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and LDL receptors has been shown to reduce, but not to abol-
ish, their competence to mediate internalization (22). We have
also demonstrated that this motif mediates internalization of
the H,K-ATPase from the surfaces of gastric parietal cells in
vivo (51). Because tyrosine-dependent motifs have been shown
to direct basolateral sorting in MDCK cells, we wondered
whether the apical localization of this protein in LLC-PK1 cells
was indicative of a cell-type specific difference in the interpre-
tation of this motif.

It has previously been demonstrated that the H,K-ATPase b
subunit is able to leave the endoplasmic reticulum without the
requirement for assembly with it’s corresponding a subunit
(23). The Na,K-ATPase b subunit cannot leave the endoplasmic
reticulum before assembly with the Na,K-ATPase a subunit.
Although the Na,K-ATPase b subunit is approximately 35%
identical to the H,K-ATPase b subunit, it does not contain a
comparable tyrosine-dependent motif. We have taken advan-
tage of these attributes in creating constructs designed to de-
termine whether the tyrosine-based motif present in the H,K-
ATPase b subunit is responsible for the different sorting
behavior of this polypeptide in MDCK and LLC-PK1 cells.
Furthermore, the distribution of the FcRII-B2 polypeptide,
which contains a di-leucine motif (18, 19, 24), was examined to
determine whether other classes of sorting signals are differ-
entially interpreted by these two polarized cell types.

EXPERIMENTAL PROCEDURES

Cell Culture and Stable Transfection

MDCK cells (gift of K. Matlin, Massachusetts General Hospital,
Boston, MA) were maintained in minimal essential medium with
Earle’s salts (Life Technologies, Inc.), 10% fetal calf serum (Sigma), 50
units/ml penicillin, 50 mg/ml streptomycin, and 2 mM L-glutamine.
LLC-PK1 (gift of K. Amsler, Robert Wood Johnson Medical School,
Piscataway, NJ) cells were maintained in minimal essential medium
alpha medium (Life Technologies, Inc.), supplemented as described for
the MDCK cells. All cells were grown in a humidified incubator at 37 °C
and 5% CO2 atmosphere. The rabbit gastric H,K-ATPase b cDNA was
kindly provided by M. Reuben and G. Sachs (University of California,
Los Angeles, CA) (25). The rat Na,K-ATPase b1 cDNA was kindly
provided by E. Benz (Johns Hopkins University). FcRII-B2 was kindly
provided by I. Mellman (Yale University, New Haven, CT). All cDNAs,
including the wild type HA and the HA-Y543 mutant, were subcloned
into the cytomegalovirus promoter-based mammalian expression vector
pCB6 (12) and transfected into MDCK and LLC-PK1 cells as described
previously (21). Transfected MDCK and LLC-PK1 colonies were se-
lected in 0.9 or 1.4 mg/ml G418 (Life Technologies, Inc.), respectively,
and screened by immunofluorescence and Western blot. LLC-PK1 cells
expressing HA-Y543 were sorted by means of a fluorescence-activated
cell sorter to generate high and low expressing cell lines. In this proce-
dure, cells were trypsinized and suspended in media containing fluo-
rescein isothiocyanate-conjugated antibody directed against the an-
ti-HA protein (gift of L. Roman, Johns Hopkins University, Baltimore,
MD). Cells in the highest and lowest deciles of fluorescence above
background were recovered and expanded after washing.

