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Potassium (KF) channels are highly selective for KF

ions but their unitary conductances are quite divergent.
Although Kir6.1 and Kir6.2 are highly homologous and
both form functional K F channels with sulfonylurea
receptors, their unitary conductances measured with
150 mM extracellular KF are ~35 and 80 pS, respect-
ively. We found that a chain of three amino acid
residues N123–V124–R125 of Kir6.1 and S113–I114–
H115 of Kir6.2 in the M1–H5 extracellular link and
single residues M148 of Kir6.1 and V138 of Kir6.2 in
the H5–M2 link accounted for the difference. By using
a 3D structure model of Kir6.2, we were able to
recognize two independent plausible mechanisms
involved in the determination of single channel con-
ductance of the Kir6.0 subunits: (i) steric effects at
Kir6.2V138 or Kir6.1M148 in the H5–M2 link influence
directly the diffusion of K F ions; and (ii) structural
constraints between Kir6.2S113 or Kir6.1N123 in the
M1–H5 link and Kir6.2R136 or Kir6.1R146 near the
H5 region control the conformation of the permeation
pathway. These mechanisms represent a novel and
possibly general aspect of the control of ion channel
permeability.
Keywords: chimera/conductance/inwardly rectifying K1

channel/Kir6.0 subunit/structure

Introduction

Potassium (K1) channels are highly selective to K1 ions.
Recent structural analysis of the pore region of a bacterial
K1 channel (KcsA) has revealed how a K1 channel can
be more selective for K1 than smaller cations such as
sodium and lithium, yet possess high unitary conductance
(Doyle et al., 1998). However, the unitary conductance of
different K1 channels is quite divergent and ranges from
femtoSiemens to hundreds of picoSiemens (Butleret al.,
1993; Krapivinsky et al., 1998), which indicates that
structural elements other than the pore-forming region
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are involved in the control of permeation properties of
K1 channels.

In gross terms, the mammalian equivalent of the bac-
terial KcsA channel is the inwardly rectifying K1 (Kir)
channels (Jan and Jan, 1997) whose subunit possesses a
simple structure of intracellular C- and N-termini, two
transmembrane-spanning regions (M1 and M2) and an
extracellular loop which contains the pore-forming
H5 region. Kir6.1 and Kir6.2 belong to the same subfamily
of Kir subunits and are highly homologous with ~70%
identity in the primary amino acid sequence. Both form
functional K1 channels when expressed with sulfonylurea
receptors (SURs) (Inagakiet al., 1995a, 1996; Sakuraet
al., 1995; Isomotoet al., 1996; Yamadaet al., 1997; Satoh
et al., 1998). These functional K1 channels are conceived
to have an octameric or tetradimeric structure with a
(Kir6.0/SUR)4 stoichiometry (Clementet al., 1997; Shyng
and Nichols, 1997) whose conductance properties are
determined by the pore-forming Kir6.0 subunits. Of par-
ticular interest to us here is the fact that the unitary
conductance of the Kir6.1/SUR channel is ~35 pS while
that of the Kir6.2/SUR channel is ~80 pS (Inagakiet al.,
1995a, 1996; Isomotoet al., 1996; Yamadaet al., 1997;
Kondo et al., 1998). The amino acid sequences of the
pore-forming H5 regions of Kir6.1 and Kir6.2 are identical,
which led us to speculate that the major determinants for
the unitary conductance of Kir6.0 channels should reside
outside the H5 region.

Here we show that the extracellular loops which link
the transmembrane-spanning domains and the H5 pore
region control the permeability of Kir6.0/SUR channels.
A group of three amino acid residues in the M1–H5 link,
N123–V124–R125 of Kir6.1 and S113–I114–H115 of
Kir6.2, and a single amino acid residue in the H5–M2
link, M148 of Kir6.1 and V138 of Kir6.2, are responsible
for the different single channel conductances of Kir6.1/
SUR and Kir6.2/SUR channels. A tertiary model of the
Kir6.2 channel revealed that while the amino acid residue
in the H5–M2 link might directly influence ion passage
through the channel pore, the three amino acid residues
in the M1–H5 link were more likely to be involved in
determining the conformation of the permeation pathway.
This represents a novel and possibly general aspect of the
control of ion channel permeability.

