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Abstract. Epithelial cells accumulate distinct popula-
tions of membrane proteins at their two plasmalemmal
domains. We have examined the molecular signals
which specify the differential subcellular distributions
of two closely related ion pumps. The Na,K-ATPase is
normally restricted to the basolateral membranes of
numerous epithelial cell types, whereas the H,K-
ATPase is a component of the apical surfaces of the
parietal cells of the gastric epithelium. We have ex-
pressed full length and chimeric H,K-ATPase/Na,K-

ATPase cDNAs in polarized renal proximal tubular
epithelial cells (LLC-PK,). We find that both the «
and 3 subunits of the H,K-ATPase encode independent
signals that specify apical localization. Furthermore,
the H,K-ATPase S-subunit possesses a sequence which
mediates its participation in the endocytic pathway.
The interrelationship between epithelial sorting and
endocytosis signals suggested by these studies supports
the redefinition of apical and basolateral as functional,
rather than simply topographic domains.

HE plasma membranes of polarized epithelial cells are

divided into apical and basolateral domains whose

markedly different biochemical compositions reflect
their distinct functional roles (Caplan and Matlin, 1989;
Rodriguez-Boulan and Nelson, 1989). To generate and main-
tain these domains, cells must be capable of distinguishing
among newly synthesized membrane proteins and of ensur-
ing that they are concentrated at their sites of ultimate func-
tional residence. In many cases, this sorting process appears
to occur during the course of a protein’s initial transit through
the organelles of the biosynthetic processing pathway, before
its first appearance at the plasma membrane (Fuller et al.,
1985; Matlin and Simons, 1984; Misek et al., 1984; Pfeiffer
et al., 1985). Evidence from other systems indicates that
sorting can involve selective stabilization at a plasmalemmal
domain, subsequent to a protein’s random delivery to both
cell surfaces (Hammerton et al., 1991). Whether sorting
takes place at the level of the Golgi or at the plasmalemma,
this process must make use of sorting information, or sorting
signals embedded within the structure of the sorted protein
itself. These signals are interpreted by the cellular sorting
machinery and thus serve to dictate each polypeptide’s ulti-
mate subcellular distribution.

Efforts to characterize sorting signals have generally in-
volved the generation of chimeric or truncated constructs
prepared from portions of apical and basolateral membrane
proteins. Through analysis of the subcellular distributions of

Address correspondence to Dr. Gottardi at Department of Cellular and Mo-
lecular Physiology, Yale University School of Medicine, 333 Cedar Street,
New Haven, CT 06510.

© The Rockefeller University Press, 0021-9525/93/04/283/11 $2.00
The Journal of Cell Biology, Volume 121, Number 2, April 1993 283-293

the resulting proteins, portions of the parent molecules
necessary for the sorting process have been identified. Over
the past several years, a large number of such chimeric/
truncated proteins have been prepared, but only a few gen-
eral rules have emerged from this work. It has been shown
that the cytosolic tails of several basolateral proteins possess
basolateral sorting signals (Casanova et al., 1991; Hunziker
et al., 1991), while the ectodomains of a number of apical
polypeptides seem to carry targeting information (McQueen
etal., 1986; Mostov et al., 1987; Roth et al., 1987). Recent
evidence also indicates that sequences which allow proteins
to be endocytosed can double as basolateral sorting signals
(Hunziker et al., 1991; LeBivic et al., 1991; Brewer and
Roth, 1991). The resolving capacity of these methods has
been limited in part by the necessity to generate chimeras
from portions of unrelated polypeptides. The tertiary struc-
tures of the resultant chimeras are thus likely to differ sub-
stantially from those of either parent molecule, which may
exert unpredictable effects on sorting behavior. To avoid this
potential problem, we have chosen to apply the chimera ap-
proach to a novel example of two proteins which share an ex-
tremely high degree of structural and functional similarity
and are sorted to distinct compartments of polarized epithe-
lial cells.

We have examined the sorting signals which mediate the
localization of two members of the closely related E,-E,
family of ion-transporting ATPases. The Na,K-ATPase, or
sodium pump, is a component of the basolateral plasma
membranes of many epithelia (Matlin and Caplan, 1992). In
contrast, the highly homologous H,K-ATPase is restricted to
the apical membrane and related structures in its native
gastric parietal cells (Smolka and Weinstein, 1986). Both
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ATPases are composed of 100 kD « subunits (which are 62 %
identical to one another, see Fig. 1) and richly glycosylated
B subunits (which manifest ~31% identity) (Jorgensen,
1982; Okamoto et al., 1990; Reuben et al., 1990; Shull et
al., 1986). While the pumps’ catalytic functions appear to
be accomplished by their alpha subunits (Jorgensen, 1982),
assembly of the /8 heterodimer appears to be a prerequisite
for cell surface delivery as well as functional activity (Acker-
mann and Geering, 1990). Our studies take advantage of the
structural homology relating these ATPases in order to ex-
amine the molecular signals underlying their differential
localizations. Because these proteins share a highly confor-
mation-dependent catalytic cycle, the potential exists to as-
say the enzymatic activity and hence the structural integrity
of each chimeric protein. Our results demonstrate that in
contrast to the Na,K-ATPase, both subunits of the H,K-
ATPase encode dominant information specifying accumula-
tion at the apical membrane.

Materials and Methods

Plasmid Construction

The rat gastric H,K-ATPase o cDNA was kindly provided by G. Shull (Shull
and Lingrel, 1986) as two overlapping fragments in separate pBR322 plas-
mids: pBR322-1.8 and pBR322-3.3. The NH;-terminal coding region en-
coded by the Clal-EcoR1 fragment of pBR322-1.8 was ligated to the COOH-
terminal region encoded by the EcoR1-Scal fragment of pBR322-3.3, and
then subcloned into the Clal/Smal polylinker sites of the Bluescript vector
(Promega Corp., Madison, WI). The full-length H,K-ATPase cDNA was
cut with Clal/Xbal and subcloned into the mammalian expression vector
pCB6 (kindly provided by M. Roth, D. Russell and C. Brewer, University
of Texas, Dallas, TX; Brewer and Roth, 1991) which carries resistance to
the antibiotic G418. The full-length Na,K-ATPase oo cDNA was kindly
provided by Ed Benz (Yale University, New Haven, CT) in a pGEM vector.
This cDNA was subcloned into the HindIll site of the Bluescript vector
(Stratagene, Inc., San Diego, CA).

The HS19N cDNA was generated by cutting the 5’ half of the H,K-~
Bluescript coding region with Clal and Narl endonucleases and subcloning
the 1.7-kb fragment into the 3’ half of the Na,K-Bluescript coding region
generated with Narl and Clal (4.8 kb). The conserved Narl site lies within
the putative ATP-binding domain (amino acids 513-523) shared between
these two proteins. The full-length H519N chimeric cDNA was cut from
the Bluescript vector with Clal and Xbal and then directly subcloned into
the same sites of the mammalian expression vector pCB6. Thus, the H519N
chimera comprises an H,K-ATPase/Na,K-ATPase chimera that encodes the
amino half of the H,K-ATPase alpha subunit up to residue 519. Residues
520-1034 are encoded by the Na,K-ATPase (see Fig. 1).

