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ABSTRACT. The inwardly rectifying K* channels of the GIRK (K;3) family, members of the superfamily of
inwardly rectifying K* channels (K;), are important physiological tools to regulate excitability in heart and brain
by neurotransmitters, and the only ion channels conclusively shown to be activated by a direct interaction with
heterotrimeric G protein subunits. During the last decade, especially since their cloning in 1993, remarkable
progress has been made in understanding the structure, mechanisms of gating, activation by G proteins, and mod-
ulation of these channels. However, much of the molecular details of structure and of gating by G protein sub-
units and other factors, mechanisms of modulation and desensitization, and determinants of specificity of cou-
pling to G proteins, remain unknown. This review summarizes both the recent advances and the unresolved
questions now on the agenda in GIRK studies. ceLL siGNaL 9;8:551-573, 1997.  © 1997 Elsevier Science Inc.
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INTRODUCTION

The G protein-activated K* channels (GIRK, or K, 3) pres-
ent one out of the six groups that constitute the family of
inwardly rectifying K* channels, K,.. The six groups differ in
the extent of homology and in gating properties [reviews:
38, 45]. As implied by their name, the GIRKSs are activated
by G proteins, which in itself is not remarkable: many ion
channels are modulated by G proteins, most via second
messenger cascades that include the production of water-
soluble second messengers, and some via membrane-delimited
mechanisms that do not involve cytosolic messengers. In
the latter case, activation or inhibition of the channel by a
direct interaction with a G protein subunit is often assumed
[for reviews, see 12, 15, 37, 67, 68, 168, 195, 236, 237].
However, only in two cases have such interactions been un-
equivocally demonstrated: some voltage dependent Ca**
channels are inhibited by a direct interaction with the By
subunits of G proteins, Gg, [34, 63, 78, 249], whereas
GIRKs are the only ion channels known to be activated by
direct binding of Gg,. In fact, the cardiac GIRK, termed
also “muscarinic Kt channel” or K{ACh), was the first G
protein-activated ion channel [14, 122, 123, 182] and the
first Gpy effector [141] discovered. It still remains one of the
best Gg, effectors studied; hence the popularity of this pro-
tein for exploring G protein-effector interactions.

GIRKs fulfill important physiological roles. In the heart,
activation of K{ACh) by acetylcholine (ACh) via the mus-
carinic m2 receptor and a pertussis toxin (PTX)-sensitive G
protein mediates the vagal (parasympathetic) negative chro-
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notropic effect i.e., slowing of the heart rate [14, 122, 182].
Adenosine and ATP via purinergic receptors, and calcito-
nin gene-related peptide act similarly [50, 123, 100]. In the
brain, inwardly rectifying K* channels, presumably of the
GIRK family, are activated via PTX-sensitive G proteins by
a number of neurotransmitters: GABA, serotonin, opioids,
dopamine, etc. The wide distribution of GIRK subunits in
the brain (see below) and the potential for regulation of
neuronal excitability by mediating many of the actions of
major inhibitory neurotransmitters suggest important physi-
ological roles for GIRKs in the central nervous system, al-
though the specific functions in different brain areas and
cell types remain to be elucidated [15, 68, 84, 168, 170,
236]. RNAs of GIRK subunits are also found in pancreas,
where their role is unknown [47].

Despite the intensive research on GIRKs during the last
decade, much remains unknown. Unresolved problems in-
clude the molecular details of structure and of gating by Gg,
and other factors, mechanisms of modulation and desensiti-
sation, and determinants of specificity of coupling to G pro-
teins. One of the reasons is that the first representative of
the group, GIRK1 (KGA, or K;3.1), was cloned only in
1993 [31, 118], shortly after the cloning of the first two rep-
resentatives of the K, family, ROMK1 (K,1.1 [70]) and
IRK1 (K;2.1 [117]). The other members of the GIRK group
(GIRK2-GIRK5) were cloned between 1994 and 1996. The
cloning boosted the research and brought great progress.
This teview complements previous extensive reviews con-
cerning G-protein activated K* channels [10, 121, 129,
236] by presenting much of the information accumulated
since the cloning of GIRK1 and especially the other subunits.
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The focus is on GIRKSs, but they may not be the only inward
rectifier K* channels directly gated by G protein By subunits.
At least one representative of the IRK (K;2) class found
mainly in the brain, K,2.3 (but not K;2.1 or K;2.2), is in-
hibited by Gg,, probably by a direct binding to the N-termi-
nus [29]; and an 18 pS inward rectifier (single channel con-
ductance typical for K2 family) is inhibited by GTPvS in
a membrane-delimited fashion in rat brain oligodendro-

cytes [97].

STRUCTURE
Primary Structure

The building blocks (subunits) of all K,s share a common
structural design as predicted from the primary structure
[31, 70, 117, 118], characterised by two transmembrane do-
mains M1 and M2, a pore region (P, or H5) similar to that
of voltage-dependent channels, and cytoplasmic N and C
termini (Fig. 1) [38, 45, 136]. These predictions are now be-
ing confirmed by various methods with different representa-
tives of the family; the conclusions are usually projected
onto the other members’ structure. This approach is produc-
tive and certainly correct when the general structure is con-
cerned, but must be applied with caution when studying
fine structural details which differ among and even within
the different groups.

The proposed topology is based on the hydrophobicity
profile and supported by the absence of a signal peptide at
the N-terminus, abundance of putative protein kinase A
(PKA) phosphorylation sites in the C-terminal parts of var-
ious Kis (e.g., T193 and S497 in GIRK1; Fig. 1), and the
presence of the consensus ES/TxV/I sequences at the very C
terminus of several Ks such as K;,2.2, K,.2.3 [28] and human
GIRK2 and GIRK3 (Fig. 2), known to bind to PDZ domain-
containing proteins such as PSD95 which mediate channel
clustering and possibly connection to cytoskeleton {201].
All these are indicators of intracellular localisation. The pu-
tative N-glycosylation sites (indicators of extracellular lo-
calisation) are in the M1-P linker (e.g., N119 in GIRK1).
Phosphorylation by PKA of a C-terminal serine in K;2.3
(S440), binding of C-terminal fusion proteins of K;2.2 and
K,2.3 to PSD95, and N-glycosylation of wild-type and arti-
ficially introduced asparagines in the M1-P linker in K, 1.1
have been confirmed experimentally [28, 197, 198].

GIRK Subunmits

Five members of the GIRK group (GIRK1 through 5) are
known at present. GIRK1 through 4 have been cloned from

N. Dascal

several mammalian and at least one avian species: rat, hu-
man, mouse, porcine, and chicken [19, 31, 77, 113, 118,
134, 212]. The length of the subunits varies between 393
(GIRK3) and 501 (GIRK1) amino acids (a.a.). GIRK5 was
cloned from the frog Xenopus [58}. For each mammalian
subunit, the identity between the various species usually ex-
ceeds 90%. For instance, human and rat GIRK1 are 99%
identical. The identity between subunits within the group
i.e., among GIRK1-GIRK?5, is 60-80% (Fig. 2).

