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Abstract. Kv3 K* channel genes encode multiple prod- suggest an important function for the alternative splicing
ucts by alternative splicing of’3ends resulting in the of 3’ ends seen in many Kchannel genes.

expression of K channel proteins that diffemlyin their

C-termini. This divergence does not affect the electro-key words: Potassium channels — Membrane targeting

physiological properties of the channels expressed by Protein sorting — Alternative splicing — Targeting
these proteins. A similar alternative splicing with un- signals — Kv3

known function is seen in Kchannel genes of other

families. We have investigated the possibility that the _

alternative splicing serves to generate channel subunit§itroduction

with different membrane targeting signals by examining

the sorting behavior of three alternatively-spliced Kv3.2Potassium channels constitute a very diverse group of
isoforms when expressed in polarized MDCK cells.ion channels and are composed of variable combinations
Two Kv3.2 proteins, Kv3.2b and Kv3.2c were expressedof subunits encoded in large multigene families (Hille,
predominantly in the apical membrane, while Kv3.2a1992; Rudy, 1988; Jan & Jan, 1990; Perney & Kacz-
was localized mainly to the basolateral side (thought tonarek, 1991; Rudy, Kentros & Vega-Saenz de Miera,
be equivalent to the axonal and somatodendritic com1991; Salkoff et al., 1992; Pongs, 1992; Vega-Saenz de
partments in neurons, respectively). The Kv3.2 mRNAMiera et al., 1994; Gutman & Chandy, 1995; Doupnik,
transcripts used in these studies afentical except for ~Davidson & Lester, 1995; Robertson, Warmke &
their 3 sequence, encoding the extreme C-terminal doGanetzky, 1996). This diversity contributes to the ability
main of the protein and the BTR of the mRNA. How- of specific neurons to respond uniquely to a given input.
ever, the proteins achieve the same localizations ifPne of these groups of genes, the Kv family, encodes
MDCK cells when expressed from constructs containingSubunits of tetrameric voltage-gated khannels, and is
or lacking the 3UTR, indicating that the differential lo- divided into several subfamilies based on sequence simi-
calization is due to targeting signals present in tHe C larities and hence probable evolutionary relationships
terminal domain of the protein. These results suggestJan & Jan, 1990; Perney & Kaczmarek, 1991; Rudy et
that the alternative splicing of Kv3 genes is involved in &l 199; Salkoff et al., 1992; Pongs, 1992). Subunits
channel localization. Since the precise localization of0f the same subfamily, but not from different subfami-
any given ion channel on the neuronal surface has Sighes, can form heteromeric channels, suggesting that eacr

nificant functional implications, the results shown here9roup of genes encodes a distinct system of channels
(Christie et al., 1990; Isacoff, Jan & Jan, 1990; Ruppers-

berg et al., 1990; McCormack, K. et al., 1990; Covarru-
bias, Wei & Salkoff, 1991; Vega-Saenz de Miera et al.,
N . 1994). One of these subfamilies known as Kv3 consists
*p t addresDepart to de Fisiologia, Biof N -
Ciasrfascﬁr,:l\fEsrTeAsv’ T\;):;iignen 0 e Fisiologia, Flotsica y REUOCEN™ of four genes (Kv3.1, Kv3.2, Kv3.3 and Kv3.4; Vega-
Saenz de Miera et al., 1994), but each Kv3 gene encodes
Correspondence taB. Rudy multiple products by alternative splicing of &nds re-
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sulting in the expression of Kchannel proteins that ties in culture (Cereijido et al., 1978), and are a classical
differ only in short C-terminal sequences (Luneau et al.cell model for the study of the targeting of membrane
1991a,b; Vega-Saenz de Miera et al., 1994). There is aproteins of both neuronal and epithelial origin (Dotti &
total of 12 Kv3 transcripts known which are expressed inSimons, 1990; Rodriguez-Boulan & Powell, 1992; Nel-
several neuronal populations in the CNS (Perney et alson, 1992; Mostov et al., 1992; de Hoop & Dotti, 1993;
1992; Rudy et al., 1992; Vega-Saenz de Miera et al.Craig & Banker, 1994; Ahn et al., 1996).
1994; Weiser et al., 1994, 1995; Moreno et al., 1995).  We present evidence showing that the proteins ex-
Voltage-gated K channels containing Kv3 subunits aris- plored in this study are expressed in different membrane
ing from different genes display different electrophysi- domains of MDCK cells and we localize the differential
ological properties when expressed in heterologous extargeting determinants to the C-terminal domain of the
pression systems (Vega-Saenz de Miera et al., 1994proteins. These results lend support to the hypothesis
However, alternatively spliced products from the samethat the alternative splicing of Kv3 genes is involved in
gene express identical currents, and therefore the fun&hannel localization, and raise the possibility that the
tional role for the alternative splicing of these genes isalternative splicing of 3ends of other K channel genes
not known (Vega-Saenz de Miera et al., 1994). A similarhas a S|m|_lar role. The results shown here have been
alternative splicing of 3ends of unknown function is Presented in Abstract form (Ponce et al., 1995).
seen in other Kv genes and in" Khannel genes of other
families (Lau et al., 1994; Kamb, Tseng-Crank & 1aterials and Methods
Tanouye, 1988; Schwartz et al., 1988; Pongs et al., 1988;
Attali et al., 1993; Zhu et al., 1995; Wei et al., 1996).

One possibility that has not been previously ex-CONSTRUCTION OFRECOMBINANT VECTORS

plorEd eXperimenta"y is that the alternative splicing or transfection, the cDNAs were subcloned into PCVN (a kind gift of
. . . ion, Wi u i i i
serves to generate channel subunits with dlfferengr. Rich Chris, NYUMC), a mammalian expression vector that features

membrane targeting signals. Since Neurons are assymels sv4o promoter, an ampicilin resistant gene for selection in bacteria,
ric cells consisting of structural domains with Speci- and a neomycin resistant gene for selection in mammalian cells

fic functions, the role of any given Kchannel will de-  (Moreno et al., 1995). The Kv3.2a-PCVN construct was described in
pend on its precise location on the neuronal surfacé/oreno et al., (1995). The Kv3.2b cDNA (a kind gift of Dr. Rick
(Kandel Schwartz & Jesell. 1991 Llinas. 1988: Hille Swanson, Merck Laboratories) cloned in pGEMa and the Kv3.2c

. N . . cDNA in pBluescript were cut with Sfil-Notl and Xbal-Xhol, respec-
1992)' Protein localization in different membrane do'tiv':-zly, gel purified, blunt-ended with Klenow and ligated to EcoRV

mains depends on various _SpeCialize_d sorting meC_ha.ﬂgested, and dephosphorylated PCVN. The orientation of the cDNA
nisms, as well as on selective exclusion and retentiofhserts was assessed by restriction mapping. Selected colonies were
mechanisms such as stabilization by components of therown and plasmid DNA purified with Qiagen resin (Qiagen, Ger-
submembrane cytoskeleton, or interactions with matrixmany), following suppliers protocols.