Results

Structural determinants of the single channel
conductance of SUR2A/Kir6.0 KF channels
Although we have previously shown that the SUR subunit
has no influence upon single channel conductance of Kir/
SUR channels, in this study we expressed the different
Kir6.0 subunits and subsequently their chimeras, with a
single type of SUR, SUR2A. Attention also focused upon
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Fig. 1. Influence of the extracellular links and transmembrane domains on the unitary conductances of Kir6.0/SUR2A channels. (A) Schematic
diagram of wild-type and chimeric constructs of Kir 6.0 subunits (left panel) and their respective average unitary conductances (right panel).
Nomenclature is as follows: 111, wild-type Kir6.1; 222, wild-type Kir6.2. The three numbers represent the C-terminus, the core region (M1–H5–M2)
and the N-terminus, respectively. We divided the core region of Kir6.0 subunits into five parts; M1, Lk1, H5, Lk2 and M2, and constructed a variety
of chimeras based upon Kir6.2 with segments replaced by the corresponding section of Kir6.1. The numbering refers to the amino acid boundaries of
each domain. Kir6.1 domains are shaded and the H5 region which is common to Kir6.1 and Kir6.2 is hatched. The mean6SD value of single
channel conductance obtained from four or five different patches for each chimera is presented in the right panel. (B) Single channel currents
recorded at different membrane potentials (shown in the upper section of each panel) and the relation between unitary channel current amplitude and
membrane potential (shown in the lower section) of representative chimeras. Left panel, the 222(6.1M2)/SUR2A channel. Middle panel, the
222(6.1Lk1,Lk2)/SUR2A channel. Right panel, the 212/SUR2A channel. Membrane potentials are indicated to the left of the traces. Dashed lines
indicate the zero current level.

the core region (M1–H5–M2) of the Kir6.0 subunit since
N- and C-termini have only a slight influence upon
conductance (Kondoet al., 1998). To determine which
domain spanning this core region is responsible for the
alteration in conductance properties, we constructed chi-
meras between the wild types of Kir6.2 (222) and Kir6.1
(111) as indicated in Figure 1A (left panel). Chimeras
were prepared by replacing specific segments in the Kir6.2
core region, namely, the first transmembrane domain (M1),
the second transmembrane domain (M2), the M1–H5 link
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(Lk1) or the H5–M2 link (Lk2), with the corresponding
segments of the Kir6.1 channel. Exchange of the pore-
forming domain (H5) between the Kir6.0 subtypes was
unnecessary since the primary sequences are identical
(Inagakiet al., 1995a,b). We then measured the conduct-
ance of the different constructs co-expressed with SUR2A
in HEK293T cells.

Replacement of either transmembrane domain M1 or
M2 of 222 with that of 111 has little or no effect on
channel conductance. As shown in Figure 1B (top left
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panel), exchange of the M2 domain of 222 with that of
111, chimera 222(6.1M2), yielded larger single channel
currents than chimera 212 which contained the whole
Kir6.1 core region. Analysis by linear regression from a
plot of unitary channel current amplitude against mem-
brane potential (–100 to about –20 mV) of 222(6.1M2)
revealed that its unitary conductance was 76.86 2.3 pS
(n 5 5) which was not significantly different from that
shown by 222 with 786 0.2 pS (n 5 5). Similarly, chimera
222(6.1M1) exhibited a large Kir6.2-like conductance of
71.3 6 1.5 pS (n 5 4). Therefore it was concluded that
neither transmembrane segment contributes significantly
to the conductance.

On the other hand, when the linker region between
H5 and M2 of 222 was substituted with that of 111,
chimera 222(6.1Lk2) showed a lower conductance of
63.2 6 3.1 pS (n 5 5), which was surprising as this
construct differs from 222 by only one amino acid,
namely, M148 in Kir6.1 versus V138 in Kir6.2. A reduced
conductance of 52.36 3.6 pS (n 5 5) was also obtained
from the 222(6.1Lk1) construct. As exchange of either
of the extracellular links Lk1 or Lk2 caused only an
intermediate reduction in single channel conductance, it
was thought that transplanting the two links from 111 or
212 to 222 might have more effect. Figure 1B demonstrates
that the unitary currents of chimera 222(6.1Lk1,Lk2) were
smaller than those of chimera 222(6.1M2) and comparable
with those of chimera 212 which contained the entire core
region of Kir6.1. A plot of unitary current amplitude
against membrane potential yielded a conductance of
43.36 1.3 pS (n 5 5) for the 222(6.1Lk1,Lk2) construct.
This represents an ~2-fold reduction of the conductance
shown by 222. These data suggest that the two extracellular
links (Lk1 and Lk2) between the transmembrane segments
and the H5 pore-forming region have important roles in
determining the single channel conductance of Kir6.0
subunits.