The most variable regions are the first 40 N-terminal a.a.,
and the C termini after a.a. 360 {numbering for GIRK1; see
Fig. 2). It is probable that these regions determine specific
functional properties of each subunit. A hint about the pos-
sible role of the unique C-terminal 150 a.a. of GIRK1 comes
from the work of Logothetis and colleagues [21] who dem-
onstrated that its presence is necessary for the enhancement
of macroscopic GIRK currents in GIRK1/GIRK4 hetero-
mers and chimeras. In addition, part of this stretch appar-
ently participates in Gg, binding, and another part has been
proposed to be a component of an inhibitory gate (see be-
low). As to the N-terminus, there is strong evidence for its
participation in coupling to G proteins (see below); however,
the specific roles of the unique initial N-terminal stretches
(~40 a.a. in GIRK1, 2, and 4; Fig. 2) are unknown except
that they may reduce the basal GIRK currents [21, 208].

The rest of the molecule is highly conserved among the
subunits, suggesting similar function. Interestingly, all GIRKs
have a conserved RGD sequence in the putative extracellu-
lar M1-H5 linker (Fig. 1a) [31]. This is a well characterized
integrin-binding sequence, present in many extracellular
matrix proteins. Integrins are cell surface receptors that me-
diate attachment to the extracellular matrix and some cell-
to-cell interactions and regulate numerous developmental,
proliferative, and homeostatic functions [26]. The role of
this sequence in GIRKSs is unknown, but the possibility that
these K channels may regulate or be regulated by binding
to integrin receptors on adjacent cells is tantalizing.

GIRK Channels Are Tetramers

It is now well established that K, channels are tetramers
[42, 53, 80, 107, 135, 181, 204, 225, 247]. Several studies
utilized the approach developed by MacKinnon [147] in
which mixtures, tandems or concatamers (tandems of sub-
units joined head-to-tail) of various native or mutant sub-
units differing in sensitivity to a blocker were tested for
their affinity to this blocker [53, 225, 247]. In addition, sev-
eral proteins with molecular weights (MW) of 50-62 kDa,

FIGURE 1. Primary sequence and the proposed two-dimensional topology of rat GIRK1. The lightly shaded rectangular represents the
plasma membrane. M1 and M2 possibly form a-helixes (not shown). The actual folding of the other domains (N-terminus, C-terminus,
P-region, putative extracellular loops) is not known and is shown in an arbitrary way. The shaded amino acid residues in M2 and the
proximal C-terminus (a.a. 220-300) participate in tetramer formation (oligomerisation) according to Tinker et al. [225]. C-terminal
Gyy-binding region is shown according to Huang et al. [75] and Kunkel & Peralta [120]. Gy, also binds to the N-terminal cytoplasmic
part (not shown). Several amino acids or repeats that are of high potential or proven importance are indicated: a, the RGD sequence
b, the F137 residue. ¢, D173: analogous to D172 in IRK1 and responsible for a large part of the high affinity of block by polyamines
and Mg?*. d, S225: at this position, GIRK1 is missing a negatively charged residue equivalent to the other important determinant of
polyamine and Mg block, present in K;2.1 (E224). However, all other GIRKs have a negative glutamate at this point (see Fig. 2). e,

putative PKA phosphorylation sites.



Signalling Via the G Protein-activated K* Channels 553

138




554

GIRK1HUM
GIRK4HUM
GIRKZHUM
GIRK3HUM

GIRK1HUM
GIRK4HUM
GIRK2HUM
GIRK3HUM

GIRK1HUM
GIRK4HUM
GIRKZHUM
GIRK3HUM

GIRK1HUM
GIRK4HUM
GIRKZHUM
GIRK3HUM

GIRK1HUM
GIRK4HUM
GIRKZHUM
GIRK3HUM

GIRK1HUM
GIRK4HUM
GIRKZ2HUM
GIRK3HUM

GIRK1HUM
GIRK4HUM
GIRKZHUM
GIRK3HUM

GIRK1HUM
GIRK4HUM
GIRK2HUM
GIRK3HUM

GIRK1HUM
GIRK4HUM
GIRKZHUM
GIRK3HUM

GIRK1HUM

GIRK1HUM

MSALR--—-=-=———— RKFGDDYQVVTTSSSGSGLQPQG--—-PGQDPQQOL
MA--GDSR-—--—— NAMNQDMEIGVTPWDPKKIPKQARDYVPTATDRTRL
MAKLTESMTNVLEGDSMDODVESPVAIHQPK-LPKQARDDLPRHISRDR-
MAQ-—-————— e — e ————— ENAAFSPGQEEPPR-
*x XX * X X

VP--KKKRQRFVDKNGRCNVQHGNLGSETSRYLSDLFTTLVDLKWRWNLF
LAEGKKPRQRYMEKSGKCNVHHGNV-QETYRYLSDLFTTLVDLKWRFNLL
-—-—TKRKIQRYVRKDGKCNVHHGNV-RETYRYLTDIFTTLVDLKWRFNLL
—-=--RRGRQRYVEKDGRCNVQQGNV-RETYRYLTDLFTTLVDLOWRLSLL

XX *okyrar kyrkarkok ok ggrkoky *ok kkkgkgkdkhkkdkykk gy

M1
IFILTYTVAWLFMASMWWVIAYTRGDLNKAHVGNYTPCVANVYNFPSAFL
VFTMVYTVTWLFFGFIWWLIAYIRGDLDHVGDQEWI PCVENLSGFVSAFL
IFVMVYTVIWLFFGMIWWLIAYIRGDMDHIEDPSWTPCVTNLNGEVSAFL
FFVLAYALTWLFFGAIWWLIAYGRGDLEHLEDTAWTPCVNNLNGFVAAFL

*xxx*xxx***xx x**x*** ***xxx Xxx***x*x X* X***

P M2
FFIETEATIGYGYRYITDKCPEGIILFLFQSILGSIVDAFLIGCMFIKMS
FSIETETTIGYGFRVITEKCPEGIILLLVQAILGSIVNAFMVGCMFVKIS
FSIETETTIGYGYRVITDKCPEGIILLLIQSVLGSIVNAFMVGCMFVKIS
FSIETETTIGYGHRVITDQCPEGIVLLLLQAILGSMVNAFMVGCMFVKIS

deogg e g dede gp keok ok okok doyrkokgpyrhkod ok kgrkoard dkgrgrokk ok grodk gk ok gr ok ok ok e g dkogr ok