H,K/Na,K-ATPase b Subunit Chimera Construction

The H,K/Na,K-ATPase b subunit constructs were each generated by
two separate polymerase chain reactions. Reaction I generated the
amino terminus, containing the unique ClaI restriction enzyme site, up
to the proposed mutation. Reaction II generated from the proposed
mutation to a unique restriction enzyme site contained within the
transmembrane domain of the H,K-ATPase b (AflII). The products from
these reactions were then annealed at the overlapping mutation sites
and amplified. A new restriction enzyme site, EagI, was introduced into
bN28H to provide an overlapping region for annealing the halves of this
chimera. The introduction of this restriction site did not alter amino
acid sequence. The full-length b subunit chimeras were isolated on 1.5%
low melting temperature agarose gels, purified by Gene Clean (BIO
101, Vista, CA) and subcloned into H,K-ATPase b pCB6. All full-length
chimeras were sequenced for fidelity. H,K-ATPase b pCB6 and Na,K-
ATPase b1 pBluescript SK1 (only reaction I, bN28H) were used as
template cDNAs. Primers introducing the appropriate mutations (bold)
are indicated; bN28H, 59-GGTCCGGCCGAGAAACTC3-9, and bH-

Y20A, 59-GTTCCAGCAGGCGTGGCGGAA3-9 (35). 50-ml reactions (2
mM each primer, 0.1 mM template cDNA, 0.2 mM of each dATP, dTTP,
dCTP, dGTP, 13 Vent DNA polymerase reaction buffer, 1 unit Vent
polymerase (New England Biolabs, Beverly, MA)) were run under the
conditions indicated: bN28H; melt; 97 °C, 15 s; anneal; 40 °C, 120 s;
extend; 72 °C, 90 s; 30 cycles; dGTP was replaced with a 3:1 ratio of
7-deaza-29-dGTP to dGTP, and bH-Y20A; melt; 97 °C 15 s; anneal;
50 °C, 60 s; extend; 72 °C, 60 s; 30 cycles. These products were isolated
and purified on 1.5% low melting temperature agarose gels (Bio-Rad,
Hercules, CA). The gel slices were melted at 80 °C for 5 min and the
appropriate halves of each chimera annealed at their internal overlap-
ping regions. To anneal the reaction products, 50-ml reactions contain-
ing 1:1 ratios of reaction product I to reaction product II in place of
primers were run for 10 cycles according to the conditions specified:
bH-Y20A; melt; 97 °C, 15 s; anneal; 37 °C, 90 s; extend; 72 °C, 30 s; 30
cycles, bN28H; melt; 97 °C, 15 s; anneal; 45 °C, 60 s; extend; 72 °C, 60 s;
30 cycles, dGTP was replaced with a 3:1 ratio of 7-deaza-29-dGTP to
dGTP. Annealed front to back chimeras were then amplified by the
addition of 2 mM of the outermost (unique restriction enzyme contain-
ing) primers and continuation of the reaction for an additional 20 cycles.

Immunofluorescence

Surface—Cells were plated on 0.4 mM Transwell polycarbonate filters
(Corning Costar Inc., Cambridge, MA) and allowed to establish conflu-
ency for 5–7 days. Filters were moved to 4 °C, rinsed with PBS 1 0.1%
BSA and incubated in HKb primary Ab (monoclonal antibody against
the H,K-ATPase b subunit was kindly provided by J. Forte and D.
Chow; University of California at Berkeley, Berkeley CA) diluted 1:10
in PBS11 (PBS, 0.1 mM CaCl2, 1 mM MgCl2) 1 0.1% BSA for 4–5 h.
Nonspecific Ab binding was removed in three consecutive 10 min
washes in PBS11 1 0.1% BSA. Cells were fixed in cold methanol
(220 °C) for 10 min, followed by permeablization and incubation with a
goat anti-mouse rhodamine-conjugated secondary antibody (Sigma) as
described previously (21).

Permeablized Cells—Indirect immunofluorescence was conducted as
described previously (21). Briefly, cells were fixed in 3.5% paraformal-
dehyde and permeablized in 0.3% Triton X-100 before incubation in
1:500 rat monoclonal FcRII-B2 antibody (6B7B, gift of I. Mellman).
Confocal images were generated using a Zeiss LSM 410 laser-scanning
confocal microscope. All images were line averaged 8-fold. Cross-sec-
tions were generated with a 0.2 m motor step. Contrast and brightness
settings were adjusted so that all pixels were in the linear range.