proteins (Kelly & Grote, 1993; Nelson 1992; Wollner &

Nelson 1992; Craig & Banker, 1994; Mostov etal., 1992, ce | cuLture

Rodriguez-Boulan & Powell, 1992; de Hoop & Dotti,

1993). MDCK cells were obtained from Dr. Enrique Rodriguez-Boulan (Cor-

It has been postulated that neurons and epithelia'l‘e“ University Medical Center). They were cultured in Dulbbeco’s
cells utilize similar mechanisms to target membrane pro—\'\/’i'r‘]’:'fé‘i‘:u'i‘;"g(gg"gg)“m ES;ngei‘éFépﬁ”;i’:}tiiﬁli‘;‘]"?néog’rg;fks‘c’i}]
teins (Dotti & Simons, 1990; N(lalson, 1992; Craig & ¢ maintained at 37°C in 5% CO2 in 100 mm dishes (Falcon). For
Banker, 1994; Ahn et al., 19961 Rodriguez-Boulan & passage the monolayers were rinsed twice with PBS withotit @ad
Powell, 1992; de Hoop & Dotti, 1993; Kelly & Grote, incubated with 0.05% trypsin-EDTA (GIBCO) for 10 min. Cells were
1993). In both cases sorting of plasma membrane profurther dissociated mechanically and diluted 1 to 10 in new 100 mm
teins takes place at the trans-Golgi network (TGN). Herglishes. The media was changed every 3 days and cells passaged ever
proteins are thought to be separated into distinct trans? 92s
port vesicles destined for either the basolateral or the
apical membra_me in the case of epithelial cells anq theexprEssioNn oFKV3 PROTEINS IN MDCK CELLS
somatodendritic or axonal compartments, respectively,
in the case of neurons. To explore the possibility that theTo prepare stably transfected cell lines, the cells were trypsinized one
alternative-splicing of Kv3 genes plays a role in channelday prior to transfection, plated at 60% confluence in 100 mm dishes,
localization we have investigated the targeting behaviouf"d transfected with recombinant pCVN plasmids (Moreno et al.,
of three alternatively-spliced products (Kv3.2a, Kv3.2b 1995) utilizing DOTAP (Boeringher-Manheim) according to the manu-

. . facturer’s protocols, in the presence of geneticin (1 gr/lt, GIBCO) to
and KVB-ZC) of the Kv3.2 gene after transfection into select transfected colonies. The selected colonies grown in Geneticin,

Madin-Darby Canine Kidney (MDCK) cells. MDCK  were tested for expression of the foreign genes by Western blot analysis
cells form polarized monolayers with epithelial proper- of solubilized membrane proteins as well as by electrophysiological
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and immunohistochemical analysis. For immunohistochemical studywere then incubated with biotinylated antirabbit IgG (Boehringer-
the transfected cells were plated at confluence on sterile 12 mm circulaManheim) diluted 1:200 in PGBA for 1 hr, rind8 x 15 minwith PBS
glass coverslips (Fisher) and grown in Dulbeco’s modified Eagle Me-and incubated with either streptavidin-fluorescein or streptavidin-Texas
dium (GIBCO) supplemented with 10% fetal bovine serum in the pres-Red (Vector) diluted 1:200 in PBS. Samples were 1ih8ex 15 min
ence of Penicillin, Streptomycin and Geneticin, and grown for four to with PBS and mounted on slides with Prolong (Molecular Probes).
five days on 24 well plates to allow maturation of the monolayer.  For the double staining experiments the following monoclonal antibod-
ies, raised in mouse, were used: anti- Na-K ATPase (at a 1:100 dilu-
tion), anti-gp 114 glycoprotein (at a 1:10 dilution) or anti-gp 135 gly-
coprotein (at a 1:50 dilution). Both primary antibodies (one against a
Membrane fractions were prepared from 3-to-5-day-old monolayerschannel protein and one against an internal MDCK marker) were added

grown on 150 mm petri dishes. The monolayers were rinsed twice withat the same time and then the samples stained serially with species-

ice-cold PBS with 1 m C&* (Ca-PBS), scraped and dounce homog- spgcific biptinylgted antirapl?it l9G (Boe.hringer—.Manhe_im), followed
enized in an ice-cold lysis solution containing 2 motassium phos- by |pcubat|on W_'th streptawdln-fluoresce_:ln, ?nd finally W'th Texas Rgd
phate buffer (pH 7.4), 2 m EDTA and a cocktail or protease inhibitors conjugated anti mo_use secondary antlbod_les (Boehrlnger-_Manhelm).
(1 uM pepstatin A, 0.2 mM PMSF and 1wmiodoacetamide). Mem- Images yvere obtained by Laser Scanning Co_nfocal M|cro§copy
branes were pelleted at 35®& g for 1 hr, resuspended in the same (L_SCM), !n a Sarast.ro 2000 system (Molecu!ar Dinamycs) equipped
solution at 2-3 mg/ml, and stored at —=70°C. Before use the membrane¥ith a 5'!'99” Graphics (SC_BI) Indy computer with Imagespa(.:e software
were thawed and solubilized for 1 hr in a 2% Triton-X100 solution O @cquisition and analysis of data. The data was stored in magneto-
containing 50 mu potassium phosphate buffer pH 7.4, 56 HCl, 2 optical disks. For graphic analysis and preparation of figures the files
mm EDTA and the cocktail of protease inhibitors. The suspension wasVere transferred to a Macintosh computer with graphics software
spun at 35,000 g to remove nonsolubilized material, and the top 2/3 (Adobe Photoshop).

of the supernatant used for further procedures.

PREPARATION OF MEMBRANE EXTRACTS

IMMUNOPRECIPITATION ELECTROPHYSIOLOGICAL ANALYSIS

Before immunoprecipitation, 30Ql of solubilized membranes 400 .
precip A sk Whole cell currents were obtained at room temperature by the whole-

g protein) were precleared for 30 min at 4°C with protein A-sepharose

beads (Pharmacia). After removing the beads, the extracts were inCLj:-e“ configuration of the patch-clamp technique (Hamill et al., 1981)

bated for 4 hr at 4°C with Kv3.2 antibodies at a 1:30 dilution. At the with an Axopatch 1A amplifier (Axon Instruments, Foster City, CA).
end of the incubation period fresh protein A-sepharose beads werd '€ Paich pipettes contained a solution ofm130 KCI, 10 EGTA,
added and the suspension incubated for 2-3 hours at 4°C. The com}-MdCl @nd 10 Hepes (pH adjusted to 7.4 with KOH). The extracel-
plexed beads were collected and washed 2 times in 1% Triton-x100 ifular solution contained 135 NaCl, 3.5 KCI, 1.5 CaQ.0 MgCl, 5.0

