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Rat and human cDNAs were isolated that both encoded a 360
amino acid polypeptide with a tertiary structure typical of in-
wardly rectifying K* channel (Kir) subunits. The new proteins,
termed Kir7.1, were <37% identical to other Kir subunits and
showed various unique residues at conserved sites, particularly
near the pore region. High levels of Kir7.1 transcripts were
detected in rat brain, lung, kidney, and testis. In situ hybridiza-
tion of rat brain sections demonstrated that Kir7.1 mRNA was
absent from neurons and glia but strongly expressed in the
secretory epithelial cells of the choroid plexus (as confirmed by
in situ patch-clamp measurements). In cRNA-injected Xenopus
oocytes Kir7.1 generated macroscopic Kir currents that
showed a very shallow dependence on external K* ([K*],),
which is in marked contrast to all other Kir channels. At a

holding potential of —100 mV, the inward current through Kir7.1
averaged —3.8 + 1.04 pA with 2 mm [K*], and —4.82 + 1.87
A with 96 mm [K *].. Kir7.1 has a methionine at position 125 in
the pore region where other Kir channels have an arginine.
When this residue was replaced by the conserved arginine in
mutant Kir7.1 channels, the pronounced dependence of K*
permeability on [K "], characteristic for other Kir channels, was
restored and the Ba®™" sensitivity was increased by a factor of
~25 (K; = 27 wuwm). These findings support the important role of
this site in the regulation of K™ permeability in Kir channels by
extracellular cations.
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All eukaryotic potassium channels most likely are composed of
either four (or two dimeric) subunits that differ significantly in
architecture. In inwardly rectifying (Kir) K™ channels each sub-
unit consists of two hydrophobic membrane-spanning a-helices
(Ho et al., 1993; Kubo et al., 1993), in voltage-gated (Kv) channels
they contain six transmembrane segments (Baumann et al., 1987,
Kamb et al., 1987; Papazian et al., 1987), and in “duplicate pore”
channels they have either four (2 + 2; Fink et al., 1996; Goldstein
et al., 1996; Lesage et al., 1996) or eight segments (TOK, 6 + 2;
Ketchum et al., 1995; Zhou et al.,, 1995). Common to all K"
channels, however, is the presence of a conserved stretch of amino
acids that lines the K -selective ion conduction pathway (Hart-
mann et al., 1991; Yellen et al., 1991; Yool and Schwarz, 1991).
Kir channels are expressed in nearly all mammalian cells and
are responsible for some of the common electrical characteristics.
Unlike Kv channels, Kir channels do not activate on depolariza-
tion. They have a high open-state probability at negative mem-
brane potentials and are blocked progressively as the cell mem-
brane is depolarized. This facilitates switching between a
polarized (resting) and depolarized (active) state. In the depo-
larized state the driving force for K™ efflux is high, but never-
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theless outward current through Kir channels is decreased mark-
edly. Depending on the degree of rectification, this “anomalous”
rectification (Katz, 1949) allows for depolarization with little K™
efflux, which minimizes the energy required for ionic homeostasis
of the cells. These rectification properties have been demon-
strated to result from a voltage-dependent, high-affinity binding
of intracellular Mg?* and polyamines to distinct residues in the
pore and C terminus (Ficker et al., 1994; Lopatin et al., 1994; Lu
and MacKinnon, 1994; Wible et al., 1994; Fakler et al., 1995;
Yang et al., 1995). The interaction of permeant and blocking ions
with each other and with the channel is also unique for Kir
channels and has been studied extensively (Hille, 1992; Nichols
and Lopatin, 1997). The interaction of K" ions within a long
channel pore possessing multiple binding sites is considered to be
responsible for the nonlinear dependence of conductance on the
extracellular K™ concentration (Sakmann and Trube, 1984; Kubo
et al., 1993).

Here we describe the molecular cloning of a member of a new
Kir channel subfamily, Kir7.1, that shows <37% identity with
other Kir subunits. Our report contrasts a parallel, independent
description in several important features of a highly similar hu-
man cDNA expressed in central neurons (Krapivinsky et al.,
1998) and points out new, unusual channel properties. We show
that the permeability of Kir7.1 is almost independent of external
K™, which is in marked contrast to all other Kir family members.
Dependence on external K* could be restored by replacement of
one amino acid in the pore region. The selective expression in
epithelial cells of the CNS is demonstrated by in situ hybridiza-
tion and in situ measurements from choroid plexus epithelial cells.
Together with the properties described here, the novel Kir7.1
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Figure 1. Comparison of the amino acid sequences of Kir7.1 with representative subunits of other Kir subfamilies. The predicted 360 amino acids of
human Kir7.1 (single-letter code) are shown aligned with sequences of human Kirl.2 (GenBank accession number U73192), human Kir2.1 (U12507),
human Kir3.3 (U52152), rat Kir5.1 (X83581), and human Kir6.2 (D50582). Residues are shaded in black in instances in which other subunits are identical
to Kir 7.1; asterisks denote residues conserved in all known Kir channels, and boxed residues (arrowheads) indicate where Kir7.1 is different from the
consensus of all other Kir channels. Outlined also are the transmembrane segments M1 and M2 and the pore-forming P-region (H5). Amino acid gaps
within the alignment are indicated by short bars. The GenBank accession number for the human and rat Kir7.1 sequences are AJ006128 and AJ006129,
respectively.
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channels thus may contribute to the transepithelial transport of
potassium.