The H,K-ATPase 8 cDNA was kindly provided by M. Reuben and G.
Sachs (University of California at Los Angeles, Los Angeles, CA) (Reuben
et al., 1990) in pPGEM7Z(+). The coding fragment was excised with Clal
and Xbal and subcloned into the pCB6 vector for expression studies.

Cell Culture and Transfection

LLC-PK; celis (clone 4; kindly provided by K. Amsler [UMDNI, Robert
W. Johnson Medical School]) were maintained in a humidified incubator
at 37°C under 5% CO; atmosphere in minimal essential media alpha (x-
MEM) that was supplemented with 10% FCS, 50 U/ml penicillin, 50 pxg/ml
streptomycin, and 2 mM L-glutamine. Cells were plated at 50% confluency
ina 10-cm tissue culture dish 12-24 h before transfection. DNA transfection
was performed by coprecipitating ~40 ug DNA with calcium phosphate as
described (Graham and Van der Eb, 1973), except that the uptake of DNA
was increased by concurrent treatment of the cells with 100 mM chloro-
quine in culture medium for 9 h as described by Puddington et al. (1987).
The medium was removed and the cells were shocked for §' with 15%
glycerol in a-MEM without serum. The cells were washed twice with
o-MEM and incubated in culture medium for 24 h, after which cells were
split 1:6 and cultured for an additional 24 h before selection in G418 (0.45-
0.9 g/liter) (Gibco Laboratories, Grand Island, NY). Colonies resistant to
G418 were isolated 2-3 wk after transfection and screened for protein ex-
pression by Western blot.
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Immunofluorescence and Microscopy

Transfected and untransfected LLC-PK, cells were grown to confluency on
25-mm Cyclopore transparent cell culture inserts (FALCON catalog 3090;
Becton Dickinson Labware, Lincoln Park, NJ). Monolayers were fixed for
10 min in cold methanol (—20°C) or for 30 min in 3.5% paraformaldehyde
in 125 mM NaPi pH 7.5, where indicated. Cells were then permeabilized
in a PBS buffer (wash buffer) containing 0.3% Triton X-100 and 0.1% BSA
for 15 min at room temperature. Nonspecific antibody binding was blocked
by preincubating in goat serum dilution buffer solution (16% filtered goat
serum, 0.3% Triton X-100, 20 mM NaPi pH 7.4, 0.9% NaCl) for 30 min.
All antibody incubations were carried out in the GSDB buffer; all washes
between antibody incubations were carried out using the wash buffer.
Monolayers were incubated for 1 h at room temperature with one or a com-
bination of the following monospecific antibodies: anti-H,K-ATPase o
(HKD9 diluted 1:100), anti-Na,K-ATPase o (mAb 6H diluted 1:100), anti-
Na,K-ATPase 8 (mAb 8A 1:100), and anti-H,K-ATPase 8 (kindly provided
by J. Forte (University of California at Berkeley, Berkeley, CA), diluted at
1:1,000). FITC conjugated anti-mouse IgG (Sigma Chemical Co., St. Louis,
MO) and rhodamine conjugated anti-rabbit IgG (Boehringer-Mannheim
Biochemicals, Indianapolis, IN) secondary antibodies were used for 1 h at
room temperature at a 1:100 dilution. Monolayers were washed in low ionic
strength detergent-free buffer (10 mM NaPi pH 7.5) for 10 min before
mounting the filters in a 75% glycerol/PBS solution containing 0.1% p-phe-
nylenediamine to retard FITC bieaching. En face immunofluorescence im-
ages were visualized using the Zeiss Axiophot microscope and pho-
tographed using Kodak T-MAX 100 ASA film (Eastman Kodak Co.,
Rochester, NY). Confocal images were generated with a Zeiss laser scan-
ning confocal microscope.

HRP Uptake. Colocalization of H,K-ATPase 3 and endocytosed HRP
was carried out according to the following protocol: mAb specific for the
H,K-ATPase 8 subunit was diluted 1:1,000 in PBS with Ca/Mg (0.1 mMA
mM) and added to the apical chamber of the cell culture insert (Cyclopore)
for 1 h at 4°C with gentle horizontal rotation. The monolayer was washed
in ice-cold PBS-Ca/Mg and then warmed to 37°C in the presence of HRP
(P-8250, Sigma Chemical Co.) at 10 mg/ml in a-MEM for the specified
length of time, before being fixed in 3.5% paraformaldehyde for im-
munofiuorescence analysis (Fig. 9).

Electron Microscopy. H,K-ATPase § transfected LLC-PK, cells were
grown to confluency on 25 mm Cyclopore filters. Monolayers were fixed
in 3.0% paraformaldehyde/0.05% glutaraldehyde for 1 h at room tempera-
ture, and then processed for immunocytochemistry (peroxidase method) as
described by Machamer et al. (1990) and Caplan et al. (1986).

Quantitative Confocal Microscopy. Domain-specific fluorescence in-
tensity was quantified on xz images by applying the measurement software
associated with the Zeiss laser scanning confocal microscope. A 4 p? box
was placed over the domain to be measured and the mean pixel intensity
(on a scale of 0-254) within that box was determined. The histograms of
pixel intensity were examined in order to ensure that all points considered
had values within the linear range. Three apical and three lateral measure-
ments were recorded and averaged for each cell. At least eight cells were
examined for each determination. Apical to basolateral polarity ratios were
calculated according to a slight modification of the formula presented in
Vega-Salas et al. (1987):

R = (a ~ HAG - b2,

where R is the apical:basolateral polarity ratio: @ and b correspond to the
apical and basolateral pixel intensities, respectively; k represents the back-
ground pixel intensity measured over several intracellular regions and var-
ied within each experiment by less than 5% from point to point; and F is
a folding factor. The basolateral pixel intensity was divided by 2 in this
equation because our measurements were made over lateral domains and
consequently correspond to the summed contributions of two adjacent cells.
The folding factor must be included in order to correct for the relative mem-
brane densities which characterize the basolateral and apical surfaces. This
number is determined from electron microscopic stereological measure-
ments by calculating the ratio of the apical:basolateral surface volume den-
sities. This value reflects the degree to which the two membrane surfaces
are amplified through apical microvilli and basolateral infoldings. The fold-
ing factor has been determined for LLC-PK cells grown under the condi-
tions employed in this study and corresponds to 0.7 (Pfaller et al., 1990).

