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ABSTRACT G protein-gated inwardly rectifying K*
(GIRK) channels, which are important regulators of mem-
brane excitability both in heart and brain, appear to function
as heteromultimers. GIRK1 is unique in the GIRK channel
family in that although it is by itself inactive, it can associate
with the other family members (GIRK2-GIRKS5) to enhance
their activity and alter their single-channel characteristics. By
generating a series of chimeras, we identified a phenylalanine
residue, F137, in the pore region of GIRKI1 that critically
controls channel activity. F137 is found only in GIRK1, while
the remaining GIRK channels possess a conserved serine
residue in the analogous position. The single-point mutant
GIRK4(S143F) behaved as a GIRK1 analog, forming multi-
mers with GIRK2, GIRK4, or GIRKS channels that exhibited
prolonged single-channel open-time duration and enhanced
activity compared with that of homomultimers. Expression of
the corresponding GIRK1(F137S) mutant alone resulted in
appreciable channel activity with novel characteristics that
was further enhanced upon coexpression with other GIRK
subunits. Thus, although the F137 residue renders the GIRK1
subunit inactive, when combined with other GIRK hetero-
meric partners it alters their gating and contributes to their
enhanced activity.

G protein-gated inwardly rectifying K* (GIRK) channels
provide cardiac, neuronal, and endocrine cells with a rapid
mechanism of inhibiting membrane excitability in response
to extracellular signals. The best studied case, the atrial Kacn
channel, slows the heart rate in response to acetylcholine
(ACh) released by the vagus nerve. ACh binds muscarinic
type 2 (m2) receptors coupled to pertussis toxin-sensitive
heterotrimeric G proteins, allowing the Gg, subunits to
activate Kacp directly (1). Five homologous members have
been identified in this ion channel subfamily (GIRKI-
GIRKS) (2-6). Heterologous expression of any single GIRK
channel has failed to produce channel activity characteristic
of any known native conductance (e.g., ref. 4). While ex-
pression of GIRKI1 alone does not give rise to functional
homomeric channels (e.g., refs. 6 and 7), expression of each
of the remaining GIRK channels has resulted mostly in
functional channels but with low activity and poorly resolved
openings (4, 6—8). Results from coimmunoprecipitation (4,
7), immunocytochemical (9), in situ hybridization (10-12),
and functional coexpression (4, 6—8, 13-15) studies have
demonstrated the heteromeric nature of GIRK channels.
GIRKI1 is unique among GIRK family members in that
although by itself it is inactive, when coexpressed with the
other GIRK channels, it greatly enhances their activity and
alters their single-channel properties (4, 6-8, 13-15). The
objective of our study was to identify GIRK1 structural
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determinants involved in the dramatic changes in activity
obtained upon coexpression of GIRK1 with its heteromeric
partners.

MATERIALS AND METHODS

Construction of Chimeric and Point Mutant Channels. All
cDNA constructs were produced using the “splicing by over-
lapping extension” method (17). Human homologs of GIRK1
and GIRK4 (7) were each subcloned in pPGEMHE (16) and
were used as templates for making all the chimeras listed in
Fig. 1a. PCR using Vent DNA polymerase were performed for
20 cycles to reduce errors introduced during amplification.
PCR products were always gel purified before used in subse-
quent steps as templates for PCR. Whenever possible, T7 (or
SP6 or both) were used as flanking primers. Therefore, each
linear full-length chimeric construct was equipped with a
promoter site upstream and a poly(A) sequence downstream
(amplified from the pPGEMHE vector) and was used directly
as a template for in vitro transcription (Ambion, Austin, TX).
Each construct was subsequently subcloned back into
pGEMHE and four positive clones were selected randomly
and sequenced (18) (Amersham) to confirm the region near
the chimeric junction of each construct. The point mutants
shown in Fig. 1d, were similarly produced with the exception
that the template used was the linear full-length G4;_15¢G1181-501
chimeric DNA. GIRK1(F137S) and GIRK4(S143F) were simi-
larly constructed and the mutations were confirmed by sequenc-
ing. Plasmid DNA was produced, linearized with Nhel and
transcribed in vitro using the “message machine” kit (Ambion).
cRNAs were electrophoresed on formaldehyde gels and concen-
trations were estimated from two dilutions using RNA marker
(GIBCO) as a standard.