MATERIALS AND METHODS

Molecular cloning. Several human expressed sequence tag (EST) se-
quences (GenBank accession numbers AA243775, AA406065,
AA604625, and H97186) with Kir channel-like motifs were identified
after an EST database with conserved Kir channel motifs was screened,
using BLAST2.0 software (Altschul et al., 1997). Sequence analysis of
two corresponding I.LM.A.G.E. clones (clones IM AGp998D20569 and
IMAGpP998D201783, kindly supplied by RZPD, Max Planck Institute for
Molecular Genetics, Berlin, Germany), using the prism Sequenase dye
terminator kit on an automatic sequencer (Perkin-Elmer, Weiterstadt,
Germany) revealed two fragmentary cDNAs that overlapped by 36 bp.
With the appropriate primers (5'-CCGAATTC**CCTGAGATGGA-
CAGCAGTAATTGC"'-3'; 5'-**TCACCATTCATCTCAGC?7"-3'; 5'-
*2GTTCTGGCTGAGATGAATGGTGATTTGG**-3'; and 5'-**GA-
ATTGAAAAGCTCGA*-3") fragments were linked by “geneSOEing”
(Horton et al., 1989) and subcloned into EcoRI-NotI sites of a pT7/T3
plasmid vector (Pharmacia, Uppsala, Sweden) to generate a complete
open reading frame of 1080 bp [nucleotides (nt) 44-1123] flanked by 43
bp of 3'-untranslated region (UTR) and 55 bp of 5’-UTR. Based on the
novel human sequence (termed Kir7.1), the rat ortholog was amplified by
RT-PCR from brain and testis poly(A ") RNA by means of the 5'-UTR
primer 5'-AGAGAAATACAGCCTGAG-3" and the 3’-UTR antisense
primer 5'-AAACTGGCTGGGTGTATTTAATAC-3'. To exclude PCR
reading errors introduced by the Taq polymerase (Qiagen, Hilden, Ger-
many), we subcloned and sequenced four independent PCR products on
both strands. DNA analysis and sequence alignments were performed by
using LASERGENE software (DNASTAR, Madison, WI) and Genetics
Computer Group software (Madison, WI) run at the National Center for
Biotechnology Information.

For functional expression in Xenopus oocytes the human Kir7.1 cDNA
was subcloned further into the EcoRI-HindIII sites of the polyadenylat-
ing transcription vector pSGEM. The mutant Kir7.1 constructs
Kir7.1M125R, Kir7.1M125R /P127V, and Kir7.1P127V were engineered
by “geneSOEing” and checked by sequencing on both strands.

Northern blots. Northern blots were prepared from 2 pg of poly(A ™)
RNA isolated from different tissues, fractionated by denaturing agarose
gel electrophoresis and transferred to nylon membranes (Clontech, Palo
Alto, CA). **P-labeled cDNA probes were generated by random priming
(Boehringer Mannheim, Mannheim, Germany) from a rat Kir7.1 frag-
ment (nt 241-1046 in the open reading frame of the rat Kir7.1; GenBank
accession number AJ006129). Blots were hybridized for 1 hr at 42°C in
ExpressHyb solution (Clontech) containing labeled cDNA with a specific
activity of 107 cpm/ml. After high-stringency washes at 60°C in 0.1X
SSC/0.1% SDS the blots were exposed to x-ray Hyperfilm (Amersham,
Buckinghamshire, UK) and developed after 1-3 d.

In situ hybridization. Wistar rats were decapitated under ether anes-
thesia, and their brains were removed and frozen on powdered dry ice.
Tissue was stored at —20°C until cutting. Sections 10-15 wm were cut on
a cryostat, thaw-mounted onto Silane-coated slides, and air-dried. After
fixation for 30 min in 4% paraformaldehyde dissolved in PBS, the slides
were washed in PBS, dehydrated, and stored in ethanol until
hybridization.

Synthetic oligonucleotides were chosen from the Kir7.1 C terminus
with least homology to other Kir sequences to minimize cross-
hybridization. Antisense oligonucleotides designed with least tendency
of forming hairpins and self-dimers were as follows (base position on the
coding strand is indicated): (1) 5-*’GACTTGATACTCACC-
TTTGGAACCTCGAGTC ATTAGAGCTGC®*-3" and (2) 5'-°"*GGT-
CAGTCCTATGTGGACTCTTAGAGACCACAGGAGTTGGATG
101437 Oligonucleotides were 3’ end-labeled with **S-dATP (1200
Ci/mmol; New England Nuclear, Boston, MA) by terminal deoxynu-
cleotidyl transferase (Boehringer Mannheim) and used for hybridiza-
tion at concentrations of 2-10 pg/ul (4 X 10° cpm/100 ul hybridization
buffer per slide). For nonradioactive hybridizations digoxygenin-
labeled sense and antisense cRNA probes were transcribed with T3
and T7 polymerase from a 805 bp fragment of the rat Kir7.1 cDNA
clone (nt 241-1046) according to the manufacturer’s protocol (Boehr-
inger Mannheim). Transcripts were used at a concentration of ~800
pg/ul hybridization buffer. Criteria for specific labeling were identical
hybridization patterns (1) for cRNA and oligonucleotide probes, (2) in
separate experiments, and (3) on more than three different brain
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Figure 2. Northern blot analysis showing the distribution of Kir7.1
mRNA in rat heart, brain, spleen, lung, liver, skeletal muscle, kidney, and
testis. Blots containing 2 pg of poly(A™) RNA from each tissue were
hybridized with *?P-labeled cDNA probes specific for rat Kir7.1. The
positions of RNA size markers (in kb) are indicated (lef?).

sections. The brain sections were processed for radioactive and non-
radioactive hybridization, and signals were detected as previously
published (Karschin et al., 1996; Topert et al., 1998). For identification
and confirmation of brain structures with bright- and dark-field optics,
the sections were Nissl-counterstained with cresyl violet (Paxinos and
Watson, 1986; Paxinos et al., 1994). The following controls were
performed: adjacent sections were (1) hybridized with sense oligonu-
cleotide and cRNA probes, (2) digested with RNase A (50 ng/ml) for
30 min at 37°C before hybridization, and (3) prehybridized with a 20-
to 50-fold excess of unlabeled oligonucleotides before specific hybrid-
ization. These control hybridizations resulted in a complete loss of
specific hybridization signal.

