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Abstract. The polarized distribution of ion channels
into an apical or a basolateral domain is a funda-
mental feature of the transporting-epithelial pheno-
type. To study the molecular motifs of the channel
that may serve as addressing signal(s), as well as the
cellular mechanisms that interpret it and deliver the
protein accordingly, we study the fate of transfected
ShIR K" channels (a non-inactivating Shaker chan-
nel) tagged with an HA epitope, as well as several
other deletants and mutants. Surface expression is
triggered by Ca’’-activated cell-cell contacts,
through a cascade including a phospholipase C, a
protein kinase C, and the cytoskeleton of actin and
tubulin, and is partially impaired by suppressing
N-glycosylation with tunicamycin. Using domain-
specific biotinylation we show that the channel is
delivered preferentially to the basolateral domain
thanks to a segment between amino acids 571 and
613, and is retained on the membrane surface due to a
region involving the last three amino acids (threo-
nine, aspartic acid, valine, TDV) of the COOH ter-
minal. Its association with the cytoskeleton seems to
take the form of a scaffold comprising actin, a-acti-
nin, B-tubulin, mLin7 and CASK. We also observe
that membrane expression of ShIR channels depends
entirely on its sequence of amino acids and the con-
formation that the molecule may adopt, but not on
its ability to translocate K across the membrane.
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Introduction

More than half a century ago, the outside-to-inside
transport of substances across epithelial cells, and the
dendrites-to-synapse flow of electric current through
the body of neurons obviously forecast that a day
would arrive when those asymmetries would have to
be accounted for by a polarized distribution of
transporting mechanism in their plasma membrane.
Yet membrane biologists were in for two big sur-
prises. The first is that polarization is by no means an
exclusive feature of membrane transporting mecha-
nisms, but of most membrane features and functions,
such as membrane particles, receptors, cell contacts,
budding of viruses, etc. The second is that polariza-
tion is by no means restricted to epithelia and nervous
cells, but is found to be a universal feature, from
unicellular organisms to mammalian neurons (Cere-
ijjido et al., 1980 Cereijido, Shoshani & Contreras,
2000; Cereijido & Anderson, 2001).

Study of cell polarity has been greatly advanced
by the use of cultured cell lines that retain a consid-
erable degree of polarity, and by the fact that cells not
only express their own proteins in polarized fashion,
but also transfected ones of other animal species,
including viruses (Rodriguez-Boulan, 1983; Rodri-
guez-Boulan et al., 1984; Lisanti et al., 1989). Study
of the expression of foreign transfected proteins has
the experimental advantage of allowing the use of
mutants and deletants to detect and characterize the
putative molecular signals and mechanisms involved
(Matter & Mellman, 1994).

In previous studies we have shown with patch
clamp methods that the strain of MDCK cells we use
expresses six different types of channels, all of them
absolutely polarized: four types of K* channels in
the apical, a fifth in the basolateral, and a CI™
channel also in the basolateral domain (Stefani &
Cereijido, 1983; Bolivar & Cereijido, 1987; Ponce &
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Fig. 1. Schematic representation of the different
constructions used. Downward-pointing arrow-

AC3B heads indicate the position of epitope HA. Notice

Cereijido, 1991; Ponce et al., 1991a,b; Garcia-Villegas
et al., 1996). We now study the mechanisms, signals
and structures involved in the localized expression of
K™ channels. We resorted to the transfection of the
ShIR channels, where IR stand for Inactivation Re-
moved, a deletant of the ShakerB channel (Hoshi,
Zagotta & Aldrich, 1991), as well as other mutants
and deletants specified below.

Here we find that channel ShIR is addressed to
the basolateral domain due to a segment of 43 amino
acids of the COOH terminus, located between aa 571
and 613, and is retained there through a PDZ-binding
motif at the end of such terminus. The channel be-
comes part of a scaffold comprising proteins mLin-7,
CASK, B-tubulin, actin and a-actinin. Surface ex-
pression depends on Ca® " -activated cell-cell contacts
that trigger a phosphorylation cascade involving PLC
and PKC and the actin cytoskeleton.

A preliminary version of this work was presented
in poster form (Moreno et al., 1999).

Materials and Methods

CONSTRUCTS

The ShIR (non-inactivating, A6-46) and W434F (nonconducting)
potassium channel cDNAs (derived from the Drosophila ShBI1,
Schwarz et al., 1988) were a kind gift from L. Toro and F. Beza-
nilla, respectively. The constructions pSHA and pWHA were ob-
tained by amplifying the complete cDNA decoding the ShIR and
W434F channel proteins by PCR to introduce an HA epitope
(YPYDVPDYA) in the 5 end using oligonucleotides HI: 5'-
CCGGAATTCCATGGCCTACCCCTACGACGTGCCCGACT

