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Several signaling proteins clustered at the postsynaptic density
specialization in neurons harbor a conserved C-terminal PDZ
domain recognition sequence (X-S/T-X-V/I) that mediates bind-
ing to members of the PSD-95/SAP90 protein family. This motif
is also present in the C termini of some inwardly rectifying K*
(Kir) channels. Constitutively active Kir2 channels as well as G
protein-gated Kir3 channels, which are fundamental for neuro-
nal excitability, were analyzed as candidates for binding to
PSD-95/SAP90 family members. Therefore C termini of
Kir2.1(+), Kir2.3(+), Kir2.4(—), Kir3.1(-), Kir3.2(+), Kir3.3(+)
and Kir3.4(—) subunits (+, motif present; —, motif absent) were
used as baits in the yeast two-hybrid assay to screen for in vivo
interaction with PDZ domains 1-3 of PSD-95/SAP90. In con-
trast to Kir2.1 and Kir2.3, all Kir3 fragments failed to bind
PSD-95 in this assay, which was supported by the lack of

coimmunoprecipitation and colocalization of the entire proteins
in mammalian cells. A detailed analysis of interaction domains
demonstrated that the C-terminal motif in Kir8 channels is
insufficient for binding PDZ domains. Kir2.1 and Kir2.3 subunits
on the other hand coprecipitate with PSD-95. When coex-
pressed in a bicistronic internal ribosome entry site expression
vector in HEK-293 cells macroscopic and elementary current
analysis revealed that PSD-95 suppressed the activity of Kir2.3
channels by >50%. This inhibitory action of PSD-95, which
predominantly affects the single-channel conductance, is likely
attributable to a molecular association with additional internal
interaction sites in the Kir2.3 protein.
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density; chapsyns; MAGUK; yeast two-hybrid

Ion channels, receptors, signaling enzymes, and adhesion mole-
cules in neurons are typically localized at specific subcellular
specializations such as axon terminals, presynaptic and postsy-
naptic sites, or nodes of Ranvier. A series of anchor and adapter
elements have now been identified to coordinate the targeted
distribution of these proteins on the cell surface for proper
signaling within and between neurons (Sheng, 1996; Sheng and
Kim, 1996; Kornau et al., 1997; Craven and Bredt, 1998). Well
known examples constitute rapsyn, which clusters nicotinic ace-
tylcholine receptors at the neuromuscular junction (Colledge and
Froehner, 1998), the 93 kDa protein gephyrin, which aggregates
glycine and GABA , receptors in the postsynaptic membrane of
spinal cord neurons (Kirsch et al.,, 1993), and syntaxin/soluble
N-ethylmaleimide-sensitive factor attachment protein 25, which
complexes presynaptic N-type Ca>" channels and possibly other
components of the exocytotic machinery (Sheng et al., 1994).
Protein targeting to the postsynaptic density (PSD; Kennedy,
1993), the electron-dense cytoskeletal specialization of excitatory
synapses in CNS neurons, is typically associated with members of
the PSD-95/SAP90 (synapse-associated proteins) protein family.
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They are alternatively referred to as chapsyns (channel-associated
proteins of the synapse) or MAGUK proteins (membrane-
associated guanylate kinases; Ehlers et al., 1996; Sheng and Kim,
1996). In mammals this family includes four members, PSD-95/
SAP-90, PSD-93/chapsyn110, SAP102, and SAP97/hdlg. In their
N termini these proteins are characterized by the presence of
three, 90 amino acid long PDZ domains, initially recognized as
repeats in PSD-95, discs large protein and the tight junction
protein ZO-1. In the C terminus they contain additional modules
for interaction with cellular proteins, such as the src homology 3
domain and an enzymatically inactive guanylate kinase-like do-
main. Together with other proteins PSD-95/SAP90 proteins have
now been shown to organize a complex PSD signaling matrix that
may contain kainate and NMDA receptors (Kornau et al., 1995;
Niethammer et al., 1996; Garcia et al., 1998), neuronal nitric
oxide synthase (nNOS; Brenman et al., 1996), voltage-gated K*
(Kv; Kim et al., 1995), and inwardly rectifying K* (Kir) channels
(Cohen et al., 1996; Horio et al., 1997), fasciclin II (Tejedor et al.,
1997; Thomas et al., 1997; Zito et al., 1997), calmodulin (Masuko
etal., 1999), Ca*" ATPase 48 (Kim et al., 1998a); regulator of G
protein signaling 12 (Snow et al., 1998), synaptic rasGAP (Kim et
al., 1998b), guanylate-kinase-associated protein (Kim et al., 1997;
Takeuchi et al., 1997), the putative cell adhesion molecule neu-
roligin (Irie et al., 1997), and cysteine-rich interactor of PDZ
three (CRIPT; Niethammer et al., 1998).