Electrophysiology. For expression in Xenopus laevis oocytes, capped
run-off poly(A ™) cRNA transcripts from linearized human Kir7.1 cDNA
were synthesized, and ~6 ng was injected in defolliculated oocytes.
Oocytes were prepared as described (Methfessel et al., 1986) and incu-
bated at 19°C in ND96 solution [containing (in mM) 96 NaCl, 2 KCI, 1
MgCl,, 1 CaCl,, and 5 HEPES, pH 7.4], supplemented with 100 pg/ml
gentamicin and 2.5 mm sodium pyruvate, and assayed 48 hr after injec-
tion. Two-electrode voltage-clamp measurements were performed with a
Turbo Tec-10 C amplifier (NPI Instruments, Tamm, Germany) and
sampled via an EPC9 interface (Heka Electronics, Lambrecht, Germa-
ny), using PULSE/PULSEFIT software (Heka) on a Macintosh com-
puter; data analysis was performed with IGOR software (WaveMetrics,
Lake Oswego, OR). For the rapid exchange of external solutions, oocytes
were placed in a small-volume perfusion chamber with a constant flow
of solutions. In the experiments investigating K* permeability, extra-
cellular K* and Na™ were mutually exchanged to keep osmolarity
constant [for example (in mm) 96 KCI, 2 NaCl, 1 MgCl,, 1 CaCl,, and
5 HEPES, pH 7.4].

Wistar rats at postnatal day P10 were decapitated under ether anes-
thesia, and the brains were isolated. From the lateral ventricles in coronal
sections choroid plexi were dissected with micro forceps. The recording
chamber was superfused with standard solution of the following compo-
sition (in mM): 140 NaCl, 2.5 KCI, 1 MgCl,, 2 CaCl,, 10 HEPES, and
10 glucose, adjusted to pH 7.4. Borosilicate glass patch pipettes had
resistances of 4—7 MQ when filled with the internal solution (in mm): 130
K-gluconate, 20 KCI, 10 HEPES, 4 Na,ATP, 5 Na, phosphocreatine, and
0.2 fura-2, adjusted to pH 7.2. Whole-cell recordings were performed on
superficial epithelial cells under visual control by using an upright
microscope equipped with infrared differential interference contrast
(IR-DIC) optics.
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Figure 3. mRNA localization of Kir7.1 in the rat brain as revealed by in situ hybridization. Brain sections were hybridized with 33S-labeled
oligonucleotides (4, B) or digoxigenin-labeled cRNA probes (C, D), as described in Materials and Methods. X-ray film autoradiographs of sagittal (A)
and coronal (B) sections show mRNA expression only in the choroid plexus of the fourth (4, B) and lateral (A) ventricles. Exposure time, 19 d. C,
Bright-field photomicrographs with Nomarski optics show an overview of the choroid plexus (C) and epithelial cells (D) at higher magnification.
Transcripts were found only by using antisense cRNA probes (lef side), but not sense cCRNA probes (right side). Note that epithelial cells surrounding
the plexus vasculature are not labeled. BV, Blood vessel; ChP4V, choroid plexus of the fourth ventricle; ChPE, epithelial cells of the choroid plexus;
ChPLV, choroid plexus of the lateral ventricle; CSF, cerebrospinal fluid; C7, connective tissue; EC, ependyma cells lining the ventricle; Scale bars: 1 mm

inA, B; 50 um in C; 20 um in D.

RESULTS

Primary structure of Kir7.1

The human c¢cDNA, including an entire open reading frame of
1080 bp of a novel Kir channel subunit, was constructed from two
overlapping EST clones and encoded a polypeptide of 360 amino
acids with a calculated molecular weight (M, ) of 40.528. Using
untranslated region sequence information, we amplified with RT-
PCR the complete species ortholog of this sequence from rat
brain and testis, confirming the integrity of the human cDNA.
Within the 360 amino acids of the rat cDNA a total of 22 amino
acid residues was found to be different from the human sequence.
Protein sequence analysis of both coding regions showed the
typical structural motifs of inwardly rectifying K* channels, i.e.,
two transmembrane segments M1 and M2 flanking a conserved
pore-forming structure (P or H5 region), and short, cytoplasmic
N- and C-terminal structures. After the completion of our study,
another cDNA that was highly similar was isolated from the
human fetal brain (Krapivinsky et al., 1998). By following their
terminology and reflecting the cluster analysis that groups them
independently in the phylogenetic tree (calculated by using the
CLUSTAL algorithm of the LASERGENE software) (data not
shown), we termed the rat and human sequences Kir7.1, repre-
senting members of a new Kir channel subfamily. When they were
compared with other known Kir subunits, only moderate identity
was found to members of the Kir2 (<30%), Kir3 (<28%), Kir5

(<25%), and Kir6 (<25%) subfamily (Fig. 1). Primary sequences
were slightly more similar to Kirl.1 (ROMKI; 32%), Kirl.2
(BIR10 or Kir4.1; 37%) and Kirl.3 (34%) subunits. Remarkably,
Kir7.1 channels deviated from the Kir consensus scheme in a
total of 11 amino acids (Fig. 1, arrowheads). Two consensus
residues (E and G after position 212) were completely missing;
other exchanges occasionally were nonconserved with charge
replacements (e.g., M125, Q190, H196).