QPKKRAETLMFSEHAVISMRDGKLTLMFRVGNLRNSHMVSAQIRCKLLKS
QPKKRAETLMFSNNAVISMRDEKLCLMFRVGDLRNSHIVEASIRAKLIKS
QPKKRAETLVFSTHAVISMRDGKLCLMFRVGDLRNSHIVEASIRAKLIKS
QPNKRAATLVFSSHAVVSLRDGRLCLMFRVGDLRSSHIVEASIRAKLIRS

**x***x**x**xx**x*x**xx* ******x**x**x*x* dok kdogrork

ROTPEGEFLPLDQLELDVGEFSTGADQLFLVSPLTICHVIDAKSPEFYDLSQ
ROQTKEGEFIPLNQTDINVGFDTGDDRLFLVSPLIISHEINEKSPEFWEMSQ
KQTSEGEFIPLNQTDINVGYYTGDDRLFLVSPLIISHEINQQSPFWEISK
ROTLEGEFIPLHQTDLSVGFDTGDDRLFLVSPLVISHEIDAASPFWEASR

RrH kdkkhyghkhkygk pgyuypkky khkghkghkhkdhhkhyphyhk hyyw Akhys kg

RSMQTEQFEIVVILEGIVETTGMTCQOARTSYTEDEVLWGHRFFPVISLEE
AQLHQEEFEVVVILEGMVEATGMTCQARSSYMDTEVLWGHRFTPVLTLEK
AQLPKEELEIVVILEGMVEATGMTCQARSSYITSEILWGYRFTPVLTLED

RALERDDFEIVVILEGMVEATGMTCQARSSYLVDEVLWGHRFTSVLTLED
K RN * A hhkkghhgkhhkkkhhyghk  ghykkhyh ok gphppkky

GFFKVDYSQFHATFEVPTPPYSVKEQEEMLLMSSPLIAPAITNSKERHNS
GFYEVDYNTFHDTYETNTPSCCAKELAEMK-REGRLLOYLPSPPLLGGCA
GFYEVDYNSFHETYETSTPSLSAKELAELASRAELPLSWSVS-SKLNQHA
GFYEVDYASFHETFEVPTPSCSARELAEAAARLDAHLYWSIP~-SRLDEKV
FhgrhFhyg dhghkygky *Fhy xxRFRRFHX X b4 X X

VECLDGLDDITTKLPSKLOKITGREDFPKKLLRMSSTTSEKAYSLGDLPM
EAGLDAEAEQNEEDEPKGLGGSREARGSV «
ELETEEEEKNLEE--QTERNGDVANLENESKV*
EEEGVGEGAGGEAGADKEQNGCLPPPESESKV»

X X X X XXX~

KLQRISSVPGNSEEKLVSKTTKMLSDPMSQSVADLPPKLOKMAGGAARME

GNLPAKLRKMNSDRFT+ 501

37
42

17

85
91
94
62

135
141
144
112

185
191
194
162

235
241
244
212

285
291
294
262

335
341
344
312

385
390
393
361

435
419
423
393

483

N. Dascal

FIGURE 2. Alignment of protein
sequences of the four known
GIRK subunits in humans. M1,
P and M2 regions are indicated.
Asterisks denote identity of an
amino acid residue in all four
subunits, “x” denotes identity
in at least three subunits, “-”’
represents a gap introduced to
optimise the alignment.
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presumably GIRK subunits, are co-immunoprecipitated
from brain tissue by an antibody directed against GIRK1.
Upon size fractionation, these complexes had an estimated
MW of ~230 kDa, as expected for a tetramer [80]. Thus, a
functional channel has a 4-fold symmetry also characteristic
of all known voltage-dependent cationic channels [18, 91].

However, unlike most voltage-dependent K* channels
and the constitutively active K,s of K1 and K;2 groups,
more than one type of subunit seems to be required to form
a normal functional GIRK channel; that is, GIRKs nor-
mally are heterotetramers. GIRK1 alone does not produce
functional channels when expressed in most cell lines
tested [20, 183, 232] except Xenopus oocytes [31, 118] and a
BTC3 cell line [183]). Hedin et al. [58] presented conclusive
evidence that functional GIRK channels in Xenopus co-
cytes injected with GIRK1 RNA are formed by the combi-
nation of the expressed GIRK1 and an endogenous subunit,
GIRKS5 (XIR). It is quite probable that a similar thing hap-
pens in BTC3 cells. The inability of GIRK1 subunits to
form functional channels does not result from their inability
to assemble with each other, as demonstrated by coprecipi-
tation of full-length GIRK1 with its truncated versions
[239]. Rather, the pore of this channel may be incompetent
at conducting ions; a mutation of a P-region phenylalanine
(F137; Fig 1b) to serine, which occupies this position in all
other GIRKs (Fig. 2), allows the formation of functional
GIRK1 homooligomeric channels [20]. GIRK2Z and GIRK4
alone form Gg,-gated channels in various heterologous ex-
pression systems, but with rather aberrant single channel
properties, with very short, poorly resolved openings. The
presence of GIRK1 “corrects” the single channel properties
to yield open times, amplitudes and bursting pattern similar
to those observed in cardiac and nerve cells [107, 113, 135,
232]). GIRK1 copurifies with GIRK4 and GIRK2 [19, 113,
139, 239] and has been shown by electrophysiological assays
in heterologous expression systems to form functional chan-
nels with all other GIRKs [19, 36, 42, 58, 107, 135, 232].
Therefore, it is believed that naturally occurring GIRK
channels may normally be heterooligomers of GIRK1 and
one other GIRK. There is little doubt that the cardiac
(atrial) K(ACh) channel is a GIRK1/GIRK4 heterotetramer
[19, 113], and that GIRK1/GIRK2 heterotetramer is an
abundant functional GIRK in several brain areas [107, 109,
139, 232). However, given the fact that the distribution of
GIRK]1 within the brain does not strictly coincide with that
of the other GIRKs (see below), it is probable that other
GIRK pairs form channels in native cells. For instance,
GIRK4 was reported to form functional heteromers with
GIRK2 [47, but see 232] and GIRK3 [36], although the sin-
gle channel characteristics of these channels have not been
explored yet. Several splice variants of mouse GIRK2 have
been reported (Wei J., Hodes M., Ghetti B. and Dlouhy S.,
1996. GeneBank database, accession numbers U51122-
U51126), and the possibility that different GIRK2 splice
variants may form heterotetramers along themselves awaits
examination. Dominant negative subunit effects are possi-

ble: coexpression of GIRK3 with GIRK2 in Xenopus oocytes
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reduces the currents produced by the latter [107]. Finally,
existence of novel GIRK subunits and the possibility of more
complex tetramers formed by three or four GIRK subtypes
has not been disproved. At least some distinct roles must be
carried by each subunit type in a heterotetramer such as
GIRK1/GIRK2 or GIRK1/GIRK4; this, too, remains to be
explored.