50 (mw): Tris, 150 NaCl, 1 EDTA, 1 EGTA, pH 7.4. Proteins were Glucose and 10 Hepes (pH adjusted to 7.4 with NaOH). Seal resistance
then extracted with a sample buffer (10% (vol) glycerol, 5% (vol) Was typically >10 G). Recordings were obtained with partial series
B-mercaptoethanol; 60 m Tris-HCI pH 6.8; 0.001% (weight) brom- resistance compensation (50%-70%) and most of the cell capacitance
phenol blue and 3% SDS), heated for 3 minutes at 80°C and electrocancelled. The currents were low-pass filtered at 2 kHz using an 8 pole
phoresed in a 8% SDS polyacrylamide gel (Harlow & Lane, 1988). Bessel filter (Frequency Devices) and digitized at 2.5 kHz. Subtraction
For immunoblotting, the electrophoresed proteins were dry transferre®f leak and remaining capacitance was obtained using a P/4 protocol.
onto a Nitrocellulose membrane (Bio Rad). The membrane wasl'O generate voltage clamp protocols, and for data acquisition and
blocked with 5% dry milk, 0.1% Tween 20 in PBS for 1 hr, followed analysis we used the PCLAMP software (Axon Instruments).

by an incubation with Kv3.2 antibodies at a 1:300 dilution in the same

solution. The membranes were rinsed 3x for 15 min each with PBS

containing 1% Tween 20 and incubated with peroxidase-linked anti-

rabbit segondary antibody (Amersham) at a 1:2p00 dilution. Bound an-EXPRESS'ON OFKVv3 TRANSCRIPTS INMDCK CELLS AND
tibodies were detected using chemilluminescence with an ECL detecBRAIN TISSUE
tion kit (Amersham).

First strand cDNA was synthesized with reverse transcriptase (BRL)
IMMUNOHISTOCHEMICAL ANALYSIS IN MDCK CELLS from total RNA isolated from mature MDCK cell monolayers or brain
and used for 35 cycles of PCR as described in Vega-Saenz de Miera
The preparation and characterization of polyclonal antibodies to Kv3.2and Lin (1990) using the following degenerate oligonucleotide primers:
raised in rabbits, has been previously described (Moreno et al., lggS)Sense'
These annboghes have been shown to be highly specific and'not t%’—C TCG AAT TCI TT(CIT) TG(CIT) (CIT)T(N) (GIA)A(A/G)
cross-react with other Kv3 proteins (Moreno et al., 1995 and Weiser et ,
. . . - _“AC(N) CA-3
al., 1995). MDCK cell monolayers in coverslips were rinsed twice Antisense:
with Ca-PBS, fixed with 4% PFA in Ca-PBS for 20 min, permeabilized _, !
with PBST (0.2% Triton X-100 in Ca-PBS) for 15 min, and incubated i)i,;—(((:;/f)ﬁﬁ;TC GGA (GIA)TA (GIA)TA CAT (N)(C/G)C(G/
for 1 hr in a blocking solution (PGBA) containing 10% Fetal Bovine
Serum, 1% BSA, 0.2% normal goat serum, 0.2% Triton X-100 in PBS) These primers amplify the sequence flanking from the beginning of the
and 40pl/ml Avidin (Vector), rinsa 3 x 15 minwith PBST, and then  S1-S2 linker to the end of the S6 membrane spanning domain of all
incubated with the primary antibodies (1:300 for Kv3.2) in PGBA plus four mammalian Kv3 genes and the fly Shaw homologue. In mammals
40 pl/ml of Biotin (Vector) in a humidified chamber for 2-3 hr at 37°C, the expected product of the PCR reaction ranges from 742 bp for Kv3.3
or overnight at room temperature. To enhance the signal, the sampldas 715 bp for Kv3.2.
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BRAIN MDCK
613 bp RAT DOG WT Kv3.2a Kv3.2b
[ 1Kv3.2a 1.018>
1 593 7 638
[M KJ<- | 1Kv3.2b

N 635 -
K2 - -

BL Kv3.2a DNCKD VVITGYTQAEARSLT

Kv3.1b DLCKESPVIAKYMPTEAVRVT

Kv3.4c ETCQOD ALSSNYAHREVLTLS
Ap Kv3.2b GYEKSRSLNNIAGLAGNALRLSPVTSPY NSPCPLRRSRSPIPSIL
Ap Kv3.2¢ ASTLEPMESTSQTKGDTRPEAHWNCAHLLNFGCP TGSSPT L

Fig. 1. (A) Diagram of Kv3.2 K channel subunit isoforms. Kv3.2 proteins have identical sequence from the starting methionine to lysine 593 a
then diverge into different short C-terminal sequencBs Qomparison of the C-terminal domains of five Kv3 proteins including the three whose
targeting behavior was investigated in this study. Note the conserved tyrosine and negatively charged residues in Kv3.2a (basolateral), Kv3.1
Kv3.4c. The two proteins that are expressed apically terminate in a hydrophobic amino acid and have a serine or a threonine 1 or 2 residues
the C-terminal residue. Kv3.2a, Kv3.1b and Kv3.4c terminate in threonine or se@h&DCK cells do not express Kv3 mRNA transcripts.
Agarose gel of amplified products of PCR reactions with degenerate primers to four known Kv3 genes using as template first strand cL
synthesized from RNA obtained from rat and dog brain (first and second lanes, respectively), untransfected MDCK cells (WT, third lane),
Kv3.2a and Kv3.2b transfected MDCK cells (fourth and fifth lanes, respectively).

Results We first utilized RT-PCR to explore whether
MDCK cells express any Kv3 products, and thus whether
they are suitable to investigate the presence of targeting
signals in Kv3.2 proteins. RNA was extracted from
MDCK cells grown under conditions that result in the
The K13.2 gene generates three to four alternativeh 3 ATCEL B TRRCRC SR SR SR s
spliced proteins that differ only in short C-terminal se- used for a PCRyreaction utilizing deaenerate ﬁmers ca-
quences (Rudy et al., 1992; Luneau et al,, 1§9lega- pable of amplifying the constangt reg%on (priorpto the al-
Saenz de Miera et al., 1998¢eFig. 1A andB). Most ernatively spliced 3ends) of all known Kv3 cDNAs.

neurons containing Kv3 proteins express more than on he primers were desianed based on the sequence of th
isoform (Rudy et al., 1992) and antibodies that distin- P 9! q .
four known Kv3 genes in mammals and tBeosophila

guish among alternatively spliced products are not avail; e
able. Therefore, to investigate whether different Kv3.2ShaW gene, the Kv3 homologue in flies, and have proven

isoforms have distinct targeting determinants, it is nec_useful to amplify transcripts of this subfamily in several

essary to analyze the subcellular localization of indi-\éf;ti?gte fg&;nvertebrate species (Vega-Saenz de Mi
vidual Kv3.2 subunits in a model system. Such model ! ;

: g No amplification product was detected when cDNA
system should not express native Kv3 subunits in order, . : .
to avoid the possibility that these subunits redirect th derived from wild type MDCK cells was used (FigCL

: . L ®However, reactions with cDNA derived from Kv3.2a or
heterologous protein by forming heteromultimeric com- ' .