Microsomal Membrane Preparation

Transfected and untransfected cells (75 cm? confluent flasks X 3) were
scraped into ice cold PBS supplemented with 0.1 mM PMSF and 2 mg/ml
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aprotinin. Cells were recovered by gentle centrifugation (500 g, 3 min) and
then resuspended in 2 mis of hypotonic buffer (10 mM Tris-HCI pH 7.5,
PMSF/aprotinin) and allowed to sit on ice for 10 min. The cells were broken
by 25 strokes in a glass dounce homogenizer, then 2 mis of homogenization
buffer (.5 M sucrose, 10 mM Tris-HCI pH 7.5 with PMSF/aprotinin) were
added and the suspension was subjected to another 25 strokes. Post nuclear
supernatants were prepared by centrifugation at 800 g for 10 min at 4°C.
Microsome-enriched pellets were then recovered by ultracentrifugation at
100,000 g for 90 min (SW50.1 rotor; Beckman Instruments, Inc., Palo Alto,
CA). The membrane pellet was resuspended in the homogenization buffer
and total protein concentrations were determined by the Bio-Rad protein as-
say (BioRad Labs, Richmond, CA). EndoH and EndoF studies were per-
formed according to product instructions (Boehringer Mannheim Biochem-
ica, Indianapolis, IN).

SDS-PAGE and Western Blot Analysis

For SDS-PAGE, samples were brought to a final concentration of 80 mM
pL-dithiothreitol, 56% SDS, 0.008% bromophenol blue, 0.24 M Tris-HCI
pH 8.9, 16% glycerol, and then warmed to 80°C for 5 min before loading
onto 85% SDS-PAGE (Laemmli, 1970). The gels were transferred to
nitrocellulose as described by Towbin et al. (1979) with the addition of
002% SDS to the transfer buffer. Blots were blocked in blocking buffer,
which contains 5% powdered milk in TBS (20 mM Tris HCL pH 7.5, 150
mM NaCl), and 0.1% Tween 20. Primary incubations were performed in
the same buffer with the following specific antibodies: anti-H,K-ATPase «
(HK9 1:250), anti-Na,K-ATPase o (mAb 6H 1:500), anti-Na,K-ATPase
(mADb 8A 1:500) and anti-H,K-ATPase 3 (mAb 1:10,000). Blots were then
incubated with either goat anti-mouse or anti-rabbit secondary antibodies
conjugated to HRP (working dilution 1:2,000; Sigma Chemical Co.). La-
beled proteins were visualized by the enhanced chemiluminescence detec-
tion method (ECL; Amersham Corp., Arlington Heights, IL).

Cell Surface Immunoprecipitation. A 25-mm (Cyclopore) filter of
confluent H,K-ATPase S-transfected LLC-PK, cells was labeled with 200
#Ci [*3S)methionine in methionine-free media for 6 h. The monolayer was
washed and then anti-H,K-ATPase § was diluted in PBS-Ca/Mg and added
to the apical chamber of the cell culture insert for a 1 h incubation at 4°C.
After extensive washing, the monolayer was lysed in lysis buffer (1% NP-40,
150 mM NaCl, 50 mM Tris HCI pH 7.4, and 0.5 mM EDTA). The superna-
tant was cleared by centrifugation for 10 min at 14,000 g and then incubated
with immobilized anti-mouse IgG (Calbiochem Corp., La Jolla, CA) for
2 h at 4°C with end over end rotation. Pellets were washed five times with
lysis buffer, followed by two washes in 0.1% NP-40 lysis buffer. The sample
was subjected to SDS-PAGE, and after fixation and incubation with
Autofluor (National Diagnostics Inc., Manville, NJ), gels were dried and
exposed to Kodak XOMAT-AR film for 12 h at —70°C. ’

Results

To generate a probe which would detect the H,K-ATPase and
not cross react with the Na,K-ATPase, we prepared a poly-
clonal antipeptide antibody (HK9) directed against the amino-
terminal region of the H,K-ATPase (Fig. 1, amino acids
3-22). A detailed description of the production and full
characterization of this antibody is provided elsewhere
(Okusa, M., C. J. Gottardi, V. M. Rajendron, H. Binder,
and M. J. Caplan, manuscript in preparation). As can be
seen in Fig. 2, immunostaining performed on 0.5 u sections
of rat stomach reveals that this antibody reacts exclusively
with the H,K-ATPase-rich parietal cells which line the gas-
tric glands (Fig. 2 A). This staining pattern is consistent with
previous H,K-ATPase localizations (Smolka and Weinstein,
1986). Electron microscopic immunocytochemistry employ-
ing this antibody demonstrates specific H,K-ATPase labeling
of the cytoplasmic surfaces of tubulovesicular and apical
canalicular membranes (Fig. 2 B). This antibody does not
label the parietal cell basolateral membrane (arrowheads),
which is instead endowed with a high concentration of Na,K-
ATPase (Soroka et al., 1992). Thus, despite extensive se-
quence homology, the H,K-ATPase and Na,K-ATPase en-
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Figure 1. The catalytic subunit of the H,K-ATPase is 62% identical
to the Na,K-ATPase. (4) The sequences of the Na,K-ATPase o and
H,K-ATPase o were aligned according to Shull and Lingrel, 1986.
Putative transmembrane domains, as predicted by hydropathy anal-
ysis of both sequences (Kyte and Doolittle, 1982) are represented
as tightly packed helices. Cytoplasmic Ioop domains are not based
on structural information. Each circle denotes a single amino acid,
and each darkened circle represents an amino acid identity between
the two proteins. Note that the region of greatest dissimilarity lies
within the first 26 amino acids. Our HK9 antibody is directed
against a peptide made from amino acids 3-22 of this H,K-ATPase
a sequence. The schematic in B represents the H519N chimera (see
Methods for a complete description of the generation of this hy-
brid protein); darkened circles represent Na,K-ATPase-specific or
shared amino acids, unfilled circles represent H,K-ATPase specific
amino acids. The asterisk (¥) marks amino acid 519, which is the
glycine residue that is regenerated in the chimeric protein.

zymes occupy distinct membranous domains within the gas-
tric parietal cell.

Expression and Distribution of H,K-ATPase Subunits
in LLC-PK, Cells

We have generated a stably transfected LLC-PK, cell line
expressing both the o and 8 subunits of the H,K-ATPase.
LLC-PK; cells form a highly polarized epithelium and are
capable of supporting high levels of expression of exogenous
proteins (Roth, 1989). Preliminary experiments with MDCK
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Figure 2. Synthetic peptide antibody directed against the H, K-
ATPase specifically labels gastric parietal cells. (4) The HK9 («
subunit specific) antibody was used to label 0.5 u frozen sections
of rat stomach fixed in 4% formaldehyde. Specific labeling was de-
tected using a rhodamine conjugated secondary antibody. As can
be seen above, the antibody reacts exclusively with parietal cells
which line the gastric glands. (B) The HK9 antibody was used to
localize H,K-ATPase at the EM level. Immunostaining was per-
formed on 20 u cryostat sections of rat stomach fixed by perfusion
with PLP. Specific labeling was detected using a secondary anti-
body conjugated to HRP. DAB reaction product can be seen
deccorating the cytoplasmic surfaces of the parietal cell’s tubulove-
sicular and canalicular membranes (white arrows). No labeling is
associated with the basolateral membrane (arrowheads), or the ad-
jacent chief cell (*).