Immunoelectron Microscopy

Cells grown on Transwell filters (Corning Costar) were rinsed twice
in PBS11 and fixed in 3% paraformaldehyde, 0.05% gluteraldehyde for
1 h at room temperature. Cells were labeled with anti-HA antibody,
followed by goat anti-rabbit IgG conjugated to horseradish peroxidase
(Biosys). Filters were labeled with peroxidase, embedded, and sectioned
according to standard protocol (26).

Biotinylation

MDCK cells expressing H,K-ATPase b or the H,K/Na,K-ATPase b
chimeras were grown to confluencey on Transwell filters (Corning
Costar). The filters were biotinylated at pH 7.5 from either the apical or
basolateral membrane at 4 °C as described previously (27). Biotin was
quenched with the addition of 100 mM glycine and the cells were lysed
in 1 ml of 1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 50 mM Tris, pH
7.5. One-eighth of the total lysate was then immunoprecipitated with
100 ml of a 50/50 slurry of avidin-agarose. The biotinylated proteins
were eluted from the beads by heating to 80 °C in SDS-PAGE sample
buffer and separated on 10% polyacrylamide gels (28), transferred to
nitrocellulose (29), and probed for 1 h at room temperature with 1:500
HK b antibody diluted into TBS (20 mM Tris-HCl, pH 7.5, 150 mM NaCl,
0.1% Tween 20) plus 5% powdered milk. The blot was then washed for
1 h in TBS 1 milk, and incubated with 1:1000 horseradish peroxidase-
conjugated goat anti-mouse secondary antibody. Following further
washes in TBS, the blot was developed with enhanced chemilumines-
cence (Amersham Pharmacia Biotech) and exposed to Hyperfilm
(Amersham).

Internalization Assay

Measurements of HA-Y543 endocytosis were performed according to
Brewer and Roth (12). Briefly, HA-Y543-expressing cells grown to con-
fluency on Transwell filters were incubated at 37 °C for 40 min in
Met-Cys-free medium and labeled for 30 min with 35S-Met and Cys
(ICN Radiochemicals, Irving, CA). Cells were chased with complete
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medium for 2 h at 37 °C. The medium was then replaced with ice-cold
medium, and the cells were transferred to 4 °C. Anti-HA antibody was
added to the medium in either the apical or the basolateral compart-
ment, and the filters were incubated on ice for an additional 40 min.
Filters were then washed twice in low HCO3 DMEM containing 10 mM

Hepes and 0.5% BSA and once in DMEM, 10 mM Hepes. Warmed
(37 °C) DMEM, 10 mM Hepes was placed on the filters, which were
moved to a 37 °C water bath for 1 min and then returned to 4 °C.
Compartments previously containing antibody were treated with 100
mg/ml trypsin for 40 min; soybean trypsin inhibitor (200 mg/ml) was
added to the opposite compartment. HA still remaining on the surface
was cleaved into two fragments. Filters were rinsed in medium contain-
ing 200 mg/ml soybean trypsin inhibitor for 10 min, 4 °C, and the cells
were lysed in 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% Nonidet P-40,
0.1% SDS, 0.1 units of aprotinin. HA-Y543 was recovered by immuno-
precipitation with protein A-agarose, separated by SDS-PAGE (28) and
detected by fluorography using Autofluor (National Diagnostics, Man-
ville, NJ). Band intensity was determined by densitometry. Percent
internalized was calculated as uncleaved HA divided by total (un-
cleaved plus cleaved) HA.