ACGCCGTTGCCCTGCGGGAGCAGCAC-3’ (the sequence of
the HA tag is underlined), and 5-CCGGAATTCTCAAACGTCG
GTCTCGATACTAACGGC-3". The PCR product obtained with
Pfu polymerase (Stratagene) and flanked by Eco RI sites was
cloned into pcDNA3 eukaryotic expression vector (Invitrogen).
Therefore, the HA epitope was introduced between valine 2 and
alanine 3. The protein products from these constructs were named
ShIR1 and W434F]1, respectively. Mutants AC173, AC85 and AC45
were constructed by introduction of stop codons (TAG or TGA) at

that constructions represented in top part have

AC45B  only one HA epitope, but those below have two.

positions, respectively: 1326 (amino acid 443), 1593 (amino acid
531) and 1713 (amino acid 571) using the QuikChang™ directed
mutagenesis kit (Stratagene) and the respective two complementary
oligonucleotides. The AC3 mutant was obtained by PCR intro-
ducing a stop codon in position 1836 (amino acid 614) using the H1
oligonucleotide and 5-CCGGAATTCTCACTCGATACTAA
CGGC-3'. We obtained a ShIRI channel containing an extra HA
epitope in the extracellular loop between phenylalanine 213 and
lysine 214 at the loop between S1 and S2 domains (construct de-
noted as pSHA2) (Shih & Goldin, 1997). This version of the pro-
tein, called ShIR2, was obtained with the QuikChange kit and two
complementary oligos. In all cases, pPSHA construct was employed
as template. AC3B mutant was generated as depicted for AC3 but
using pSHA2 as template. AC45B mutant was obtained as de-
scribed for ShIR2, but using AC45 as template. Constructs are
schematized in Fig. 1. To obtain the in vitro transcribed RNA, full-
length ShIR channel cDNA containing the HA epitope, ShIR1,
was subcloned into the pBluescript KS™ (Stratagene) (pBSHA).
The correct introduction of both the HA epitopes and the stop
codons were verified by dideoxynucleotide sequencing.

EXPRESSION IN XENOPUS OOCYTES AND
ELECTROPHYSIOLOGICAL RECORDING

WT ShIR (cloned in pBluescript KS™) and pBSHA were linearized
with the Not 1 endonuclease and mRNAs obtained in a runoff
assay using the T7 phage RNA polymerase (Invitrogen) (Sambrook
& Russel, 2001). Stages V to VI oocytes were obtained by partial
ovariectomy of adult female Xenopus laevis frogs (obtained from
NASCO, Fort Atkinson, WI) anesthetized on ice. Harvested
oocytes were shaken (60 rpm) for 60 min at room temperature in
1 mg/ml collagenase (Type II, Sigma) in ND-96 solution (in mm:
NacCl, 2.0 KCl, 1.8 CaCl,, 1.0 MgCl,, and 5.0 HEPES, pH 7.5).
Oocytes were left to recover overnight in ND-96 solution supple-
mented with 0.1 mg/ml gentamicin, 0.55 mg/ml pyruvate. Ap-
proximately 50 ng of transcripts obtained were injected into each
oocyte. After 36 to 48 hr of incubation at 17°C in supplemented
ND-96, potassium currents were recorded at room temperature
using a two-electrode voltage clamp (Miledi, Parker & Sumikawa,
1983). The recordings were performed in ND-96 solution without
supplements. The holding potential was —80 mV. All currents were
recorded using p/4 subtraction to eliminate capacitive and linear
leak currents (Bezanilla & Armstrong, 1977). Those oocytes ex-
pressing currents less than 50 nA during a depolarization to + 30
mV were considered negative in respect to expression of functional
ShIR channels. Currents were converted to conductance values
using the equation: G = I/(V—Vg), where G = conductance,
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I = current, V' = voltage, and Vr = reversal potential (assumed
as —90 mV; Shih & Goldin, 1997). Conductance values were nor-
malized to the maximum conductance and fit with a two-state
Boltzmann equation: G = 1/[1 + exp (=0.03937 - z - (V=V )],
where z = slope factor and V,,, = voltage for half-maximal de-
polarization. The values for the slope (k) and half maximal con-
cfuctance (V) were averaged, and standard deviations were
calculated for data from 12 to 15 oocytes.

CELL CULTURE AND TRANSFECTION

MDCK cells were grown and maintained in Dulbecco’s modified
essential medium (DMEM) supplemented with 10% fetal calf se-
rum (GIBCO, BRL), 2 mm L-glutamines 100 U/ml penicillin, and
100 pg/ml streptomycin (In Vitro) at 37°C in 5% CO,. Plasmids
were purified with the Qiagen plasmid purification kit according to
the manufacturer’s instructions. Subconfluent MDCK cells were
transfected using Lipofectamine 2000™ (Invitrogen, Life Tech-
nologies) according to the manufacturer’s instructions. For tran-
sient expression, cells were used at different times after transfection.