The GIRKs are not a unique heterotetramer-forming
group in the K family. K;5.1 forms heterotetramers with
Ki4.1 when expressed in Xenopus oocytes [181]; (K,,5.1 does
not give currents in oocytes when expressed alone). Studies
with concatamers of subunits that addressed the positional
requirements for subunit arrangement needed to ensure
function in this channel and in GIRK heteromers, revealed
that the stoichiometry of the subunits is 2:2, and the best
function is obtained when identical subunits are positioned
opposite each other [181, 204, 228]. For instance, for
GIRK1/GIRK4 channel, the alternating 1-4-1-4 or 4-1-4-1
arrangements are best [204, 228], although a sequential 1-1-
4-4 tetramer and a mixed 1-4-1-2 heterotetramer (con-
taining a GIRK2 subunit in addition to 1 and 4) are viable,
and even 4-1-4 trimers can give currents, possibly by di-
merising with each other and forming channels with un-
usual topologies [204].

Regions Important for Assembly of Subunits

Most studies show that, unlike in voltage-dependent K*
channels [132, 137, 200], in K,s the cytosolic N-terminus
does not participate in subunit assembly [119, 120, 225,
239; but see 49]. As shown by electrophysiological examina-
tion of GIRK4/K;2.1 chimeras [119] and by co-precipitation
of GIRK1 with GIRKZ expressed in vitro [239], the core re-
gion (M1-P-M2) may be sufficient for assembly of GIRKSs.
In a recent elaborate work, Tinker et al. [225] used bio-
chemical and electrophysiological methods to identify re-
gions required for the formation of homotetramers and
those responsible for incompatability between K;2.1 and
two other members of the same subfamily (K2.2 and K,2.3)
and two members from other subfamilies (K, 1.1 and K,6.1).
The data indicate that the proximal C-terminus (a.a. 220-
300) and M2 determine homo- and heteromultimerisation
(Fig. 1, shaded amino acid stretches). It is not clear yet
whether the same is true for GIRKs. The requirements for
heteromultimerisation between members of the same or dif-
ferent subfamilies are “case-specific” [225] and thus may
vary for GIRKs.

DISTRIBUTION AND FUNCTION

As noted above, ACh, CGRP and adenosine activate GIRK
in atrial and pacemaker sinoatrial (SA) node cells. This is
believed to be the main mechanism of slowing of the heart
rate by these substances [see 121]. The K(ACh) channel
not only mediates the inhibitory neurotransmitter or hor-
mone responses but may play an important part in de-
termining the resting potential. In the pacemaker cells of
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SA node, most or all of the basal Kt conductance is due to
the K(ACh) [87, 93, 190]. Only a minor portion (~20%)
of this activity may be related to the presence of a low
“tonic” vagal stimulation; the majority is due to ACh-inde-
pendent basal conductance [87]. Thus, in the pacemaker
cells GIRK is probably the main K* channel governing the
resting potential, and any changes in its activity can be ex-
pected to affect strongly the excitability and, eventually,
the heart rate. High basal GIRK activity has been also re-
ported in atrial cells [172]. The basal open probability of
GIRK in excised patches in the presence of 4 mM ATP (see
below about the importance of ATP) is comparable to ago-
nist-induced [240]. Since the physiological levels of ATP in
atrial cells are between 0.6 and 4 mM, it is reasonable to as-
sume that basal GIRK conductance contributes substan-
tially to the resting potential in atrial cells. On the other
hand, there is practically no GIRK in the ventricle [see
121]. Like other inward rectifiers, GIRK is a *‘smart” K*
channel which opens best near resting potential but closes
at depolarised potentials; thus, its activation can increase
the threshold for excitation and delay the action potential,
but once the action potential breaks out, these K* channels
close and do not interfere with its plateau which is so im-
portant in the heart [see 67].

In mammals, RNA and protein of two GIRK subunits,
GIRK1 and GIRK4, were found in the atrium but not in
ventricle, in good agreement with the electrophysiological
data {19, 30, 31, 33, 113, 114, 135]). Most or all atrial
K(ACh) channels are GIRK1/GIRK4 heterotetramers [19,
113]; the composition of GIRKs in SA nodal pacemaker
cells is unknown.

Stimulation of G protein-activated channels by a variety
of transmitters has been described in many brain regions,
probably mediating some of their inhibitory effects. When-
ever tested, PTX block and variable degrees of inward recti-
fication have been observed. Here is a list (probably partial)
of such K* channels: they are activated by GABA via the
GABA} receptors in all areas the of hippocampus and in
cerebellar granule cells [4-6, 109, 177], by norepinephrine
via a;-adrenergic receptors and by opioids in locus coeruleus
[1, 54, 231], by serotonin in locus coeruleus and hippocam-
pus [5, 6], by somatostarin in locus coeruleus and cerebellum
[83, 219], by dopamine in substantia nigra [104] and in pitu-
itary lactotrophs {43a], by neurotensin in basal nuclei [46],
by adenosine [227]. It is not known whether GIRKSs con-
tribute to resting K* conductance in nerve cells; Sodickson
and Bean [210] have noted that their sensitivity to GABA in
hippocampal CA3 neurons is high enough to assume some ac-
tivation already by resting extracellular levels of GABA.

Coupling between some of the neurotransmitters and
GIRKSs has been demonstrated in heterologous expression
systerns using cloned receptors and/or GIRK subunits; sero-
tonin via SHT1A receptor [94], dopamine via D, D; and D,
receptors [233], opioids via k [62, 145], . [22] and 8 [31] re-
ceptors. Furthermore, several neurotransmitters’ receptors
whose coupling to GIRK in the brain has not been observed
(vet?), can activate GIRK in expression systems: orphanin
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FQ receptor {novel, opioid-like but a different family [155]),
metabotropic glutamate receptors (mGluRs: {193, 199]),
melatonin [167], cannabinoids [61, 146]. Finally, a receptor
for neuropeptide Y has been cloned by coexpression with
GIRKSs in Xenopus oocytes [187]. It seems that any receptor
that couples to a PTX-sensitive G protein can activate
GIRK in Xenopus oocytes, but it remains to be seen in
which brain areas the receptors and channels are colocal-
ised, and whether the coupling can be demonstrated elec-
trophysiologically. As yet, one work of this kind done by C.
Chavkin and colleagues [9] showed colocalisation of p-opi-
oid receptors with GIRK1 in some, but certainly not in all,
cells in various areas of the hippocampus.