cells suggested that the level of expression achievable with
the pump constructs was not adequate for the purpose of our
studies. It may be possible that the LLC-PK, cell type is
better able to tolerate the physiological activities of the pump
molecules employed in this work. The western blot in Fig.
3 demonstrates that both the o and 8 subunits of the H,K-
ATPase are present in our transfected cells and can be de-

HK9  NaKa  _NaKf = _HKB

1 2 3 4 5 6 7 8 9 10 11
97 kDa-

66 kDa-

45 kDa-

B :'_
!
4. '

tected by our antibody probes (lanes 2 and 9). The H,K-
ATPase a-specific antibody (HK9) described in Fig. 2 reacts
exclusively with a 100-kD protein in the transfected cells
(lane 2). No immunoreactivity is detected in untransfected
cells (lane ), confirming that this antibody does not cross-
react with the endogenous Na,K-ATPase (compare with
lanes 3 and 4). With a mAb specific for the H,K-ATPase 3
subunit (kindly provided by J. Forte, University of California
at Berkeley, Berkeley, CA), both ER (45 kD) and mature
(~v66 kD) forms of the 8 subunit can be detected (lanes 9,
and 12-15). The ER and mature forms are revealed by their
sensitivity to endoH and endoF, respectively (Kobata, 1979;
lanes 12-15). As expected, this antibody does not cross-react
with endogenous LLC-PK, proteins, as there is nothing de-
tected in membranes from untransfected cells (compare lane
11 with lanes 6-8).

We next wished to determine the subcellular localization
of the H,K-ATPase in our transfected cells. Indirect immu-
nofluorescence was performed on the cell line expressing
both subunits of the H,K-ATPase using the HK9 antibody
characterized in Fig. 2. The results of this experiment are
shown in Fig. 4. En face (Fig. 4, 4 and B) and confocal opti-
cal sectioning (C and D) confirm that both subunits of the
H,K-ATPase immunolocalize predominantly to the apical
brush border. The normal basolateral distributions of both
the o and 3 subunits of the endogenous Na,K-ATPase remain
unperturbed in these cells (E-J). Thus, this cell line is able
to distinguish the H,K-ATPase o/ complex from the Na,K-
ATPase o/ complex and to maintain each on its appropriate
and distinct membrane domain. Efforts to employ surface
labeling techniques to quantify the surface distributions of
these pump subunits have been frustrated by our observation
that these methods cannot be applied quantitatively to LLC-
PK; cells, due to marked differences in labeling efficiency
at the two surface domains (Gottardi and Caplan, 1992).
Consequently, we have employed quantitative confocal flu-
orescence microscopy in order to measure the polarized dis-
tributions of pump molecules. Because cells are fixed and

HK ﬁ HK B Figure 3. Immunodetection of
EndoF EndoH 3 H,K-ATPase « and 8 subunits in
oo r o stably transfected LLC-PK, cells.
2 13 14 15 16 Equal amounts of membrane pro-
tein (20 ug) from untransfected
(lanes 1, 3, 6, and 11), H,K-ATP-
ase 3 transfected (lanes 5, 8, and
10), and H,K-ATPase o/f3 cotrans-
fected LLC-PK, cells (lanes 2,
4, 7, and 9) were resolved by
SDS-PAGE. Nitrocellulose strips
were probed with the following
antibodies: (lanes ! and 2) H,K-
ATPase a-specific antibody (HK9);
(lanes 3-5) mAb specific for the
Na,K-ATPase o subunit; (lanes
6-8) mAD specific for the Na,K-
ATPase $ subunit; (lanes 9-I5)
mAb specific for the H, K-ATPase

® -

B subunit. Specific bands were detected with an anti-rabbit or mouse peroxidase secondary and the enhanced chemiluminescence (ECL)
system (Amersham Corp.). Lanes 12-15 (20 ug total protein from H,K-ATPase § transfected LLC-PK; cells) demonstrate that the 66-
and 42-kD bands detected with the H,K-ATPase 3 specific antibody, are in fact the mature and core glycosylated forms, respectively. Lane
16 represents a cell surface immunoprecipitation of the H,K-ATPase 3 protein from [**S]methionine labeled H,K-ATPase §-transfected

LLC-PK, cells.

The Journal of Cell Biology, Volume 121, 1993
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HK-a + HK-p transfected

control

Figure 4. The H,K-ATPase localizes to the apical brush border of
LLC-PK, cells. H,K-ATPase o/ transfected (4-J) and untrans-
fected (K-M) LLC-PK, cells were grown to confluence on trans-
parent microporous membrane supports (FALCON cell culture in-
serts). Monolayers were fixed in methanol and permeabilized in a
Triton X-100 buffer and processed for immunofluorescence as de-
scribed in Methods. The H,K-ATPase « polyclonal antibody (HK9)
was visualized with an anti-rabbit rhodamine conjugated second-
ary; Na,K-ATPase «, 8 and H,K-ATPase 3 monoclonal antibodies
were detected with an anti-mouse FITC conjugated secondary. K,
L, and M show staining patterns with H,K-ATPase o, Na,K-ATPase
o and Na,K-ATPase (3, respectively, on untransfected control cells.
A and B and C and D represent enface and confocal views of H,K-
ATPase o and H,K-ATPase 3 double-labeled cells. E and F and G
and H represent en face and confocal views of H,K-ATPase o and
Na,K-ATPase o double-labeled cells. The I and J pair is double la-
beled with antibodies of H,K-ATPase o and Na,K-ATPase 3 sub-
units. The confocal xz sections display arrows above and below
the staining pattern to denote apical and basolateral membrane
domains.

permeabilized before incubation with the primary antibed-
ies, this technique ensures that all membrane domains will
be equally accessible to labeling. The linearity and accuracy
of similar methods have been previously established (Vega-
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Table I. Quantitative Confocal Microscopy

Cell line Antibody Average A/B ratio (+ SD)
Untransfected Na,K-« 0.071 £ 0.007
Na,K-8 0.175 + 0.012
H,K-ATPase H.K-a 42.1 + 4.65
alf H.,K-8 31.2 + 3.92
H519N H. K-« 30.0 + 3.19
Na,K-a 0.254 + 0.013
Na, K-8 2.64 + 0.228

The apical to basolateral (A/B) fluorescence intensity ratios were calculated ac-
cording to the formula described in Methods.

Salas et al., 1987). As can be seen in Table I, the ratio of
apical/basolateral signal is 42.1 and 31.2 for H,K-ATPase o
and 8 subunits, respectively.

Co-expression of the H,K-ATPase « and 8 subunits ap-
pears to be necessary in order to ensure the a-subunit’s sur-
face delivery. While we have been unable to generate a cell
line that expresses only the H,K-ATPase « subunit, transient
transfection studies in COS-1 cells demonstrate that the H,K-
ATPase o can only be expressed on the cell surface when it
is co-transfected with its H,K-ATPase 3 subunit (Gottardi,
C., and M. J. Caplan, manuscript submitted for publication).
This observation strongly suggests that the pump subunits
exhibit strict fidelity with respect to assembly, since Na,K-
ATPase 8 does not appear to chaperone H,K-ATPase o to
the cell surface. This conclusion, which argues against the
formation of hybrid pump dimers, is further supported by the
observed spatial segregation of H,K-ATPase from Na,K-
ATPase subunit polypeptides in the LLC-PK, cell line.

