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Summary

Cardiac m2 muscarinic acetylcholine receptors reduce
heart rate by coupling to heterotrimeric (apy) guanine
nucleotide-binding (G) proteins that activate lxach, an
inward rectifier K* channel (IRK). Activation of the
GIRK subunit of Icach requires G;, subunits; however,
the structural basis of channel regulation is unknown.
To determine which sequences confer G, regulation
upon IRKs, we generated chimeric proteins composed
of GIRK and RB-IRK2, a related, G protein-insensitive
channel. Importantly, a chimeric channel containing
the hydrophobic pore region of RB-IRK2 joined to the
amino and carboxyl termini of GIRK exhibited voltage-
and receptor-dependent activation in Xenopus oo-
cytes. Furthermore, carboxy-terminal sequences spe-
cific to this chimera and GIRK bound G;, subunits in
vitro. Thus, Gy, may regulate IRKs by interacting with
sequences adjacent to the putative channel pore.

Introduction

Inward rectifier K channels (IRKs) are widely expressed
within the brain and periphery, where they play important
rolesin controlling the resting membrane potential of excit-
able and nonexcitable cells. IRKs help set the resting po-
tential of a cell near the K* equilibrium potential (Ex) by
conducting substantial inward K* currents at membrane
potentials negative to Ex and small outward currents at
voltages positive to Ex (Hille, 1992). Although the gating
of IRKs is not restricted to a fixed range of membrane
potentials, molecular cloning studies have shown that
these channels do share significant structural similarities
with the voltage-gated, outwardly rectified K* channels
(Jan and Jan, 1992). The primary structure of several
cloned IRK proteins is proposed to include intracellular
amino and carboxyl termini, as well as a hydrophobic do-
main containing two transmembrane segments (M1 and
M2) and a linker region (H5) (Kubo et al., 1993a, 1993b; Ho
et al., 1993). Since a similar hydrophobic region present in
the voltage-gated K* channels has been shown to contrib-
ute to the pore structure of these channels, the M1-H5-
M2 domain is thought to serve the same function within
IRKs (Kubo et al., 1993a).

Although the activation of IRK currents is controlled by
the extracellular K* concentration and membrane poten-
tial, the gating of some channels within this family is also
influenced by cytoplasmic factors. One of the most im-
portant physiological examples of IRK regulation by an
intracellular pathway involves the hormonal stimulation of

a cardiac K* current termed lkac (Hille, 1992). Following
acetylcholine release from the vagus nerve, m2 musca-
rinic acetylcholine receptors (mAChRs) expressed on
atrial cells activate heterotrimeric (aBy) guanine nucleo-
tide~binding (G) proteins that in turn stimulate the lkacn
channel (Soejima and Noma, 1984; Pfaffinger et al., 1985;
Breitweiser and Szabo, 1985). The increased K* conduc-
tance due to lkach reduces the rate at which cardiac pace-
maker cells depolarize and thus slows heart contraction.
Electrophysiological studies have shown that activation of
lkacn is @ membrane-delimited process that may involve a
direct interaction between G, subunits and the channel
(Soejima and Noma, 1984; Logothetis et al., 1987; Wick-
man et al., 1994). Molecular cloning approaches using
Xenopus laevis oocytes originally identified the GIRK
(Kir3.1) protein as a major component of lxacn, although
recent studies indicate that lxach €xpressed in heart cells
is a heteromultimeric channel composed of GIRK and a
second, related protein termed the cardiac inward rectifier
(CIR) (Kir3.4) (Kubo et al., 1993b; Dascal et al., 1993; Krap-
ivinsky et al., 1995). Initial experiments with GIRK and CIR
support the notion that G;, subunits activate lkacn; however,
little is known about the structural basis of IRK regulation
by G proteins (Reuveny et al., 1994; Krapivinsky et al.,
1995).

By constructing chimeric proteins composed of GIRK
and a related but G protein-insensitive inward rectifier
termed RB-IRK2 (Kir2.2), we have identified particular
channel domains that are important for voltage-dependent
or G protein-activated inward K* currents. In addition, we
conducted experiments that tested whether specific GIRK
domains can directly bind Gg, subunits. These in vivo and
in vitro studies indicate that Gg, subunits may regulate
IRKs by interacting with intracellular domains adjacent to
the hydrophobic channel pore region.