The molecular identity of inward rectifiers stimulated by
the neurotransmitters in the brain is usually unknown,
though it is clear that the GIRK1/GIRK2 heteromer is
abundant (see the chapter on weaver pathology below). It
is not even clear whether in all cases the activated channel
belongs to the GIRK class. Identification of the composi-
tion of these channels (including subunit composition) re-
mains an important challenge for the future, since it may
provide clues to variability of responses in different cells and
brain areas, possibly vielding hints for therapeutic interfer-
ence with the relevant neurotransmitter responses. On the
other hand, the distribution of the individual GIRK sub-
units in the brain (mostly rat but also mouse) has been ex-
tensively documented on the level of mRNA, and of GIRK1
and GIRK2 also on the level of protein. Detailed tables can
be found [96, 139]; here is a brief description. There is only
a minor presence of GIRK4, mostly in hippocampus and su-
perior colliculus [212], whereas GIRK1, 2 and 3 are abun-
dantly found in hippocampus, neocortex, olfactory system,
diencephalon, thalamus, cerebellum, substantia nigra, basal
ganglia, many brainstem nuclei, etc. [9, 33, 36, 41, 95, 96,
139]. Two points are not a priori evident and thus important
to note: first, the distribution of the GIRK subunits is het-
erogeneous; in several areas, there is little or no GIRK1 and
much more GIRK2 and/or GIRK3 (e.g, substantia nigra, su-
praoptic nucleus). The channel composition in these areas
cannot be the “conventional” GIRK1/GIRKn, leaving
open the question whether GIRKs in these areas are homo-
or heterotetramers of GIRK2 or GIRK3 and possibly of their
splice variants, or whether additional subunit types may ex-
ist. Secondly, it seems that GIRK3 is the most abundant
subunit in the brain, at least on the level of mRNA, and of-
ten its RNA is found where no other subunits can be de-
tected, such as in substantia nigra pars reticulata or Purkinje
cells of the cerebellum [36, 96]. The role of this subunit may
have to be revised, and more studies on its ability to form
homo- and heteromers are warranted.

There are only a few studies on the electron microscope
level that can decisively discriminate between pre- and
postsynaptic localisation of the GIRKs. In the hippocam-
pus, only postsynaptic GIRKs can be detected [41]. Presyn-
aptic localisation has been demonstrated in paraventricular
nucleus of rat hypothalamus [158]. These data are insuffi-
cient to decide whether GIRKs participate mainly in pre-
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synaptic or postsynaptic inhibition, but the latter seems a
more general rule [9, 41, 139].

GATING OF GIRK CHANNELS BY G PROTEINS
AND OTHER INTRACELLULAR FACTORS
Activation by Agonists

The general scheme has been extensively reviewed [25,
121, 165, 236] and is now considered common knowledge.
An agonist binds to a 7-helix receptor which, in turn, binds
to a GDP-bound heterotrimeric G protein composed of o,
B and v subunits, enabling GDP-GTP exchange at the « sub-
unit and leading to dissociation of GTP-bound « subunit
(G4-GTP) from the Gg, dimer [52]. Both free (“activated”)
G,-GTP and Gg, can activate or inhibit effectors [165].
Termination of activation is achieved by hydrolysis of GTP
by the GTPase activity of G, followed by reassociation of
G,-GDP and Gg,. The opening of GIRKs is caused by Gg,.
This chain of reactions is now believed to be the main path-
way used by a variety of G//G,-coupled neurotransmitters to
activate GIRKs. The best studied case is K{(ACh) activated
in the atrium by ACh via m2 receptors. Activation at 50%
is achieved at 100-300 nM ACh l[e.g., 82, 138]. Studies in
dialysed cells and excised patches provided the basic facts
that unveiled the pathway: GTP and Mg?* are necessary for
channel activation but not deactivation; the non-hydroly-
sable analogue of GTP, GTPyS, activates the channel in
the absence of agonist; the G protein mediating the ACh
action (often referred to as Gi) is PTX-sensitive and thus
belongs to the G/G, group; the response to agonist can be
blocked by excess GDP or by a non-hydrolysable analogue
of GDP, GDPBS; no cytosolic second messengers are
needed for channel activation; agonist applied to the whole
cell outside the patch pipette does not activate the channel
sealed within the patch and, therefore, the G protein effect
is membrane-delimited [13, 122-124, 182, 211; reviews:
121, 129].

Kinetics of Activation by Agonist
and Deactivation Upon Agonist Washout

Fast perfusion experiments show that whole-cell currents
through channels gated by direct binding of transmirter,
like nicotinic or GABA, receptor-channels, activate al-
most as fast as the transmitter is applied, within 0.1-2 milli-
seconds [see 68]. In contrast, even at saturating doses of the
agonist, the K* current through GIRK in atrial or hippo-
campal cells starts after a delay of 30-50 ms, and its rising
phase has a time constant of 250-500 ms and a sigmoidal
shape that can be described by m*h kinetics [82, 94, 163,
174, 1717, 185, 210]. For example, the rate of activation of
a hippocampal GIRK via GABAj receptor is ~4 s~!, com-
pared with 4000 s™! for GABA 4 receptor Cl™ channels acti-
vated by direct binding of the transmitter [210]. The rate-
limiting step in the activation of GIRK is believed to be the
rate of GDP-GTP exchange at G, or, more specifically, the
rate of GDP release from the G protein, estimated to be ~0.3
min~" at rest [14]. As expected [52], it is greatly enhanced
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by the agonist which accelerates the turnover of Gy by in-
creasing the affinity to GTP over GDP, strongly shifting the
Go-GDP — G,-GTP equilibrium to the right [14, 86].
The delay before the activation and the relatively slow
kinetics of the activating phase are in line with a multistep
process of activation. On the other hand, modulation of ion
channels via diffusible second messengers is several times
slower, starting after delays of several seconds or tens of sec-
onds [e.g., 163]. Activation of GIRKSs is sufficiently fast to
suspect a close apposition of the channel and the G protein
[discussed in Ref. 68], suggesting the possibility of existence
of multiprotein complexes including the GIRK, a hetero-
trimeric G protein, and possibly a neurotransmitter receptor
[208]. Recent studies from the Jans’ laboratory [75, 208] sug-
gest that the N-terminus of GIRK1 tightly binds a hetero-
trimeric G protein, as shown by biochemical methods. Also,
experiments with deletion mutants of GIRK1 and GIRK1/
K;2.1 chimeras expressed in Xenopus oocytes show that the
N-terminus is necessary for fast activation and deactivation
of the current, supporting the idea that a preexisting com-
plex of GIRK1 and a G protein ensures fast activation.
Since the channel is activated by Gg,, it is reasonable to
assume that the rate of its deactivation after washout of ago-
nist is determined by the speed of reduction in Gg, concen-
tration due to sequestration by G,-GDP, which builds up as
the result of GTP hydrolysis by G, [e.g., 208]. Since the
binding of G,-GDP to Gg, is a high-affinity and high-speed
process, whereas most G,'s are relatively slow GTPases with
an intrinsic hydrolysis rate of 1-2 min~"' [52, 81, 188}, it is
not surprising that much evidence suggests that the kinetics
of deactivation of the channel is limited by the rate of GTP
hydrolysis [14, 94, 208, 210]. However, in cardiac myocytes
and hippocampal neurons the deactivation rate is around
100 min~!, almost two orders of magnitude faster than ex-
pected [14, 94, 210]. Therefore, it has been proposed that
GIRK may be a GTPase-activating protein (GAP) that ac-
celerates the rate of G,-catalysed GTP hydrolysis [14, 81,
202}, similatly to some other G protein effectors such as
phospholipase C-B and retinal cGMP phosphodiesterase
[see 81, 188]. A GAP activity of GIRK could also explain
the lower apparent affinity of ACh for cardiac GIRK activa-
tion than for inhibition of the Ca’™ current, which is medi-
ated by an effect on adenylyl cyclase [138]. However, GIRK
channels of GIRK1/GIRK4 or GIRK1/GIRK5 composition
expressed in Xenopus oocytes or CHO cells deactivate
slowly, with a time constant of ~20 s, close to the rate pre-
dicted from intrinsic GTP hydrolysis by G/G, [40, 140].
Thus, it does not look as though GIRK itself is a GAP. The
discrepancy has been resolved recently, when coexpression
of the RGS4 protein strongly accelerated deactivation of
GIRK currents in Xenopus oocytes and CHO cells, effec-
tively restoring the fast rate observed in cardiac cells (C.A.
Doupnik, N. Davidson H. A. Lester, and P. Kofuji, personal
communication). The RGS proteins (regulators of G pro-
tein signalling) are specific and ubiquitous accelerators of
GTP hydrolysis by the PTX-sensitive G proteins in eucary-
ots [reviews: 166, 189], and their participation in GIRK de-
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activation process in heart and brain is probable but re-
quires further verification. It will be of interest to see
whether an RGS may be colocalised with GIRK and a het-
erotrimeric G protein.