As another noteworthy sequence feature, Kir7.1 contains four
putative phosphorylation sites in the cytoplasmic regions. Three
sites for protein kinase C are located at position 14 in the N
terminus and at positions 169 and 201 in the C terminus, and a
single potential protein kinase A phosphorylation site is situated
further downstream at position 284. Second, an N-glycosylation
site is present at position 95 in the extracellular M1-H5 linker.
Occupancy by carbohydrates at the equivalent residue in Kirl.1
subunits (N117) has been shown to control tightly the open
probability of the channels by stabilizing the open state (Schwalbe
et al., 1995). A further remarkable difference between the Kir7.1
channel described here and its relatives of the Kirl subfamily
concerns the pH sensitivity. In Kirl.1 the channel activity is
modulated by intracellular protons interacting with a unique
lysine (K80) located in the N terminus close to the hydrophobic
M1 segment (Fakler et al, 1996). Kir7.1 subunits, however,
exhibit a methionine at the equivalent position. Finally, a nega-
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Figure 4. Demonstration of intrinsic inwardly rectifying K™
conductances inhibited by Ba®" in rat choroid plexus epithe-
lial cells in situ. A, IR-DIC image of an epithelial cell re-
corded with a patch-clamp pipette. Scale bar, 10 um. B,
Current responses of an epithelial cell to brief voltage steps
between +60 and —140 mV from a holding potential of V}, =
—60 mV in 2.5 mm [K*], in the absence (control) and
presence of 5 mM Ba?". Calibration: 0.5 nA, 20 msec. C,
Current-voltage (/-V) relationships of the endogenous cur-
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tively charged glutamate in M2 (E149) matches the E/D consen-
sus residue for high-affinity binding of intracellular Mg2"/poly-
amines and thus strong rectification (Ficker et al., 1994; Lopatin
et al., 1994; Lu and MacKinnon, 1994; Wible et al., 1994; Fakler
et al.,, 1995; Yang et al., 1995). However, a second negatively
charged residue in the hydrophilic C-terminal domain of Kir2
channels, also involved in steep rectification (Taglialatela et al.,
1994, 1995; Yang et al., 1995), is missing from Kir7.1 (S201).
Also missing are C-terminal motifs for interactions with PDZ
proteins of the cytoskeleton or the synaptic specialization, as have
been observed among Kir channels, e.g., Kir2.1, Kir2.3, and
Kirl.2 (Cohen et al., 1996; Wischmeyer and Karschin, 1996;
Horio et al., 1997).

Tissue and cellular distribution of Kir7.1

Northern blots of mRNA extracted from rat tissues were hybrid-
ized with a labeled 805 bp fragment of rat Kir7.1 to determine the
overall tissue distribution (Fig. 2). Three bands of ~1.4, 2.4, and
3.2 kb were detected and found to be distributed differentially. A
strong 1.4 kb signal was present in the brain and weaker signals of
this size were in the lung and kidney. The 3.2 kb transcripts had
a similar distribution. Distinct hybridization that varied from the
other pattern was seen for the 2.4 kb transcripts, which were very
pronounced in the testis and possibly also were present in the
brain. Kir7.1 mRNA could not be detected in heart, muscle,
spleen, and liver.

In contradiction to the report of Krapivinsky et al. (1998), the
cellular localization was found to be restricted to the brain ven-
tricles (Fig. 3) when it was evaluated at higher resolution with in
situ hybridization in rat brain sections. Using both short radiola-
beled oligonucleotides from various regions and digoxigenin-
labeled cRNA probes on sagittal and coronal rat brain sections,

0

Membrane potential [mV]

rent in 2.5 (O) and 30 mm [K "], (M) measured at the end of
50 the voltage pulse. D, I-V relationship of the currents shown in
B. The @ represents subtraction currents before and after the
application of 5 mm Ba?*.

we were unable to detect significant signals in either central
neurons or glia. Kir7.1 transcripts were found in the epithelial
cells of the choroid plexus, which was strongly supported by
immunoblots of brain tissue, using subunit-specific antibodies
(data not shown). The choroid plexus of the mammalian brain
forms the blood-cerebrospinal fluid barrier (Nilsson et al., 1992)
and is located in the lateral, third, and fourth ventricles. Its
cuboidal epithelium is sealed by tight junctions and overlies a
highly vascularized tissue. In all sections the choroid plexus was
strongly positive for Kir7.1 mRNA (Fig. 3C,D). No Kir7.1
mRNA signals were detected in the blood vessel endothelium or
in ependyma cells lining the ventricle. A lower expression level
was found in the neuroepithelium of the meninges surrounding
the brain (data not shown). The other periventricular organs,
possessing mostly capillaries with fenestrated endothelial cells,
were either negative (pineal gland and median eminence) or were
not analyzed (subcommissural organ, subfornical organ, and vas-
cular organ of the lamina terminalis).