H,K-ATPase (3 Expressed Alone Is
Localized at the Apical Surface andin a
Subapical Vesicular Compartment

A stable cell line expressing only the H,K-ATPase 8 subunit
was generated in order to explore the possibility that this
subunit encodes apical sorting information. A western blot
performed on this cell line (Fig. 3, lanes 5, 8, and 10) shows
that both mature and immature forms of the protein are pres-
ent. Immunofluorescence analysis (Fig. 5) reveals that the
H,K-ATPase 3 subunit is localized to the apical brush border
(Fig. 5, A and B) as well as to a population of large subapical
vesicles (C is same cell as B, with different plane of focus).
The endogenous Na,K-ATPase « subunit is found in its nor-
mal basolateral distribution, and therefore does not appear
to escort the H,K-ATPase 3 subunit to the cell surface (data
not shown).

We wondered whether the H,K-ATPase 3 subunit is, in
fact, able to depart the ER by itself or if another, as yet
unidentified protein permits its transit to the cell surface. We
addressed this problem by carrying out a cell surface immu-
noprecipitation of H,K-ATPase § from [**S]methionine-
labeled cells under conditions that normally allow for the
coprecipitation of Na,K-ATPase o/ complexes (Fig. 3, lane
16). We were unable to resolve any proteins which spe-
cifically interact with the H,K-ATPase 3. This negative result
does not rule out the possibility that H,K-ATPase 3 forms a

287



H,K-P transfected

H,K-o+H,K-ptransfected

Figure 5. H,K-ATPase {8 localizes to

the apical brush border and to a pop-
ulation of subapical vesicles. LLC-
PK; cells stably transfected with the
H,K-ATPase § subunit were grown
on transparent microporous filter
supports, fixed and permeabilized
for indirect immunofluorescence as
described in Materials and Methods.
The en face image in A shows a field
of HK-ATPase B-expressing cells
detected with the B specific mAb;
both apical cell surface and intracel-
lular staining is evident (40x). At
higher magnification (100x), the
H,K-ATPase 8 subunit is more

clearly visualized at both the apical brush border (B) and within a population of intracellular vesicles (C), same cell different plane of
focus. D and E show a cluster of H,K-ATPase /8 cotransfected LLC-PK, cells double labeled with H,K-ATPase o (D) and H,K-ATPase
B (E) specific antibodies, respectively. Note that the H,K-ATPase 8 vesicles (E) are devoid of H,K-ATPase o staining (D). The * in E
shows a cell that weakly stains with the H,K-ATPase § antibody, but stains strongly with the H,K-ATPase « antibody, giving the impression
that the H,K-ATPase o subunit can get to the cell surface by itself. This is not the case, rather, the variable staining intensities reflect

these two antibodies’ preferences for different methods of fixation.

complex with some as yet undetected endogenous LLC-
PK, protein. It is somewhat surprising, however, when con-
sidered in the context of the sodium pump’s need to complete
heterodimer assembly before the departure of either subunit
from the ER (Ackermann and Geering, 1990; McDonough
et al., 1990). It suggests the possibility that the H,K-ATPase
3 may be able to exit the ER without any partner.

Expression and Distribution of H5I9N in
LLC-PK, Cells

The apical localization of the H,K-ATPase 8 subunit could
be interpreted to suggest that the 8 subunit encodes the infor-
mation responsible for the polarized cell surface distribution
of the H,K-ATPase o/f dimer. To test this hypothesis, we
have prepared a stably transfected LLC-PK, cell line which
expresses a high level of the H519N chimera (Figs.  and 6).
Western blots probed with the HK9 antibody (Fig. 2) reveal
the presence of a strong immunoreactive band at ~100 kD
in transfected cells that is not present in control cells (Fig,
6, lanes I and 2). This chimeric protein has the same mobil-
ity as the full length H,K-ATPase « subunit and is not de-
tected with an antibody directed against the carboxy half of
the H,K-ATPase (mAb kindly provided by A. Smolka,
University of South Carolina, Columbia, SC, data not
shown). The tertiary structure of the H519N chimera ap-
pears to be largely intact, because it is functionally active as
an ion-transporting ATPase, sensitive to both SCH28080
and ouabain, which are inhibitors of the H,K-ATPase and
Na,K-ATPase, respectively (Blostein et al., 1993).
Indirect immunofluorescence and quantitative confocal
microscopy were employed in order to determine the cell
surface distribution of this chimera. Fig. 7 shows that the
HS19N chimera is almost exclusively localized to the api-
cal membrane (Fig. 7, A and C) with an average apical/
basolateral ratio of ~ 30:1 (Table I). The endogenous Na,K-
ATPase o subunit maintains its steady-state basolateral dis-
tribution, demonstrating that expression of this chimera does
not alter the steady-state distribution of this similar protein
(Fig. 7, A and B, E; Table I). Interestingly, the Na,K-ATPase
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£ subunit colocalizes both with the chimera at the apical
brush border as well as with the Na,K-o subunit at the
basolateral surface (Fig. 7, C and D, G; Table I). Both the
chimera and the Na,K-ATPase 8 subunit are actually interca-
lated in the apical membrane and are exposed at the apical
surface. This fact is demonstrated by incubating the mono-