It was originally demonstrated that the C-terminal tetrapeptide
of both Kv1.4 channels and NMDA 2B subunits (NR2B) interact
with PDZ domains I and II of PSD-95. Sequence comparison of
the proteins listed above and supported by random peptide li-
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brary screening (Songyang et al., 1997), as well as x-ray crystal-
lography (Doyle et al., 1996) suggested the sequence X-S/T-X-
I/V as the conserved recognition motif for PDZ domains in
PSD-95/SAPI0 proteins. In the mammalian CNS, the abundantly
expressed Kir2 and Kir3 channels are synaptically regulated by
protein phosphorylation and direct G protein activation, respec-
tively, and thus play a role in the fine tuning of neuronal excit-
ability after synaptic input (Doupnik et al., 1995; Isomoto et al.,
1997). Because Kir2.1, Kir2.2, Kir2.3, Kir3.2, and Kir3.3 sub-
units harbor the PDZ binding consensus in their C termini,
whereas others (Kir2.4, Kir3.1, and Kir3.4) do not, we investi-
gated their possible differential association with PSD-95.

MATERIALS AND METHODS

Plasmids and clones. cDNAs encoding the rat Kvl.4 (Stihmer et al.,
1989), rat Kir2.1 (Wischmeyer et al., 1995), rat Kir2.3 (Falk et al., 1995),
rat Kir3.1 (Wischmeyer et al., 1997), human Kir3.2 (Wischmeyer et al.,
1997), rat Kir3.3 (Dissmann et al., 1996), human Kir3.4 (Spauschus et al.,
1996), and rat PSD-95 (Cho et al., 1992) were subcloned into the
mammalian expression vector pcDNA3 (Invitrogen, Leek, The Nether-
lands). For biochemical and functional analysis cDNAs of Kir subunits
were alternatively cloned together with PSD-95 into a modified pcDNA3-
internal ribosome entry site (IRES) vector, which contained a single
promoter and an additional IRES of the poliovirus to allow translation of
two open reading frames from one mRNA (LaMonica et al., 1986). For
immunodetection PSD-95, Kir2.3, Kvl.4, and Kir2.1 were epitope-
tagged at the N terminus with the c-myc sequence MEQKLISEEDLN.
The assembly of concatemeric Kir3.1/3.2 constructs has been described
elsewhere (Wischmeyer et al., 1997).

Yeast two-hybrid assay. The entire C-terminal domains of Kir2.1 [ami-
no acids (aa) 179-427], Kir2.3 (aa 171-446), Kir2.4 (aa 195-435; Topert
et al., 1998), Kir3.1 (aa 180-501), Kir3.2 (aa 191-425), Kir3.3 (aa
157-393), and Kir3.4 (aa 186-419) were amplified by PCR and sub-
cloned into the yeast DNA-binding domain vector pGBT9 (Clontech,
Palo Alto, CA). As positive controls the C-terminal domains of the
voltage-gated rat Kv1.4 channel (aa 568—655; Stithmer et al., 1989) and
the rat NR2B (aa 1371-1482; Monyer et al., 1992) were also cloned into
pGBT9. PDZ domains 1-3 of PSD-95/SAP90 (aa 1-401) were inserted
into the activation domain vector pPGAD-GH (Clontech). Deletion con-
structs of Kir2.1, Kir2.3, and Kir3.2 were generated by PCR with
appropriate oligonucleotides, and a Kir2.1/Kir3.2 chimera was con-
structed as described (Higuchi et al., 1988). Yeast strain HF7c was
cotransformed with 100 ng each of bait and prey vector and was streaked
out on agar plates lacking tryptophan, leucine, and histidine. Colony
growth showing activation of the nutritional reporter gene HIS3 was
controlled for the individual constructs after 4 d.