. Kv3.2b transfected MDCK cells produce an amplifica-
plexes as seen with GAB{receptors (Perez-Velazquez tion band of similar size to that obtained with cDNA

& Angelides, 1993). derived from rat or dog brain
We chose for this study Madin-Darby Canine Kid- 9 '

ney (MDCK) cells, a cell line forming polarized, epithe-

lial-like, monolayers in culture (Cereijido et al., 1978; IMMUNOBLOT ANALYSIS OF Kv3.2 FROTEINS EXPRESSED
Contreras et al., 1989). MDCK cells can be transfectedn MDCK CELLS

and have been used extensively as a model system to

study the targeting of heterologous membrane proteins dkv3.2 proteins were immunoprecipitated from solubi-
both epithelial and neuronal origin (Rodriguez-Boulan & lized membranes obtained from transfected MDCK cells
Powell, 1992; Ahn et al., 1996; Craig & Banker, 1994). and analyzed in immunoblots. A prominent band, simi-

MDCK CELLS DO NOT EXPRESSKV3
MRNA TRANSCRIPTS
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BRAIN MDCK A Untransfected
WT 32a 32b 32
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Fig. 2. Immunoblot analysis of transfected Kv3.2 proteins expressed in
MDCK cells. Immunoblots with Kv3.2 antibodies of immunoprecipi-
tation reactions with Kv3.2 antibodies of detergent extracts of mem-
branes from rat brain (BRAIN), untransfected MDCK cells (WT), and
Kv3.2a, Kv3.2b and Kv3.2c transfected MDCK cells. A band, similar
in size to the band obtained from brain membranes is seen in membral
extracts from transfected MDCK cells.

Fig. 3. Kv3.2 proteins expressed in MDCK cells reach the membrane
and form functional channels. Representative examples of ion currents
obtained from MDCK cells in monolayers using whole cell patch
nclamp. @) series of currents obtained from an untransfected cell during
(fepolarizations from -60 to +40 mV, in 10 mV increments, from a
holding potential of ~90 mV.g), (C) and D) currents during the same
depolarizing series as i\ from cells transfected with Kv3.2a, Kv3.2b
and Kv3.2c, respectively. Arrows point to the currents recorded at =10
lar in size to the band obtained with rat brain membranesnV. Whole cell currents were obtained at room temperature as de-
(BRAIN) was detected in extracts from membranes fromscribed in Moreno et al., 1995.
transfected MDCK cells (Kv3.2a, Kv3.2b and Kv3.2c),
but not from membranes from untransfected MDCK
cells (WT) (Fig. 2). The size of this ban@®0 kDA) is ~ MEMBRANE SORTING OF Kv3.2 ISOFORMS IN
larger than the size of the core polypeptides (65-70 kDa)MDCK CELLs
indicating that as in brain (Moreno et al., 1995), the
Kv3.2 proteins undergo postranslational modification,MDCK cells permanently transfected with cDNAs en-
probably glycosylation, in MDCK cells. Minor bands of coding three different Kv3.2 isoforms (Kv3.2a, Kv3.2b,
smaller molecular weight were also seen in transfecteéind Kv3.2c) were grown in cultures forming polarized
MDCK cells but not in brain. These bands may repre-monolayers and processed for immunofluorescence uti-
sent unprocessed Kv3.2 proteins or proteolytic productslizing the Kv3.2 antibodies.
When observed in a plane parallel to the monolayer

(en facg, the immunofluorescent signals from cells ex-
Kv3.2 RROTEINS EXPRESSED INMDCK CELLS REACH pressing the Kv3.2a isoform show the pattern (Fids) 4
THE MEMBRANE AND FORM FUNCTIONAL CHANNELS characteristic of basolateral membrane protein localiza-

tion in epithelial cells (e.g., Pietrini et al., 1994), which
To determine whether the Kv3.2 proteins expressed imesults from the staining of the lateral membrane sur-
transfected MDCK cells reach the membrane and areounding each cell. In contrast, monolayers containing
capable of forming functional channels, we compared theells transfected with Kv3.2b or Kv3.2c (FigB4andC,
electrophysiological properties of transfected and wild-respectively) show the punctate pattern on the apical sur-
type MDCK cells utilizing the whole cell configuration face of the monolayer characteristic of apical labeling
of the patch-clamp technique (Hamill et al., 1981). (Hanzel etal., 1991). Vertical cross sectional projections
MDCK cells have intrinsic voltage-dependent Kur-  of the images were constructed from stepwise scans per-
rents that are prominent at voltages more positive thapendicular to the surface of the monolayer. The results
+40 mV (Ponce & Cereijido, 1991), therefore, we only of this analysis verify the basolateral expression of
used step depolarizations to voltages more negative thafv3.2a proteins (Fig. B) and the apical expression of
this value. Transfected cells had outward currents whiciKv3.2b and Kv3.2c (Fig. B andF, respectively). These
were much larger than wild type cells in the voltage results were confirmed in at least three different colonies
range used (Fig. 3). The extra current seen in transfectefbr each Kv3.2 isoform. Quantification of the fluores-
cells starts activating when the membrane is depolarizedent signals shows that >90% of the Kv3.2a is in the
between —20 and =10 mV, and has delayed-rectifier-typdoasolateral membrane and >80% of Kv3.2b and Kv3.2c
kinetics as for Kv3.2 currents expresseddenopuso- in the apical domain (Fig. 5).
cytes or Chinese Hamster Ovary (CHO) cells (McCor- To confirm the conclusions reached from the analy-
mack, Vega-Saenz de Miera & Rudy, 1990; Vega-Saensis of the patterns of immunostaining we utilized double
de Miera et al., 1994; Moreno et al., 1995). The currentdabeling of monolayers of Kv3.2 transfected MDCK cells
are also similar in pharmacological propertiésta not  with the Kv3.2 antibodies (raised in rabbit) and mono-
shown). clonal antibodies raised in mouse against native MDCK
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Kv3.2a Kv3.2b

Fig. 4. Membrane sorting of Kv3.2 isoforms in
MDCK cells. LSCM images of monolayers of
MDCK cells stably-transfected with Kv3.2# @nd
D), Kv3.2b B andE) and Kv3.2c C andF) cDNAs,
after immunostaining with Kv3.2 antibodiesA,(B,
andC) en faceimages; D, E, andF) vertical cross
sectional projections of the monolayer&) (Back-
ground staining in a monolayer of untransfected
cells. Note the staining of the lateral domain in
Kv3.2a-transfected MDCK cell monolayers in the
images obtaineden face,while those transfected
with either Kv3.2b or Kv3.2c show a punctate pat-
tern on the apical surface. The vertical cross sec-
tional projections of the monolayers verify the ba-
solateral expression of Kv3.2a proteiri3) (@nd the
apical expression of Kv3.2bEj and Kv3.2c F).
Scale bar: 15um.

cell in the center has similar intensities with both anti-
bodies and appears yellow when the FITC and the TR
fluorescence are superimposed (Fig)6In monolayers
of cells transfected with Kv3.2¢ (Fig.08-l) or Kv3.2b
(not shown the antibodies to the Na-K-ATPase stain the
lateral membrane while the Kv3.2 antibodies stain the
apical membrane (Fig. B-F); in monolayers double
stained with the Kv3.2 antibodies and the antibodies to
the apical gp114 (Fig.®-I) or gp 135 (lata not showh
o glycoproteins (Ojakian, Schwimmer, & Herz, 1990; Bal-

Kv3.2¢ carova-Stander et al., 1984), the apical domain is immu-
nostained with both types of antibodies.