Expression in Xenopus Oocytes and Electrophysiological
Studies. Oocytes were isolated and microinjected as described
(7). Channel expression was assessed by electrophysiological
means two to three days following cRNA injection. Two-
electrode voltage clamp on Xenopus oocytes was performed as
described (7, 19). Briefly, a Gene Clamp 500 amplifier (Axon
Instruments, Foster City, CA) was used and microelectrodes
were filled with 3 M KCl and had resistances of 0.5-1.0 MQ.
High potassium (ND96K) bath solution was composed of 91
mM KCI, 1 mM NaCl, 1 mM MgCl,, 5 mM Hepes-KOH, and
1.8 mM CaCl, (pH 7.4). BaCl, (3 mM) added to ND96K
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FiG. 1. Localization of F137 in GIRK1, a critical determinant of activity of GIRK1/GIRK4 heteromultimers. (¢) Schematic diagram of wild-type
GIRK1 (Upper) and GIRK4 (Lower) channels and chimeric constructs between them. The amino acid positions shown for the wild-type channels
denote positions where chimeric junctions were generated and are shown as subscript numbers preceded by G1 (for GIRK1) or G4 (for GIRK4).
(b) Bar graph of Ba?*-sensitive currents at —80 mV from oocytes coinjected with the corresponding channels or constructs shown in part a with
GIRK4. Values represent overall averages (= SEM) from different oocyte batches (N) (ranging in number from two to five per species shown, except
GIRK1/GIRK4: N = 28, GIRK4: N = 15, G41-113G1l10s-s01: N = 1, and G41_1390G1134-s01: N = 1). Each oocyte batch was represented by the average
value of several oocytes (n = 3). Four nanograms of cRNA per channel species was injected in each oocyte. (¢) Alignment of the GIRK1 and GIRK4
P-region amino acid sequences reveals three amino acid differences. Comparison with other GIRK channels shows that two of these three differences
are unique to GIRKI. (d) Bar graph of Ba?"-sensitive currents at —80 mV from oocytes coinjected with point mutants of chimera G4_136G1131-501
and GIRK4. Values represent overall averages (=SEM) from different oocyte batches (N = 2 per chimeric species shown).

solutions was used to block the GIRK current and the Ba?*-
sensitive currents are shown. Niflumic acid (300 uM) was
routinely added to the bath solutions to block chloride currents
(Sigma). ACh (5 uM) was used when indicated. All experi-
ments were performed at 20-25°C. About 2-4 ng of each
channel subunit RNA and 1.5 ng of human m2 (hm2) receptor
were injected per oocyte.

Macroscopic currents were averaged for each batch of
oocytes (at least n = 3 experiments per batch). Several batches
were tested and the mean number (V) = SEM between batches
is indicated.

Single-channel activity was recorded on devitellinized
oocytes under the cell-attached mode of standard patch-
clamp methods (21, 22) using an Axopatch 200A amplifier
(Axon Instruments, CA). The pipette solution (96 mM

KCl/1.8 mM CaCl,/1 mM MgCl,/10 mM Hepes, pH 7.4) was
similar to that in the bath (96 mM KCl/5 mM EGTA/1 mM
MgCl,/10 mM Hepes, pH 7.4). Gadolinium (100 uM) was
also included in the pipette solution. Most of the single-
channel recordings were performed at a holding membrane
potential of —80 mV. Single-channel currents were sampled
at 5-10 kHz and filtered at 1-2 kHz. The DIGIDATA 1200
interface and PCLAMP (version 6.01) software were used for
data acquisition and analysis (Axon Instruments). Mean
open time (To) represents average values for minute-long
experiments, estimated using our own software (23). Single-
channel properties, such as conductance and open-time
duration showed no difference among batches. For single-
channel experiments the number (n) of oocytes tested across
batches is given.
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RESULTS