Coimmunoprecipitation. COS-7 cells were transiently transfected with
Kir channel subunits and PSD-95 individually in pcDNA3 and together
in pcDNA3-IRES, respectively, by calcium phosphate precipitation. In
brief, transfected cells were washed with PBS 60 hr after transfection,
harvested, and homogenized in ice-cold lysis buffer [50 mm Tris, pH 7.4,
150 mm NaCl, 5 mMm EGTA, protease inhibitors (1 ug/ml leupeptin and
pepstatin A, 2 ug/ml aprotenin, and 1 mm PMSF), and 1% Triton X-100].
Nonsoluble components were removed by centrifugation at 4°C, and
extracts were preincubated with 50 ul of protein A- or protein G-agarose
beads (Roche Diagnostics, Mannheim, Germany) to avoid unspecific
binding. For immunoprecipitation preadsorbed extracts were incubated
for 1 hr with mouse anti-myc (Santa Cruz Biotechnology, Santa Cruz,
CA) or rabbit anti-myc (Upstate Biotechnologies, Lake Placid, NY) to
precipitate tagged proteins. After overnight incubation on a rotating
disk, bound proteins were pulled down with either protein A- or protein
G-agarose beads and washed four times for 20 min each with lysis buffer.
Pull-down experiments in the absence of specific antibodies were per-
formed to verify the specificity of the immunoprecipitations (data not
shown). Cell extracts and precipitated proteins were analyzed by West-
ern immunoblots probed with monoclonal mouse a-PSD-95 antibodies
(1:1000, clone K28/43; Upstate Biotechnology), polyclonal rabbit aKir3.2
and aKir2.1 antibodies (1:100 and 1:1000, respectively), and a-myc
antibody (mouse, 1:100; rabbit, 1:1000). Blots were developed using
horseradish peroxidase-conjugated goat a-rabbit and goat a-mouse Igs
(Jackson ImmunoResearch Laboratories, West Grove, PA), respectively,
and an enhanced chemoluminescence detection system (ECL; Amer-
sham, Buckinghamshire, UK).
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Immunocytochemistry. COS-7 cells were plated on poly-L-lysine-
coated coverslips 1 d before transfection. Plasmids were transfected using
LipofectAMINE (Life Technologies, Gaithersburg, MD). After 2 d cells
were fixed with 2% paraformaldehyde and 0.1% Triton X-100 and
blocked with 2% normal goat serum. For double staining cells were
incubated overnight with the primary rabbit a-myc (1:1000) or «-Kir3.2
antisera (1:100), together with the monoclonal mouse a-PSD-95 antibody
(1:1000). After washing with PBS cells were incubated 1 hr with Cy3-
conjugated goat secondary IgG (1:1000; Jackson ImmunoResearch) and
FITC-conjugated goat secondary IgG (1:200, Jackson ImmunoRe-
search). Coverslips were washed again with PBS, mounted on slides, and
analyzed on an LSM410 laser scanning microscope equipped with an
argon-crypton laser (Zeiss, Oberkochen, Germany).

Electrophysiology. Semiconfluent HEK-293 cells, grown on glass cov-
erslips, were transfected with 0.8 ug/ml cDNAs using Lipofect AMINE
and Opti-MEM I (Life Technologies) following the manufacturer’s pro-
tocol. Whole-cell recordings were performed at room temperature 48-72
hr after transfection in a bath solution consisting of 135 mm NaCl, 5.4
mM KCl, 1.8 mm CaCl,, 1 mm MgCl,, 10 mMm glucose, and 5 mm HEPES,
pH 7.4. Patch pipettes were pulled from borosilicate glass capillaries
(Kimble Products, Sussex, UK), and heat-polished to give input resis-
tances of 4—6 M(Q). The pipette recording solution contained 140 mm KCl,
2 mM MgCl,, 1 mM EGTA, 1 mm Na,ATP, 100 uM cAMP, 100 um GTP,
and 5 mM HEPES, pH 7.3. Currents were recorded with an EPC9 (Heka
Electronics, Lamprecht, Germany) patch-clamp amplifier and low-pass-
filtered at 1-2 kHz. Stimulation and data acquisition were controlled by
the Pulse/Pulsefit software package (Heka) on a Macintosh computer
(Apple, Cupertino, CA), and data analysis was performed with Igor
software (WaveMetrics, Lake Oswego, OR). Data are presented as
mean = SD (number of cells).