RESULTS

MDCK cells were stably transfected with the rabbit gastric
H,K-ATPase b subunit cDNA. Steady state localization of the
H,K-ATPase b subunit polypeptide was determined by surface
immunofluorescence, employing a monoclonal antibody di-
rected against the ectodomain of the b subunit. Stably trans-
fected MDCK cells were grown as confluent monolayers on
polycarbonate filters and incubated at 4 °C for 4 h with mono-
clonal Ab present in both the apical and basolateral chambers.
The monolayers were fixed and stained with a goat anti-mouse
rhodamine-conjugated secondary Ab. Fluorescent images, both
en face and in X/Z cross-section, were gathered with a laser-
scanning confocal microscope. As can be seen in Fig. 1, A and B,
the steady state distribution of the H,K-ATPase b subunit is
restricted to the basolateral membrane. Cell surface biotinyla-
tion was also performed on transfected MDCK monolayers

grown on filters. These studies verify that the H,K-ATPase b

subunit is localized 94 6 4% to the basolateral membrane
domain (Fig. 5, A and B). Immunoprecipitation experiments
indicate that, when expressed in mammalian cells, the H,K-
ATPase b subunit does not form a stable complex with the
endogenous Na,K-ATPase a subunit (data not shown). The
H,K-ATPase b subunit basolateral localization is consistent
therefore, with the possibility that this protein contains a sig-
nal that is interpreted as a basolateral sorting determinant in
MDCK cells. Interestingly, when this protein is examined in
another cell line derived from mammalian kidney, LLC-PK1, it
maintains a very different steady state distribution. In stably
transfected LLC-PK1 cells, surface immunofluorescence re-
veals that the H,K-ATPase b subunit is localized predomi-
nately to the apical plasma membrane (Fig. 1, C and D).

To determine whether this differential sorting behavior was
unique to the H,K-ATPase b subunit, or extended to other
proteins bearing tyrosine-dependent sequence motifs, HA-
Y543 was stably expressed in LLC-PK1 cells. Wild type influ-
enza HA protein is targeted to the apical membrane domains of
both MDCK (30, 31) and LLC-PK1 cells (Fig. 2A). Mutation of
HA Cys-543 to a tyrosine creates an overlapping sorting and
internalization sequence that directs the polypeptide to the
basolateral membrane of MDCK cells (12). Immunoperoxidase-
stained electron micrographs of LLC-PK1 cells stably express-
ing either the wild type HA protein or HA-Y543 are depicted in
Fig. 2, A and B. HA-Y543 is predominately intracellular, con-
sistent with its steady state distribution in MDCK cells (12).
HA-Y543 is localized to the apical domain (Fig. 2B) when
surface staining is detected in cells selected for low level ex-
pression. Polarized distribution is lost when HA-Y543 is ex-
pressed at high levels (data not shown). Recent work demon-
strates that the tyrosine-motif in HA-Y543 (YRIC) constitutes

FIG. 1. Steady state localization of the H,K-ATPase b subunit in MDCK and LLC-PK1 cells. Stably transfected cells grown on
polycarbonate filters were incubated with a primary antibody against the ectodomain of the H,K-ATPase b subunit at 4 °C for 4 h. Cells were then
washed, fixed in methanol (220 °C) and incubated with a goat anti-mouse rhodamine-conjugated secondary antibody. Confocal images were
collected on a Zeiss laser scanning confocal microscope. H,K-ATPase b is restricted to the basolateral domain of MDCK cells, both en face (A) and
in X/Z cross-section (B). This protein is predominately localized to the apical domain in LLC-PK1 cells, both en face (C) and in X/Z cross-section (D).
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a relatively weak signal, which accounts for the loss of polarity
at high levels of expression (32).3

The observations that the same proteins were sorted to dis-
tinct domains in cell lines resembling different nephron seg-
ments might reflect functional differences in the apical mem-
branes of those cell types. Many tyrosine-based motifs contain
overlapping information for intracellular sorting and for inter-
nalization from the plasma membrane (9–11). Localization of
proteins containing these motifs to the opposite surfaces in
MDCK and LLC-PK1 cells may reflect different capacities for
endocytosis at these membrane domains in the two cell types.
To test this hypothesis, the relative apical and basolateral
rates of endocytosis of HA-Y543 were determined in the MDCK
and LLC-PK1 cells. Cells grown on polycarbonate filters were
labeled with 35S-Met and Cys and chased for 2 h. The cells were
then cooled to 4 °C and anti-HA antibody added to either the

apical or the basolateral medium. After warming the filters to
37 °C for 1 min, surface bound Ab was removed by the addition
of trypsin to the medium compartments. Internalized HA-Y543
was immunoprecipitated and the resulting SDS-PAGE bands
quantified. In MDCK cells, apical endocytosis occurs at only
14% of the rate of basolateral endocytosis (Table I). However, in
LLC-PK1 cells, the apical surface is considerably more endo-
cytically active, with internalization occurring at 41% of the
basolateral rate (Table I).