Identification and evaluation of critical sites in the
extracellular linker domains of Kir6.0 subunits
A close examination of the primary structure of Kir6.0
subunits in the extracellular linker domain (Figure 2A)
reveals a highly divergent amino acid sequence at the
M1–H5 side (Lk1) and a single amino acid change on the
H5–M2 side (Lk2). To narrow down our choices, we
segregated stretches of divergent amino acid residues and
designated the cassette mutants as ‘a’, ‘b’, ‘c’ and ‘d’ in
Lk1 and ‘e’ in Lk2. Each corresponding segment was
swapped between chimeras 212 and 222 as shown in
Figure 2B (left panel).

The Lk2 regions in Kir6.1 and Kir6.2 differ in only
one amino acid residue, namely, M148 in Kir6.1 versus
V138 in Kir6.2 and so this must be the residue critical
for channel conductance in this segment. As shown in
Figure 2B, substitution of V138 in Kir6.2 with M to
produce chimera 222(6.1e) only causes a partial reduction
in the channel conductance but one equivalent to having
exchanged the entire H5–M2 link (Figure 1A). Since our
aim was to construct a chimera of Kir6.2 with the
conductance characteristics of Kir6.1, the search for the
critical residues in Lk1 was conducted in chimeric Kir6.2
channels which already contained the ‘e’ region of Kir6.1,
i.e. chimera 222(6.1e).
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Although both chimeras 222(6.1ae) and 222(6.1be)
contain insertions and substitutions of residues which
would be likely to induce conformational adjustments in
the channel structure, neither resulted in a channel of low
conductance comparable with 212, though both had some
effects (Figure 2B, right panel). The same applied for the
construct 222(6.1de). However, when ‘c’ from Kir6.1 was
transplanted to 222(6.1e) to form chimera 222(6.1ce), a
conductance comparable with that of 212 was recorded
(Figure 2B, right panel). The 222(6.1c) construct did not
result in a conductance comparable with 222(6.1ce). Nor
did it entirely correspond to the conductance of the chimera
222(Lk1) which contained the whole of the Kir6.1
M1–H5 link (Figure 1A). We cannot say therefore that
the ‘c’ region accounts for the entire effect of the
M1–H5 link upon single channel conductance but rather
that simultaneously altering the ‘c’ and ‘e’ parts of 222
seemed to be conditional for obtaining a channel with the
conductance properties of the Kir6.1 core region, chimera
212. In this case, the reciprocal experiment which replaces
‘c’ and ‘e’ in 212 with the corresponding sequences from
Kir6.2 to give chimera 212(6.2ce) should result in a
channel with the conductance properties of Kir6.2. Figure
2C shows single channel currents recorded from chimeras
222(6.1ce) and 212(6.2ce). Chimera 222(6.1ce) exhibited
smaller single channel currents than those of 212(6.2ce)
at any given membrane potentials. Analysis by linear
regression yielded a unitary conductance of 42.76 2.9 pS
(n 5 5) for 222(6.1ce) and 75.26 2.5 pS (n 5 5) for
212(6.2ce). We conclude that the critical sites responsible
for the single channel conductance of Kir6.1 and Kir6.2
are the three amino acid residues that make up the region
‘c’ in the M1–H5 link and the single amino acid residue
difference in the H5–M2 link.

The ‘c’ region of Kir6.2 consists of amino acid residues
S113–I114–H115 while that of Kir6.1 consists of residues
N123–V124–R125. We further dissected the ‘c’ region by
replacing the Kir6.2 corresponding amino acid residues
in the ‘c’ of 222(6.1e) with those from Kir6.1 (Figure 3,
left panel). Among the constructs analyzed, we noticed
that replacing S by N consistently yielded single channel
conductances of,60 pS (Figure 3). The effect of replace-
ment of H with R and/or I with V on channel conductance
varied from one construct to another. Thus, S113 of Kir6.2
seems to have a particularly important role in determining
the single channel conductance.