Counterstaining of cell nuclei with propidium iodide
(Molecular Probes), which produces a red fluorescence,
has been recently introduced as a means to facilitate
distinction between apical and basolateral localization of
proteins detected by indirect green immunofluorescence
in epithelial cells (Zurzolo & Rodriguez-Boulan, 1993).
Fig. 5. The majority of Kv3.2a proteins are expressed basolaterallyUtilizing this method we further confirmed that Kv3.2a
while the majority of Kv3.2b and Kv3.2c proteins are expressed api-is expressed mainly, if not exclusively, in the basolateral
cally. The intensity of fluorescent signals was quantified in the centermembrane and Kv3.2b and Kv3.2c in the apical com-

of a cell (broken lines) and in the interface between two cells (con-nartment. The results for Kv3.2b are illustrated in Fig. 7
tiguous lines) by scanning the image from the apical (Ap) to the basa&jupper panels)

(B) surface. Normalized fluorescence intensity is shown on the vertical
axis and distance on the horizontal axis. This type of analysis with thes
and other representative experiments shows that >90% of Kv3.2a is i
Fhe basolgteral mer_nbrang and >80% of Kv3.2b and >85% of Kv3.2¢ igcy3.2 proteins are alternatively spliced products and dif-
in the apical domain. Horizontal scale:.6n. fer only in a C-terminal domain of 2045 residues (Fig.
1A andB). The mRNA transcripts however, differ also
membrane proteins with known basolateral and apicaln the sequence following the stop codon (theitrans-
distributions. Two different fluorescent markers (fluo- lated sequence or' 3JTR). To test whether the differ-
rescein or FITC and Texas red or TR) were used toential targeting described above is due to differences in
distinguish between Kv3.2 proteins (FITC, green) andthe variable C-terminal domains of the protein or to dif-
the internal marker (TR, red). ferences in the 3UTRS's, we compared the localization
In monolayers of Kv3.2a transfected cells, both theof Kv3.2a and Kv3.2b proteins expressed in MDCK cells
antibodies against the Na-K ATPAse, a basolaterafrom constructs containing thé 8ITR, with the location
marker (Nelson 1992; Hanzel et al., 1991) (Fig &d  of the proteins when expressed from mutant cDNAS in
C), and the antibodies to Kv3.2 proteins (Figh 8ndC)  which the 3 UTR has been deleted. The Kv3.2b protein
stain mainly the lateral membrane. The staining of theis expressed apically (Fig. 7), and the Kv3.2a protein

I_OCALIZATION OF TARGETING SIGNALS
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FITC FITC+TR Fig. 6. Kv3.2a colocalizes with the Na-K-ATPase, a
basolaterally distributed protein, and Kv3.2¢ colo-
calizes with an apical but not with a basolateral pro-
tein. (A—CQ Monolayers of cells transfected with
Kv3.2a were incubated with the antibody against
Kv3.2 proteins, along with an antibody against the
subunit of Na-K-ATPase, utilizing fluorescein
(FITC) to recognize Kv3.2 proteins and Texas Red
(TR) to recognize the Na-K-ATPase. Both the anti-
body against the Na-K-ATPas®&)(and the Kv3.2
antibodies Q) stain the lateral membrane. The cellin
the center is strongly stained with both antibodies
and appears yellow when the fluorescence of the two
fluorochromes is superimpose@)( (D—I) Monolay-
ers of cells transfected with Kv3.2c were incubated
with the antibody against Kv3.2 proteins along with
an antibody against the gp 114 glycoproteB-() or

an antibody against the subunit of Na-K-ATPase
(D—F). In the latter experiment, the antibody
against the Na-K-ATPase stains the lateral mem-
brane E andF) while the Kv3.2 antibodies stain the
apical membrane and F). In monolayers incu-
bated with the antibodies to the gp114 glycoprotein
and Kv3.2c G-I), the apical domain is immuno-
stained with both antibodies. Scale bar (1.

BASAL CENTER APICAL

Fig. 7. Deletion of 3 UTRs does
not affect the distribution of Kv3.2
proteins. Localization of Kv3.2b
proteins expressed from wild type
constructs (Kv3.2b) or from con-
structs lacking the 3 UTR
(Kv3.2b-UTR) in MDCK cells fol-
lowing immunohistochemical de-
tection of Kv3.2 proteins with
FITC (green) and staining (follow-
ing manufacturers protocols) of cell
nuclei with propidium iodide (red).
Shown are sections of the monolay-
ers at three focusing levels: (1) Sec-
tions taken at the base of the mono-
layer (Basal), (2) towards the
middle of the monolayer) (Center),
and (3) at the apical surface of the
monolayer (Apical). Scale bar: 16
wm.

basolaterally rfot showd), whether they are expressed encoding components of voltage-gatetidhannels. All
from a construct with or without the’3UTR, demon-  four known genes of the Kv3 subfamily encode more
strating that the differential targeting is due to the dif- than one protein with different C-terminal domains (Lu-

Kv3.2b

Kv3.2b - UTR

ferences in the Cterminal domain of the protein. neau et al., 199 b; Vega-Saenz de Miera et al., 1994).
Isoforms with varying C-termini are also known in other
Discussion Kv subfamilies such as for the products of the Kv2.1

gene (also known as DRK1, Frech et al., 1989), a mem-
ber of the Kv2 subfamily (Lau et al., 1994), and Kv1.5,
a member of the Kv1 subfamily (Attali et al., 1993), as
Alternative splicing generating transcripts with divergentwell as for several members of the inward rectifier family
3’ ends is a common feature of several mammalian geng&hu et al., 1995; Wei et al., 1996). In all these cases,

FUNCTIONAL ROLE OF THE ALTERNATIVE SPLICING OF
C-TERMINAL SEQUENCES OFK™* CHANNEL PROTEINS
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electrophysiological differences between the isoformghe sequence of their C-terminus thus suggests an impor-
have not been observed. tant function for the generation by alternative splicing of
In the Drosophila Shaker gene, there is alternative isoforms with divergent C-termini. Future experiments
splicing of both the 5and the 3 ends (Schwartz et al., will address the relationship between the basolateral and
1988; Kamb et al., 1988; Pongs et al., 1988). The diverapical targeting of Kv3 K channel subunits in model
gent amino termini produce subunits that express charMDCK cells and their targeting behavior in different
nels with different “N” inactivation properties (lverson neuronal membrane compartments. In other cases it ha:
et al., 1988; Iverson & Rudy, 1990; Timpe, Jan & Jan, been found, by comparing the expression of heterologous
1988; Zagotta, Hoshi & Aldrich, 1989). Although the proteins in epithelial and neuronal cells in culture, that
isoforms resulting from the alternative splicing at the 3 the basolateral compartment of epithelial cells corre-
end show differences in a process known as “C inacti-sponds to the somato-dendritic compartment in neurons,
vation” (lverson et al., 1988; Iverson & Rudy, 1990; and the apical to the axonal-terminal membrane (Dotti &
Timpe et al., 1988; Zagotta et al., 1989; Hoshi, Zagotta &sjmons, 1990: de Hoop & Dotti, 1993; Ahn et al., 1996).