Functional characterization

To confirm the expression of Kir7.1 channels in CNS epithelial
cells, whole-cell recordings were performed from epithelial cells
of dissected rat choroid plexi that were recognized by their
numerous vividly moving microvilli (Fig. 44). When they were
voltage-clamped at —60 mV and the membrane potential was
stepped from +60 mV to —140 mV, the cells displayed prominent
outward and inward currents with a slope conductance of 12.7 =
3.9nS (n = 4) in the range between —60 and —120 mV. Elevation
from 2.5 to 30 mm external K* positively shifted the I-V rela-
tionship by 50-60 mV, indicative of a strong component of K™
conductance, but the elevation only slightly affected the chord
conductance at negative potentials (Fig. 4C). On the basis of their
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low Ba?" sensitivity, 5 mm Ba?" that completely inhibits recom-
binant Kir7.1 channels (see below) was superfused and found to
suppress the inward current component completely (Fig. 4B,C).
Point-by-point subtraction of current responses to a family of
voltage steps before and after Ba®" application revealed subtrac-
tion currents with reversal potentials, which indicated that K *-
permeable channels were primarily affected (Fig. 4C). Most in-
terestingly, the I~V curve of the Ba®"-sensitive current
component was weakly rectifying in the inward direction and was
very similar to that of Kir7.1 channels, with a nonlinear increase
of conductance at negative potentials in varying external K*
concentrations (see below).

Characterization of Kir7.1 in Xenopus oocytes

When expressed in Xenopus laevis oocytes, the channels assem-
bled from Kir7.1 subunits were also functionally unique among
Kir channels and displayed previously unrecognized properties of
K™ permeation. At 2 d after the injection of Kir7.1 cRNA, large
inward currents were recorded from oocytes. At a holding poten-
tial (/) of —100 mV the current amplitudes averaged —3.8 =
1.04 pA (n = 8) with 2 mm external K™ ([K™].) and —4.82 * 1.87
pA with 96 mm [K*].. In uninjected or water-injected control
oocytes only minute background currents (<100 nA) were re-
corded. Channel activation kinetics in response to hyperpolariz-
ing voltage pulses between —60 and —140 mV was rapid, and
currents did not significantly inactivate during 0.5 sec (also in
Na "-free solution). The time constants of current activation
determined from single exponential fits averaged 0.89 = 0.16

Membrane potential [mV]

1 T
+100 1 10 100
[K*le

msec (n = 6; Fig. 54) at a step potential of —120 mV. As seen
from the 7,./V relationship in Figure 5B, however, the shift of
time constants with [K™]. was more moderate (~15-30 mV
between 2 and 96 mm [K*].) than expected for Kir channels
(Stanfield et al., 1994), suggesting that the activation characteris-
tics are not solely dependent on £, — E. When permeation and
rectification properties were inspected with respect to [K™*].,
ramp (Fig. 5C) and voltage-jump (Fig. 6) currents demonstrated
that Kir7.1 channels were highly selective for K* ions. The
measured zero current potentials for six cells were —97.7 mV (2
mMm K*), =723 mV (5 mm K*), =573 mV (10 mm K*), —37.5
mV (25 mm K™), =182 mV (50 mm K ™), and —6.4 mV (96 mm
K™), coinciding well with E as predicted from the Nernst equa-
tion. As expected, the zero current potentials followed [K ], with
a slope of ~54 mV per decade, which is close to the 58 mV per
decade expected for a perfectly K *-selective channel, indicating
that the conductance was carried predominantly by K™ ions (see
Fig. 5D). Also, the “activation potential” in these experiments at
which rectification occurs changed in accordance with Ey. It is
noteworthy that channels carried a substantial outward flux, es-
pecially at low [K™].. With 2 mm external K™ the currents
reached their peak ~100 mV positive to E (zero current), which
is far beyond what has been observed for Kir2.1 channels (~40
mV) and likely points to a low sensitivity to block by internal
Mg?"/polyamines (see Discussion).

The shape of the I-V relationship of Kir7.1 was completely
unlike that of other Kir channels (Fig. 6). The I-} curve, even at
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negative potentials beyond —120 mV, was not linear but showed
a curvature of nonsaturating conductance at all K* concentra-
tions (Fig. 6B). This behavior was indicated clearly in the voltage
dependence of the measured chord conductances (G-V curve),
which did not follow the typical Boltzmann function but were well
described by a monoexponential fit (Fig. 6C). Most strikingly,
however, the slope conductances of Kir7.1 currents did not follow
the rule of a “roughly square-root dependence” on [K™], as has
been observed before for native and other recombinant Kir
channels (Sakmann and Trube, 1984; Wischmeyer et al., 1995).
As shown in the double-logarithmic plot in Figure 6D, the con-
ductance increased only slightly with varying [K*].. Using the
equation given in the legend of Figure 5, we calculated an expo-
nent of 0.1, which represents a uniquely low value. This indicates
that the permeation of K* ions through the Kir7.1 pore does not
obey the criteria established before for a conventional multi-ion
single-file pore (Hille and Schwarz, 1978).

The sensitivity of Kir7.1 to the open channel blockers Ba**
and Cs* was analyzed by using voltage ramps between —150 and
+60 mV. The K; value for Ba?* block was 670 um at —100 mV
(Fig. 74,B), which is one to two orders of magnitude higher than
for other members of the Kir family. Kir7.1 channels were even
~40 times less sensitive to Cs* with a K; value of 26.9 mm (data
not shown). Thus, Kir7.1 channels had a very low affinity to both
blockers as compared with other Kir channels described previ-
ously (Topert et al., 1998). The block of Kir channels by external
cations has been found to show a characteristic time and voltage
dependence. The blocking effect was much faster and larger at
more negative potentials, suggesting an open channel block at a
deep site in the pore after the opening of the channels. In Kir7.1
the time course of the onset of Ba®" block and its voltage

T T TTTIT

10 100
[K*]e

of [K*].. Conductances were measured at
G, and the data were fit to G =
m([K*].)", where m and n are variables.

dependence (Fig. 7C,D) was similar to that found in other mem-
bers of the Kir channel family.