HK9 Na,Ka Na,Kp Na, K
1 2 3 4 5 6 7 8
97- ® e
-

Figure 6. Immunodetection of H519N chimera in stably transfected
LLC-PX, cells. Equal amounts of membrane protein (24 ug) from
untransfected (Lanes I, 3, and 5) and transfected (lanes 2, 4, and
6) cells were resolved by SDS-PAGE, transferred to nitrocellulose
and detected with the HRP/enhanced chemiluminescene system.
Lanes / and 2 were probed with the H,K-ATPase o antibody
(HK9), lanes 3 and 4 with mAb Na,K-ATPase «, and lanes 5 and
6 with mAb Na,K-ATPase 8. Lanes 7 and 8 represent a longer ex-
posure of lanes 5 and 6to show that the steady-state levels of mature
(55 kD) Na,K-ATPase 8 differ markedly between transfected and
untransfected cells. Serial dilution analysis enabled us to determine
that there is a fourfold difference in levels of mature Na,K-ATPase
3 subunit present in the two cell lines (data not shown).
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Figure 7. H519N chimera immunolocalizes to the apical brush bor-
der of LLC-PK; cells in association with the endogenous Na,K-
ATPase (3 subunit. H519N transfected (4-E, G, and I) and untrans-
fected (F, H, and J) LLC-PK, cells were grown to confluence on
transparent microporous membrane supports (FALCON cell cul-
ture inserts). Monolayers were fixed in methanol and permeabilized
in a Triton X-100 buffer and processed for immunofluorescence as
described in Materials and Methods. The HK9 polyclonal antibody
was visualized with an anti-rabbit rhodamine conjugated second-
ary; Na,K-ATPase o, Na,K-ATPase 8, and H,K-ATPase 8 mono-
clonal antibodies were detected with an anti-mouse FITC con-
jugated secondary. A and B and C and D represent paired, enface
views of the following double-labeling experiment performed on
transfected cells: (4) H,K-ATPase « (HK9); (B) Na,K-ATPase «;
(C) H,K-ATPase a; (D) Na,K-ATPase 3. Confocal optical sections
generated in E and G correspond to the 4 and B and C and D pairs,
respectively. The left panels of the split screen confocal images in
E and G represent H K-ATPase a/rhodamine staining, the right
panels detect Na,K-ATPase « or Na,K-ATPase B/FITC staining,
respectively. F and H represent confocal sections of untransfected
cells that have been double labeled with H,K-ATPase «/Na,K-
ATPase o and H,K-ATPase a/Na,K-ATPase 8 antibodies, respec-
tively. Note that in transfected cells, Na,K-ATPase 8 appears to be
present at both the apical and basolateral surfaces. I and J represent
confocal split screen images (H,K-ATPase o [lefi]; Na,K-ATPase
8 [right]) demonstrating that the Na,K-ATPase 8 subunit can be ac-
cessed from the apical side of H519N transfected cells (/) but not
untransfected (J) cells. Cells were incubated from the apical sur-
face with the mAb Na,K-ATPase 8 for 30 min at 4°C. The
monolayers were washed to remove unbound antibody, then fixed
and permeabilized for double immunolabeling with the H,K-
ATPase « antibody.

layer with the Na,K-ATPase 8 antibody from the apical side
before fixation and permeabilization, which results in strong
apical staining that is seen only in the chimera transfected
cells and not in the control cells (Fig. 7, I and J). Taken to-
gether, these results suggest that the cell surface expression
of this chimeric « subunit requires assembly with the Na,K-
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ATPase $ subunit. This conclusion is further supported by
COS cell expression studies (Gottardi, C., and M. J. Caplan,
manuscript submitted for publication) which demonstrate
that H519N can arrive at the cell surface when expressed
alone, whereas the complementary chimera, N519H, as well
as native H,K-ATPase « require co-expression with H,K-
ATPase B subunit. Proof of co-assembly of these proteins
must await the results of co-immunoprecipitation experi-
ments. The results in Fig. 7 further demonstrate that the
Na,K-ATPase § subunit does not encode dominant cell sur{
face localization information. It would appear that the
amino-terminal half of the H,K-ATPase o« subunit, and not
only the H,K-ATPase 8 subunit, must encode an apical local-
ization signal which is able to function when expressed as
part of a chimeric construct. These results are also consistent
with the possibility that the amino-terminal portion of the
Na,K-ATPase « subunit encodes a dominant basolateral sig-
nal which is not present in the chimera. Finally, it appears
that the carboxy-terminal portion of an a subunit determines
3 subunit assembly preference.

We note that in cells which express the HS19N chimera,
the steady-state levels of the endogenous Na,K-ATPase 3
subunit are increased fourfold over untransfected cells (Fig.
6, lanes 7 and 8). Conversely, cell lines which express the
H,K-ATPase 3 subunit consistently show lower steady-state
levels of endogenous Na,K-ATPase § subunit (Fig. 3, lanes
6-8). The possible stabilization or biosynthetic regulation of
endogenous subunits as a result of exogenous subunit expres-
sion is currently being investigated.

H,K-ATPase 8 Is Internalized into Endosomes

In light of the preceding evidence that Na,K-ATPase 3 does
not encode dominant localization information, it is interest-
ing that the H,K-ATPase 3 expressed alone accumulates pre-
dominantly at the apical membrane. It is also interesting that

Al
-m., , f

Figure 8. EM immunolocalization of the H,K-ATPase 8 subunit in
H,K-ATPase § transfected LLC-PK; cells. Immunostaining was
performed with the mAb H,K-ATPase 8 on a confluent monolayer
of paraformaldehyde/glutaraldehyde fixed cells. Specific labeling
was detected using a secondary antibody conjugated to horseradish
peroxidase. The DAB reaction product can be seen at the apical
membrane, along the microvilli (opened arrows) and within coated
pits (inset), in addition to structures that resemble the recycling
portions of tubular endosomes (black arrows). Note that there is lit-
tle reaction product along the basolateral membrane (arrowheads).




the H,K-ATPase 3 was detected in a population of subapical
vesicles, in addition to its cell surface localization (Fig. 5 C).
This distribution has never been observed for the Na,K-
ATPase o or 8 subunits (data not shown) or for the H,K-
ATPase o subunit (Fig. 5, D and E). To better understand
the unique behavior of the H,K-ATPase 8, it is necessary to
establish the identity of this vesicular compartment. Fig. 8
shows an electron micrograph in which the localization of
the H,K-ATPase 8 is revealed by the immunoperoxidase
technique. Dense reaction product can be detected along the
microvilli, in coated pits and within compartments that
resemble tubular endosomes.

To further characterize these structures, we wished to de-
termine whether this compartment could be loaded with a
fluid phase endocytosis marker such as HRP (Fig. 9). Fluid
phase markers can be found in early endosomes within 5 min
and late endosomes/lysosomes within 20 min of their inter-
nalization (Stoorvogel et al., 1991). Stably transfected cells
expressing solely the H,K-ATPase 8 subunit (Fig. 3) were in-
cubated with the H,K-ATPase 8 mAb at 4°C to prebind reac-
tive epitopes at the apical cell surface. After the cells were
rewarmed to 37°C in the presence of HRP for various lengths
of time they were fixed, permeabilized and processed for in-
direct immunofluorescence. As can be seen in Fig. 9 (4, C,
E, and G), prebinding with the H,K-ATPase 8 antibody
produces a clear cell surface pattern that gives way to a punc-
tate, vesicular localization after the cells have been in-
cubated for various lengths of time. As early as 10 min both
HRP and H,K-ATPase 8 colocalize within the same intracel-
lular compartment (Fig. 9, C and D). They continue to

colocalize for as long as 45 min after warming the cells (Fig.
9, G and H). The structure they occupy is not labeled by anti-
bodies to LGP 120, a lysosomal marker (data not shown;
Kornfeld and Mellman, 1989). It seems likely, therefore, that
the H,K-ATPase 3 positive vesicles can be derived from the
cell surface and thus represent an endosomal compartment.
While the pattern observed in these uptake experiments is
virtually indistinguishable from the steady-state vesicular
pattern seen in fixed permeabilized cells (Fig. 5 C), we can-
not rule out that a subpopulation of these vesicles may repre-
sent a post-golgi/preapical compartment. The H,K-ATPase
B in the intracellular vesicles observed in these experiments
is unlikely to have been internalized as a result of cross-
linking effected by our bivalent mAb, because a large litera-
ture suggests that bivalent mAbs (e.g., Hopkins, 1983) and
noncross-linking antibodies (e.g., Lazarovits and Roth,
1988) fail to induce endocytosis of surface bound molecules
which lack endocytosis signals.