F137 of GIRKI1 Is a Critical Determinant of Heteromeric
Channel Activity with GIRK4. Fig. 1a shows the strategy used
to localize critical GIRK1 determinants of heteromeric activ-
ity. We used human homologs of GIRK1 (99% identical to the
rat clone) and GIRK4 (or KGP, 94% identical to the rat clone
also known as CIR) (7), which constitute the heteromeric
subunits of Kacn (4). Chimeras were constructed in which
progressively longer N-terminal segments of GIRK1 (G1)
were replaced with the corresponding portion of GIRK4 (G4).
Each chimera was coexpressed in Xenopus oocytes with the
GIRK4 subunit and tested for its ability to produce the large
basal whole-cell currents typical of GIRK1/GIRK4 hetero-
mers (Fig. 1b). These data indicated that replacement of the
pore region (P-region) of GIRK1 (G1;34-148) With the corre-
sponding GIRK4 sequence decreased the macroscopic current
amplitudes. Comparison of the respective P-regions of the two
subunits revealed three amino acid differences (Fig. 1b).
Individual substitutions of each of the three GIRK4 residues
with the corresponding ones from GIRK1 were carried out in
the context of chimera G4,_13G1151-501. Each of these substi-
tuted chimeras were then coexpressed with GIRK4 (Fig. 1d).
Only the G41_186G1181-501(S143F) mutation recovered the
large amplitude currents, indicating that amino acid F137 in
the pore of GIRKI1 was critically involved in the enhancement
of currents seen in the GIRK1/GIRK4 heteromers.

GIRK4(S143F) Behaves as a GIRK1 Analog. Is F137 of
GIRK1 sufficient to alter heteromeric channel activity? Could
a phenylalanine residue at the analogous position of GIRK
channels other than GIRK1 endow them with the ability to
regulate heteromeric channel activity? To address such ques-
tions, we introduced the phenylalanine residue in GIRK4 (at
position S143 that corresponds to F137 of GIRK1). Expression
of either GIRK4(S143F) or GIRK4 wild type alone did not
produce appreciable basal or agonist-induced currents (Fig.
2¢). In contrast, coexpression of GIRK4(S143F)/GIRK4
yielded greatly enhanced currents, when compared with ex-
pression of either channel alone (Fig. 2c), but that were smaller
than those of heteromeric GIRK1/GIRK4 channels (Fig. 2
a-c). When GIRKI1 was coexpressed with GIRK4(S143F), no
current enhancement was obtained. Basal and agonist induced
current-voltage relationships for the coexpressed
GIRK4(S143F)/GIRK4 channels showed that these channels
remained inwardly rectifying and were able to couple to a G
protein-linked receptor (Fig. 2d). Pertussis toxin sensitivity
and stimulation by Gpg, subunits was similar for
GIRK4(S143F)/GIRK4 and GIRK1/GIRK4 (data not
shown) and the channel retained its high selectivity for K* over
Na* (Fig. 2e). Single-channel recording revealed that the
GIRK4(S143F)/GIRK4 channel characteristics were similar
to those of GIRK1/GIRK4 heteromers both in terms of
conductance (y=28.1 = 0.7,n = 6vs. y=34.6 + 0.8 pS,n =
10, respectively) and To (To = 1.44 = 0.10 ms,n = 5 and To =
2.63 = 0.26 ms, n = 12, respectively) (Fig. 3 a and b). These
characteristics were clearly different from those of the poorly
resolved GIRK4 channels expressed alone (y = 15-30 pS;
To = 0.31 = 0.02 ms, n = 7) (6) (Fig. 3b). These results
provided strong evidence that the introduced phenylalanine in
GIRK4(S143F) was sufficient to turn GIRK4 into a GIRK1
analog, producing “Kacp-like” properties upon coexpression
with the wild-type GIRK4. Macroscopic GIRK4(S143F)/
GIRK4 currents showed fast-activating kinetics (Fig. 2b)
rather than the characteristic slow activation seen with
GIRK1/GIRK4 heteromers (Fig. 2a). These results suggest
that F137 of GIRKI, previously reported to be a critical
component (20), may not be the sole GIRK1 determinant of
the slow macroscopic activation kinetics.