RESULTS

Yeast two-hybrid assay

The presence of the C-terminal PDZ domain recognition motif
X-S/T-X-V/I prompted us to investigate on the association of
neuronal Kir2 and Kir3 channel members with proteins of the
PSD-95/SAPI0 family. In a first assay the complete C termini of
Kir2.1, Kir2.3, Kir3.2, Kir3.3 (harboring the motif), as well as
Kir2.4, Kir3.1, and Kir3.4 (in which the motif is absent) were
used as bait in the yeast two-hybrid (Y2H) system (Fields and
Song, 1989) for interaction with PDZ domains 1-3 (aa 1-401) of
PSD-95/SAP90 (Fig. 14). The C termini of voltage-dependent
Kvl.4 channels (Kim et al., 1995) as well as NR2B subunits
(Kornau et al., 1995), for which PSD-95 interaction had been
originally demonstrated, were used as positive control baits for
strong interaction. As reported by the yeast HIS3 selection
marker, we found that only Kir2.1, Kir2.3, Kv1.4, and NR2B but
not Kir2.4 and none of the Kir3 channel subunits associated with
PDZ domains 1-3 in the Y2H assay (Fig. 14). Whereas lack of
interaction was expected for Kir2.4, Kir3.1, and Kir3.4 in which
the PDZ recognition motif is not conserved, we sought to analyze
in more detail why the presence of the X-S/T-X-V/I sequence in
Kir3.2 and Kir3.3 subunits did not confer the capability to bind to
PDZ domains 1-3. A series of C-terminal deletion constructs and
chimera between Kir2.1 and Kir3.2 were generated and used as
bait in a more precise interaction domain analysis (Fig. 1B). We
first demonstrated that in Kir2.1 subunits indeed removal of the
last three residues (Kir2.1ASEI) completely disrupted PDZ bind-
ing. Exchange of these residues by the terminal triplet present in
Kir3.2 subunits, however, restored its proper binding function
Kir2.1(SKV). Moreover, yeast transformed with the Kir2.1 con-
struct in which the triplet SEI was maintained but 13 amino acids
were deleted further upstream of the C terminus was HIS3-
negative, indicative of a contribution of this region in binding
PDZ1-3. An interesting phenomenon was observed in equivalent
experiments using Kir2.3 subunits. When the isoleucine at posi-
tion 0, the serine at position —2, or the complete C-terminal
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A HIS 3
NR2B (aa1371-1482) . ..PRAFNGSSNGHVYEKLSSIESDV +
Kv1.4 (aa 568-655) . ..GKGDDSETDKNNCSNAKAVETDV +
Kir2.1 (aa179-427) .. .GIDLHNQASVPLEPRPLRRESEI
Kir2.3 (aai71-446) ...DLERMQAATLPLDNISYRRESAI
Kir2.4 (aa182-434) .. .AETPDRAASPQALTPTLALTLPP -
Kir3.1 (aa 180-501) .. .GGPTRMEGNLPAKLRKMNSDRFT -
Kir3.2 (aa191-425) .. .EXKNPEELTERNGDVANLENESKV -
Kir3.3 (aa157-393) .. .GAGDGADKEQNGCLPPPESESKV -
Kir3.4 (aa186-419) ...EAEHDEEEEPNGLSVSRATRGSM -

B HIS 3
Kir2.1 . .GIDLHNQASVPLEPRPLRRESEI +
Kir2.1 (ASED .. .GIDLHNQASVFLEPRPLRRE -
Kir2.1 (-13) -
Kir2.1 (SKV) . .GIDLHNQASVPLEPRPLRRETRY +
Kir3.2 [ . . VANLENE~-~-=-~==------ SKV| -
Kir3.2 (SEI) [ VANLENE------------- sE1] -
Kir3.2 (+13) WYY 02 SVPLEPR PLREEYIAY -
chimera 2.1/3.2 . . . VVILEGMVEATE W EEHNN -

Figure 1. Kir2 channels but not Kir3 channels interact with PDZ do-
mains 1-3 in the Y2H system. A, C termini of the Kir channels listed were
used as bait in pGBT?9 to test the interaction with PDZ1-3 of PSD-95 in
pGAD-GH. The NR2B subunit and the Kvl.4 C termini were used as
positive controls. The consensus sequence X-S/T-X-1/V is shown in bold
letters. Numbers on the left denote amino acid positions of C-terminal
fragments. B, Cross-mutational analysis of Kir2.1 and Kir3.2 mutants. See
Results for details. Colony growth was controlled after 4 d.

triplet SAI was removed, a few transformants still contained the
prey, suggesting an additional interaction site in Kir2.3 for
PSD-95 (see below).