Results

Regulation of GIRK, RB-IRK2,

and Chimeric Channels

Primary sequence conservation between the GIRK and
RB-IRK2 channels is greatest within the putative pore
(M1-H5-M2) domain and first half of the carboxy-terminal
(C1)region, where these proteins are 47% and 58% identi-
cal, respectively (Figure 1). The amino termini (N) of GIRK
and RB-IRK2 share 37% of their residues in common,
whereas the remaining carboxy-terminal region (C2) of
RB-IRK2 is 73 amino acids shorter than GIRK and exhibits
very little sequence similarity (Figure 1). Previous studies
have shown that the RB-IRK2 channel conducts inward
currents in RNA-injected Xenopus oocytes when the mem-
brane potential is held negative to Ex (Koyama et al., 1994).
In contrast, activation of inward GIRK currents requires
membrane hyperpolarization as well as a G;, subunit-
dependent signal (Kubo et al., 1993b; Reuveny et al.,
1994).
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Figure 1. Structure of Wild-Type and Chimeric Channels

Top, the proposed topology of IRK channels. The numbering refers
to the amino acid boundaries of each domain; GIRK domains are
shaded. The N, M1-H5-M2, and C1 domains of GIRK and RB-IRK2
share 37%, 47%, and 58% of their amino acids in common, respec-
tively. The C2 domain of RB-IRK2 is 73 amino acids shorter than the
corresponding region of GIRK and shares little similarity. The C1 do-
main of chimera GR7.1 contains amino acids 182-289 of RB-IRK2
joined to amino acids 290-356 of GIRK.

To measure voltage- and G protein-induced currents
generated by wild-type and chimeric IRKs, we injected

Xenopus oocytes with RNAs encoding the channel pro- -

tein, m2 mAChR, G, Gg1, and G,.. Whole-cell currents
were measured in a 90 mM extracellular K* recording solu-
tion; under these conditions, the predicted reversal poten-
tial for a K*-selective currentis 0 mV. Oocytes injected with
RNA encoding RB-IRK2 displayed large, inward whole-cell
currents that reached a maximum amplitude at the start
of each voltage pulse (Figure 2A). Furthermore, RB-IRK2
currents were unaltered following activation of the m2
mAChR with 10 uM carbachol (data not shown). In con-
trast, small inward currents were detected in GIRK-
expressing oocytes only after the m2 mAChR was stimu-
lated with carbachol. Analysis of the carbachol-induced
current, obtained by subtracting the precarbachol current
traces from the postcarbachol traces, revealed the slow
rate at which GIRK currents reached their maximum ampli-
tude during each voltage pulse (see Figure 3A) (Kubo et
al., 1993b). As expected for a direct G protein activation
mechanism, the onset of GIRK currents occurred in less
than 1 s (0.8 £ 0.1 s, n = 12) after agonist application.
Therefore, the carbachol dependence and relatively slow
gating of GIRK currents readily distinguished the re-
sponses of this channel from those of the structurally re-
lated RB-IRK2.

We constructed a variety of chimeras based on the puta-
tive four domain structure (N/M1-H5-M2/C1/C2) shown
in Figure 1, although many of these failed to generate
functional channels (see Experimental Procedures). Sev-
eral chimeric channels were expressed in oocytes and
characterized by their ability to generate ionic currents in
response to changes in membrane potential and agonist
activation of the m2 mAChR. Transfer of either the N or C2
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Figure 2. Functional Expression of RB-IRK2 and IRK Chimeras

Representative traces of voltage-dependent (basal) currents obtained
from oocytes expressing RB-IRK2 (A), RG2 (B), GR3 (C), and GR7
(D) channels are shown. Oocytes were injected with in vitro transcribed
RNAs encoding the m2 mAChR, G protein subunits as, B1, and vy,
and the indicated channels. Because the RB-IRK2, GR3, and RG2
currents were typically 10-fold larger (20-80 pA) than those displayed
by GR7, only 1 ng of these transcripts was injected, versus 10 ng of
GR7 RNA, to produce whole-cell currents less than 15 pA. Cells were
recorded in high (90 mM) K* saline resulting in a predicted K* reversal
potential of 0 mV. |-V plots were obtained from the steady-state cur-
rents of the basal, nonsubtracted traces shown at left. RB-IRK2, RG2,
GR3, and GR7 currents were not affected by activation of the m2
mAChR with 10 uM carbachol.