Activation by Direct Binding of Gy,

The discovery that GIRK is a G protein-gated channel was
followed by an intense debate as to whether G,,-GTP or Gg,
is the prime activator; both appeared to activate K(ACh) in
excised patches (actually, GTPyS-activated G,’s are used in
such experiments, since they are permanently active) [106,
154, 248 vs. 86, 141, 142). With improved purity of G protein
subunits, it seemed that Gg, causes a more reliable and ro-
bust activation, whereas G,-GTPvS produced a partial but
high-affinity activation in a proportion of patches [86, 142];
however, the latter turned out to be due to contamination
by free GTPyS since it could be blocked by excess GDPBS
which, theoretically, cannot impede the action of GTPyS-
bound G, [235]. Ample amount of data from many labora-
tories confirms the activation of GIRK by various subtypes
of purified and recombinant Gg, [see 121]. Apparent Kp, for
activation of cardiac K{ACh) by different combinations of
Gg, or Gg; and several G, types are quite similar, ranging
between 4 and 11 nM [115, 235]; note that the concentra-
tions of the proteins are measured in water solutions; be-
cause of the high oil/water partition coefficient of lipid-
madified G protein subunits [65], their actual concentration
in the membrane may be significantly higher). Ggyy; is an
exception with a lower apparent affinity, possibly reflecting
the differences in isoprenylation of G,; [65] and thus poorer
association with membranes [115, 235, 242]. Isoprenylation
of G, is necessary for activation of GIRK, because Gg,, con-
taining a non-prenylated mutant of the y protein is unable
to cause channel openings in excised membrane patches of
locus coeruleus neurons and Xenopus oocytes [162, 196]. It
is not clear whether isoprenylation is necessary for Ggy ac-
tivity or merely helps it to accumulate in the membrane, in-
creasing the effective concentration, or both [see 65]. Addi-
tional arguments in favour of the role for Gg, include: i)
block of GIRK activation by excess G,-GDP, by the Gg,-
scavenger phosducin, and by Gg,-binding peptides derived
from 8-adrenergic receptor kinase {159, 186, 235, 242]. All
these effects are believed to result from sequestration of
Ggy- ii) Overexpression of Gg, in oocytes vastly enhances
the basal GIRK current at the expense of agonist-evoked
current, suggesting that agonists and Gg, share the same
pathway [19, 21, 186, 232]; iii) Expression in Xenopus oo-
cytes shows that GIRK can be activated by a B-adrenergic
receptor if the relevant Gy, G, is overexpressed, most
probably by Gg, released from the abundant G-Gg, heter-
otrimer [140]; iv) Gg, directly binds to GIRK1 and GIRK4.

Recent studies demonstrated a direct physical association
between GIRK1 or GIRK4 and Gg, and identified two sepa-
rate binding domains (at least in GIRK1): the N terminus
and a part of the C terminus. Krapivinsky et al. [115]
showed this by co-immunoprecipitation from atrial mem-
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branes of Gy, with GIRK1 or GIRK4 by antibodies directed
against these channel subunits, or by assaying the associa-
tion of Ggy with recombinant GIRK proteins purified from
SF9 cells. Interestingly, the affinity for Gg, in the binding
assay was 50 nM, ~10-fold lower than in electrophysiologi-
cal assay, possibly because of the higher concentration of
the isoprenylated Gg, in the plasma membrane in electro-
physiological assay, as compared with the biochemical ex-
periment performed in solution with solubilised proteins.
Binding of Gg (but not G,) to the N-terminus of GIRK1
was also demonstrated in yeast two-hybrid system, and the
binding domain in Gg was located to the first 100 amino
acids. Unfortunately, for unknown reasons binding between
Gg and the C-terminus was not recognised by this assay
[244, 245]. Doupnik et al. [40] showed the binding of the
C-terminal fusion protein of GIRK4 to Gg, using the sur-
face plasmon resonance technique. Huang et al. [75], Kun-
kel & Peralta [120] and Inanobe et al. [79] demonstrated co-
purification of Gg, with fusion proteins comprising C and
N termini of GIRK1, suggesting two Gg, binding domains
in a single GIRK subunit. Peptides derived from N and C
termini of GIRK1 (a.a. 1-38 and 434-462, respectively) in-
hibited channel activity in excised patches and blocked the
binding of Gg, to the corresponding parts of the channel,
but not vice versa (i.e., the C-terminal peptide block¢d Gg,
binding to C- but not to N-terminal fusion protein), sug-
gesting that N- and C-terminal domains may bind to differ-
ent parts of Ggy [75]. Importantly, while binding of the
C-terminus to Gg, was blocked by excess G,-GDP, the
binding of the N terminus was not; indeed, G,-GDP associ-
ated with the N-terminal fusion protein (a mixture of G,
and G, purified from brain was used in this study). There-
fore, it has been proposed that the N terminus of GIRK1 is
the site of formation of the complex between GIRK and the
heterotrimeric G protein [75]. This important hypothesis
has far reaching consequences for the understanding of
specificity and kinetics of GIRK. The stoichiometry of in-
teraction and the identity of the complexed G, and Gg,
subspecies in vivo remain to be elucidated.