Discussion

We have transfected LLC-PK, cells with cDNAs encoding
wild-type and chimeric « and 3 subunits of the H,K-ATPase.
We find that efficient surface expression of the H,K-ATPase
o subunit requires co-expression with its H,K-ATPase 8
subunit. No such assembly requirement appears to exist for
the H,K-ATPase 8, which seems to be able to depart the ER
unaccompanied by an « subunit. We find that the assembled
H,K-ATPase o/ complex accumulates exclusively in the ap-
ical plasmalemma. Both the o and 8 subunits of the endoge-

Figure 9. HRP colocalizes with the H,K-ATPase 8 subunit early in the endocytic pathway. H,K-ATPase B transfected LL.C-PK, cells were
grown to confluence on transparent microporous filter supports. Monolayers were incubated with the mAb H,K-ATPase B for 30 min at
4°C to prebind surface H,K-ATPase 8 subunits. Filters were subsequently warmed to 37°C in media containing HRP (10 mg/ml) for 5
(A and B), 10’ (C and D), 20’ (E and F), and 45’ (G and H). Cells were fixed, permeabilized, and incubated with an antibody specific
for HRP; H,K-ATPase 8 and HRP antibodies were detected with anti-mouse FITC and anti-rabbit rhodamine conjugated secondaries,
respectively. 4, C, E, and G show H,K-ATPase § staining; B, D, F, and H show HRP staining. Arrows indicate regions of colocalization.
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nous Na,K-ATPase maintain their steady-state basolateral
distribution in this cell line. Thus, LLC-PK, cells are capa-
ble of distinguishing between these two highly homologous
enzymes and of maintaining them at their appropriate do-
mains.

The experiments performed in this study examine the
steady-state distribution of pump subunits and subunit chi-
meras in transfected LLC-PK; cells. Recent work suggests
that the steady-state basolateral distribution of the Na,K-
ATPase is not the result of sorting at the level of the TGN,
but rather is due to selective retention afforded by a preexist-
ing basolateral cytoskeletal network (Hammerton et al.,
1991). Definitive exploration of the mechanism through
which our proteins are differentially distributed must await
the results of targeting assays. Our efforts to carry out bio-
synthetic targeting assays in this system have been compli-
cated by several factors. We have recently demonstrated that
dramatic differences in biotinylation efficiency prevail at the
apical and basolateral surfaces of LLC-PK, cells (Gottardi
and Caplan, 1992), rendering this technique inapplicable.
Furthermore, surface immunoprecipitation protocols cannot
be applied, because antibodies recognizing ectodomain epi-
topes of the H,K-ATPase a-subunit have yet to be success-
fully produced.

It should be noted, however, that recent work from two
laboratories (Gottardi and Caplan, 1993; Zurzolo and Rodri-
guez-Boulan, 1993) suggests that the Na,K-ATPase in at
least one clone MDCK cells, as well as in thyroid epithe-
lial cells (FRT) is sorted intracellularly and vectorially tar-
geted in keeping with earlier observations (Caplan et al.,
1986). The recently reported detection of random sodium
pump delivery in MDCK cells (Hammerton et al., 1991)
may be referenceable to differences in the particular sub-
clone of MDCK cells used (Siemens, C. [Krzeminski] et al.,
1993). In the context of these studies, which reconfirm the
earlier conclusion that the Na,K-ATPase is competent to
serve as a substrate for vectorial targeting in MDCK cells,
we believe that the H,K-ATPase and the chimeric subunits
are likely to be sorted intracellularly and vectorially targeted
in LLC-PK, cells. While it is true that our analysis of the
steady-state distributions of these ion pump and pump chi-
mera molecules does not allow us to draw conclusions with
respect to the pathways these molecules follow, our experi-
ments do, however, establish domains of these pumps which
are necessary for ensuring their steady state distributions.
Whether the signal domains we have described are inter-
preted at the level of the Golgi, or serve to anchor these pro-
teins at one or the other surface domain after random deliv-
ery, they are clearly necessary and sufficient to ensure the
ultimate polarized distributions of their parent proteins.

Signals Contributed by o Subunits

In our efforts to characterize the signal responsible for the
apical localization of the H,K-ATPase complex, we have ex-
amined the contributions of each subunit to the steady-state
apical distribution of the holoenzyme. To our surprise, we
found that both the « and 8 proteins encode information
which specifies apical accumulation. The contribution of
the H,K-ATPase « subunit is revealed in the cell surface
localization of the H,K-ATPase/Na,K-ATPase « chimera,
HS519N. This protein comprises the amino-terminal half of
the H,K-ATPase and the carboxy-half of the Na,K-ATPase
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and assembles exclusively with the endogenous Na,K-
ATPase 8 subunit. The resulting complex localizes predomi-
nantly to the apical brush border of transfected LLC-PK,
cells, suggesting that a dominant apical localization signal
may reside within the amino-half of the H,K-ATPase. As
can be seen in Fig. 1, <20% of the H519N chimera is en-
coded by amino acids unique to the H,K-ATPase. Further-
more, analysis of the Na,K-ATPase and H,K-ATPase se-
quences reveals a single region of extensive nonhomology
(Shull and Lingrel, 1986). The amino terminus of the H,K-
ATPase o extends 13 residues beyond that of the Na,K-
ATPase «. Significant identities are not found until residue
23 of the H,K-ATPase sequence. It is therefore possible that
this unique amino acid sequence encodes the information
that constitutes the signal which ultimately accounts for the
apical steady-state distribution of this protein. It is interest-
ing to note that a colonic isoform of the H,K-ATPase, which
is 63 % identical to the gastric H,K-ATPase and is also local-
ized to the apical membrane, shares an 8 amino acid stretch
of identity in this amino terminal region (Crowson and Shuil,
1992). Chimeric constructs which will test this hypothesis
are currently being generated.