To determine whether the tyrosine-dependent sequence mo-
tifs play a role in sorting to the different membrane domains of
the MDCK and LLC-PK1 cell lines, a chimera between the
H,K-ATPase and the Na,K-ATPase b subunits was created.
The Na,K-ATPase b subunit does not contain an equivalent
tyrosine-based motif. The bN28H chimera replaces the cyto-
plasmic tail of the H,K-ATPase b subunit, excluding the three
amino acids immediately adjacent to the transmembrane do-
main, with the cytoplasmic tail of the Na,K-ATPase b subunit.
The bH-Y20A construct mutates Tyr-20 to an alanine. Similar
point mutations in other proteins have been shown to signifi-
cantly reduce the capacity of this motif for internalization (33,
34). This mutation also disrupts internalization of the func-
tional gastric H,K-ATPase holoenzyme from the surfaces of
gastric parietal cells in vivo when it is expressed in transgenic
mice (35). The constructs are depicted in Fig. 3.

These constructs were stably transfected into the MDCK and
LLC-PK1 cells lines and their steady state distributions deter-
mined as described for the wild type H,K-ATPase b subunit. In
MDCK cells, significant fractions of both the bN28H and bH-
Y20A chimeras were localized at steady state to the apical
membrane domain (Fig. 4, A–D). This observation supports our
hypothesis that sorting information is contained within the
cytoplasmic tail and, more specifically, within the tyrosine-
based sorting motif of the H,K-ATPase b subunit. Cell surface
biotinylation confirms the steady state localization of the b
subunit chimeras to both the apical and basolateral membrane
domains of MDCK cells (Fig. 5, A and B). Densitometric quan-
titation of these data (Fig. 5B) verify that the localization of
bN28H is 31 6 7% apical, whereas that of bH-Y20A is 42 6 2%
apical. In contrast, 6 6 4% of the wild type H,K-ATPase b
subunit is apically localized.

Both surface immunofluorescence and biotinylation repre-
sent powerful tools to determine protein distribution in MDCK
cells. These methods introduce the minimum of cell type spe-
cific artifact, as the respective reagents used for detection have
access to the “unmanipulated” localization of the b subunit
chimeras before either fixation or cell lysis and immunoprecipi-
tation. The data presented in Figs. 1, 4, and 5 strongly confirm
the localization of the H,K-ATPase b subunit to the basolateral
membrane of MDCK cells, and the localization of the b subunit
chimeras to both the apical and basolateral membranes of
MDCK cells. Surface immunofluorescence remains applicable
in LLC-PK1 cells. However, the presence of a dense glycocalyx
in these cells hinders access to the apical membrane and ren-
ders biotinylation a less definitive means for protein localiza-
tion in LLC-PK1 cells (27).

Confocal microscopy revealed that in the stably transfected
LLC-PK1 cell lines, all of the b subunit chimeras retained a3 H. Y. Naim and M. G. Roth, unpublished observations.

FIG. 2. Immunolocalization of influenza HA and HA-Y543 in
LLC-PK1 cells. HA or HA-Y543 stably expressed in LLC-PK1 cells was
analyzed by immunoelectron microscopy employing an ectodomain HA
antibody and a goat anti-rabbit horseradish peroxidase conjugated sec-
ondary antibody. Dense horseradish peroxidase reaction product was
localized to the apical brush border of cells expressing the wild type HA
(A) protein. Horseradish peroxidase reaction product was also localized
to the apical brush border and to a population of intracellular vesicles
in cells expressing the HA-Y543 protein (B). No reaction product was
detectable at the basolateral membranes of cells expressing low levels of
either protein. Magnification, 310,000.