Aldrich, 1991), these are due to a change in a singlgt remains to be established whether this correspondence
residue in the sixth membrane spanning domain of theapplies in the case of Kv3 proteins.

transmembrane portion of the polypeptide and not 0~ yjjizing the antibodies that recognize all Kv3.2 iso-
differences in Fhe _cytoplasrmc Q-tgrmmal tail (HOSh' el forms it has been found that native Kv3.2 proteins have
al., 1991).1f this difference is eliminated the divergent yiterent subcellular distributions in distinct neuronal
C-terminal tails do not affect channel propertielslore- populations of the rat brain (Moreno et al., 1995). For

over, the mechamsm of "C inactivation™ has now been, example, they are present in axons and terminals of tha-
discovered to involve structural changes of the channel T

pore which does not involve the C-terminal sequence o amic relay neurons, but are somatic in a subset of neu-
the channel subunits (Liu, Jurman & Yellen, 1996). ons in deep layers of the cerebral cortex, a subset of

_ . . .. _interneurons in the hippocampus, and neurons in the red
Thus, although there is extensive alternative splicin . S
) 2 ; . . “nucleus, the globus pallidus, the substantia nigra pars
generating protein isoforms with different cytoplasmic .
reticulata, the dorsal cochlear nucleus, and deep cerebel

C-terminal sequences in genes encoding subunits’of K . - .
g g g gfr nuclei. Strong axonal staining, but weak somatic la-

channels, the functional consequences of this splicing” . "~ . .
have remained mysterious. The results of this study su eling, is also seen in the su_bthalamlc nucleu; as well as
gest that one role for the alternative splicing is to gen-'n a group of fibers connecting the subthalamic nucleus

erate isoforms with different membrane Iocalizations.With other structures (presumably the globus .p.allidus).'
Differential targeting of alternatively spliced products "€ results presented here suggest that specific combi-

was previously shown for N-CAM, but in this case the nations of Kv3.2 isoforms expressed in different neuro-
isoforms also have different modes of membrane assd?@l Populations could be determining whether the Kv3.2
ciation (GPI-anchored or transmembrane) (Powell et al.channel complex is somatic or axonal. Antibodies that
1991). The C-terminal domains of Kv3 proteins also'€cognize specific Kv3.2 isoforms will help confirm this
contain different putative sites for phosphorylation hypothesis.

(Vega-Saenz de Miera et al., 1994). Therefore, it is pos-

sible that targeting of Kv3 subunits to different neuronal

regions is associated with channel modulation by differ-TowaArRDs AN UNDERSTANDING OF THENATURE OF THE

ent stimuli. TARGETING SIGNALS IN Kv3 SUBUNITS

SORTING SIGNALS IN KV3.2 CHANNEL SUBUNITS AND Thg studies_ despribed _here provide ev_idence fo_r differ-
THE DISTRIBUTION OF KV3.2 K* CHANNELS IN ential targeting signals in the cytoplasmic C-terminal do-
CNS NEURONS main of Kv3 proteins. Most of what is known about the
signals by which membrane proteins are recognized by
the targeting machinery comes from studies with heter-
Neurons are asymmetric cells consisting of several partslogous proteins expressed in epithelial cells, and chiefly
such as the soma, the dendrites, the axon, the axon hillwith the MDCK cell line. Both basolateral and apical
ock, the presynaptic terminals and the nodes of Ranviettargeting determinants have been found in a variety of
each responsible for a different aspect of the function oimembrane proteins (Hopkins, 1991; Rodriguez-Boulan
the cell (Kandel et al., 1991). Therefore, the functional& Powell, 1992; Craig & Banker, 1994; Nelson, 1992;
implications of any given ion channel will depend on Matlin, 1992; Thomas & Roth, 1994; Matter, Hunziker
their precise localization on the neuronal surface. The& Mellman, 1992; Matter, Yamamoto & Mellman,
finding that Kv3 subunits are targetted to different mem-1994).
branes in model polarized epithelial cells depending on  Intriguing patterns of sequence similarity emerge
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when a comparison is made of the C-terminal sequencé&-3 acidic amino acids close to the tyrosine, were also
of Kv3 proteins including the three Kv3.2 isoforms stud- found to be critical for basolateral targeting (Matter et
ied in this paper (Fig. B). For example, the two iso- al., 1994). The proteins where tyrosine-based basolateral
forms that are expressed apically terminate in a leucingargeting signals have been discovered have a single
and have a serine or a threonine at position -1 or —2.fransmembrane domain. If future mutagenesis studies
while Kv3.2a, which is expressed basolaterally, termi-provide support for a tyrosine-based basolateral targeting
nates in a threonine. Furthermore, all other known (12signal in Kv3 proteins, which are believed to have six
total) Kv3 proteins $eeFig. 3 in Vega-Saenz de Miera et membrane spanning domains (Miller, 1991; MacKinnon,
al., 1994) except perhaps for Kv3.3b (whose C-terminaft991; Jan & Jan, 1992; Rudy et al., 189Pongs, 1992),
sequence has been difficult to obtain) terminate either irfhis will indicate that more complex membrane proteins
a bulky hydrophobic residue (leucine, isoleucine or va-can also use the tyrosine-based sorting signal.

line) or a residue with an hydroxyl side chain (serine or ) ) o

threonine; tyrosine in one case). In all cases except fOY\Ie thank Dr. Enrique Rodriguez-Boulan for his gift of MDCK cells

h h inal . id is hvd hobic. th and for careful review of this manuscript; Drs. M. Cereijido, M.R.
one, where the terminal amino acid is hydrophobic, t _er%arcia—ViIIegas, and G. Tomaselli for canine brain RNA; and Drs. G.

is a serine or threonine in position -1 to —3. The Sig- ojakian, K. Matlin, and T. Morimoto for their gifts of antibodies. A.P.

nificance of these apparent relationships remains to b& a fellow of the Human Frontiers Organization. This research was

established by Studying the targeting behavior of mutangupported by National Institutes of Health Grants NS35215 and

Kv3 proteins. However, the results of the comparisonNS30989 to B.R.

are particularly interesting in the light of recent results

showing that the extreme C-terminal sequence of severdkeferences

proteins, including Kv1 K channels and NMDA recep- _ ,

tors is responsible for their association with PDZ do-A"M: J3» Mundigl, O., Muth, T.R., Rudnick, G., Caplan, M.J. 1996.
. .. . Polarized expression of GABA transporters in Madin-Darby canine

maln-contalnlng proteins su_ch as PSD'QS_ (Komau etal., kidney cells and cultured hippocampal neurods.Biol. Chem.