Conversely, all manipulations performed on Kir3.2 subunits in
which (1) the functional SEI motif of Kir2.1 was introduced and
(2) 13 amino acids upstream of this motif in Kir2.1 were inserted
or (3) the first half of the C terminus of Kir3.2 was replaced by the
equivalent region in Kir2.1 (aa 179-305; aa 318—425 derive from
Kir3.2), failed to transfer PDZ binding affinity to Kir3.2 chan-
nels. For demonstrating a putative interaction with other PSD-
95/SAPI0 family members, various fragments including the com-
plete C termini of all Kir3 subunits were used as bait in a Y2H
screen of two (E16 and P5) rat brain cDNA libraries constructed
in the activation domain vector pAD-GALA4. In these experi-
ments no interaction partner was identified for Kir3.1 (amino
acids 1-85, 180-363, 321-501, and 180-501) or any other Kir3
subunit. As test for the quality of our assay, the full-length cDNA
of PSD-95/SAP90 was isolated when the NR2B C terminus was
used as bait (data not shown). From these results it is concluded
that at least in the Y2H system the PDZ-binding motif X-S/T-X-
I/V in Kir3.2 or Kir3.3 subunits is insufficient for binding PDZ
domains 1-3 of PSD-95/SAP90.

Coimmunoprecipitations

The apparent differential association of PSD-95/SAP90 with Kir
subunits in the yeast assay was also analyzed for the full-length
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Figure 2. PSD-95 coprecipitates with Kir2.3 but not with Kir3.2 chan-
nels. Proteins from whole-cell extracts of COS-7 cells, cotransfected with
mycKir2.1 and PSD-95 (or Kir2.1IRESmycPSD-95) (A), mycKir2.3
IRESPSD-95 and mycKir2.3(ASAI)IRESPSD-95 (B), as well as Kir3.2
(Kir3.2K422A) and mycPSD-95 (C), were immunoprecipitated with
a-myc antibodies. Immunoprecipitates were separated on 10% SDS gels,
blotted onto polyvinylidene difluoride membranes, and probed with spe-
cific antibodies as indicated. Note that in 4 when either interaction
partner is myc-tagged, the corresponding protein can be detected in the
a-myc precipitates. Bottom panels in C show the presence of Kir3.2 and
mycPSD-95 in whole-cell extracts of cotransfected COS-7 cells. In all
other blots marker bands are shown on the left.

Kir proteins biochemically by immunoprecipitation and Western
immunoblotting in membranes of transfected COS-7 cells.
Whole-cell extracts were prepared from COS-7 cells that had
been cotransfected with myc-tagged Kir2.1 and PSD-95 (Fig. 24,
left panel) or alternatively a pcDNA3IRES vector that contained
both Kir2.1 and myc-tagged PSD-95 (Fig. 24, right panel). In both
experiments a-myc antibodies were used to precipitate tagged
Kir2.1 and PSD-95, respectively. Western blot analysis of immu-
noprecipitates demonstrated that each protein could be coprecipi-
tated with the tagged interaction partner, showing that the asso-
ciation is revealed independent of which protein is initially pulled
down. A corresponding analysis for Kir2.3 subunits showed a
similarly strong bonding to PSD-95 (Fig. 2B). The construct
mycKir2.3(ASAI) in which the terminal amino acid triplet was
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Figure 3. Kir2.3 channels are coclustered with PSD-95 after transfection
in COS-7 cells. Confocal images are shown of COS-7 cells cotransfected
with PSD-95 and mycKv1.4 (4, B), PSD-95 and myc Kir2.3 (C, D), and
PSD-95 and Kir3.2 (E, F), respectively. The distribution of FITC-labeled
PSD-95 is shown in A4, C, and E; distribution of Cy3-labeled channel
subunits is shown in B, D, and F using two different sets of filters. Sites of
PSD-95/channel clustering are marked with arrowheads. Scale bar, 20 um.

removed did not precipitate significantly with PSD-95 in this assay
(Fig. 2B, right panel).

Under the same conditions we precipitated mycPSD from ex-
tracts of COS-7 cells cotransfected with mycPSD-95/Kir3.2.
However, no signal was detected with aKir3.2 antibodies in the
precipitates (Fig. 2C). This experiment was also performed with
mutant Kir3.2K422A subunits in which the lysine at position —1
had been changed to an alanine residue (SAV), which approxi-
mates the C terminus to that of Kir2.3 (SAI) and optimizes the
motif for recognizing PDZ domains. Yet, using «-Kir3.2 antibod-
ies we were again unable to detect the appropriate band in the
precipitates of PSD-95. Thus our data verify in mammalian cells
that entire Kir2 subunits interact with PSD-95/SAP90 proteins
and support the failure of strong complexing between Kir3.2 and
PSD-95, as suggested by the yeast assay.