TABLE I
Internalization of HA-Y543 in MDCK and LLC-PK1 cells

Values are the percent of HA-Y543 present at the designated surface
domain internalized after 1 min.

Cell type Apical Basolateral

MDCK 1.3 6 0.3 8.8 6 0.6 n 5 3
LLC-PK1 7.0 6 0.6 17.1 6 1.1 n 5 3
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predominately apical steady state distribution, similar to that
found for the wild type H,K-ATPase b subunit (Fig. 6, A–D).
The FRHY motif does not, therefore, seem to be required for
sorting to the endocytically active apical domain of LLC-PK1

cells. Furthermore, the observation that bN28H remains local-
ized predominately to the apical membrane (Fig. 6, A and B)
indicates that the entire cytoplasmic tail of the H,K-ATPase b
subunit does not seem to play a dominant role in the sorting
behavior of this protein in the LLC-PK1 cell line.

The FcRII-B2 protein relies upon a tyrosine-independent
di-leucine motif for internalization and for basolateral sorting
in MDCK cells (18, 19, 24). Both en face (Fig. 7A) and X/Z cross
section (Fig. 7B) confocal images of indirect immunofluores-
cence indicate that this protein remains basolaterally localized
when stably expressed in LLC-PK1 cells. Cell surface biotiny-
lation is consistent with the immunocytochemical results, ver-
ifying that the FcRII-B2 protein accumulates at the basolateral
domain in LLC-PK1 cells, as it does in the MDCK cell line (data
not shown). These data suggest that the sorting and internal-
ization motifs are, as a class, differentially interpreted in the
MDCK and LLC-PK1 cell lines.

DISCUSSION

Previous studies have indicated that diverse epithelial cells
have the ability to sort similar proteins to distinct surface
distributions. For example, in MDCK cells glycosylphosphati-
dylinositol-linked proteins are sorted to the apical membrane
(36, 37), whereas members of this family are directed to the
basolateral domain in Fisher rat thyroid epithelial cells (38).
Additionally, the Na,K-ATPase ion pump resides in the baso-
lateral membrane of most epithelial cells, but is localized to the
apical membrane domain in cells of the choroid plexus (39) and
the retinal pigment epithelium (40). It would appear, therefore,
that sorting mechanisms vary among cell types. This variabil-
ity may provide different epithelial cell types with the flexibil-
ity to establish domains that contain distinct proteins in re-
sponse to particular physiological requirements.

We have demonstrated that the H,K-ATPase b subunit cy-
toplasmic tail contains one class of recognized sorting se-
quence, a tyrosine-dependent motif, which is interpreted as a
basolateral sorting determinant in MDCK cells. LLC-PK1 cells,
however, accumulate proteins containing tyrosine-dependent
motifs at the apical membrane domain. Interestingly, alter-
ation of this motif affects the sorting behavior of the H,K-
ATPase b subunit in MDCK cells, whereas the sorting behavior
of this protein remains unchanged in LLC-PK1 cells. Two po-
larized renal epithelial cell lines can, therefore, respond differ-
ently to the sorting information contained in a single, narrowly
defined, amino acid sequence.

Disruption of the tyrosine motif in the H,K-ATPase b subunit
markedly alters the distribution of this subunit in MDCK cells
(Figs. 4 and 5). Although only 6% of the wild type protein is
found at the apical surface, 42% of bH-Y20A and 31% of bN28H
are detected at the apical plasmalemma. The values obtained