Modelling the Kir6.2 channel 3D structure
To derive a plausible mechanism for how the critical
amino acid residues in Kir6.2 affect single channel con-
ductance, we built a 3D structure model of Kir6.2 on the
basis of the assumption that Kir6.0 subunits and the KcsA
K1 channel are structurally homologous (see Materials
and methods for the construction of the tertiary model).
We next mapped the positions of the critical residues
determining the unitary conductance of Kir6.2 (Figure 4A
and B) and also included the E–R residue pair that has
been proposed to stabilize the pore loop of inwardly
rectifying K1 channels (Yanget al., 1997). We also
constructed the 3D structure model of 222(6.1ce) channel
(Figure 4C).

The 3D structure model of Kir6.2 indicated that V138
faces the entrance of the pore. In the wild-type Kir6.2,
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Fig. 2. Identification of critical sites within the extracellular links of Kir6.0 subunits. (A) Amino acid sequence alignment of the extracellular links
Lk1 and Lk2, the pore-forming H5 and a part of the M1 and M2 transmembrane segments. Sections of divergent residues in the Lk1 and Lk2
regions of Kir6.1 and Kir6.2 are boxed and designated as ‘a’, ‘b’, ‘c’, ‘d’ and ‘e’. (B) Chimeric constructs of the core region of Kir6.2 showing the
relative position of the transplanted Kir6.1 segment in the host subunit (left panel) and their respective average unitary conductances obtained from
five different patches for each mutant (right panel). In the left panel, Kir6.1 domains are shaded and the common H5 region is hatched.
(C) Representative traces from single channel recording of chimeric Kir6.0/SUR2A channels. Left panel, the 222(6.1ce)/SUR2A channel. Right
panel, the 212(6.2ce)/SUR2A channel. Membrane potentials are indicated to the left of the traces. Dashed lines indicate the zero current level.
(D) Single channel current amplitude–voltage relationship of the chimeras in (C).

Fig. 3. Effects of specific amino acid residues in the critical ‘c’ region of the M1–H5 link on single channel conductance. Schematic diagram of
mutant constructs of wild-type Kir6.2 showing amino acid substitutions in the extracellular linker domains (left panel) and their respective single
channel conductance obtained from five different patches for each mutant (right panel). Amino acids are represented in single letter code and shaded
if they represent residues found in the equivalent position in Kir6.1.

the diameter of the entrance surrounded by V138 in the
tetramer was calculated as 10 Å (Figure 4B), while that
surrounded by M138 in 222(6.1ce) was reduced to 5 Å
(Figure 4C). We therefore tested the replacement of V at
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this site with other hydrophobic residues having different
side-chain volume sizes. Substitution of V138 with L, M
and F led to unitary conductances of 71.66 2.3 pS
(n 5 4), 63.2 6 3.1 pS (n 5 5) and 60.36 1.5 pS
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Fig. 4. Model of the 3D structure of Kir6.2. (A) Backbone structure of
the channel pore viewed from the extracellular surface. (B) A
perspective view of the channel, where the permeation pathway is
oriented vertically with the extracellular surface up. Only two Kir6.2
subunits are shown. (C) The 222(6.1ce) channel from a perspective
where the permeation pathway is oriented vertically with the
extracellular surface up. Only two subunits are shown. Critical sites
are labelled in A and B. Also included are the positions of the ion pair
considered crucial in stabilizing the selectivity filter. They are E126
and R136, which correspond respectively to E138 and R148 in Kir2.1
(Yang et al., 1997). The model is built based on the X-ray crystal
structure of the KcsA K1 channel (Doyleet al., 1998; see Materials
and methods).
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Fig. 5. Modulation of single channel conductance of Kir6.2 by
mutations at critical sites 113 and 138. Amino acids are represented in
single letter code. Numbers indicate the position of amino acid
residues in the primary sequence of Kir6.2. Data were obtained from
four or five different patches for each mutant.

(n 5 4) (Figure 5), respectively, suggesting that side-
chain volume might hinder the diffusion of K1 ions. We
further substituted V138 with R to examine the effect of
positive charge at the position. In V138R, the unitary
conductance was further reduced to 36.06 1.5 pS
(n 5 4). This might be due to the repulsion of K1 ions
by the positive charge of R. This result may support our
proposal that the amino acid residue at this site affects
the diffusion of K1 ions.