The Phenylalanine Residue in GIRK4(S143F) Alters Gating
and Enhances Other Heteromeric GIRK Channel Currents As
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FiG. 2. Inclusion of the phenylalanine P-region residue in GIRK4
multimers produces “GIRKI-like” enhancing activity. (a) Coexpres-
sion of GIRK1 and GIRK4. (b) GIRK4(S143F) and GIRK4 cRNAs
were coinjected. Representative Ba?"-sensitive current traces in the
presence of 5 uM ACh are shown for a—c. (c¢) Current magnitude
comparison for GIRK1 (N = 3), GIRK4 (N = 4), GIRK4(S143F) (N =
4), and GIRK4(S143F)/GIRK4 (N = 5), GIRK1/GIRK4 (N = 9), and
GIRK4(S143F)/GIRK1 (N = 4). (d) Current-voltage relationships of
Ba?*-sensitive GIRK4(S143F)/GIRK4 currents in the absence (basal)
or presence of 5 uM ACh from one representative batch of oocytes
(n = 5). (¢) Representative macroscopic currents (n = 3 oocytes/
condition) recorded from oocytes injected with hm2 as well as GIRK4
and GIRK4(S143F) cRNAs in 96 mM KCl in the bath (K) versus 96
mM NaCl (Na) (i.e., KCl-free), in the presence of 5 uM ACh. Currents
were obtained by employing a voltage ramp protocol (=100 mV to
+100 mV from a holding potential of 0 mV).

Well. Can GIRK4(S143F) substitute for GIRKI1 in the phe-
notypic changes seen upon coexpression of GIRK1 with other
GIRK channel subunits as well? We addressed this question by
coexpressing the GIRK4(S143F) or GIRK4 subunits with
GIRKS or GIRK2. Fig. 4 shows both basal and agonist-induced
macroscopic current amplitudes (Fig. 4a) and representative
single-channel records of basal activity along with To and
amplitude histograms (Fig. 4 b and c¢) of the four possible
combinations. Coexpression of either GIRKS or GIRK2 with
GIRK4(S143F) gave longer-lived openings (Fig. 4 b and c¢) and
greater currents (Fig. 4a) than when coexpressed with GIRK4.
The phenylalanine residue of GIRK4(S143F) was capable of
altering GIRKS and GIRK2 channel activity and single-
channel characteristics, in a manner similar to that of GIRK1.

F137S Reveals Novel GIRK1 Channel Activity. Since F137
of GIRKI1 was a sufficient determinant, we proceeded to test
whether it was also a necessary one to alter heteromeric GIRK
activity. Thus, we constructed the F137S mutant in GIRK1 and
tested at first the effects of a serine residue in GIRKI1
functional expression. In sharp contrast to its wild-type coun-
terpart, GIRK1(F137S) displayed large inwardly rectifying
currents (at —80 mV, Fig. 542, compared with +80 mV, Fig.
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F1G. 3. Inclusion of the phenylalanine P-region residue in GIRK4 multimers produces “GIRK1/GIRK4-like” single-channel activity. (a) “To”
comparisons (calculated from oocytes from several batches) among GIRK4 (n = 7 patches), GIRK1/GIRK4 (n = 12) and GIRK4(S143F)/GIRK4
(n = 5). (b) Single-channel currents from representative cell-attached patches from Xenopus oocytes expressing GIRK4 (n = 100 patches),
GIRK1/GIRK4 (n = 100), and GIRK4(S143F)/GIRK4 (n = 10). The membrane was held at —80 mV. An all-point histogram plot indicates the
amplitudes resulting from the various activity levels ranging from closed to multiple open levels. Data points in this and other figures are shown
in a logarithmic scale ranging from 1-10,000 points.