domain of GIRK into the corresponding region of RB-IRK2
resulted in two chimeric proteins, GR3 and RG2, respec-
tively, that evoked robust, inwardly rectifying K* currents
when the membrane potential was held negative to Ex
(Figures 2B and 2C). The magnitude and kinetics of GR3
and RG2 currents closely resembled the responses re-
corded from RB-IRK2-injected oocytes; moreover, the cur-
rents generated by both chimeras were unaffected by the
addition of carbachol (data not shown). When both the N
and C2 regions of GIRK were exchanged for the corre-
sponding sequences of RB-IRK2, the resulting chimeric
channel, termed GR7, activated rapidly in response to
membrane hyperpolarization, but produced whole-cell
currents of much smaller magnitude than those of RB-
IRK2, GR3, or RG2 (Figure 2). These relatively small
whole-cell currents may reflect a property of individual
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GR?7 channels or lower levels of expression compared with
those of other channel proteins. As with chimeras GR3
and RG2, the currents generated by GR7 were not altered
by agonist stimulation of the m2 mAChR (see below).
Exchange of the carboxy-terminal C2 region of RB-IRK2
into GIRK resulted in a chimeric channel, termed GR2,
that did not exhibit IRK activity when the membrane poten-
tial was held at hyperpolarized potentials. However, imme-
diately following the application of carbachol, GR2-
expressing oocytes displayed inwardly rectified currents
that were similar in kinetics, yet much smaller in magni-
tude, than those conducted by the GIRK channel (Figure
3C). GIRK-based chimeras containing the N, M1-H5-M2,
or C1 regions derived from RB-IRK2 did not produce volt-
age or carbachol-activated channels in RNA-injected oo-
cytes. We also constructed deletion mutants of GIRK to
test the importance of sequences within the N domain that
are poorly conserved with RB-IRK2. Oocytes expressing
GIRK deletion mutants lacking a hydrophilic-rich (residues
5-24) or glutamine- and proline-rich (residues 25-36) re-
gion generated carbachol-dependent inward currents that

carbachol-induced currents

A GIRK GIRK/CIR
0 04
\\—_.
-10 -10
0 05 1 0 05 1
B — CIR
0 -pemt et 0
<l
5'0-5 05
11 p v
0 05 1 0 05 1
C GR2 GR2/CIR
0 ol e
g 11
!
- 2 -2
3 ~ - :
0 05 1 3 05 1
D | RG3 RG3/CIR
(Y S—— 0 S
Z-05
-1 14 ‘ .
0 0.5 1 0 05 1

Time (s) Time (s)

Figure 3. Coexpression with CIR Enhances m2 mAChR-Dependent
Activation of GIRK and Chimeras Containing the Central Domains of
GIRK

Oocytes were injected with transcripts encoding the m2 mAChR, Ggg,,
and either GIRK (A), no channel (B), GR2 (C), or RG3 (D), with (right)
and without (left) CIR. Representative traces are shown of the carba-
chol-induced currents obtained by subtraction of precarbachol traces
from postcarbachol traces. Similar results were obtained from six or
more oocytes per experiment.

were identical to those of the wild-type GIRK channel (data
not shown). Together with analysis of the GR2 chimera,
these results indicate that approximately half of the N do-
main (residues 5-36) and the entire carboxy-terminal C2
region are not specifically required for the G protein—
dependent activation of GIRK.