The model also suggests a putative hydrogen bond
between S113 and R136 in Kir6.2. We therefore mutated
Kir6.2S113 to A to verify whether the disruption of
this putative hydrogen bond alters the single channel
conductance. But as shown in Figure 5, the unitary
conductance of Kir6.2S113A was 796 2.5 pS (n 5 4)
which was not significantly different from that of the wild
type. However, small decreases in conductance were noted
for Kir6.2S113Q (72.86 1.2 pS,n 5 5), Kir6.2S113E
(60.5 6 0.8 pS, n 5 4), Kir6.2S113N (67.26 2.2,
n 5 4) and Kir6.2S113D (55.06 3.0, n 5 4). Of the
mutations analyzed, Kir6.2S113K displayed the smallest
unitary conductance with 41.46 2.6 pS (n 5 4).

Discussion

In this study we took advantage of the fact that two
closely related members of a single ion channel subfamily
present distinctly different ion permeabilities in order to
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determine the molecular elements involved in controlling
the rate of ion permeation through open channels. In
this way we could avoid complications of interpretation
resulting from mutational studies of any particular ion
channel by focusing on attempting to provide the Kir6.2
channel with the conductance of Kir6.1 and vice versa.
We found that the extracellular links between the trans-
membrane segments and the H5 pore region of the channels
were critical determinants of the conductance difference.
For the link between M1 and H5 three amino acid residues
were critical, S113–I114–H115 in Kir6.2 and N123–V124–
R125 in Kir6.1. For the link between H5 and M2 a single
amino acid residue was critical, V138 in Kir6.2 and M148
in Kir6.1. Kir6.1 has nine extra amino acid residues in
the M1–H5 link (Figure 2A). These amino acid residues
seem to play no significant role in the permeation of K1

ions through the Kir6.0/SUR channels, since 222(6.1ae)
and 222(6.1be) channels possessed similar single channel
conductance to 222(6.1e). Furthermore, the 212(6.2ce)
channel exhibited the same conductance as the wild-type
Kir6.2. Therefore, the c and e regions in the extracellular
links may be almost fully responsible for the difference
in the conductance between Kir6.1 and Kir6.2 channels.
Both critical regions were required to express the respect-
ive conductance characteristics of Kir6.2 and Kir6.1, since
chimeras expressing one region from each of Kir6.2 and
Kir6.1 resulted in intermediate channel permeability.

Recently, Doyleet al. (1998) have determined the
structure of a bacterial K1 channel, KcsA, which has
two transmembrane helices with the H5 region residing
between them. Although the H5 region of KcsA is made
up of amino acid residues which are most closely related
to those of voltage-gated six-transmembrane eukaryotic
K1 channels (Schrempfet al., 1995; Heginbothamet al.,
1997), it contains the K1 channel signature sequence,
G(Y/F)G, whose main chain carbonyl oxygen establishes
the principles of K1 selectivity. Therefore, K1-selective
channels may share structural similarity with KcsA, especi-
ally within the selectivity filter and the neighboring regions
that are supposed to comprise part of the pore. This led
us to use the available X-ray crystal structure of KcsA as
the basis for a 3D structure model of Kir6.2 in order to
integrate the information from our mutation studies and
examine possible structural interactions that might control
ion channel permeability (Figures 4 and 5).

An inspection of the Kir6.2 model reveals that
Kir6.2V138 in the extracellular link between the H5 pore
and the second transmembrane segment is positioned at
the entrance of the pore mouth with its side chain exposed
to the aqueous environment. It seemed possible that the
amino acid residue occupying this site could directly
influence the diffusion of permeant ions by steric inter-
actions. This hypothesis was examined by exchanging the
amino acid residue at site 138 of Kir6.2 for residues
having different volumes or lengths of side chain. Our
results show the single channel conductance of wild-type
Kir6.2 5 Kir6.2V138A . Kir6.2V138L . Kir6.2V138M
. Kir6.2V138F (Figure 5), indicating that bulky residues
resulted in reduced permeability. Actually, the model
calculation indicated that the diameter of the entrance
surrounded by the V138 in wild-type Kir6.2 was 10 Å
but it was reduced to 5 Å in 222(6.1ce) (Figure 4B and C).
These suggest that the amino acid at position 138 in the
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H5–M2 link of Kir6.2 influences ion channel conductance
via steric hindrance effects by affecting the diffusion of
K1 ions. This notion may be supported by the observation
that the positively charged residue at this site further
reduced the permeability as shown in Kir6.2V138R (Figure
5). MacKinnon and Yellen (1990) have shown that substi-
tuting T449 in the H5–S6 linker region of the voltage-
gated Shaker K1 channel with K, R or Q resulted in a
reduction of single channel conductance. Because T449
in the Shaker K1 channel corresponds to V138 in Kir6.2,
steric effects of the amino acid residues in the extracellular
link between the selective filter and the subsequent trans-
membrane segment may be a general mechanism to control
the quantity of ions permeating K1 channels.