Sal), particularly when coexpressed with hm2 receptor and to heteromultimerization with endogenous XIR, since coex-
induced with ACh (Fig. 5¢). GIRK1(F137S) currents in oo- pression of GIRK1(F137S) with exogenous XIR yielded chan-
cytes showed differences in the macroscopic kinetics of acti- nels with unitary conductance characteristics distinct from
vation (Fig. 5a) from those of wild-type GIRK1 (presumably those of GIRK1(F137S) alone and kinetics distinct from those
forming heteromers with the endogenous Xenopus inward of XIR alone (data not shown). These results indicated that a
rectifier, XIR or GIRKS), consistent with a previous report single-point mutation GIRK1(F137S) allowed GIRK1 activity,
(ref. 20 and Fig. 2a). The single-channel characteristics of revealing unique properties. Thus, the presence of F137 is a
GIRK1(F137S) (Fig. 5b) were distinct from those obtained contributing factor to the functional impairment of GIRKI.
from coexpression of GIRK1 with other GIRK subunits, both Moreover, the presence of phenylalanine residues at this
in terms of conductance (y = 154 = 09 pS, n = 6) and position renders even the heteromeric channel inactive, as was
kinetics, with channel openings organized in clear bursts of the case with GIRK1/GIRK4(S143F) coexpression (see Fig.
activity separated by long closed intervals. Intraburst openings 2¢c).
were either very long (tens to hundreds of milliseconds, Fig. High Activity of GIRK Heteromers Involves Additional
5b1) or quite short (Tohy = 0.43 = 0.06 ms, n = 4; Fig. 5b2). GIRK1 Determinants Other Than F137. We finally tested
The unique characteristics of GIRK1(F137S) could not be due whether in the absence of F137, GIRK1 was still capable of
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F1G. 4. The phenylalanine residue in GIRK4(S143F) alters gating kinetics and enhances activity of heteromers with other GIRK channels. (a)
Ba?*-sensitive current magnitude comparisons are shown among coinjections of GIRK5 or GIRK2 with GIRK4(S143F) or GIRK4: GIRK4/GIRK5
(N = 3); GIRK4(S143F)/GIRKS5 (N = 3); GIRK4/GIRK2 (N = 4); GIRK4(S143F)/GIRK2 (N = 4). (b) “To” comparison (as in Fig. 3) from
activity resulting from coinjection of GIRKS5 or GIRK2 with GIRK4 or GIRK4(S143F): GIRK4/GIRKS (n = 3 patches); GIRK4(S143F)/GIRKS
(n = 10); GIRK4/GIRK2 (n = 3); GIRK4(S143F)/GIRK2 (n = 10). (c) Single-channel currents from representative cell-attached patches from
Xenopus oocytes coexpressing GIRK4/GIRKS, GIRK4(S143F)/GIRKS, GIRK4/GIRK2, GIRK4(S143F)/GIRK2, and associated all-point
histogram plots are shown. The membrane was held at —80 mV. hm2 receptor (1.5 ng/oocyte) was coinjected with 2 ng/oocyte each of the channel
cRNAs tested.
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FiG. 5. The F137S mutation reveals novel GIRK1 currents and implicates additional GIRK1 determinants for activity. hm2 (1.5 ng/oocyte)
was coinjected with 2 ng each of GIRK4, GIRK1, and GIRK1(F137S) alone or in combination of GIRK4 with GIRK1(F137S) or GIRK1 cRNAs.
Oocyte currents were recorded three or more days following injection of cRNAs using two-microelectrode voltage clamp. Bath solutions contained
96 mM K™ in the bath. Ba?"-sensitive currents were obtained by subtracting currents obtained in the presence from those in the absence of 3 mM
BaCl, (see Materials and Methods). (a) Experiments from oocytes expressing GIRK1(F137S) (N = 10). Ba?*-sensitive current traces at —80 mV
(2) and +80 mV (7) after application of 5 uM ACh. (b) Single-channel currents from a cell-attached patch from Xenopus oocytes expressing
GIRK1(F137S) (n = 6). (1) shows an example of long openings within a burst, while (2) shows brief openings within a burst. The membrane was
held at —80 mV. (c) Ba?"-sensitive current magnitude comparisons (N = 2) among injections of each of GIRK4, GIRK1, and GIRK1(F137S) alone

or in combination of GIRK4 with GIRK1(F137S) or GIRK1 cRNAs.