for bH-Y20A and bN28H are comparable with those derived
from measurements of the fraction of the plasma membrane
surface area associated with the apical domain in MDCK cells
grown on filters (41). Thus, these results are consistent with
the possibility that the default pathway for membrane proteins
in MDCK cells leads to accumulation in both the apical and the
basolateral membrane domains. Further support for this con-
clusion is derived from recent studies of g-aminobutyric acid
transporter constructs (42), the CD7 receptor (43), and the
transferrin receptor (44) in MDCK cells. Additionally, these
results imply that proteins that accumulate predominately at
the apical surface upon disruption of known basolateral motifs
may contain previously unrecognized apical sorting informa-
tion. Such behavior has been noted for the LDL receptor (13)
and pIGR (8). Finally, disruption of known secreted protein
sorting signals (45), or of the mechanisms of secreted protein
sorting (46), leads to apolar protein secretion. The default path-
way for membrane proteins thus appears parallel to the well
established default pathway for secreted proteins in MDCK
cells.

N-Glycosylation has been implicated as a potentially impor-
tant determinant for sorting to the apical membrane domain of
MDCK cells (47). In this context, it is interesting to note that
apically biotinylated H,K-ATPase b, bH-Y20A and to a lesser
degree, bN28H, all possess slightly higher apparent molecular
weights than the population of protein biotinylated from the
basolateral surface (Fig. 5A). Treatment of these biotinylated
and immunoprecipitated protein populations with endoglycosi-
dase F or with neuraminidase reduces the isolated proteins to
similar molecular weights (data not shown). It would appear,
therefore, that apical protein populations are hypersialyted in
comparison to basolateral protein populations. However, pulse-
chase experiments indicate that both the H,K-ATPase b sub-
unit and bH-Y20A are initially delivered to the cell surface
with similar molecular weights (data not shown). N-Glycosyla-
tion and sialytion of the H,K-ATPase b subunit does not, there-
fore, appear to contribute any apical sorting information, or to
play a role in the initial sorting of these proteins. Instead,
events subsequent to arrival at the cell surface produce the
observed dissimilarity in glycosylation state.

The precise cells within the mammalian kidney from which
the MDCK and LLC-PK1 cell lines are derived are unknown. It
has been noted, however, that LLC-PK1 cells morphologically
and functionally resemble cells found in the proximal tubule of
the nephron (48), whereas MDCK cells resemble those found in
the distal nephron segments (49). Perfusion studies using flu-
orescein isothiocyanate dextran have shown that proximal tu-
bule cells endocytose marker from their apical surfaces,
whereas only intercalated and ADH-stimulated principal cells
from the collecting duct endocytose marker from their apical
membrane (50). In addition, a significantly larger percent of
HA-Y543 is internalized from the apical membrane domain of
LLC-PK1 cells than from the apical membrane domain of
MDCK cells (Table I). Because both LLC-PK1 cells (48) and
MDCK cells grown on polycarbonate filters (41) can attain close
to 1:1 apical to basolateral membrane surface areas, this re-
flects an increase in the endocytic capacity at the LLC-PK1

apical membrane. Conceivably, the differential localizations of
the proteins examined in this work could be attributable to the
varying physiological properties of the nephron segments these
cells resemble. According to this hypothesis, proteins exhibit-
ing overlapping sorting and internalization motifs are directed
to a cell’s most endocytically active domain. It must be noted,
however, that the b subunit chimeras lacking tyrosine-depend-
ent sorting motifs are found at the apical surface in LLC-PK1

cells (Fig. 6). This interpretation, therefore, appears unlikely to

FIG. 3. Constructs incorporating portions of the H,K-ATPase b
and the highly homologous Na,K-ATPase b are depicted sche-
matically. Na,K-ATPase b sequence is shown in bold type, the mutated
sequence is underlined and bold. bN28H replaces all but the three most
membrane-proximal amino acids of the H,K-ATPase b cytoplasmic tail
with the Na,K-ATPase b cytoplasmic tail. bH-Y20A mutates tyro-
sine-20 of the tyrosine-dependent motif to an alanine.
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be correct. The differential distribution of these proteins does
not appear to be attributable to domain specific differences in
endocytic capacity between these polarized cell types.