IMMUNOBLOTS AND IMMUNOPRECIPITATION

For immunoblots of total cell extracts, transfected cells were wa-
shed three times with ice-cold phosphate-buffered saline solution
(PBS) and extracted during 30 minutes with lysis buffer (150 mm
NaCl, 50 mm Tris-HCIL, pH 7.5, 5 mm EDTA, 0.2% SDS, 1%
Triton X-100, 1% NP-40 and a protease inhibitor cocktail including
1 mm PMSF and 10 pg/ml each of antipain, pepstatin A, and
leupeptin). After a 10-min spin in a microfuge, the supernatant was
recuperated and proteins were quantified with the BCA protein
assay reagent (Pierce). For immunoprecipitation, cell extracts were
precleared by incubation for 1 hr with fixed anti-mouse 1gG-cou-
pled Staphylococcus aureus cells (Tachisorb, Calbiochem), and
cleared supernatants were immunoprecipitated with mouse anti-
HA (Santa-Cruz Biotechnology) for at least 16 hr end-over-end
rotation at 4°C. Immunoprecipitates were washed 6 times, two with
lysis buffer, two with high-salt buffer (in mm: 500 NaCl, 50 Tris-
HCI, pH 7.5, 5 EDTA, 1% Triton X-100) and two with low salt
buffer (50 NaCl, 50 Tris-HCI, pH 7.5, 5 EDTA, 1% Triton X-100).
After boiling in a buffer containing 80 mm DTT, 5.6% SDS, 16%
glycerol, 50 mm Tris, pH 6.8, and 0.008% bromophenol blue,
samples from total extracts and immunoprecipitates were subjected
to electrophoretic separation and transferred to PVDF membranes.
Blots were blocked with TBS (added with 1% Tween and 5%
nonfat milk) and probed with the appropriate antibody. All pro-
teins were visualized using peroxidase-conjugated secondary anti-
bodies and enhanced chemiluminescence (ECL, Amersham-
Pharmacia Biotech). Band density was measured as follows: ECL
plaques were acquired with the Foto/eclipse digital system from
Fotodyne Inc. Pixel analysis was performed using the Collage
(version 3.0) software from Dynamics Corp. Results are expressed
as means + SE; n depicts the number of observations. Densito-
metric values were subjected to a Student’s z-test analysis.

IMMUNOFLUORESCENCE

Glass coverslips containing MDCK-transfected cells were rinsed
twice with PBS, fixed with 4% paraformaldehide during 20 min,
rinsed with PBS and incubated with 3% fetal bovine serum in PBS
for 30 min. Cells were treated for 1.0 hr with biotin-coupled anti-
HA antibody. Monolayers were then rinsed 3 times with PBS for
5 minutes each, incubated with an FITC-labeled streptavidin
(ZYMED) for 30 min, rinsed as above, mounted in Fluorguard
(Bio-Rad) and examined with a confocal microscope (MRC-600,
Bio-Rad, Hercules, CA).
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DOMAIN-SPECIFIC BIOTINYLATION

Apical and basolateral plasma membrane proteins were biotiny-
lated as described by Gottardi, Dunbar and Caplan (1995). Briefly,
confluent monolayers of MDCK cells on filters (Transwell; Costar)
were washed thrice in ice-cold CM-PBS. 500 pg/ml sulfo-NHS-SS-
biotin (Pierce), diluted from a 200-mg/ml stock in DMSO, was
added to either apical (0.5 ml) or basolateral (1.5 ml) chambers.
Surfaces not receiving biotin were incubated in CM-PBS alone.
Filters were incubated 45 min on ice. Fresh buffer and biotin was
applied and filters were incubated another 45 min. Biotinylation
reactions were quenched by washing cells in five changes of CM-
PBS containing 100 mMm glycine. Filters were excised from plastic
collars and monolayers solubilized by incubation for 1 hr at 4°C in
lysis buffer. After immunoprecipitation as described, bound pro-
teins were released from Tachisorb beads by boiling in 50 ul of SDS-
containing buffer (1.5% SDS, Tris-HCI 50 mm, NaCl 150 mm) and
diluted in 100 pl of lysis buffer. Therefore, we obtained two fractions
in the immunoprecipitate: the membrane one, which is biotinylated
and will bind to the neutravidin beads, and the cytoplasmic one,
contained in the supernatant after exposure to neutravidin. After
centrifugation, biotinylated proteins in the supernatant were pre-
cipitated with 100 pl of agarose-coupled neutravidin (Pierce). After
washing as indicated, neutravidin-associated proteins were released
by warming to 80°C in sample buffer, electrophoretically separated
by SDS-PAGE, and transferred to PVDF membranes. Blots were
incubated with rabbit anti-HA (Zymed) and with HRP-labeled goat
anti-mouse IgG and proteins detected with ECL. To estimate the
possible contamination of samples with the cytoplasmic fraction of
the transfected channel protein, the neutravidin binding from im-
munoprecipitates of an intracellular control, B-catenin, was used in
every biotinylation assay, indicating no signal in the immunoblot
and therefore no biotin labeling.

CELL SURFACE DELIVERY OF NEWLY SYNTHESIZED
ShIR CHANNELS

Filter-grown MDCK monolayers expressing ShIR channels were
incubated for 45 min at 37°C in methionine- and cysteine-free
DMEM. Cells were then pulsed for 45 min with methionine- and
cysteine-free DMEM containing 200 pCi/ml *S-labeled methio-
nine-cysteine (Promix, Amersham-Pharmacia Biotech). Monolay-
ers were then washed twice with DMEM and chased for different
times at 37°C in DMEM containing a 10-fold excess of unlabeled
methionine and cysteine. At a given chase time, cells were chilled
with two washes in ice-cold PBS at 4°C and subjected to cell surface
biotinylation as described. Proteins were analyzed on 10% SDS-
polyacrylamide gels.