Coexpression of IRKs and CIR

Recent functional analysis of cloned IRKs indicates that
the native Ikacn channel is a heteromultimer composed of
GIRK and the related CIR protein (Krapivinsky et al., 1995).
Therefore, we determined whether CIR could infiluence
the characteristics of the wild-type and chimeric IRKs uti-
lized in our study. Oocytes injected with CIR transcripts
alone displayed voltage-dependent IRK activity only after
activation of the m2 mAChR with carbachol; these currents
presumably arise from homomeric CIR channels (Figure
3B). As previously reported, coexpression of GIRK and
CIR resulted in a substantial (10- to 15-fold) increase in
the amplitude of carbachol-induced currents (Figure 3A)
(Krapivinsky et al., 1995). However, oocytes that were
coinjected with CIR and RB-IRK2 transcripts generated
currents that were greatly reduced compared with the re-
sponses recorded from oocytes expressing RB-IRK2
alone (data not shown). Activation of the m2 mAChR
evoked a small increase in the inward currents recorded
in oocytes coinjected with RB-IRK2 and CIR transcripts;
however, these currents were identical in magnitude to
the responses recorded in oocytes expressing CIR alone.
These results suggest that heteromultimerization with CIR
selectively enhances the amplitude of GIRK, but not RB-
IRK2, currents.

We coinjected oocytes with RNAs encoding CIR and
each of the chimeras, including those that failed to exhibit
voltage or G protein—activated currents when expressed
on their own. Similar to the effect on the wild-type GIRK
channel, coexpression of CIR with chimera GR2 caused
a substantial (10- to 15-fold) increase in the amplitude of
m2 mAChR-induced currents without changing the kinet-
ics or carbachol dependence of these responses (Figure
3C). Among the several chimeric proteins that failed pre-
viously to exhibit channel activity, only chimera RG3, a
GIRK-based protein in which only the N domain was de-
rived from RB-IRK2 (see Figure 1), displayed channel ac-
tivity as aresult of coexpression with CIR. Oocytesinjected
with both RG3 and CIR transcripts exhibited carbachol-
dependentinward currents of smaller magnitude butkinet-
ics similar to those recorded in oocytes that coexpressed
CIR with either GIRK or GR2 (Figure 3D). The GIRK-like
responses generated by putative RG3-CIR heteromulti-
mers further suggests that the N domain of GIRK is not
specifically required for channel activation by G proteins.

Receptor Activation of Chimera GR7.1

Since the GR7 chimera contained the hydrophobic pore
and C1 domains derived from RB-IRK2 and exhibited only
the functional characteristics of this channel, we con-
structed related chimeras to determine whether the intro-
duction of additional GIRK sequences within the con-
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Figure 4. Chimera GR7.1 Exhibits Basal and m2 mAChR Enhanced
Inward K* Currents

Carbachol-induced currents obtained as in Figure 3 are shown from
oocytes injected with transcripts encoding the m2 mAChR, G, and
GR7 (A) or GR7.1 (B).

(A) m2 mAChR activation by 10 pM carbachol had no effect on basal
GR7 currents (3% =+ 1% carbachol-induced increase, n = 10). The
GR7-expressing cell was held at 0 mV in 90 mM K* saline and stepped
from +40 to —100 mV in 20 mV increments.

(B) Activation of the m2 mAChR with 10 mM carbachol enhanced the
inwardly rectified K* current in GR7.1-expressing ococytes (42% =+
5% carbachol-induced increase, n = 16). Representative traces ob-
tained in 90 mM K* saline are shown. The GR7.1 oocyte was held at
0 mV and pulsed from +45 to —90 mV in 15 mV increments.

(C) The I-V relationship of the carbachol-enhanced GR7.1 currents
was obtained by repeating the voltage protocol on the same oocyte
before and after m2 mAChR activation in the following K* concentra-
tions: open circles, 90 mM; closed triangles, 45 mM; open squares,
22,5 mM; and closed diamonds, 11.25 mM with Na* substituted
for K*.