enhancing the activity of other GIRK partners. We ap-
proached this question by coexpressing GIRK4 with
GIRKI1(F1378S), thus eliminating any effects of F137 on gating
and current enhancement. Coexpression of GIRK1(F137S)
with GIRK4 produced macroscopic heteromeric currents that
were greatly enhanced in comparison to the homomeric con-
trols (Fig. 5c¢). Thus, the current enhancement obtained in
these experiments, where only serine residues were present at
the specific P-region position, implicated additional GIRK1
determinants for the large current size of the GIRK1/GIRK4
heteromers, other than the F137 pore residue of GIRKI.
Coinjection of GIRKI1(F137S) with GIRK1 did not cause
current enhancement (data not shown) as was the case for
heteromers of GIRK1 or GIRK4(S143F) with GIRK2,
GIRK4, or GIRKS. This result further emphasized differences
between GIRKI1 and the other subfamily members.

DISCUSSION

Heteromultimers of distinct but homologous subunits produc-
ing novel functional properties have been described for other
channels such as voltage-gated K* channels (24-27), cyclic
nucleotide-gated cation channels (28, 29), the amiloride-
sensitive sodium channel (30), and inwardly rectifying K*
channels, which are not G protein sensitive (31). GIRK
heteromeric channels use the inactive GIRK1 subunit as their
functional partner. We have determined that F137 of GIRKI,
a residue previously found to be required for the slow mac-
roscopic current activation kinetics (20), is a critical determi-
nant of multimeric GIRK activity and channel gating. The
presence of F137 in GIRK1 does not afford this channel with
functional expression. In contrast, the F137S mutation reveals
large macroscopic currents with novel single-channel charac-
teristics, suggesting formation of functional homomeric chan-
nels. Transplantation of this P-region residue into GIRK4
produced a GIRK1 analog capable of enhancing currents and

altering single-channel characteristics of GIRK channels. It is
not surprising that some differences between GIRK1 and the
GIRKI1 analog GIRK4(S143F) exist, most notably the mac-
roscopic activation kinetics and relative current magnitudes,
suggesting the involvement of additional GIRKI1 structural
determinants for such properties. What is rather striking
however, is that even though the primary sequence of GIRK1
diverges from that of GIRK4 in many places, particularly in the
~80-amino acid-longer C-terminal end, a crucial element of
the uniqueness of GIRKI lies in the control exerted by a single
residue within the most conserved GIRK region, the P-region.
Is F137 the only structural determinant of GIRKI causing
current enhancement of other GIRK currents? Since
GIRKI1(F137S) is capable of enhancing GIRK4 currents, it is
likely that additional determinants, other than F137 of GIRK1
are involved in current enhancement. Yet, regardless of the,
presence of such determinants, the exclusive presence of
phenylalanine residues at this position, as with GIRK1/
GIRK4(S143F) coexpression, prevented current enhance-
ment, underscoring the crucial role of phenylalanine residues
at this position in controlling GIRK channel activity.

Identification of pore residues in other K* channels, neigh-
boring in position to F137 of GIRK1 and showing specific
gating effects, have been reported previously. Such examples
include position 369 of Kv2.1 (two residues 3’ from the pore
position described here) and in Shaker (Kv1.1), W434 (one
residue 5’ from the pore position described here as compared
to refs. 32 and 33). Intramolecular interactions with residues at
these positions (resulting in C-type inactivation) have been
suggested (34) but the identity of such interacting residues
remains to be elucidated. Whether intramolecular interactions
with residues at F137 or S143 of GIRK heteromers are the
basis of the gating effects we have described is currently
unknown.
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