For surface labeling with anti-HA, MDCK cells transfected
with the extracellular epitope version of the ShIR channel (ShIR2)
construct were blocked on ice with 3% BSA in PBS during 45
minutes, after which anti-HA (1:75) was added and exposed to cells
for 60 min. Cells were washed with blocking solution (4 times) and
lysed. After centrifugation at 10,000 x g, supernatants were incu-
bated overnight with anti-mouse IgG-coupled Tachisorb. Immu-
noprecipitates were treated for SDS-PAGE and immunodetection
as previously described.

REAGENTS

Cell culture reagents and oligonucleotides were obtained from
GIBCO Laboratories (Grand Island, NY). Enzymes for DNA di-
gestion and modification were from New England Biolabs.
GF109203X was obtained from Calbiochem. Tunicamycin, cyto-
chalasin D, colchicine and neomycin were obtained from Sigma
(St. Louis, MO). The mLin-7 anti-serum was a kind gift from
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Dr. B. Margolis at the Department of Biological Chemistry, Uni-
versity of Michigan Medical School.

Results

To facilitate the study of polarity we resorted to a
ShIR1, a non-inactivating version of the Shaker
channel (Bezanilla & Armstrong, 1977; Hoshi et al.,
1991) tagged with an HA epitope. Therefore, the first
control was to inject the in vitro transcribed ShIR
and ShIR1 mRNA into Xenopus laevis oocytes to test
their electrical performance. Table 1 lists the values of
activation properties (k and V) ,), indicating that the
tagged version is essentially indistinguishable from
the untagged channel.

ExPRESSION OF THE ShIR CHANNEL IN MDCK CELLS
Is POLARIZED

In spite of belonging to different animal species,
MDCK cells express the ShIR channels and its
mutants (Fig. 2). Yet only a fraction of the ex-
pressed channels reaches the membrane, indicating
that the protein must be delivered and inserted in
the membrane through a rate-limiting mechanism.
According to immunofluorescence, the ShIR2
channel is preferentially expressed on the basolateral
side of the membrane (Fig. 3, left). Only a few cells
express the channel at a given time and do it clearly;
weak expression was seldom detected. The domain-
specific expression of the channel was confirmed by
culturing ShIR1-transfected MDCK cells on Trans-
well filters, and labeling the protein in the apical or
in the basolateral domains with the domain-specific
biotinylation procedure described in Methods (Fig.
4, left).

TOTAL EXTRACT

MW. Mock ShIR1 W434F1

AC85 AC3 AC45 AC173 Mock ShIR1 W434F1
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Table 1. ShIR channel activation parameters

k Vi (mV) n
ShIR 6.8 + 0.89 —221 311 12
ShIRI 77 £ 119 216 + 723 15

Normalized conductance data for individual recordings were fit
with a two-state Boltzmann equation as described in Materials and
Methods. ShIR1 depicts a modified ShIR channel with a non-
apeptide HA epitope inserted between amino acids 2 and 3 of the
channel protein.

THE ExprEssioN oF ShIR Is NoT RELaTED TO K™
PERMEABILITY

Since epithelia form the barriers between higher
organisms and the environment, they are exposed to
large variations in the concentration of solutes. Yet
most epithelial cells have the ability to adjust their
specific permeability to a given molecular species in
inverse proportion to its concentration (Cereijido et
al., 1964; Contreras et al., 1992). On this basis one
would expect that the cell would handle the ShIR
channel that affects K " -permeability in a different
manner than one that does not influence this para-
meter. Accordingly, we tested channel W434F, a
mutant of Shaker, in which a tryptophan at position
434 was replaced by a phenylalanine in ShIR. This
mutation is located at the innermost end of the
hydrophilic loop forming the pore of the channel,
and abolishes its conductivity. Figure 4 (right) shows
that the W434F1 mutation does not modify ex-
pression or polarity in the membrane.

Tue COOH-TeErRMINAL DoMAIN OF ShIR CHANNEL IS
RESPONSIBLE FOR THE BASOLATERAL EXPRESSION

Deletion of almost the whole COOH-terminal end,
except for 6 residues located after the S6 transmem-