served C1 region could confer G protein regulation upon
the resulting channels. One such chimera, designated
GR7.1, contained the N, C2, and carboxy-terminal 67 resi-
dues of the C1 region derived from GIRK (see Figure 1).
This chimera exhibited voltage-dependent K* currents of a
magnitude similar to those recorded in oocytes expressing
GR7.However, unlike the parental GR7 chimera, the basal
inward K* currents conducted by GR7.1 channels were
enhanced immediately after activation of the m2 mAChR
(Figure 4). The amplitude of whole-cell GR7.1 currents
recorded at —100 mV increased by 42% + 5% (n = 16)
following carbachol addition, while GR7 currents were es-
sentially unaffected by m2 mAChR signaling (3% =+ 1%
increase, n = 10) (Figure 4). The reversal potential of the
carbachol-induced GR7.1 current shifted with changes in
the external K* concentration in agreement with the Nernst

equation for a K*-selective conductance (Figure 4C). In
addition, the basal and carbachol-induced current was
blocked by the external application of the K* channel
blocker barium (100 pM fina! concentration; data not
shown). The onset of GR7.1 current enhancement oc-
curredinlessthan 1s(0.7 = 0.1s, n = 10} after carbachol
addition and thus resembled the time course of GIRK acti-
vation by the m2 mAChR (0.8 + 0.1 s, n = 12). Oocytes
coinjected with CIR and GR7 or GR7.1 transcripts failed
to produce significant voltage-dependent IRK currents, al-
though carbachol did evoke small inward currents of a
magnitude comparable to those recorded in oocytes ex-
pressing CIR alone (data not shown). Thus, unlike the G
protein-activated GIRK, RG3, and GR2 channels, the
magnitude of carbachol-stimulated GR7.1 currents was
not enhanced by coexpression with CIR.

G;, Binding to IRK Cytoplasmic Domains

Previous electrophysiological studies suggest that activa-
tion of lkacn by Gg, Subunits may involve a direct interaction
between the channel and G protein (Wickman et al., 1994;
Reuveny et al., 1994). To investigate this possibility fur-
ther, we expressed the domains of GIRK flanking the hy-
drophobic pore region as glutathione S-transferase (GST)
fusion proteins (GIRK-N, GIRK-C1, GIRK-C2) and tested
for their ability to bind Gg,. As controls, we also tested
the GST protein alone or GST fused to the p-adrenergic
receptor kinase pleckstrin homology domain (BARK-PH),
a known Gg,-binding protein (Koch et al., 1994). Each GST
fusion protein was purified from bacteria by immobilization
on glutathione-conjugated agarose beads and incubated
with total cell extracts derived from 293 cells that were
transiently transfected with plasmids encoding murine Gg,
and G- (Tsukada et al., 1994). Foliowing washing, proteins
bound to the agarose beads were released by boiling and
analyzed by immunoblotting with a Gg-specific antisera.
Interestingly, we observed Gg, protein binding to both the
N and the C1 regions of GIRK, as well as the positive
control BARK-PH domain, but not to the GIRK C2 region
or GST alone (Figure 5A). These results are consistent
with the possibility that Gg, subunits activate GIRK by inter-
acting directly with the C1 and N regions.

Functional analysis of the GR7 and GR7.1 chimeras
revealed that while both channel proteins displayed volt-
age-dependent IRK activity, only GR7.1 currents were en-
hanced by signaling through the m2 mAChR (see Figure
4). These two chimeras differ only within the C1 domain:
this region of GR7 is composed entirely of RB-IRK2 se-
quences, while the GR7.1 contains 67 residues derived
from GIRK (see Figure 1). Therefore, to investigate
whether activation of a wild-type or chimeric IRK channel
by the m2 mAChR correlated with the capacity of the C1
region to interact with Gg, subunits, we analyzed GST fu-
sion proteins containing the C1 domain of GIRK, RB-IRK2,
and GR7.1 by using the in vitro binding assay described
above. Interestingly, the C1 region of GIRK and GR7.1
displayed equivalent Gg, binding as detected by immu-
noblotting with the Gg,-specific antisera (Figure 5B). In con-
trast, the C1 region of RB-IRK2 did not interact significantly
with Gg, subunits. Therefore, the GR7.1 chimera not only
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Figure 5. In Vitro G, Binding to IRK Domains

(A) Immunablot of Gy, binding to GST fusion proteins. The boundaries
of each IRK domain are described in Figure 1. Purified GST proteins
immobilized on glutathione-conjugated agarose beads were incubated
with a crude cell lysate derived from 293 cells that were transiently
transfected with expression vectors encoding G;; and G,.. After wash-
ing, proteins bound to beads were released by boiling and separated by
SDS-PAGE. G, protein was detected by immunoblotting with anti-B1
antisera (top), and GST fusion proteins were detected by Coomassie
staining (bottom).