Coclustering

Myc-tagged Kir2.3 and Kir3.2 channels were also probed for
colocalization with PSD-95 when cotransfected in COS-7 cells.
Using confocal microscopy we confirmed earlier results (Kim et
al., 1995) that voltage-gated Kv1.4 channels and PSD-95 are
distributed homogeneously when transfected individually (data
not shown) but colocalize and cluster with a typical punctuate
staining after coexpression (Fig. 34,B). A less homogenous dis-
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tribution and moderate clustering were observed for transfected
Kir2.3 channels. In the presence of PSD-95 both proteins were
found to overlap completely (Fig. 3C,D). Contrasting these re-
sults, PSD-95 remains homogeneously distributed in COS-7 cells
in the presence of Kir3.2 subunits, which demonstrate punctate
distribution and profound perinuclear localization (Fig. 3E,F).

Functional consequences

The question was addressed of whether the association of Kir2
channels with PSD-95/SAP90 affects (1) the expression and (2)
acute or long-term functional channel properties. For a quantita-
tive analysis of Kir channel activity in the presence and absence
of PSD-95, we compared Kir channel expression in mammalian
cells from pcDNA3 containing just the cDNA of Kir2.3 and the
bicistronic pcDNA3IRES vector that permits translation of both
Kir and PSD-95 from one mRNA. In these experiments Kir2
subunits were expressed individually, and Kir3 subunits were
expressed as concatemers from Kir3.1 and Kir3.2 subunits. The
latter were found to generate currents indistinguishable from
those that originated from a mixture of individual Kir3.1 and
Kir3.2 subunits with respect to single-channel characteristics,
activation potential and kinetics, dependence on extracellular
[K*], as well as block by extracellular Ba** and Cs™* (Wisch-
meyer et al., 1997; data not shown). For both Kir2.3 and Kir3.1/
3.2, macroscopic basal (in 25 mMm external K*) currents were
measured in transfected HEK-293 cells using step and ramp
voltage-clamp whole-cell recordings. Kir2.3 current density (49 *
24 pA/pF; n = 32; amplitude range, 0.33-7.18 nA) was reduced by
61% in the presence of PSD-95 (20 * 15 pA/pF; n = 34;
amplitude range, 0.17-2.61 nA; p < 0.01, Student’s ¢ test). Swap-
ping the insertion site for Kir2.3 and PSD-95 in the
pcDNA3IRES vector did not affect current suppression by PSD-
95. In contrast, agonist (5-HT)-induced Kir3.1/3.2 inward current
density at —100 mV averaged to 39 = 19 pA/pF (n = 10) and was
not significantly altered after coexpression of PSD-95 (37 + 16
pA; n = 10; Fig. 4A4).

To clarify whether the PSD-95 interaction in HEK-293 cells
affected the efficiency of channel expression or altered single-
channel properties, elementary currents were analyzed in the
cell-attached configuration with 140 K™ in the pipette (Fig. 4B).
Kir2.3 currents were measured with a typically small unitary
conductances of 14 pS (n = 2) that occurred at a frequency of p,,
= 0.72 and is in accordance with previously published values
(Morishige et al., 1993; Makhina et al., 1994; Périer et al., 1994).
The frequency of Kir2.3 channel events was unaltered in the
presence of PSD-95 (p, = 0.73), but the elementary conductance
was decreased to 8 = 1.2 pS (n = 13; 10 different experiments;
Fig. 4B,C). The product vy - p, (as a measure of the average
current flux through a single channel) for Kir2.3 and Kir2.3/
PSD-95 was calculated to differ by a factor of 1.85, indicating that
the approximately twofold reduction by PSD-95 in macroscopic
currents is primarily caused by a change in single-channel
properties.

Using this assay we finally investigated the observation that
Kir2.3 mutants lacking the C-terminal PDZ domain recognition
motif may still weakly interact with PSD-95. Two mutant chan-
nels with the serine at position —2 exchanged to an alanine (AAI)
and the last triplet removed completely (ASAI) generated current
densities that were reduced in the presence of PSD-95 by 69, and
72%, respectively (Fig. 5). PDZ-mediated interactions have been
recently found to occur through modes other than by recognition
of a C-terminal motif (Hillier et al., 1999). Thus, in a mutant
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Figure 4. Coexpression of Kir2.3 channels with PSD-95 causes reduction
of macroscopic current amplitude and unitary channel conductance. A4,
Whole-cell current responses to voltage pulses from +20 to —140 mV
from a holding potential of —60 mV of HEK-293 cells transfected with
Kir2.3 and Kir2.3 plus PSD-95 in the expression vector pcDNA3IRES,
respectively. Currents are digitized at 5 kHz and filtered at 2.9 kHz. The
bar graph shows current densities of Kir2.3 and Kir3.2 channels measured
at —100 mV in elevated 25 mMm extracellular K* in the absence and
presence of PSD-95. B, Amplitude histogram of cell-attached single-
channel recordings from Kir2.3 channels (see inset) with the number of
data points plotted against mean current flow per 0.75 msec bin for
single-channel events recorded at —100 mV. Kir2.3 channels are shown in
black, and Kir2.3 channels plus PSD-95 are overlayed in gray. Currents
were digitized and filtered at 1 kHz. C, I-V plot (pipette potential on the
abscissa) of the single-channel currents in B reveals strong inward recti-
fication and a slope conductance of 14 pS for Kir2.3 and 8 pS for Kir2.3
plus PSD-95, respectively.