MEMBRANE FRACTION

AC3 AC45

185—
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62— —— Sy
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38—
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Fig. 2. Expression of transfected ShIR1 and W434F1 channels in
MDCK cells. Both channels were tagged with HA epitope from
influenza virus in the NH, terminus. Blots were probed with mouse
anti-HA antibody. Mock: cells transfected with plasmid pcDNA3

without insert. First and second panels correspond to total cell
extract, and third and fourth correspond to membrane-expressed
fraction obtained with the biotinylation procedure described in
Methods.
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Fig. 3. Immunofluorescent images of MDCK cells expressing ShIR2 channels in the plasma membrane. Gallery of MDCK cells transfected
with the indicated ShIR constructs (extracellular HA epitopes) containing ShIR channel protein on the lateral membrane domain, as
observed with a biotinylated mouse anti-HA antibody, followed by an FITC-coupled streptavidin. Left: ShIR2; center: AC3B; right: AC45B.
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Fig. 4. Domain-specific expression of the transfected Shaker
channels ShIR1 and W434F1. Confluent monolayers of MDCK
cells were prepared in Transwell filters. Monolayers were treated
with biotin on the apical (4p) or on the basolateral (BI) side. The
channel was first precipitated with mouse anti-HA antibody. Im-
munocomplexes were dissociated by heating 5 min at 80°C in 1.5%
SDS. Samples were then clarified with Neutravidin bound to aga-
rose beads. Gels (8%) were transferred to PVDF membranes and
blotted with rabbit anti-HA antibody and detected by ECL (upper
panel). Lower panel: Band density was measured as described in
Methods. Graphics show standard deviations. (*p < 0.05,n = 4).

brane segment (Fig. 5, AC173) does not prevent the
membrane expression of the deletant ShIR1 channel,
but causes a complete loss of polarity. The same
phenomenon is observed with deletion of the last 85
(Fig. 5, AC85) and 45 amino acids (Fig. 3, right and
Fig. 5, AC45). Yet, deletion of the last three amino
acids of the COOH-terminal does not inhibit mem-
brane delivery or basolateral polarity (Fig. 3, center;

Fig. 5, AC3). Therefore, polarization depends on a
domain localized between residues 571 and 613 of the
COOH terminal.

MEMBRANE ExXPRESSION OF ShIR CHANNEL DEPENDS
ALSO ON RETENTION

The last four residues of the C-terminus (ETDV) of
the Shaker (Kv1) channel subfamily constitute a PDZ
binding domain contained in a set of membrane-re-
taining cortex proteins (Kim et al., 1995; Nietham-
mer, Kim & Sheng, 1996; Garner, Nash & Huganir,
2000). The role of the last three residues of this se-
quence (TDV) in the residence time of the ShIR1 in
the plasma membrane of MDCK cells was in-
vestigated in pulse-chase experiments, metabolically
labeling the cells for 45 min with [*°S]methionine-
cysteine and then chasing for different time periods,
using cell surface biotinylation. This assay (Fig. 6)
showed ShIR1 protein is rapidly transported and
inserted into the plasma membrane. Yet deletion of
TDV (AC3) markedly decreases its lifetime in the
membrane (Fig. 6, filled circles). This result suggests
that during its residence in the membrane surface, the
ShIR1 channel associates with some stable structure.
To investigate this possibility, we measured the
fractions of channels that can be solubilized with or
without the addition of 1.0% of Triton X-100 deter-
gent. Figure 7 shows that virtually none of the ShIR1
or the AC3S deletant expressed at the membrane is
free, but instead is bound to an insoluble component.

THE MEMBRANE FrRacTION OF ShIR Is ASSOCIATED
WITH THE ACTIN CYTOSKELETON IN MDCK CELLS

The obvious candidate to retain the channel at the
membrane as described in the previous section was
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Fig. 5. Domain-specific expression of different
deletants of the ShIR1 channel. Biotin was added
to the apical (Ap) or to the basolateral (B/) slide
and cells were then processed as in Fig. 4.
AC-nomenclature indicates the number of amino
acids deleted on the COOH-end. Analysis was
performed as indicated in Fig. 4. (*p < 0.02,

n =15).
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the cytoskeleton. The observation that 12 um cyto-
chalasin significantly (p < 0.01, n = 5) decreases
membrane expression of the channel (Fig. 8) dem-
onstrates that the process requires the participation
of microfilaments. Yet a sizable population of chan-
nels (~50%) still reaches the plasma membrane, in-
dicating that some channels may reach the membrane
through an independent way. Microtubules, in con-
trast, do not seem to be required, as 10 pum colchicine
does not decrease the population of ShIR1 at the
membrane (Fig. 8).
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Fig. 6. Role of deletion of the last three amino acids
(AC3) in the expression of ShIR1 channels. MDCK
cells transfected with ShIR1 (empty circles) or with
deletant ACS (filled circles) were pulsed with
35S-methionine-cysteine for 45 min and biotinylated
at the indicated times. Samples were processed as
in Fig. 4.

(min)

ShIR CHANNEL MAY PARTICIPATE IN A SCAFFOLD

To further analyze the association of the ShIR chan-
nels with the cytoskeleton, we used the extracellular
epitope version of the channel ShIR2. We labeled
those channels exposed at the membrane of MDCK
cells transfected with pSHA2 plasmid with a biotiny-
lated anti-HA antibody, then immunoprecipitated
this fraction with Neutravidin, separated the peptides
by SDS-PAGE and blotted the PVDF membrane-
transferred proteins with a monoclonal antibody
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Fig. 7. Solubility of ShIRI and AC3 channels. Transfected cells
were lysed with a buffer containing no or 1% Triton X-100 for 10
min under vigorous stirring. Monolayers were then scraped and
spun at 10,000 x g for 20 min. Soluble (S) and insoluble (/) frac-
tions were adjusted to 200 pl, separated in SDS-PAGE and blotted
as in Fig. 4.