1995; Kim et al., 1995; Niethammer, Kim & Sheng, 2716917-6924

1996; Songyang et al., 1997). This association might belmers, W., Sterling, C.E. 1984. The distribution of transport proteins

critical in the clustering and localization of these chan- over animal cell membraned. Membrane Biol77:169-186

nels. It is believed that the sequence of the last 3_A\tali, B., Lesage, F., Ziliani, P., Guillemare, E., Honore, E., Wald-

. . . s mann, R., Hugnot, J.P., Mattei, M.G., Lazdunski, M., Barhanin, J.
residues of these channel proteins determines their bind 1993. Multiple mRNA isoforms encoding the mouse cardiac Kv1.5

ing to the PDZ domain-containing proteins. A large  gyejayed rectifier K channel.J. Biol. Chem268:24283-24289
number of these binding proteins have been discoverekaicarova-Stander, J., Pfeiffer, S.E., Fuller, S.D., Simons, K. 1984.
and each appears to have strict requirements in the C- Development of cell polarity in the epithelial Madin-Darby canine
terminal sequence of their binding partners (Songyang et kidney (MDCK) cell line.EMBO J.3:2687-2694 N
al., 1997). For example, several of them require terminaf°e€iido. M., Robbins, E.S., Dolan, W.J., Rotunno, C.A., Sabatini,
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or tyrosine two residues from the COOH terminus cpyistie, M.J., North, R.A., Osborne, P.B., Douglass, J., Adelman, J.P.
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! . . . rons in cultureln: Epithelial and Neuronal Cell Polarity and Dif-
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minant of the low density lipoprotein (LDL), clusters of = 340642-645



158 A. Ponce et al.: Targeting Signals inKChannel Proteins

Gutman, G.A., Chandy, K.G. 1995. Voltage-gatetl ¢hannels North ~ Matter, K., Hunziker, W., Mellman, I. 1992. Basolateral sorting of LDL
R.A. CRC Press receptor in MDCK cells: The cytoplasmic domain contains two
Hamill, O.P., Marty, A., Neher, E., Sakmann, B., Sigworth, F.J. 1981.  tyrosine dependent targeting determinasll. 71:741-753
Improved patch-clamp techniques for high-resolution current re-Matter, K., Yamamoto, E.M., Mellman, I. 1994. Structural require-
cording from cell and cell-free membrane patctefuegers Arch. ments and sequence motifs for polarized sorting and endocytosis of
391:85-100 LDL and Fc receptors in MDCK cellsl. Cell Biol. 126:991-1004
Hanzel, D., Nabi, I.R., Zurzolo, C., Powell, S.K., Rodriguez-Boulan, E. McCormack, K., Lin, J.W., Iverson, L., Rudy, B. 1990. Shaketr K
1991. New techniques lead to advances in epithelial cell polarity.  channel subunits form heteromultimeric channels with novel func-

Seminars in Cell Biol2:341-353 tional propertiesBiochem. Biophys. Res. Comi7.1:1361-1371
Harlow, E., Lane, D. 1988. Antibodies: A Laboratory Manual, Cold MmcCormack, T., Vega-Saenz de Miera, E., Rudy, B. 1990. Molecular
Spring Harbor cloning of a member of a third class of Shaker-family ¢hannel

Hille, B. 1992.lonic channels of excitable membran2ged ed. Sinauer: genes in mammalsroc. Natl. Acad. Sci. US&7:5227-5231
Sunderland, MA Miller, C. 1991. Annus mirabilisof K channels.Science252:1092—

Hopkins, C.R. 1991. Polarity signal€ell 66:827-829 1096

Hoshi, T., Zagotta, W.N., Aldrich, R.W. 1991. Two types of inactiva- Moreno, H., Kentros, C., Bueno, E., Weiser, M., Hernandez, A., Vega-
tion in ShakerK channels: effects of alterations in the carboxyl- Saenz de Miera, E., Ponce, A., Thorhill, W., Rudy, B. 1995.

terminal regionNeuron7:546-556 _ _ Thalamocortical projections have & ikhannel that is phosphory-
Isacoff, E.Y., Jan, Y.N., Jan, L.Y. 1990. Evidence for the formation of lated and modulated by cAMP-dependent protein kindsdleu-

heteromultimeric potassium channelsXenopusoocytes.Nature rosci. 15:5486-5501

345530-534 ) Mostov, K., Apodaca, G., Aroeti, B., Okamoto, C. 1992. Plasma mem-
Iverson, L., Tanouye, M., Lester, A.H., Davidson, N., Rudy, B. 1988.  prane protein sorting in polarized epithelial cells. Cell Biol.

A-type potassium channels expressed fr8tmakerlocus cDNA. 116577-583

Proc. Natl. Acad. Sci85:5723-5727

Iverson, L., Rudy, B. 1990. The role of the divergent amino and car-
boxyl domains on the inactivation properties of K channels derived
from the Shakergene ofDrosophila. J. Neuroscil0:2903-2916

Jan, L.Y., Jan, Y.N. 1990. How might the diversity of potassium chan-
nels be generatedends Neuroscil3:415-419

Jan, L.Y., Jan, Y.N. 1992. Structural elements involved in specific K
channel functionsAnnu. Rev. Physiob:537-555

Nelson, W.J. 1992. Regulation of cell surface polarity from bacteria to
mammals.Science258:948—-955

Niethammer, M., Kim, E., Sheng, M. 1996. Interaction between the C
terminus of NMDA receptor subunits and multiple members of the
PSD-95 family of membrane-associated guanylate kinasé¢eu-
rosci. 16:2157-2163

Ojakian, G.K., Schwimmer, R., Herz, R.E. 1990. Polarized insertion of

Kamb, A., Tseng-Crank, J., Tanouye, M.A. 1988. Multiple products of an intracellular glycoprotein pool into the apical membrane of

- : ; MDCK cells. Am. J. Physiol258:C390-C398
the Drosophila Shaker gene may contribute to potassium channel )
diversity. Neuron1:421-430 Perez-Velazquez, J.L., Angelides, K.J. 1993. Assembly of GABAa

Kandel, E.R., Schwartz, J.H., Jessell, T.M. 198finciples of Neural receptor subunits determines sorting and localization in polarized

Science3rd ed. Elsevier, New York cells. Nature 361:457-460 .
Kelly, R.B., Grote, E. 1993. Protein targeting in the neurdnnu. Rev. Perney, T.M., Kaczmarek, L.K. 1991. The molecular biology of K

Neurosci.16:95-127 channelsCurr. Opin. Cell Bio.3:663-670

Kim, E., Niethammer, M., Rothschild, A., Jan, Y.N., Sheng, M. 1995. Perney, T.M., Marshall, J., Martin, K.A., Hockfield, S., Kaczmarek,
Clustering of Shaker-type Kchannels by interaction with a family L.K. 1992. Expression of the mRNAs for the Kv3.1 potassium
of membrane-associated guanylate kinabisure 378:85-88 channel gene in the adult and developing rat br&itNeurophysiol.