(B) Gy1y2 associates with the C1 domain from both GIRK and GR7.1,
but to a much lesser extent with the C1 domain of RB-IRK2. The assay
was performed as described in (A). Results shown in (A) and (B) were
repeated in two or more independent experiments.

exhibited carbachol-stimulated inward K* currents, but
also shared with GIRK the ability to bind Gg, subunits via
the carboxy-terminal C1 region of the channel.

Discussion

IRKs can modulate cell excitability by determining the
ease with which depolarizing currents reach the threshold
necessary to evoke an action potential (Hille, 1992). There-
fore, regulation of IRKs by G protein—coupled receptors
constitutes an important mechanism by which neurotrans-
mitters influence the electrophysioclogical activity of many
cell types. However, very little is known about the struc-
tural basis of IRK regulation by G proteins or other intracel-
iular signaling molecules.

By analyzing a series of chimeric channel proteins, we
found that the hydrophobic pore (M1-H5-M2) and adja-
cent C1 regions largely determine the regulatory proper-
ties of both RB-IRK2 and GIRK. The GR3, RG2, and GR7
chimeras displayed rapidly gated, voltage-dependent cur-
rents characteristic of RB-IRK2, even though these chan-
nels contained either or both of the N and C2 regions
derived from GIRK, respectively (Figure 1). In addition,
the channel activity of these three chimeras was not in-
creased by signaling through the m2 mAChR or coexpres-
sion with the CIR subunit. The RG3 and GR2 chimeras,
which contained the pore and C1 regions of GIRK joined
to the N or C2 regions of RB-IRK2, respectively, exhibited
IRK activity only after stimulation of the m2 mAChR with
carbachol. The magnitude of the carbachol-induced GR2
current was increased by coexpression with CIR, while the

GIRK-like responses of the RG3 chimera were completely
dependent upon CIR. The stimulatory effect of CIR on
GR2 and RG3 channel activity suggests that productive
multimerization with CIR does not require sequences
unique to the N or C2 domains of GIRK. Therefore, the
domains that are least conserved between RB-IRK2 and
GIRK, namely the N and C2 regions, do not include the
structural information that specifies voltage and G protein—
dependent channel activation or the gating kinetics of
these two IRKSs. Instead, the relatively well-conserved pore
and C1 regions appear to contain the major determinants
of these properties. Although the pore and C1 regions may
play a dominant role in the regulation of IRKs by Gg,, we
have not been able to generate a functioning channel that
lacks the entire N or C2 region (unpublished data). Simi-
larly, others have found that deletion of the carboxy-
terminal 146 amino acids of GIRK (i.e., C2) abolished
channel activity (Reuveny et al., 1994). Thus, the N and
C2 regions may be required for certain RB-IRK2 or GIRK
functions, but this requirement may be met by sequences
derived from either channel.

Analysis of the GR7 and GR7.1 channels demonstrated
that sequences within the carboxyl terminus of the GIRK
C1 region are particularly important for the regulation of
channel activity by the m2 mAChR. Unlike the GR7 chi-
mera, carbachol caused an immediate and substantial
(~ 40%) increase in the whole-cell K* currents produced
by the GR7.1 channel. The onset of GR7.1 current en-
hancement was less than 1 s after carbachol addition and
therefore identical to the time course of GIRK activation.
Since these two chimeras vary in only 27 of the 67 residues
within the carboxy-terminal portion of the C1 domain, rela-
tively small sequence differences within this region can
determine the sensitivity of a channelto m2 mAChR signal-
ing. However, a chimera containing only the carboxy-
terminal C1 region of GIRK within RB-IRK2 displays volt-
age-dependent IRK currents that are not enhanced by the
m2 mAChR (unpublished data). Therefore, sequences
within the C1 region may interact with other GIRK-specific
residues to mediate m2 mAChR-dependent regulation of
chimeric or wild-type GIRK channels.