against actin or g-actinin. Figure 9 reveals that these
proteins were intimately associated with the channel,
and that this association can be impaired by cyto-
chalasin D. Figure 10 (right) suggests that actin and o~
actinin, as well as B-tubulin, may be intimately as-
sembling a scaffold with the ShIR2. Molecules such as
mLin-7 and CASK are known to associate in a scaf-
fold at the basolateral domain of epithelial cells (Borg
et al., 1999; Straight et al., 2000). Figure 10 shows an
intimate association between these molecules and
ShIR channel. The association between ShIR2 and
the different molecular species detected form a scaf-
fold, including a cytoskeleton-linking molecule not

FRACTION CYTOPLASMIC
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yet described, possibly Mint-1 (Straight et al., 2000).
The AC3B deletant is associated with all the described
protein, but its co-immunoprecipitation ability is re-
duced almost to 50%. Blots on the /eft in Fig. 10 show
that the surface anti-HA labeling procedure does not
bind any of the listed molecules nonspecifically.

GLYCOSYLATION IS REQUIRED FOR DELIVERY OF ShIR
TO THE SURFACE IN MDCK CELLS

Shaker K* channel protein is glycosylated on two
asparagine residues, N (asparagine) 259 and N 263, in
the first extracellular loop (Santacruz-Toloza et al.,
1994). It was recently demonstrated that glycosylation
dramatically increases stability and cell surface ex-
pression, without significantly affecting folding and
assembly of the protein (Khanna et al. 2001). To study
the role of glycosylation in the membrane expression
of ShIR1 channels, we treated MDCK-transfected
cells with tunicamycin, which prevents N-glycosyla-
tion by inhibiting the sialyltransferase of the endo-
plasmic reticulum (Duskin & Mahoney, 1982).
MDCK cells treated with 12 pg/ml tunicamycin show
that this drug does affect the channel in two aspects.
The first is, of course, a decrease of molecular weight

MEMBRANE
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Fig. 8. Role of the cytoskeleton in the expression of ShIR1 chan-
nels. 6 hr after transfection, cells were trypsinized and plated in the
presence of 10 pm colchicine (columns 2 and 5) or 12 pum cyto-
chalasin D (columns 3 and 6) for 6 hr. Monolayers were then
processed for biotinylation and blotted as in Fig. 4. Left and right

- o -
- -+

groups of columns correspond to channels in the cytoplasm and the
plasma membrane, respectively. Histograms show the densitomet-
ric values normalized to the mean calculated for the control.
Analysis was performed as indicated in Fig. 4. (*p < 0.01,n = 5).
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Fig. 9. Effect of 12 pum cytochalasin D on cytoskeleton-associated
molecules (actin and a-actinin) co-immunoprecipitated with
membrane-expressed ShIR2 channels. ShIR2-expressing MDCK
cells were treated with biotinylated antibody against the HA epi-
tope. Monolayers were then lysed and scraped, samples were pre-
cipitated with Neutravidin, separated in SDS-PAGE and blotted
with the specified antibodies.

due to the elimination of glycosides (Fig. 11), and the
second is a slight, yet significant (p < 0.005) decrease
in the population of the channel in the membrane.
Taken together, results in Fig. 11 reveal that glyco-
sylation is required for membrane delivery, and may
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also affect the association— and thereby retention
—at this position.

THE AsYMMETRIC DiSTRIBUTION OF ShIR Is PART oF
AN OVERALL PROCESS OF POLARIZATION

Polarity is one of the two main features of the epi-
thelial transporting phenotype, the other being the
assembly and sealing of tight junctions (TJs) (Cere-
jjido et al., 2000). Expression of both features de-
pends on the presence of extracellular calcium, which
acts on the extracellular domain of E-cadherin at cell-
cell contacts (Gonzalez-Mariscal et al., 1990; Con-
treras et al., 1992) that trigger a series of events in-
volving at least two different G proteins, phospho
lypase C (PLC), protein kinase C (PKC), and cal-
modulin (Balda et al., 1991). This results in a polar-
ized expression of Na’, K"-ATPase (Contreras et
al., 1992) and K" channels (Talavera et al., 1995), as
well as the establishment of TJs (Gonzalez-Mariscal
et al., 1990). Figures 12 and 13 show that the same
mechanism operates in the expression of ShIRI1
channels in the plasma membrane. Thus this expres-
sion depends on Ca®* and cell-cell contacts (Fig. 12),
and the inhibition produced by 100 um Neomycin or
5 um GF109203X (Fig. 13) indicates that it also relies
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Fig. 10. Effect of deletion of the last three amino acids (TDV) of the
COOH terminus (AC3B) on the association of ShIR2 channels to
several protein species. Cells were processed as in Fig. 9, and
membranes were blotted with the specified antibodies. The right
column of immunoblots illustrates individual immunoprecipita-

B_Wi"-ﬂ_H

tions, and the histogram, averages of 3 measurements. Each pair of
columns represents the average for Shir2 and AC3B, respectively.
Immunoblots in the left column correspond to total cell extracts and
to immunoprecipitations from mock-transfected cells, i.e., trans-
fected with empty pcDNA3 plasmid. Asterisk indicates the I1gG.