The map of the Gg,-interacting sites in N- and C-termini
of GIRK1 is incomplete. No mapping of the N terminus is
available, and only a rather crude mapping of the C termi-
nal Gg,-interacting domain has been done. As noted by
Kunkel & Peralta [120], GIRK1 (as well as other GIRK sub-
units) does not have a clear plekstrin homology domain
present in many Gg,-binding proteins [review: 27] or a
QxxER sequence crucial for Gg, interaction with adenylyl
cyclase [23], although a limited homology to BARK Gg,-
binding domain was noticed within a stretch between a.a.
318 and 455 [75, 186]. GST fusion proteins covering vari-
ous parts of the C terminus of GIRK1 were utilised to map
the Gg,-binding domain, placing this domain roughly be-
tween a.a. 290-356 [120] or a.a. 273-462 [75] (see Fig. 1).

Chimeras between GIRK1 and G protein-insensitive K,s
(Ki2.1, K;2.2 or Ki4.1) expressed in Xenopus oocytes were
also widely used to map Gg, interaction regions of GIRK1,
yielding important functional controls for the biochemical
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studies. Results with chimeras of this kind must be interpre-
ted with caution in view of possible sources of ambiguity: i)
whenever a chimera contains the core M1-P-M2 region of
GIRK1, a contribution of the native oocyte’s GIRKS to
channel formation and activation by Gg, probably cannot
be discarded, especially when small whole-cell currents are
detected; ii) some of the requirements for GIRK channel
function can be met by certain sequences derived from the
other channels, although the same parts may fulfill a differ-
ent function within the native homomers [120]; iii) K,2.3
binds and is inhibited by Gg, (29); although K,2.1 and
K;2.2 often used to make chimeras with GIRK1 apparently
do not interact with Gg,, they are highly homologous to
K2.3 and may contribute sequences that partially fulfill this
function. Despite these reservations, it seems safe to say that
most studies with chimeras showed that either N or C ter-
minus of GIRK1 can confer Gg,-sensitivity to an otherwise
Ggy-insensitive channel, although the C terminus is usually
more efficient [119, 120, 208, 228]. Importantly, all studies
except one [224] identify the main C-terminal region func-
tionally important for activation by Gg, within the con-
served parts of the GIRKs rather than in the unique distal
C-terminal part. Tucker et al. [228] used complex chimeras
between concatamers of GIRK1 and GIRK4 and a G pro-
tein-insensitive K,4.1, thus overcoming the problem of
GIRK5 contribution, and found that a mixture of core do-
mains of GIRK1 and GIRK4 is needed to produce a Gg,-
sensitive channel (assayed by coexpression of Gg,); neither
can produce a reasonably Gg,-sensitive channel alone. The
importance of the core region of GIRK for agonist and/or
Ggy-activation is also implied by the results of Slesinger et
al. [208].

The summary presented in this chapter is a testimony of
the immense progress made during the last three years in
the study of Gg,-GIRK interactions. The near future will
probably bring the identification of the specific sites of in-
teraction between these molecules, a quantitative assess-
ment of their contribution to channel activation, and possi-
bly a detailed structural analysis of the interacting cytosolic
parts. A major challenge is to understand how the Gg,
binding is linked to channel gating.

Cooperativity of Gg, Interaction with the Channel

When increasing doses of GTP are applied to excised patches
of atrial cells while the agonist is present at the extracellular
side of the membrane (i.e., with ACh in the patch pipette),
the resulting dose-response curve shows a Hill coefficient of
2.5-4, suggesting a positive cooperativity. Preactivation by
GTPyS or by G, shifts the GTP dose-response to the left
but leaves the cooperativity intact, suggesting similarity in
mechanisms of GTPYS and Gg, activation [128, 161, 241].
Activation by ACh is speeded by pretreatment with
GTP+S, while deactivation is slowed; these phenomena are
also compatible with cooperativity [94], suggesting that sev-
eral Gg, can interact with one channel molecule. Variable
and often milder cooperativity, with Hill coefficients of
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1.2-3, was found for GIRK activation by several subtypes of
purified Gg, in excised patches [115, 196, 242]; the ambigu-
ity in determining the actual concentration or time course
of accumulation of Gg, in the membrane may explain the
disparity of results. Binding of Ggy to detergent-solubilised
cardiac GIRK or purified GIRK1 or GIRK4 showed no coop-
erativity; in these conditions, the tetrameric structure of the
channel or the interaction between Gg, binding sites was
probably lost, and the data may reflect a one-to-one binding
of Ggy to individual GIRK subunits [115]. Interestingly, ACh
dose-response measurements on cardiac GIRK usually do not
indicate cooperativity, yielding Hill coefficients around 1
[82, 94], and the reasons for this discrepancy are unclear.
On the other hand, in acutely dissociated hippocampal neu-
rons, the dose-response to GABA vields Hill coefficients be-
tween 1.4 and 2.1, and it has been proposed that this variabil-
ity may depend on the ratio between GABA} receptors, G
proteins and channels in different cells [210]. Interestingly,
in these cells, the rate of deactivation after agonist washout
becomes slower with increased duration of agonist applica-
tion, although maximal response amplitude has already been
reached after the shortest exposure. This may reflect the
need for unbinding of multiple Gg, molecules from the
channel, not all of which are needed for activation {210].
To summarize, the existing data indicate that each GIRK
subunit binds at least one Gg,, and that more than one Gg,
is needed for a maximal channel activation. It is quite possi-
ble that, for the channel to open, it is not essential that all four
subunits are associated with Gg,. At present, the reported exis-
tence of two Ggy-binding domains in each subunit, each do-
main being able to render the channel responsive to Gg, (see
above), cannot be correlated with these results.