Previous studies have shown that activation of lach or
GIRK by the m2 mAChR is mediated by G;, subunits, al-
though it is unknown whether Gy, interacts directly with
the channel or through an associated protein (Logothetis
et al., 1987; Reuveny et al., 1994; Wickman et al., 1994).
We found that purified bacterial fusion proteins containing
either the N or C1, but not the C2, regions of GIRK were
capable of binding Gy, subunits present in mammalian cell
lysates. More importantly, the ability of a C1 fusion protein
to bind G, subunits in vitro correlated with the capacity
of the corresponding wild-type or chimeric channel to be
activated by the m2 mAChR in vivo. Reuveny and col-
leagues (1994) have noted that sequences within the car-
boxyl terminus of GIRK are weakly related to the PH do-
main of BARK. However, the critical portion of the C1
region defined by our study shares little simifarity with this
PH domain or to the novel Gg, regulatory region in adenylyl
cyclase 2 (Chen et al., 1995). Further mapping studies
will be required to determine whether this region of GIRK
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defines a new Gg,-binding motif. It is interesting to note that
the carboxyl terminus of the AT P-sensitive ROMK channel
contains a consensus nucleotide-binding motif, and that
cyclic nucleotide and Ca?-dependent cation channels
also contain binding sites for their activating ligands within
the large cytoplasmic carboxyl terminus of each channel
(Ho et al., 1993; Gouiding et al., 1994; Wei et al., 1994).
Therefore, like the outwardly rectifying cation channels,
IRKs may have evolved distinct carboxy-terminal binding
domains that confer regulation by G protein subunits or
other signaling molecules. ’

Future studies will investigate the mechanism of GR7.1
channel activation by both voltage and m2 mAChR-
dependent signals. It is possible that the m2 mAChR-
induced increase in GR7.1 currents involves a second
messenger pathway rather than a direct G protein mode
of channel regulation. However, activation of lkacy by the
m2 mAChR does not involve a soluble second messenger
(Soejima and Noma, 1984), and the parental RB-IRK2
channel is unaffected by m2 mAChR signaling. Our previ-
ous studies also indicate that the time course of K* channel
modulation by second messenger pathways in Xenopus
oocytes is substantially slower than we observed here (Hu-
angetal., 1993, 1994). The extremely rapid onset of carba-
chol-enhanced GR7.1 currents and the Gg,-binding activity
displayed by the C1 domain of this chimera suggest im-
portant functional similarities in the mechanism by which
the GR7.1 and GIRK channels are activated by the m2
mAChR. We speculate that GiRK-derived sequences
within the cytoplasmic domains may interact with the pore
region of GR7.1 to inhibit or reduce the magnitude of volt-
age-dependent channel activity; within the wild-type GIRK
protein, these interactions may result in a more complete
block of basal channel activity. The m2 mAChR-induced
enhancement of whole-cell GR7.1 currents, or activation
of GIRK, may reflect the loss of channel inhibition caused
by the direct association of Gg, subunits with the C1 and
N domains of the channel. We will investigate these possi-
bilities by analyzing the effect of G proteins on the activa-
tion of single' GR7.1 and GIRK channels.

Experimental Procedures

Chimeric Channel Construction

Clones encoding GIRK, CIR, and RB-IRK2 were isolated from rat heart
c¢DNA and correspond to the channels reported by Kubo et al. {1993b)
(GenBank accession number L25264), Krapivinsky et al. (1995) (Gen-
Bank accession number L35771), and Koyama et al. (1994) (GenBank
accession number X78461), respectively. All possible chimeras based
on the four-part structure depicted in Figure 1 were constructed by
polymerase chain reaction (PCR) as described (Lechleiter etai., 1990);
only the chimeras shown exhibited channel activity. The amino acid
boundaries of the channe! domains are as follows: GIRK-N and RB-
IRK2-N, 1-83; GIRK-M1-H5-M2 and RB-IRK2-M1-H5-M2, 84-181;
GIRK-C1, 182-358; RB-IRK2-C1, 182-357; GIRK-C2, 357-501; and
RB-IRK2-C2, 358-427. To construct GR7.1, an Xhol site was intro-
duced into GIRK at nucleic acid residue 862; an Xhol site exists at
the equivalent position in RB-IRK2 and, consequently, in chimera GR7.
DNA encoding amino acids 290-501 of GIRK (beginning at the Xhol
site) was subcloned in place of the sequences encoding the 213 car-
boxy-terminal amino acids of chimera GR7 to construct GR7.1. Dele-
tion mutants of GIRK were constructed as described (Kunkel and Per-
alta, 1993). All consfructs were confirmed by dideoxynucleotide
sequencing.