J. Moreno et al.: Shaker Channels in MDCK Cells

FRACTION CYTOPLASMIC

127 -

o o o =
IS o o o

ShiIR1 PROTEIN (normalized D.U.)
o
[\ ]

00"
TUNICAMYCIN (12 pg/ml) - -+

183

MEMBRANE

- +

Fig. 11. Role of glycosylation in the expression of ShIR1 channels. 6 hr after transfection, cells were trypsinized and plated in the presence
of 12 pg/ml tunicamycin. 12 hr later, cells were treated as in Fig. 8. Normalization was carried out as in Fig. 8 and analysis performed as

indicated in Fig. 4. (*p < 0.05, n = 3).

on a cascade involving the activation of PLC and
PKC signaling pathways.

Discussion

Polarity is one of the two basic characteristics of the
epithelial transporting phenotype, the other being the
establishment of tight junctions. This ability to ex-
press different transporting mechanisms in the two
poles of the cell is crucial in several ways: (¢) While
the basolateral domain is mainly involved in house
keeping, and therefore its properties are similar in
different epithelia of the same animal species, the
apical one depends on the physiological role of the
cell type (e.g., a secreting or an absorbing cell). (b)
The two poles face entirely different milieus: while the
basolateral side is always in contact with interstitial
fluid, the apical domain may be in contact with gas-
tric juice, concentrated urine, sea or fresh water, etc.
(¢) While the inner milieu is remarkably constant, the
outer environment is subject to drastic variations.
Thus, a cell of the collecting tubule of the kidney of a
dehydrated dog is bathed by a hypertonic solution
that changes swiftly and drastically its tonicity upon
hydration of the animal. (d) The expression of some
proteins depends on the functional status of the
organ. Thus, K™ channel Kv4.3 is greatly diminished
during pregnancy (Song et al., 2001). (¢) The ex-
pression may also change with age, as it is the case

with some K" channels in coronary smooth muscle
(Marijic et al., 2001).

The mechanism underlying polarity depends on
the capability of the cell to deliver and retain the
peptides in a domain-specific manner. In keeping
with the sundry scenarios described in the previous
paragraph, the information available shows that the
polarized expression of a protein does not depend on
a couple of universal signals, one for the apical and
another for the basolateral domain, but that there is a
variety of signals and retention mechanisms that will
take a considerable experimental effort to systematize
in a conceptual framework. The present article is part
of such an effort.

MDCK cells express at least 6 types of endog-
enous voltage-dependent channels, all of them in
polarized fashion, but this polarization depends on
the type of channel (Bolivar & Cereijido, 1987,
Ponce et al., 1991a,b: Ponce & Cereijido, 1991).
Actually, MDCK cells also polarize other types of
membrane mechanisms, such as the Na®, K-AT-
Pase (Contreras et al., 1989), as well as microvilli,
intramembrane particles, receptors, cell junctions,
etc. (Cereijido et al., 1980). Yet, ion channels appear
as suitable candidates for polarity markers, because
experimental methods have reached the ultimate le-
vel of detection: patch clamp can individualize,
characterize and tell apart a single channel. Fur-
thermore, since preliminary results indicated that
MDCK cells can also handle transfected channels
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Fig. 12. Effect of Ca®"-activated cell-cell contacts on the expres-
sion of ShIR1 channels in the surface of MDCK cells. 6 hr after
transfection, cells were trypsinized and plated at confluence or at
low density, in medium with or without 1.8 mm CaCl,. 20 hr later,
cells were biotinylated, and treated as in Fig. 8. Left and right

from other animal species, and transfected channels
offer the experimental advantage of allowing the use
of mutants, deletants, epitope-tagged versions, etc.,
we resorted to ShIR and the other versions dis-
cussed above. Therefore, our first efforts were to
show that MDCK cells do express ShIR, and do it
in polarized fashion. The use of channels offers yet
another advantage: a given property affected by
deletions or mutations of the segment responsible
for this property is not necessarily affected by
modifications of molecular segments that fulfill
other functions. Thus, Perozo et al. (1993) have
shown that mutation in the putative pore region
(W434F) completely abolishes ion conduction with-
out affecting either kinetic or steady-state properties.
In keeping with those observations, we observe that
the W434F mutant does not affect polarity (Fig. 4).