Characterization of mutant Kir7.1M125R channels

In the primary sequence of Kir7.1 two residues adjacent to the
conserved K™ channel pore signature G-Y-G are more similar to
Kv channels than to other Kir channels. One is the replacement
of an arginine at position +2 after the G-Y-G motif, highly
conserved among Kir channels, by a methionine residue typical
for Kv channels. The other is a consensus proline present at
position +4 in all Kv channels but that is absent from Kir
channels (Fig. 84). The phenylalanine at position 126 between
these two residues is equivalent to the regulatory site for K™ ions
in voltage-dependent RCK4 channels (Pardo et al., 1992), as well
as a Kv channel external binding site for TEA (MacKinnon and
Yellen, 1990; Heginbotham and MacKinnon, 1992; Ludewig et
al., 1993) and C-type inactivation in other Kv channels (Lopez-
Barneo et al., 1993). We did not pursue testing potential func-
tional roles of this aromatic amino acid (+3), because Kir7.1
channels were found to be insensitive to the application of 10 mm
TEA™ (data not shown). Also, we were unable to investigate the
role of the proline, because exchange by a valine did not yield
expression of functional Kir7.1 channels. The residue at position
+2 had been suggested before to play an important role in
channel interaction with extracellular K™ ions (Kubo, 1996; Yang
et al., 1997). Therefore, we investigated the effects of reintroduc-
ing the conserved arginine at position 125 in Kir7.1. Mutant
Kir7.1M125R, like wild-type channels, rapidly activated on hy-
perpolarizing voltage steps. The inward currents showed a mod-
erate initial inactivation component at potentials negative to
—100 mV (Fig. 8B). With high 96 mm external K*, inward
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Figure 7. Analysis of the block by extracellular Ba>" of wild-type Kir7.1 and mutant Kir7.1M125R in Xenopus oocytes. A, Ramp current responses to
voltage ramps of 2 sec duration between —150 and +60 mV show the voltage dependence of Iy;,- block by 1 and 5 mm Ba®". B, Current inhibition
relative to a maximum block by a saturating concentration of Ba®* is plotted versus the concentration of the blocking cation at a holding potential of
Vi, = —80 mV. Curves are least-squares fits of data points to a Hill equation (1/1 + [4/K}]", giving a K; for Ba** of 670 uMm for Kir7.1 (®) and a K; for
Ba?* of 27 um for Kir7.IM125R (O). K; is the concentration of cation producing 50% block; A and n are variables. Insets, Shown are continuous
recordings of wild-type and mutant Kir7.1 currents at —80 mV under Ba“* block. The application of the blocker is indicated by black bars. C, Time-
and voltage-dependent block of wild-type and mutant Kir7.1M125R channels by Ba>*. Shown are single-exponential fits to the time course of the current
block by a saturating concentration of Ba>* (10 mM for Kir7.1 and 500 uMm for Kir7.1M125R). Insets, Shown are the complete current responses of Kir7.1
and Kir7.1M125R channels to 500 msec voltage steps between 0 and —120 mV. D, Relationship of time constants of activation (7,,) and the membrane

potential for wild-type Kir7.1 (®) and mutant Kir7.1M125R (O) channels at 96 mM external K *.

currents recorded from oocytes injected with Kir7.1M125R
cRNA had amplitudes similar (—5.43 = 0.82 pA at a holding
potential of —100 mV; n = 8) to wild-type channels. However,
with low 2 mm external K", mutant channels displayed only
minute inward currents (0.29 = 0.21 pA at —100 mV, n = 8).
Analysis of the permeation properties demonstrated that mutated
Kir7.1IM125R channels were also selective for K* ions (Fig.
9B,C). Zero current potentials followed [K*], with ~52 mV per
decade.

In agreement with wild-type Kir7.1, the currents through
Kir7.1M125R channels showed a shallow voltage dependence of
conductance on hyperpolarization, and the /-V relationship still
exhibited mild downward curvature at most negative potentials
(see Fig. 8C). In contrast to wild-type Kir7.1, but typical of other
members of the Kir family, mutant Kir7.1M125R channels con-
ducted little outward current (see Fig. 8C) and conductance levels
saturated at potentials negative to —100 mV, as illustrated in the
G-V curve of Figure 9C. Most intriguingly, the mutation was
found to restore the dependence of conductance on [K™*].. The

double-logarithmic plot in Figure 9D revealed that the conduc-
tance of mutant Kir7.1M125R channels was proportional to
[K*].%%. Thus the dependence of maximal conductance on ex-
ternal [K™] was more pronounced in Kir7.1M125R than in any
other Kir channel, despite the fact that in the wild-type channels
the conductance was almost independent of external [K *].