Signals Contributed by 8 Subunits

It has been speculated that these pumps’ § subunits may
somehow be necessary for escorting « subunits to specific
cell surface domains. Our results show that this is not the
case for the Na,K-ATPase 3 subunit. The data presented in
Fig. 7 demonstrate that the HS19N chimera colocalizes with
an endogenous Na,K-ATPase (8 subunit at the apical cell sur-
face. Because the Na,K-ATPase 3 subunit colocalizes with
both the H519N chimera at the apical membrane, as well as
with the endogenous Na,K-ATPase « at the basolateral mem-
brane, we conclude that this 8 subunit is unlikely to encode
a dominant distribution-determining signal. The behavior of
the H,K-ATPase 8 subunit (~31% identical to rat Na,K-
ATPase 8,; Reuben et al., 1990), however, is markedly dif-
ferent and supports the argument that at least this 3 subunit
possesses a localization signal. When expressed by itself or
in concert with H,K-ATPase «, the H,K-ATPase 8 localizes
to the apical brush border as well as to elements of the endo-
cytic pathway (Figs. 5, 8, and 9). The presence of H,K-ATPase
8 in components of the endocytic apparatus suggests the exis-
tence of an endocytosis signal within the 36 amino acid cyto-
plasmic domain of this polypeptide (Goldstein et al., 1985).
As can be seen in Fig. 10, the H,K-ATPase 3 shares with the
transferrin receptor a sequence which has been implicated
in forming a tight turn structural recognition motif for endo-
cytosis (Collawn et al., 1990). This region is highly conserved
between the varied species of cloned H,K-ATPase 3 subunits
(Fig. 10). While the H,K-ATPase motif is opposite in orien-
tation to the transferrin receptor sequence (i.e., -FRXY- vs.
<YXRF-), crystallographic data predicts that tetrapeptide se-
quences such as -FEKY- and -FSKY- are capable of forming
the requisite tight turn structures (Collawn et al., 1990; Al-
varez et al., 1990). Furthermore, studies performed on the
transferrin receptor demonstrate that this sequence mediates
internalization when expressed in either orientation (Girones
et al., 1991). The -FRXY- sequence is not found in 8, or 3;
subunits of the Na,K-ATPase (Martin-Vasallo et al., 1989;
Shull et al., 1986), neither of which appear to localize to
similar vesicular structures (data not shown). It remains to
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NH ; ~-MMDQARSAF SNLFGGEPLSY TREJSLARQ- -~

transferrin receptor

rat H,K-beta
rabbit H,K-beta
human H,K-beta

NHz—MAALQEKKSCSQRMAEFRQYkWN——-
NH ; ~-MAALQEKKSCSQRMEEF RHYCWN--—
NH ; "MAALQEKKTCGQRMEEFQRYCWN- -~

rat Na,K-beta
chicken Na,K-beta
human Na,K-beta

NH ; -MARGKAKEEGSWKKE TWN—~~
NH ; -MARGKANDGDGNWKKE|TWN-— -
NH ; -MARGKAKEEGSWKKF|IWN---

Figure 10. Comparison of H,K-ATPase and Na,K-ATPase 3 subunit
sequences with the transferrin receptor internalization motif. The
amino acid sequences of the cytoplasmic domains of the H K-
ATPase and Na,K-ATPase 8 subunits were aligned with the cyto-
plasmic domain of the human transferrin receptor. The -YXRF- se-
quence of the transferrin receptor has been shown to form a tight
turn conformation that has been implicated in serving as the struc-
tural motif for endocytosis (Collawn et al., 1990). This sequence
is shared in the reverse orientation, FRXY across three species of
the H,K-ATPase 3 subunit, and is not shared across Na,K-ATPase
B species (boxed region). The implications of this observation are
discussed within the text.

be determined whether this sequence, and/or residues which
flank it are responsible for the H,K-ATPase §’s participation
in the endocytic pathway.

It is interesting to consider why the H,K-ATPase might be
well served by some manner of endocytosis signal. It its na-
tive gastric parietal cell, the H,K-ATPase o/ complex re-
sides within a preapical compartment, which in response to
physiologic stimuli for gastric acid secretion, rapidly fuses
with the apical membrane (Hirst and Forte, 1985). When the
stimulatory signal abates, the H,K-ATPase, along with most
of the apical membrane, is rapidly endocytosed and retrieved
into this preapical tubulovesicular compartment. Clearly, a
mechanism must exist to ensure that these pumps can be rap-
idly and efficiently removed from the apical membrane. The
-FRXY- signal is likely to serve this function. We are in the
process of generating site-directed mutants that delete this
sequence or alter the critical tyrosine residue in order to test
this hypothesis.

In light of this model, it is surprising that in cells trans-
fected with both H,K-ATPase o and 8 subunits, the H K-
ATPase 3 appears to accumulate in endocytic vesicles in the
absence of any accompanying o subunit (Fig. 5). In stimu-
lated parietal cells the « subunit of the H,K-ATPase has been
shown to form a complex with ezrin/ankyrin/fodrin cyto-
skeletal elements at the apical membrane (Hanzel et al.,
1991; Mercier et al., 1989). It is possible, therefore, that the
subpopulation of H,K-ATPase § subunit that is participating
in an H,K-ATPase o/ dimer cannot be endocytosed because
it is tethered to analogous apical cytoskeletal elements. H,K-
ATPase 8 subunits that are expressed at the cell surface
without an H,K-ATPase « would not be linked to the cyto-
skeleton, and would, therefore, be free to be endocytosed.

Endocytosed Signals and Protein Targeting

It has recently been shown that the presence of an endocyto-
sis signal is sufficient to ensure a protein’s basolateral target-
ing in MDCK cells (Brewer and Roth, 1991; Hunziker et
al., 1991; LeBivic et al., 1991). The first demonstration of
this property involved the influenza hemagglutinin protein,
which is normally targeted to the apical membrane of
MDCK cells (Rodriguez-Boulan and Sabatini, 1978).
Brewer and Roth found that this protein could be rerouted
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to the basolateral surface if a single amino acid in its cyto-
plasmic domain is altered to create a functional endocytosis
signal. These observations have now been extended to a
number of proteins. In light of this behavior, it is surprising
that the endocytosis competent H,K-ATPase 3 accumulates
at the apical surface of LLC-PK, cells. We hypothesize that
this behavior reflects the fact that LLC-PK, cells, derived
from the renal proximal tubule, are specially adapted to per-
form apical endocytosis.

Proximal tubule cells carry out bulk resorption of the glo-
merular filtrate (Mandel and Balaban, 1981). Their apical
domains are richly endowed with coated pits and endocytic
profiles, which participate in the retrieval of smail proteins
and peptides which have been filtered through the glomeru-
lar basement membrane (Maunsbach, 1976). The prepon-
derance of apical endocytic machinery may also be as-
sociated with the apical accumulation of proteins whose
targeting is mediated by virtue of their coated pit localization
sequences. According to this model, a coated pit localization
sequence specifies neither apical nor basolateral sorting,
but instead ensures that proteins so endowed accumulate at
the most endocytically active domain. This interpretation
receives support from the surprising observations of Pathak
et al. (1990), who generated a transgenic mouse expressing
the low density lipid (LDL)' receptor. This protein has
been shown to possess a coated pit localization sequence as
well as an autonomous basolateral targeting signal, both of
which can independently mediate basolateral sorting of
receptor constructs expressed in MDCK celis (Hunziker et
al., 1991). The distribution of the wild-type LDL receptor
in transgenic mice was found to be basolateral in the epithe-
lia of intestine and liver. In the proximal tubule of the kidney,
however, this protein was restricted to the apical brush bor-
der. It is possible that in this tissue the LDL receptor’s coated
pit localization sequence exerts a dominant effect which
results in the protein being sorted to the endocytically active
apical surface. To test this theory, we are currently compar-
ing the sorting behavior of a number of endocytically compe-
tent proteins exogenously expressed in both MDCK and
LLC-PK, cells. Preliminary results suggest that, consistent
with this model, H,K-ATPase 3 accumulates at the basolat-
eral surface of MDCK cells. It would appear, therefore, that
sorting signals may specify delivery to functionally rather
than topologically defined plasma membrane domains.
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