channel lacking the C terminus, the sequence of a putative alter-
native interaction site at aa position 409-412 (ETGI) was
changed to EAGA. In the presence of PSD-95 macroscopic cur-
rents generated by these mutant Kir2.3 channels were reduced by
only 23%, suggesting that interaction with the C-terminal motif in
Kir2.3 channels may not be the sole determinant in the functional
association with PSD-95.

DISCUSSION

As representative members of two different Kir subfamilies both
Kir2.3 and Kir3.2 subtypes carry a conserved C-terminal recog-
nition motif for PDZ domains of chapsyns. Yet in our hands the
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Figure 5. Analysis of C-terminal and internal PDZ domain recognition
motifs in Kir2.3 subunits. The bar graph summarizes relative current
amplitudes (measured at —100 mV) from HEK-293 cells cotransfected
with PSD-95 and wild-type or mutated Kir2.3 subunits as depicted in the
diagrams. In Kir2.3(444A) a serine residue has been replaced by an
alanine at the —2 position; in Kir2.3(ASAI) the terminal triplet has been
removed; and in Kir2.3(ASAI)EAGA a threonine (aa 420) and an iso-
leucine (aa 422) in putative internal PDZ domain recognition motif
(E-T-G-I) have been replaced by alanine residues. Amplitudes in each bar
have been normalized to currents revealed in the absence of PSD-95.