In Kir2.1 the consensus arginine had been suggested to func-
tion as barrier for cationic blockers, also supporting its crucial role
in channel function (Sabirov et al., 1997). When probed with
Ba?" the blocking rate (time courses of block by saturating Ba®*
concentrations fit by single exponentials) in mutant Kir7.1M125R
channels was not much different from wild-type channels. Our
data indicate that, despite the presence of the positive charge, the
approach of Ba®" ions to their binding site(s) remained virtually
unaltered (see Fig. 7C,D). However, the Ba?" block differed in
sensitivity between wild-type and mutant channels, as can be seen
from the concentration—-response relationship determined in
ramp-evoked and steady-state currents (see Fig. 7B). Introducing
a positive charge in mutant Kir7.1M125R channels dramatically
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Figure 8.  Macroscopic currents through mutant Kir7.1M125R channels
in Xenopus oocytes. A, Sequence alignment of the core region between
the pore helix and the M2 (inner) helix of Kir7.1, Kir2.1, and Kv1.3
channels, as suggested by Doyle et al. (1998), show the residues mutated
in this study. Boxed in white are residues conserved in all Kir channels;
boxed in black are residues identical between Kir7.1 and mostly present in
Kv channels. B, Whole-cell voltage-clamp responses of oocytes expressing
mutant Kir7.1M125R channels to 500 msec voltage steps between —80
and —140 mV from a holding potential of I}, = 0 mV in 2, 25, and 96 mm
[K"]., as indicated. C, Current-voltage (I-V) relationship of Kir7.1M125R
currents measured at the end of the 500 msec voltage pulse in 0 (@), 1 (<),
2 (M), 5 (1), 10 (A), 50 (#), and 96 mm ([J) extracellular K.

affected the steady-state block, causing an ~25-fold increase in
the affinity for Ba®" (K; = 27 uM). These findings may have
important implications for the elucidation of the mechanisms
underlying the block of Kir channels by external cations (see
Discussion).

DISCUSSION

Our report describes both rat and human sequences of a new type
of inward rectifier K" channel, Kir7.1, that group in a separate
phylogenetic cluster. The unique structures were found to be
reflected in several previously unrecognized channel properties.
A highly similar human channel with an extremely low single-
channel conductance (~50 fS) has been reported in a parallel
study (Krapivinsky et al., 1998). Using polyclonal peroxidase-
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detected antibodies generated from GST-Kir7.1 fusion proteins,
they found Kir expression to be widely expressed in the brain,
most predominantly in cerebellar Purkinje cells and pyramidal
cells in the hippocampus. In contrast, we detected no Kir7.1
transcripts in any neuronal, glial, or connective tissue cell popu-
lation by in situ hybridization, although a distinct signal was found
in the choroid plexus and in the meninges. The reason for this
discrepancy is unknown, because on Western blots we also detect
Kir7.1 immunoreactivity only in the choroid plexus and menin-
ges, but not in any other brain region. Our experiments with plexi
dissected from the brain in fact demonstrate the presence of a
weakly rectifying K™ current that resembles the Kir7.1 current in
oocytes and confirms an earlier report (Kotera and Brown, 1994)
that this current contributes a major component to the intrinsic
K™ conductance of the epithelial cells. These cells are rich in
Na */K*-ATPase (Nilsson et al., 1992) and are involved in the
regulation of the composition of the CSF. The K concentration
in the CSF (~2 mm K ™) is controlled tightly and is lower than in
the blood or in the cerebral interstitium (~4 mm K ™), indicating
outward transport of K™ ions from the CSF. It is conceivable that
open Kir7.1 channels at the abluminal side of the epithelial cells
appropriately serve the function of K™ clearance from the CSF.
The weak rectification of Kir7.1 would allow for a larger K*
efflux (at low [K ], ) than the more strongly rectifying Kir chan-
nels found in other regions of the brain. Our Northern blot
analysis suggests that Kir7.1 transcripts of different length likely
are also present in the epithelia of lung, kidney, and testis. In
these tissues Kir channels are located mostly at the basolateral
cell membrane and balance the K™ fluxes generated by channels,
transporters, and pumps on the apical side (Wang et al., 1997).
We thus conclude that Kir7.1 channels are likely to be involved in
the regulation of transepithelial K™ transport.

It has long been known that inward rectification in many cell
types depends not only on membrane potential (E.,,) but also on
the potassium equilibrium potential (E ). In various cell types
inward rectification could be described as a function of (E,, —
E ) (Noble, 1965; Hagiwara and Takahashi, 1974; Hille and
Schwarz, 1978). Subsequently, it has been suggested that the
inward rectifier senses a combination of [K™], (but not [K™];)
and E,, (Matsuda, 1991). It was postulated that the positively
charged arginine at position 148 in Kir2.1, which may form
exposed salt bridges with an opposite glutamate residue in the
tetrameric channel, is involved in the regulation of Kir channel
conductance and selectivity by external K™ (Kubo, 1996; Yang et
al., 1997). An analogous arginine near the GYG pore motif is
conserved in all other Kir channels (except in Kir7.1, where it is
replaced by the methionine at position 125). Substitution by a
tyrosine in Kir2.1 (the only functional mutation at this site)
shifted the dependence of 7, /conductance (at any external K ™),
resulting in apparently smaller amplitudes and a nonsaturating
conductance. Surprisingly, our measurements show that the in-
verse exchange in Kir7.1 channels (M125R) reduces current
amplitudes only at low [K™], and increases the steepness of the
G-V curve quite moderately (leading to saturation at very nega-
tive potentials).