The spatial location of the triplet S113–I114–H115 in
Kir6.2 is far from the channel entrance according to the
3D structure model (Figure 4). However, S113 is close to
R136 which is considered to be crucial in maintaining the
stability of the pore selectivity filter and which is highly
conserved in inwardly rectifying K1 channels (Yanget
al., 1997). It was therefore thought possible that site
113 in Kir6.2 affected single channel conductance by
modifying the conformation of the permeation pathway
via interaction with the critical residue R136. Our results,
however, showed that a hydrogen bond interaction between
the S113 side chain and R136 was not critical because
the S113A mutant reproduced the single channel conduct-
ance of the wild type. When we replaced S113 with the
neutral amino acid residues N and Q, which have larger
side chains than A, the unitary conductance of the mutant
channels was reduced. This suggests that the size of the
amino acid residue at position 113 is important, since the
side chain of S113 is close to and oriented towards the
backbone of R136 in the model. Residues with larger side
chains would make a steric clash and change the geometry
around the crucial residue R136. In the cases of E and D,
although their side-chain volumes are similar to those of
Q and N, respectively, electrostatic interaction would
further modify the disposition of R136 and therefore
accounts for the difference in conductance between
Kir6.2S113E and Kir6.2S113Q and also between
Kir6.2S113D and Kir6.2S113N. When S113 was substi-
tuted with K, the single channel conductance was the
smallest among various mutants at S113. Since K possesses
a positive charge, it is likely that disposition of R136 can
be caused by repulsion as well as attraction between the
amino acid at 113 and R136. It seems, therefore, that site
113 and R136 in Kir6.2 are structurally correlated in order
not only to maintain the stability of the pore selectivity
filter as suggested by Yanget al. (1997), but also to fix
the appropriate conformation of the permeation pathway
depending on the side-chain volume and charge of the
residue occupying position 113. Navaratnamet al. (1995)
noted that Kir2.1 isolated from the cochlear sensory
epithelium of the chick (cIRK1) exhibited a single channel
conductance of 17 pS compared with 23 pS in its mouse
counterpart (mIRK1). They attributed the difference to
Q125 in cIRK1 and E at the corresponding site in mIRK1.
This site corresponds to S113 in Kir6.2 and N123 in
Kir6.1. This supports our contention that charged and
uncharged residues positioned at this critical site establish
distinct conformations of the permeation pathway owing
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to the presence or absence of electrostatic interactions
with the crucial residue R.

In Kir6.2, not only S113 but also the adjacent residues
of I114 and H115 influence conductance (Figure 3). In
the 3D structure model of Kir6.2, we could not identify
specific factors associated with these residues that might
influence the K1 conduction pathway. It is probable that
changes in the backbone conformation around S113–I114–
H115 would occur from substitutions at these sites that
would influence the interaction between the residue at site
113 and R136.

In the present study, we have identified structurally
important amino acid residues in the extracellular links
between transmembrane segments and the pore of Kir 6.0
subunits which account for the difference in the single
channel conductance of Kir6.1/SUR2A and Kir6.2/SUR2A
ion channels. By using a 3D structure model, we were
able to elucidate specific factors at critical sites which
contribute to the determination of the single channel
conductance: (i) steric effects at Kir6.2V138 or
Kir6.1M148 in the H5–M2 link which directly influence
the diffusion of K1; and (ii) structural constraints between
Kir6.2S113 or Kir6.1N123 in the M1–H5 link and
Kir6.2R136 or Kir6.1R146 which determine the conforma-
tion of the permeation pathway. These mechanisms high-
light the importance of the spatial conformation of the
channel particularly at the outer mouth of the pore. While
a number of studies pinpoint the importance of the structure
of the pore region in channel conductance along with its
primary role in selectivity and functionality, there is
also evidence that extra-pore domains affect channel
conductance properties (Hartmannet al., 1991; Lopezet
al., 1994; Taglialatelaet al., 1994). Thus, our findings
may be applicable to other types of Kir channel.