The apical localization of proteins with tyrosine-dependent
motifs in LLC-PK1 cells does not, however, appear to be attrib-
utable to divergent behavior of a tissue culture cell line. Recent
studies examined the localization of the LDL receptor ex-
pressed under the control of the metallothionine promoter in
transgenic mice (51). The LDL receptor contains two tyrosine-
dependent basolateral sorting motifs, one of which overlaps an
internalization signal. This receptor accumulates at the baso-
lateral membrane when stably expressed in MDCK cells (13).
In contrast, when expressed in the kidney of transgenic mice,
this receptor is localized to the apical domain of proximal
tubule cells (51).

The observations in this report suggest a mechanism by
which plasticity in sorting classes of membrane proteins in
epithelial cells could be achieved. As b subunit constructs lack-
ing tyrosine-dependent sorting motifs were found at the apical
surface of LLC-PK1 cells (Fig. 6), these motifs did not function
directly as apical sorting signals in these cells, and the b

subunit must contain other features that allow it to be sorted
apically. The fact that tyrosine-dependent motifs in both the b

subunit and in HA-Y543 failed to specify basolateral sorting in
LLC-PK1 cells indicates that this cell type has diminished
capacity to recognize this class of basolateral signal. As a re-
sult, cryptic apical sorting information in the b subunit and in
the HA-Y543 protein becomes dominant, allowing both pro-
teins to be sorted apically. In contrast, the FcRII-B2, which
relies upon a di-leucine motif for basolateral sorting, was lo-
cated basolaterally in LLC-PK1 cells (Fig. 7). As the FcRII-B2 is
sorted apically in MDCK cells when its cytoplasmic basolateral
sorting signal is removed (11, 20), this protein also appears to
contain cryptic apical sorting information. It is likely, there-
fore, that the basolateral sorting of FcRII-B2 observed in LLC-
PK1 cells is attributable to the dominant basolateral sorting
signal contributed by the di-leucine motif. Taken together,
these observations indicate that the cellular mechanisms re-
sponsible for recognizing di-leucine motifs and tyrosine-

FIG. 5. Biotinylation of the H,K/Na,K-ATPase b constructs in
MDCK cells. Stably transfected cells were grown on polycarbonate
filters and biotinylated from either the apical (A) or the basolateral (Bl)
domain at pH 7.5. Biotinylated proteins were recovered by immunopre-
cipitation on streptavidin-agarose beads and analyzed by Western
blot. Mature H,Kb, bN28H and bHY-20A all run as heavily glycosyl-
ated bands between 50–60 kDa. Although H,Kb is restricted to the
basolateral membrane, significant populations of bN28H and bH-
Y20A are accessible from the apical membrane (panel A). Four ex-
periments for each construct were quantitated using the IS-1000
Digital Imaging system (Alpha Innotech Corp., San Leandro, CA)
(panel B). Solid black bars, percentage of apically localized protein;
hatched bars, percentage of basolaterally localized protein. Error bars
depict the S.E.

FIG. 4. Steady state localization of the H,K/Na,K-ATPase b constructs in MDCK cells. The steady state localization of the H,K/Na,K-
ATPase b chimeras in stably transfected MDCK cells was examined by surface immunoflouresence. En face (A and C) and X/Z cross-section (B and
D) confocal images indicate significant apical localization of bN28H (A and B), bH-Y20A (C and D).
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dependent motifs are distinct and can be regulated with vary-
ing intensities. This conclusion is consistent with data from
recent studies that demonstrated that di-leucine and tyrosine-
based signals do not compete with one another for cell surface
adaptor binding (52). It would appear that although different
classes of signal can specify the same distribution or dynamic
behavior, distinct components of the cellular sorting machinery
are responsible for interpreting their messages. Our studies
indicate that individual epithelial cell types may be able to

tailor the cell surface distributions of their membrane proteins
to meet the requirements imposed by their physiologic func-
tions. This plasticity appears to be achieved by altering the
relative activities of the mechanisms that decode multiple sort-
ing signals present in individual proteins.
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