Activation by ATP and Mg: Possible Role
of Phosphorylation or Transphosphorylation

Soejima and Noma [211] first noted that cytosolic ATP sus-
tains basal activity of the cardiac GIRK and may play a role
in channel activation. The effect of ATP is maximal at
2 mM (a normal physiological concentration) and the ap-
parent Kp is ~200 uM [93, 216]. At least part of this effect
is due to an increase in the channel’s mean open time from
~1 to ~5 ms [99, 101, 171, 216]; closed times could not be
measured reliably since the recording was done in multi-
channel patches. Studies in excised patches showed that
the effect is absolutely dependent on the presence of Mg?*
(apparent Kp of ~200 pM) and can be mimicked by a
slowly hydrolysable ATP analogue that is able to replace
ATP in phosphorylation reactions, ATPyS, but not by
ADP [59, 93, 99]. A non-hydrolysable analogue of ATP,
AMP-PNP, is unable to replace ATP in excised membrane
patches of atrial [93] and hippocampal cells [171] or Xeno-
pus oocytes expressing GIRK1/GIRK4 channels ([216]; how-
ever, see Ref. 135 reporting that AMP-PNP can replace
ATP in activating GIRK1/GIRK2 channels in Xenopus oo-
cytes). All these are hallmarks of a phosphorylation process,
possibly carried out by a membrane-attached protein kinase,
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rather than a direct nucleotide interaction with the chan-
nel. Indeed, the non-specific alkaline phosphatase was re-
ported to reverse the action of ATP [99]. However, none of
the wide-specificity blockers of serine/threonine or tyrosine
protein kinases, such as H7, staurosporine or tyrphostin
block ATP effects [93, 171].

Otero and coworkers [175, 176] and others [59, 60, 93]
initially suggested that activation by ATP reflects a “trans-
phosphorylation” reaction by nucleoside diphosphate ki-
nase (NDPK), an enzyme that catalyzes the transfer of phos-
phate from nucleoside triphosphates to nucleoside diphos-
phates e.g., from ATP to GDP, with the formation of GTP.
Since free GTP in the absence of agonist is a poor activator
of GIRK in excised patches {93}, it has been assumed that
NDPK catalyzes the transfer of phosphate directly to GDP
bound to G, thus activating the latter. This hypothesis
placed the site of action of ATP at the G protein rather
than at the channel itself. NDPK is found in atrial mem-
branes [60]; known inhibitors of NDPK such as GDP,
GDPBS and ADP block the enhancing action of ATP [59,
93]; and nucleotides other than ATP, such as CTP, UTP
and ITP mimicked ATP, though less efficiently [59, 93; but
see 99]. These findings support the NDPK hypothesis. How-
ever, other (especially recent) data strongly argue against
the mediation of the ATP action on GIRK by NDPK: i)
Channel activation by Mg/ATP in excised patches is not
blocked by previous PTX treatment, which is supposed to
prevent GDP-GTP exchange at G,; and G,,. Furthermore,
in clear contrast with the predictions of the NDPK model,
the activating effect of ATPyS (which is supposed to trans-
fer thiophosphate to GDP and thus produce the irreversibly
activated G,-GTPyS complex) was reversible upon wash-
out [93]. In whole-cell recordings, Ito et al. [87] could block
the basal activity of GIRK in sinoatrial node cells by dialysis
(whole-cell) of AMP-PNP but not by ADP or GDP. ii) As
shown in platelet membranes, no transfer of phosphate to
GDP bound to G, is possible at all [71]. iii) Otero and co-
workers [240] had recently shown that, in atrial cells,
NDPK antibodies of several kinds (those known to inhibit
the transfer of phosphate to GDP, and others that do not)
block the channel activity activated by agonist, but not the
agonist-independent activity activated by 4 mM ATP; the
block was relieved by GTPyS. Thus, the transfer of phos-
phate by NDPK from ATP to GDP cannot explain the ef-
fect of NDPK, and it has been speculated that NDPK nor-
mally participates in coupling of the receptor to the G
protein, by interacting with either of them.

In summary, mediation of ATP-induced activation of
GIRK by transphosphorylation is unlikely. Phosphorylation
of the channel or of a tightly associated protein by a non-
conventional protein kinase insensitive to standard block-
ers remains a sound possibility. Another possible pathway
may involve the formation of phosphatidylinositol-4,5,-
bisphosphate (PIP;) catalysed by membrane-attached lipid
kinases, a mechanism shown to mediate the stimulatory ef-
fect of ATP on Na/Ca exchanger and on another inward
rectifier channel (Ig arp) in the heart [66].
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Activation by Na*

A novel mechanism of gating of GIRK has been discovered
recently [135, 216]: recombinant GIRK1/GIRK4 or GIRK1/
GIRK?2 channels expressed in Xenopus oocytes, and the car-
diac K(ACh), are activated by Na*, with 50% effect at ~40
mM; thus, changes in intracellular Na* concentration in
the physiological range already affect GIRK activity. Sui et
al. [216] demonstrated that Na' cannot activate the chan-
nel unless it has been modified by ATP, and that Na* does
not change the channel open time, probably acting by re-
ducing average closed times. Modulation by Na*™ was as-
sumed to be G protein-independent, but this requires fur-
ther verification.

Mechanism of Basal Activity

In view of the high potential physiological importance of
the basal activity of GIRK, it is vital to understand what un-
derlies it and how it is regulated. Surprisingly, since PTX
blocks most of the basal activity (see below), it seems that
spontaneous, activator-independent closed «— open transi-
tions contribute little or not at all to the standing GIRK
currents, and the channel appears to be closed most of the
time in the absence of some kind of extrinsic activator.
Among the major regulators of the basal activity, GTPase
cycle, ATP, Na* and NDPK have been mentioned as the
major players. The contribution of NDPK to basal GIRK
current appears (at least for the time being) unlikely. ATP
is probably important for maintaining the basal activity, es-
pecially in conjunction with Na™* [216].

In atrial myocytes, the basal GIRK current is Mg?*- and
GTP-dependent, and much of it is blocked by GDP and a
Gais antibody [172]. PTX and N-ethylmaleimide (another
spectfic blocker of G;/G, transduction) inhibit “basal” activ-
ity actually evoked by GTP (in the absence of ATP) in
guinea pig atrium; Gp,, fully reactivates the channel after
such treatment [85]. On the basis of the observation that at-
ropine inhibited up to 90% of basal GIRK current [172,
211], it has been suggested [172] that empty receptors prime
Gy {possibly by accelerating the basal GTPase cycle) and
this underlies basal activity of the channel. However, later
experiments showed a much smaller (20%) atropine-
induced decrease {87]. Thus, a large portion of the basal
GIRK current in atrial cells may be due to the GTPase ac-
tivity of unactivated G,. A simplified view of the mecha-
nism is that, from time to time, GDP bound to G, is sponta-
neously exchanged for GTP (whose concentration in the
cell is at least ten times higher than of GDP), and the re-
leased Gp,, causes channel opening until GTP is hydrolysed
by G, and the latter reassociates with Gg,.

Unfortunately, the data mentioned above were collected
from dialysed cells or excised patches; cytosolic factors such
as kinases, phosphatases, RGS and Na* may modulate
GIRK [e.g., 72, 216] and significantly complicate the naive
scheme depicted above. Therefore, measurements should be
done in intact cells. Such data, available at present only
from Xenopus oocytes expressing cloned channels, clearly