In addition to this previously unrecognized feature, our mea-
surements in Xenopus oocytes also extend the study of Krapivin-
sky et al. (1998) on the most striking difference between Kir7.1
and all other channels of the Kir family, the shallow (nonsaturat-
ing) dependence of the Kir7.1 conductance on both voltage and
[K™].. In the range between 2 and 100 mm [K *], the measured
Kir7.1 currents were almost independent of external [K *]. This
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oocytes. A, Kir7.1M125R currents in re-
sponse to fast voltage ramps show a shift of
reversal potentials with altering [K™*]., as
indicated. B, Zero currents (reversal poten-
tials, Eg.,) of Kir7.1M125R currents,
which are in close agreement with Ey, are
plotted versus the extracellular concentra-
tion of K™ ([K"].) on a semi-logarithmic
scale. The solid line is a linear regression fit
to the data. C, Normalized chord conduc-
tances of Kir7.IM125R (G/G,,,,) in 96 mm
K™ are plotted versus the membrane volt-
age (@). The O indicates the values for the
wild-type Kir7.1. The G-V relationship
was fit by a single Boltzmann function
[G = 1/1 + exp(V, — V1,5/k)], with a mid-
point V,,, = —68.6 mV and a slope factor k
of 23 mV. D, Double-logarithmic plot of
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indicates that extracellular K" ions interact with the Kir7.1
channel (and with each other in the pore) in a different manner as
compared with other inward rectifier channels. Strong electro-
static interactions between K™ ions are to be expected as they
move inside the pores, which is reflected in the dependence of K™
conductance on the concentration of external K* (and other
ions). For instance, saturation of K™ conductance as the [K ], is
increased is an intrinsic feature of long Kir channel pores and can
be described adequately by multi-ion barrier models (Lopatin
and Nichols, 1996). Even in the absence of polyamine and Mg>"
block, the Kir channel conductance is approximately propor-
tional to [K *].% in most Kir channels described so far (Sakmann
and Trube, 1984; Lopatin and Nichols, 1996). The unconven-
tional voltage and K" dependence of Kir7.1 channels may be
attributable at least partially to the reduced charge density in the
region adjacent to the K™ selectivity filter, creating a higher
energy barrier to stabilize the occupancy by K™.

Although from its charge it is unlikely to be the cationic binding
site itself, the arginine may link the occupancy of K ions at the
outer part of the pore to the unblock of cytoplasmic Mg?* and
polyamines and thus the channel-gating mechanism (Kubo, 1996).
For wild-type Kir7.1 lacking the arginine, a more moderate
dependence of activation kinetics (possibly reflecting recovery
from occlusion by internal blockers) on [K™], and a substantial
outward current at low [K*], were observed. We showed that
most of this outward component of Kir7.1 disappeared in the
mutant Kir7.1M125R channels, which indeed may be indicative
of an energetic coupling of the Mg?"/polyamine binding with K ™*
occupancy at the outer pore region (Matsuda, 1991).
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The crystal structure of the Streptomyces lividans KcsA channel
that was solved recently to a resolution of 3.2 A now supplies a
detailed view of what is thought to be the K™ permeation pathway
in potassium channels (Doyle et al., 1998). According to this view
the K* channel signature G-Y-G (positions 121-123 in Kir7.1)
representing the K™ selectivity filter is directly adjacent to the
residues addressed in this work. Lack of the arginine at position
+2 in Kir7.1 channels changes the energy barrier for K™ ions but
likewise the electrostatic repulsion at the external entrance of the
pore encountered by the blocking particles Mg>*, Ca®", Ba>",
and Cs*. Intuitively, reduction of the positive charge density in a
tetrameric channel should facilitate the access of Ba*>* and other
nonpermeant cations to a deeper site in the channel. Thus the
arginine at position +2 may be a rate-limiting barrier for Ba®*
open channel block, as was demonstrated in Kir2.1 subunits
coexpressed with mutant subunits (Sabirov et al., 1997). Kir2.1
subunits devoid of the arginine148 showed an increased blocking
rate, but no change in the steady-state block by Ba>*. Our results
on Kir7.1 demonstrate that this view is not to be generalized but,
instead, appears to vary considerably among different channel
proteins. We observed only slightly reduced blocking rates (and
thus virtually no occluded access) for Ba®™ to its binding site, but
we report a ~25-fold increase in Ba®* sensitivity of the mutant
channels harboring the arginine. How can this apparently para-
doxical finding be explained? The current view on why K™ ions
(Stokes radius, 1.33 A), but not the smaller Na™ ions (0.95 A),
penetrate the internal K* channel pore (~3 Ain diameter) is that
an optimal conformation of the permeation pathway of the pore
and of a close fit is required to form suitable bonding with K* and
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to lower the energy barriers (Armstrong, 1998; Doyle et al., 1998).
From difference electron density maps it was hypothesized that
the selectivity filter contains two simultaneously occupied binding
sites between which a single K™ ion may equilibrate rapidly (a
third binding site is located in the aqueous inner cavity formed by
the four pore helices). Dehydrated Ba>* (Stokes radius, 1.35 A)
is similar in size to the permeant K* ions and, having two
positive charges, may be balanced equally well between the two
interaction sites of the inner pore with similar energy profiles. It
therefore is conceivable that, by introducing the consensus argi-
nine into the weakly sensitive Kir7.1 channel (K; = 670 um), the
permeation pathway may acquire an overall structure more typ-
ical of Kir channels with relatively low energy barriers and high
sensitivity for Ba®" (K; = 5-20 um). In other Kir channels the
sensitivity to Ba®" was found to be strongly dependent on other
residues as well, e.g., in the M1-HS5 linker region that contributes
to the pore (Navaratnam et al., 1995; Topert et al., 1998). In
conclusion, the data reported here agree with the hypothesis that
in epithelial Kir7.1 channels the replacement of the consensus
arginine leads to a destabilization of (permeant and nonper-
meant) cation occupancy in the pore and thus to unique perme-
ation properties.
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