Polarizing signals are not universal not only for
all proteins of a given domain, but they change de-
pending on the type of K* channel. Thus, the de-
terminant controlling surface expression of Kvl
channels is localized to the highly conserved pore
region (Manganas et al, 2001). CCD-IRK3
(mKir2.3) channel cloned from a cortical collecting
duct is expressed on the basolateral membrane of
MDCK cells (Le Maout et al., 1997) thanks to a
signal comprising residues 431 to 442 (Le Maout

groups of columns correspond to channels in the cytoplasm and the
plasma membrane, respectively. Normalization was carried out as
in Fig. 8 and analysis performed as indicated in Fig. 4. (*p < 0.001,
n = 3).

et al., 2001). Fusion of its COOH-terminal structure
onto CD4 is sufficient to express this chimera in the
basolateral membrane (Le Maout et al., 2001). Ac-
cordingly, targeting of a given isoform of Kv3.2
channel depends on alternative splicing (Ponce et al.,
1997). The segment of amino acids responsible for
polarization may not always work as when incorpo-
rated in a chimeric protein. Such is the case of amino
acids 536 to 666 of Kv2.1 channel, whose incorpo-
ration in an HA chimera does not restore the baso-
lateral distribution displayed by the whole channel
peptide despite the fact that its elimination alters its
basolateral expression in MDCK cells (Scannevin
et al., 1996). This suggests that the complete signal
may be constituted by the tertiary structure of the
channel oligomer rather than the primary sequence
(Lim et al., 2000).

While the extent of ShIR channels expression is
high enough to perform studies by immunoblotting,
biotinylation, and immunostaining with florescent
dyes, at any given time, the channel-expressing
MDCK cells amount to only some 5-6%. Similar
figures are usually interpreted as “weak” expression.
Yet, as illustrated in Fig. 3, for a given cell, ShIR2
expression in by no means weak. “Weakness” seems
to arise from the fact that, at a given moment, ex-
pression in some 95% of the cells is not detectable.
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Fig. 13. Role of PLC and PKC in the expression of ShIR1 chan-
nels. Cells were transfected, trypsinized and replated as in Fig. 8,
except that during the last incubation, they were treated with 100
pm neomycin or 5.0 um GF109203X to inhibit PLC and PKC,

Therefore, expression appears as an all-or-nothing
phenomenon. This cannot be attributed to cell het-
erogeneity, as the MDCK batch of cells that we use
has been cloned upon arrival to our laboratory.

Our results show that the expression of Shaker
channels in MDCK cells depends on cell-cell contacts
activated by Ca®”", a cascade of reactions mediated
by PLC and PKC, the cytoskeleton, and glycosyla-
tion. The signal that determines the basolateral
expression appears to be located at the COOH-ter-
minal, from the aminoacids 571 to 613. The putative
sorting signal identified in ShIR does not share any
resemblance to any known sorting signal described
for basolateral proteins (Mostov, 1993; Aroeti &
Mostov, 1994; Matter & Mellman, 1994; Matter,
2000). However, it is noteworthy that the ShIR
sorting determinant is located on the intracellular
cytoplasmic COOH-terminal portion of the channel
protein, the same domain described to contain the
sorting determinant of other voltage-dependent
potassium channels (Le Maout et al., 1996; Scannevin
et al., 1996; Le Maout et al., 2001). Yet the position
of the Shaker in the membrane is not the only char-
acteristic that conditions its fate in this location, be-
cause the deletion of the last three amino acids at the
COOH-end clearly alters its residence time, suggest-
ing that its membrane stability is enhanced by an
association with subcortical proteins. Such is the case

respectively. Six hours later, cells were biotinylated and processed
asin Fig. 4. Normalization was carried out as in Fig. 8 and analysis
performed as indicated in Fig. 4. (*p < 0.001, n = 4).

for numerous K™ channels (Burke et al., 1999;
Jugloff et al., 2000).

This result is in keeping with experiments of
co-immunoprecipitation with actin, a-actinin, and
B-tubulin, showing that ShIR2 probably forms a
scaffold with these molecular species (Figs. 8 and 9).
We found that mLin-7, CASK, tubulin, a-actinin and
actin interaction is only partially influenced by the
elimination of the last three amino acids in the
COOH-terminus, since there is only half the amount
of this proteins co-immunoprecipitating with the AC3
mutant. P.A. Welling and colleges have described a
similar case for Kir2.3 channels, since the substitution
of the entire PDZ binding domain by alanines at-
tenuates to about one-fourth of control levels the
association ability of the mutant channels (Le Maout
et al., 2001; Olsen et al., 2002). mLin-7 also associates
with receptors such as the epithelial y-aminobutyric
acid (GABA) transporter BGT-1 (Perego et al., 1999)
and indirectly to the N-type Ca®" channel through its
association with Mint-1 (Maximov, Sudhof & Bez-
prozvanny, 1999) among other proteins. The fact that
deletion of the PDZ domain-binding motif (AC3B)
does not abolish the association between mLin-7 and
the channel may be explained by a putative indirect
interaction of the ShIR with a molecule also bound to
the heterotrimer mLin-7, CASK and Mint-1. This, of
course, implies a binding domain of the channel
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protein different from the PDZ binding motif. These
associations would enable voltage-gated potassium
channels from the Shaker subfamily to participate in
such supra-molecular structures, and thereby play an
important role in signal transduction in epithelial
cells.

We also observe that the polarized distribution of
Shaker channel is not affected by abolishing its con-
ductance through mutation W434F. This was some-
what unexpected because, in keeping with the
diversity of conditions met by epithelial cells that we
summarized above, many epithelial cell types have
the ability to adjust their specific permeabilities by
adding or subtracting translocating mechanisms to
their plasma membrane (Cereijido et al., 1973, 1996;
Contreras et al., 1992).
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