Oocyte Electrophysiology

RNAs were synthesized and Xenopus laevis oocytes were prepared
as described (Kunkel and Peralta, 1993). All oocytes were injected
with a 50 nl bolus containing approximately 2 ng of Gais and G RNA,
0.8 ng of G,- RNA, 3 ng of m2 mAChR RNA, and 10 ng of channel
RNA or 1 ng of RB-IRK2, GR3, or RG2 RNA. In coexpression experi-
ments with CIR, equivalent amounts (5 ng} of the transcripts encoding
CIR and the wild-type or chimera channel were included in the injection
bolus. Under these conditions, we observed consistent m2 mAChR~
dependent activation of GIRK currents without generation of a Ca?-
activated CI~ current. We did not observe basal activation of GIRK
except in a subset of oocytes expressing both GIRK and CIR. Oocytes
were recorded 3-5 days after injection.

Two-electrode voltage clamp was used to measure whole-cell cur-
rents (Kunkel and Peralta, 1993). Electrodes were pulled to a resis-
tance of 0.2-1.0 MQ and filled with 3 M KCI. Recordings were made
at 22°C from oocytes in high K* saline (90 mM KCI, 3 mM MgCl,, 5
mM HEPES [pH 7.4]). Oocytes were held at 0 mV and stepped from
+40 to —100 mV in 20 mV increments except in the ion substitution
experiments of chimera GR7.1, in which the oocytes were held at 0
mV and stepped from +45t0 —90 mV in 15 mV increments; the protocol
was repeated on the same oocyte before and after carbachol addition
in 90 mM, 45 mM, 22.5 mM, and 11.25 mM K* saline in which Na*
was substituted for K*. In all voltage step experiments, postcarbachol
recordings were made immediately after bath addition of 10 uM carba-
chol. The time to GIRK or GR7.1 current onset due to activation of the
m2 mAChR was determined by continuous recording of the whole-celi
current at ~80 mV while carbachol was manually applied to the bath.
Agonist was added and mixed by replacement of one third of the bath
volume with saline containing carbachol. Current records were stored
and analyzed with pCLAMP version 5.6 and Axograph version 2.0
{Axon Instruments, Foster City, CA).

G;, Binding
DNA encoding the N, C1, or C2 regions of wild-type or chimeric chan-
nels and BARK-PH domain (amino acids 495-689; Koch et al., 1994)
was generated by PCR and fused in-frame to the GST coding sequence
in pGEX-2T. Fusion proteins were expressed in Escherichia coli BL21
(DE3) pLysS, induced with 0.5 mM IPTG, and prepared according to
the method described by Grieco et al. (1992). The solubilized fusion
proteins were purified by incubation with glutathione-conjugated aga-
rose beads at room temperature for 2-5 min and washed three times
with 200 vol of PBS, 1% Triton X-100. Approximately 5 ug of GST
fusion protein bound to agarose beads was used in each binding assay.
The cDNAs encoding G and G,. were cloned into pcDNAS3 (In-
vitrogen) and transfected into 293 cells by using calcium phosphate,
and total cell lysates were prepared and dialyzed against PBS with
0.01% lubrol as described (Tsukada et al., 1994). Purified fusion pro-
tein bound to glutathione-conjugated agarose beads was incubated
with the 293 cell lysate for 1 hr at 4°C and subsequently washed three
times with 200 vol of PBS, 0.01% lubrol as described (Tsukada et al.,
1994). Bound proteins were eluted from the beads by heating in protein
sample buffer at 100°C and then separated by SDS-PAGE. GST fu-
sion proteins were visualized by Coomassie staining, and G protein
was detected by immunoblotting using a G, rabbit polyclonal antibody
(BN-1) and visualized with an enhanced chemiluminescence kit (Amer-
sham).
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