Kornau, H.C., Schenker, L.T., Kennedy, M.B., Seeburg, P.H. 1995. 68:756_766 )
Domain interaction between NMDA receptor subunits and the post-Pietrini, G., Suh, Y.S., Edelmann, L., Rudnick, G., Caplan, M.J. 1994.
synaptic density protein PSD-95cience269:1737—1740 The axonaly-aminobutyric acid transporter GAT-1 is sorted to the
Lau, D., Vega-Saenz de Miera, E., Sen, K., Rudy, B., Wu, M.B. apical membranes of polarized epithelial cells. Biol. Chem.
Thornhill, W. 1994. Identification of a new Shab K+ channel 269:4668-4674

mRNA in PC12 cells and rat atri&oc. Neurosci. AbsR0:75 Ponce, A., Cereijido, M. 1991. Polarized distribution of cation channels
Liu, Y., Hurman, M.E., Yellen, G. 1996. Dynamic rearrangement ofthe  in epithelial cells.Cell Physiol. and Biochen.:1-13

outer mouth of a K channel during gatingNeuron16:859-867 Ponce, A., Vega-Saenz de Miera, E., Moreno, H., Bueno, E., Aleman,
Llinas, R. 1988. The intrinsic electrophysiological properties of mam- V.. Rudy, B. 1995. Alternatively spliced carboxyl-termini deter-

malian neurons: Insights into central nervous system func8eh. mine the targeting of KV3.2 channels in MDCK celBoc. Neu-

ence242:1654-1664 rosci. Abst.21:283

Luneau, C.J., Williams, J.B., Marshall, J., Levitan, E.S., Oliva, C., Pongs, O., Kecskemethy, N., Muller, R., Krah-Jentgens, I., Baumann,
Smith, J.S., Antanavage, J., Folander, K., Stein, R.B., Swanson, R., A., Kiltz H.H., Canal, 1., Llamazares, S., Ferrus, A. 1988. Shaker

1991a. Alternative splicing contributes to Kchannel diversity in encodes a family of putative potassium channel proteins in the

the mammalian central nervous systdtmoc. Natl. Acad. Sci. USA nervous system of Drosophil&MBO J.7:1087-1096

88:3932-3936 Pongs, O. 1992. Molecular biology of voltage-dependent potassium
Luneau, C.J., Widemann, R., Smith, J.S., Williams, J.B. b9Shaw- channelsPhysiol. Rev(Supplement on Forty Years of Membrane

like rat brain potassium channel cDNAs with divergentedids. Current in Nerve)r2:579-S88

FEBS Lett.288:163-167 Powell, S.K., Cunningham, B.A., Edelman, G.M., Rodriguez-Boulan,
MacKinnon, R. 1994&. New insights into the structure and function of E. 1991. Targeting of transmembrane and GPI-anchored forms of

potassium channel€urr. Opinion in Neurobiol.1:14-19 N-CAM to opposite domains of a polarized epithelial célature

Matlin, K.S. 1992. Whither default? Sorting and polarization in epi-  353:76-77
thelial cells.Curr. Opin. Cell Biol.4:623-628 Robertson, G.A., Warmke, J.W., Ganetzky, B. 1996. Potassium cur-



A. Ponce et al.: Targeting Signals in"KChannel Proteins 159

rents expressed fromrosophilaand mouse eag cDNAs iXeno- Shaker locus oDrosophilainduce kinetically distinct A-type po-

pusoocytes.Neuropharmacologg5:841-850 tassium currents ilXXenopusoocytes.Neuron1:659-667
Rodriguez-Boulan, E., Powell, S.K. 1992. Polarity of epithelial and Vega-Saenz de Miera, E., Lin, J.W. 1992. Cloning of ion channel gene

neuronal cellsAnnu. Rev. Cell Biol8:395-427 families using the polymerase chain reactibtethods in Enzymol-
Rudy, B. 1988. Diversity and ubiquity of K channeNeuroscience ogy 207:613-619

25:729-750 Vega-Saenz de Miera, E., Weiser, M.E., Kentros, C., Lau, D., Moreno,

Rudy, B., Kentros, C., Vega-Saenz de Miera, E. 1991. Families of K H  serodio, P., Rudy, B. 1984Shaw-related K channels in mam-
channel genes in mammals: Toward an understanding of the mo- mals. Handbook of Membrane Channels. pp. 41-78. Academic
lecular basis of K channel diversitiylol. Cell. Neurosci2:89-102 Press

Rudy, B., Kentljos, C, ngser, M., Fruhling, D., Serodio, P., Vega- Wei, J., Hodes, M.E., Wang, Y., Feng, Y., Dupress, B., Ghetti, B.,
Saenz de Miera, E., Ellls_man, M;H-' Pollock, JA., Bake‘r, H.1992.  piguhy, S.R. 1996. Molecular cloning and characterization of mu-
Region-specific expression of a’kchannel gene in brairProc. rine GIRK2 and its multiple isoform$oc. Neurosci. Absp2:1246
Natl. Acad. Sci. US&9:4603-4607 . Weiser, M., Vega-Saenz de Miera, E., Kentros, C., Moreno, H., Fran-

Ruppersberg, J.P., Schrotter, K'H"_ Sak_mann, B., Stocker, M., Sewm_g, zen, L., Hillman, D., Baker, H., Rudy, B. 1994. Differential ex-
S., Pongs, O. 1990. Heteromultimeric channels formed by rat brain pression of Shaw-related *Kchannels in the rat central nervous
potassium-channel proteinSature 345:535-537 system.J. Neurosci14:949-972

Salkoff, L., Baker, K., Butler, A., Covarrubias, M., Pak, M.D., Wei, A. Weiser, M., Bueno, E., Sekirmjak, C., Martone, M.E., Baker, H., Hill-

1992. An essential “set” of K channels conserved in flies, mice man, D., Chen, S., Thornhill, W., Ellisman, M., Rudy, B. 1995. The
and humansTrends Neuroscil5:161-166 . . . . ;
; potassium channel subunit Kv3.1b is localized to somatic and axo-
Schwarz, T., Tempel, B., Papazian, D., Jan, Y.N., Jan, L.Y. 1988. o )
. : nal membranes of specific populations of CNS neurdneuro-
Multiple potassium-channel components are produced by alterna- sci. 15:4298-4314
tive splicing at the Shaker locus Brosophila. Nature331:137— T - s .
Wollner, D.A., Nelson, W.J. 1992. Establishing and maintaining epi-

142 . . . ) ) .
Songyang Z., Fanning, A.S., Fu, C., Xu, J., Marfatia, A.H., Chishti, thelial ceII_poIarlty. Roles of protein sorting, delivery and retention.
J. Cell Sci.102:185-190

A.H., Crompton, A., Chan, A.C., Anderson, J.M., Cantley, L.C. i i i )
1997. Recognition of unique carboxyl-terminal motifs by distinct Zagotta, W.N., Hoshi, T., Aldrich, R.W. 1989. Gating of single Shaker
PDZ domainsScience275:73-77 K channels inDrosophilamuscle and irKenopusoocytes injected

Thomas, D.C., Roth, M.G. 1994. The basolateral targeting signal on the ~ With Shaker mRNAProc. Natl. Acad. Scig6:7243-7247
cytoplasmic domain of glycoprotein G from vesicular stomatitis Zhu, L., Bin, Wu, M., Wu, X., Sui, L., Logothetis, D.E., Thornhill, W.
virus resembles a variety of intracellular targeting motifs related by ~ 1995. Cloning and characterization of GIRK1 isoforms from rat
primary sequence but having diverse targeting activitiesBiol. atria. Biophysical JW78
Chem.269:15732-15739 Zurzolo, C., Rodriguez-Boulan, E. 1993. Delivery of Na, K-ATPase in

Timpe, L.C., Jan, Y.N., Jan, L.Y. 1988. Four cDNA clones from the polarized epithelial cellsScience260:550-552