Materials and methods

Molecular biology
All chimeric cDNAs and cassette mutants formed between Kir6.1 and
Kir6.2, except for 212, were constructed using the GeneEditorTM in vitro
site-directed mutagenesis system (Promega Corp., Madison, WI). Based
on the alignment of Kir6.1 and Kir6.2 (Inagakiet al., 1995a,b; Sakura
et al., 1995), the amino acid boundaries of the channel domains were
defined (see Figure 1A) to design the desired chimeric constructs. Amino
acid compositions formed between Kir6.1 and 6.2 of the various chimeras
were as follows (numbers indicate Kir6.1 and Kir6.2 amino acid
boundaries, respectively): 75–96 and 1–731 96–390, 222(6.1M1);
155–176 and 1–1441 167–390, 222(6.1M2); 97–129 and 1–951 120–
390, 222(6.1Lk1); 147–154 and 1–1361 145–390, 222(6.1Lk2);
97–154 and 1–951 145–390, 222(6.1Lk1,Lk2). The 212 chimera was
prepared according to the method described previously (Kondoet al.,
1998). To identify the critical sites in Lk1 of Kir6.1 or Kir6.2, stretches
of divergent amino acid residues were segregated and labeled as cassette
mutants ‘a’, ‘b’, ‘c’ and ‘d’. Amino acid boundaries for ‘a’, ‘b’, ‘c’, ‘d’
and ‘e’ cassette mutants were 101–107, 110–119, 123–125, 128 and
148 of Kir6.1; 100–104, 107–109, 113–115, 118 and 138 of Kir6.2,
respectively. Swappings of the corresponding cassette between that of
Kir6.1 and Kir6.2 were made accordingly. All chimeras and cassette
mutants constructed were confirmed by DNA sequencing.

Functional co-expression of SUR2A and Kir6.0/chimeric
cDNAs
The coding regions of mouse SUR2A cDNA, and wild and chimeric
cDNAs of Kir6.1 and Kir6.2 were subcloned into the expression vector,
pcDNA3 (Invitrogen, San Diego, CA). These subcloned plasmids were
transfected into human embryonic kidney (HEK) 293T cells using
LipofectAMINE (Life Technology, Inc., Rockville, MD) according to
the manufacturer’s instructions. To monitor the efficiency of transfection,
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pCA-GFP (S65A) was also co-transfected. The cells expressing GFP were
identified by fluorescence microscopy and used for electrophysiology.

Electrophysiology
The channels expressed in the co-transfected HEK293T cells were
analyzed at the single-channel level by using the inside-out variant of
the patch–clamp method with a commercially available patch–clamp
amplifier (Axopatch 200A, Axon Instruments Inc., Foster City, CA).
The bath was perfused with a solution containing (in mM): 150 KCl,
5 EGTA, 2 MgCl2 and 5 HEPES–KOH (pH 7.3), in which the free
Mg21 concentration was 1.4 mM. The pipette solution contained (in
mM): 150 KCl, 1 MgCl2, 1 CaCl2 and 5 HEPES–KOH (pH 7.4). The
single channel currents were measured between –100 and160 mV, and
the single channel conductance was determined between –100 and –20
mV by using the linear regression method. All experiments were
performed at room temperature (~25°C). The data were recorded on
video cassette tapes using a PCM converter system (VR-10B, Instrutech
Corp., New York, NY), and reproduced, low pass-filtered at 1 kHz
(–3 dB) by an 8-pole Bessel filter (Frequency Devices, Haverhill, MA),
sampled at 5 kHz and analyzed off-line on a computer (Macintosh
Quadra 700, Apple Computer Inc., Cupertino, CA) using commercially
available software (Patch Analyst Pro, MT Corporation, Nishinomiya,
Hyogo, Japan). All data were derived from at least four distinct patches
and expressed as mean values6SD.

Construction of a tertiary model of Kir6.2
We constructed a tertiary model for Kir6.2 based on the X-ray crystal
structure of KcsA K1 channel (Doyleet al., 1998) following the
conventional method of homology modeling using a loop search method
for the backbone structures (Nakamuraet al., 1991), a dead-end
elimination method for the side-chain conformations (Tanimuraet al.,
1994) and a conformation energy minimization for the structure refine-
ment (Morikami et al., 1992), using the AMBER force field (Weiner
et al., 1986).
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