Y2H assay as well as biochemical and functional properties pro-
vide consistent evidence that Kir2.3 but not Kir3.2 subunits
strongly interact with these proteins (but see Inanobe et al., 1999).
Consequently, it is concluded that the presence of the canonical
C-terminal X-S/T-X-V/I sequence alone does not necessarily
predict strong bonding of a candidate protein to PSD-95, even if
closely related to another stable interaction partner. Instead,
other structural determinants of binding, e.g., in Kir channels the
tertiary structure of the complete cytoplasmic tail, are likely to
affect the specificity of coupling. Binding of G protein-gated
Kir3.2 channels to PSD-95 may be impaired because in the
heterotetrameric channel protein the C termini are engaged in
coupling to Gpvy subunits, phosphatidylinositol-4,5 phosphate
Na*, and possibly other modulators of channel activity (Dascal,
1997). The crystal structure of PDZ domains complexed to their
ligands (Doyle et al., 1996; Hillier et al., 1999) predicts that
specific side chain interactions of residues upstream to the tet-
rapeptide also affect the specificity of binding. As an example,
these nearby residues in CRIPT determine the specific prefer-
ence for interaction with PDZ3 (Niethammer et al., 1998), even
though the same C-terminal consensus site applies to all three
PDZ domains. Also, the multivalent “channel-interacting PDZ
domain protein” CIPP whose PDZ domains show high homology
to PDZ1-3 of PSD-95 selectively associates with Kir4.1/Kir4.2
subunits (SNV) but not with Kir2.1 and Kir2.3 subunits (Kur-
schner et al., 1998). Most recently, a specific internal PDZ domain
recognition site, which mediates head-to-tail heterodimerization
with PSD-95 and syntrophin, has been described for nNOS (Bren-
man et al., 1996; Hillier et al., 1999). There, a two stranded
B-finger in nNOS, of which the first strand mimics the C-terminal
PDZ motif, acts as a PDZ ligand to interact with an antiparallel
B-sheet in syntrophin. In this interaction the normally required
terminal carboxylate is replaced by a sharp B-turn at the tip of the
B-finger. Our electrophysiological data in HEK-293 cells may
point to a similar mode of PDZ domain scaffolding in Kir2.3
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subunits. At least two pseudopeptide motifs, ESKI (aa 355-358)
and ETGI (aa 409-412), including several nearby B-turns, are
present in the Kir2.3 tail region in addition to the conserved
terminal ESAI sequence (aa 442-445). Although direct PDZ
domain interaction with an internal Kir2.3 binding site has yet to
be proven biochemically, the inhibitory action of PSD-95 on
Kir2.3 currents was alleviated when one of these sites was dis-
rupted. Both internal motifs are not present in Kir2.1 subunits (or
Kir2.2 and Kir2.4), which may explain the slightly different results
for the Kir2.1 and Kir2.3 truncated mutants in the Y2H assay.
Kir2 channels, even though their activity is subject to modu-
lation by phosphorylation, are constitutively active and thus bal-
ance the postsynaptic potential in the PSD. We have demon-
strated colocalization of Kir2.3 and PSD-95 in the heterologous
system, and both proteins have been shown earlier to occur
together in forebrain PSD fractions (Cohen et al., 1996). How-
ever, ultrastructural evidence for Kir localization at the PSD is
still missing. The exact mechanism by which members of the
PSD-95/SAP90 family mediate clustering of Kir2.3 or any other
channel protein is still uncertain. The channel protein may be
initially targeted uniformly to the membrane and then immobi-
lized and clustered at the synapse by monomeric or oligomerized
PSD-95 that has already aggregated at the synapse (Craven and
Bredt, 1998; Rao et al., 1998; Burke et al., 1999). There is also
evidence that chapsyns must be palmitoylated (Topinka and
Bredt, 1998) and interact with a membrane protein to be local-
ized to the PSD and that targeting of K™ channels is dependent
both on permissive signals from chapsyns as well as an intrinsic
signal that specifies location (Arnold and Clapham, 1999). Pre-
vious findings suggested that as a functional consequence of this
interaction the number of Kir channels in the membrane is
increased, possibly by slowing channel turnover or promoting
tetramer assembly. When Kir4.1 channels were expressed to-
gether with PSD-95, SAP97 (Horio et al., 1997), or CIPP (Kur-
schner et al., 1998), current densities were approximately doubled
with no apparent effect on the channel properties. The association
of Kir2.3 and PSD-95 predominantly affects the Kir2.3 elemen-
tary conductance and reduces current density by half, possibly
because of a more complex PDZ domain scaffolding with PSD-95.
It is interesting to note that in the presence of PSD-95 Kir2.3
channels on a time scale of 2-3 min are still subject to inhibition
by PKA phosphorylation. The phosphorylated consensus serine
overlaps with the C-terminal PDZ-binding motif, and an earlier
report by Cohen et al. (1996) suggested that PKA stimulation
interferes with the channel binding to PSD-95. As predicted, the
free phosphorylated C terminus in Kir2.1 channels acts as a
channel-closing gate (Wischmeyer and Karschin, 1996).
Heteromeric Kir3 channels in the mammalian brain are di-
rectly controlled by receptor-released Gfvy subunits, and the
majority are constituted from Kir3.1, Kir3.2, and Kir3.3 subunits.
All three subunits are expressed at high levels throughout the
brain with a large degree of overlap (Karschin and Karschin,
1999). At the cellular resolution level Kir3.1 and Kir3.2 immu-
noreactivity has been found in various potentially postsynaptic
sites on neuronal somata and dendritic spines but also on distal
axon terminals (Murer et al., 1997). Although PSD-95/SAP9Y0 in
most neurons has a punctate distribution (Kornau et al., 1995)
and is mostly associated with postsynaptic densities (Hunt et al.,
1996), there is no obligate colocalization with Kir3 channels. A
recent study showed that postsynaptically on dendrites of dopa-
minergic substantia nigra neurons neither PSD-95 nor SAP97
coaggregates with the abundant Kir3.2 channels (Inanobe et al.,
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1999). It should be considered that Kir3 channels are directly
associated with a series of heptahelical receptors via G proteins in
a mandatory manner (Dascal, 1997), underlying many forms of
slow, inhibitory synaptic transmission. Thus there is no strict
requirement for Kir3 channels to be localized and tightly clus-
tered at the postsynaptic density typical of fast excitatory syn-
apses. In fact, there is plenty of evidence that both G protein-
coupled receptors and target channels are not concentrated
opposite of the nerve terminals but are rather expressed uni-
formly. The time constraints of these slower signaling systems are
such that Kir channels are in the proximity of their receptors, but
they do not have to be near the transmitter release sites (Hille,
1992). Based on the unsuccessful Y2H screens of rat brain librar-
ies with Kir3 channel termini, we tend to believe that Kir3
localization and assembly in the signaling cascade may not be
crucially dependent on PDZ domain interactions but rather are
controlled through other intrinsic targeting signals.
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