
Functional properties of a truncated recombinant GIRK5
potassium channel

Carolina Salvador a, Martin Martinez b, S. Ivonne Mora a, Waskar Egido a,
Jose M. Farias b, Gerardo Gamba c, Laura I. Escobar a;*

a Departamento de Fisiolog|̈a, Facultad de Medicina, Universidad Nacional Autönoma de Mëxico, AP 70-250, Mëxico, D.F., Mexico
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Abstract

Xenopus laevis oocytes codify a G-protein-activated inward rectifier potassium channel (GIRK5 or Kir3.5). Coinjection of
other GIRKs, the muscarinic m2 receptor, or GLQ protein cRNAs is required to observe functional GIRKx-GIRK5
heteromultimers in oocytes. Studies with GIRK2 isoforms have shown that the size of the amino or carboxyl terminus plays a
crucial role on giving functional K� channels. In this work we studied the properties of a GIRK5 with 25 amino acids deleted
toward its amino-terminal domain. Injection of GIRK5-v25 cRNA alone displayed large basal and transient inward
rectifying currents in oocytes. The instantaneous currents reached a stationary level after a long duration voltage pulse (10 s).
For this relaxation, fast (d1) and slow (d2) time constants were estimated at different voltages. Recovery from inactivation
followed a monoexponential function (d= 0.95 þ 0.07 s). By contrast with other inward rectifier channels, blockade of
GIRK5-v25 by extracellular Ba2� was voltage-independent (Kd = 102 þ 2 WM), suggesting the presence of a Ba2� site at the
external channel vestibule. To confirm this hypothesis, the Ba2� sensitivity of two charged mutants GIRK5-v25(N129E) and
GIRK5-v25(K157E) at each of the external loops was determined. GIRK5-v25(N129E) and GIRK5-v25(K157E) showed a
100-fold and 2-fold higher affinity to Ba2�, respectively, supporting the existence of this Ba2� binding site. ß 2001 Pub-
lished by Elsevier Science B.V.
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1. Introduction

The G-protein-activated inwardly rectifying K�

channels (GIRK or Kir3 subfamily) are critical me-
diators of cell excitability and e¡ectors of many G-
protein-coupled receptors [1]. For example, acetyl-

choline binds to cardiac muscarinic receptors (m2)
and then activates IKACh, slowing heart rate. This
atrial channel exists as a heteromultimer composed
of two GIRK1 and two GIRK4 subunits [2]. So far
the GIRK conducting K� channels have been ob-
served as an aggregation of two di¡erent GIRK sub-
units. GIRK2 and GIRK3 are found in the brain
where they possibly form heteromeric channels with
GIRK1. Coexpression of GIRK1 and GIRK2 pro-
duces functional channels in Xenopus oocytes like the
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native G-protein-coupled inward recti¢ers found
in brain [3]. In contrast, some GIRK2 isoforms
and GIRK4 alone also form functional GLQ-gated
homomultimers in various heterologous expression
systems [2^5]. The mutants GIRK1(F137S) and
GIRK4(S143T) form homomeric functional channels
with activity comparable to the wild-type heteromer-
ic G-protein-gated channels [6].

Alternative splicing at the 3P-end of the open read-
ing frame of GIRK3.2 cRNA generates the four iso-
forms GIRK3.2a, GIRK3.2b, GIRK3.2c and
GIRK3.2d [7^9]. GIRK3.2d is 18 amino acids short-
er at the N-terminal end than of Kir3.2c and can
form functional channels. In contrast, Kir3.2c can
only form functional GIRK channels with GIRK-
3.2a or GIRK3.1 [9]. It has been stated that both
the N- and C-terminal ends of Kir3.2 isoforms play
complex roles in the regulation of channel activity in
GIRK channels composed of homomeric assemblies
of GIRK3.2 isoforms [9].

The GIRK5 (Kir3.5) has been cloned from Xeno-
pus laevis oocytes, the most widely used expression
system [10]. Oocytes overexpressing GIRK5 in the
absence of GIRK1 show very small Ach-stimulated
currents [10]. The GIRK5 gene has three in-frame
ATGs which could give rise to three GIRK5 proteins
with di¡erent N-terminal sizes [10]. Whether all or
some of these GIRK5 isoforms are synthesized in
vivo is still an open question.

A small endogenous inward rectifying K� current
(Xir) can be recorded in some Xenopus oocytes
[11,12]. Therefore, we suspected that Xir could com-
prise an assembly of GIRK5 isoforms. To establish
the functionality of likely GIRK5 isoforms derived
from oocytes, we isolated by RT-PCR a GIRK5 ho-
mologue that was 25 amino acids shorter at its N-
terminal end (GIRK5-v25). Oocytes injected with
cRNA for GIRK5-v25 expressed large basal currents
in the absence of coexpressed muscarinic receptor
(i.e. m2) or G-protein subunits.

GIRK5-v25 channels displayed an instantaneous
component with a prolonged inactivation pro¢le
(10 s) at high K� without Na�. GIRK5-v25 channels
were also blocked by extracellular Ba2� in a voltage-
independent manner. In order to study the GIRK5-
v25 Ba2� binding site, we focused on the possible
electrostatic interaction between Ba2� and two amino
acid residues at the external loops of GIRK5-v25.

Therefore, we mutated to the negatively charged
residue glutamate (E) the amino acids N129 and
K157. We obtained a decrease by two orders of
magnitude in the Kd for Ba2� block with the
GIRK5-v25(N129E) mutant. By contrast, GIRK5-
v25(K157E) had only a slight change in its Kd. These
results suggest that the amino acid residue position in
the vestibule of a Kir channel is crucial in the electro-
static interaction with Ba2�.

Preliminary results of this study were presented in
abstract format [12].

2. Materials and methods

2.1. Molecular biology

Total RNA was obtained from 0.8 g of defollicu-
lated Xenopus oocytes following the cesium chloride
method [13]. RT-PCR experiments were performed
to synthesize cDNA from 5 Wg total RNA (M-
MLV reverse transcriptase, Gibco). Two primers
were designed based on the amino acid sequence ho-
mology with GIRK4 and the GIRK5 clone previ-
ously isolated from X. laevis oocytes [10]. The nucle-
otide sequences for these primers (Gibco) were: 5P-
CAT CGT CGA CAT GGC AAG GGA TTT AAG
GGT CTC TAT G-3P (sense) and 5P-GAA ATG
TAT CAA TGT TTT TCT GCA GTC AGT CTG
GCT GTG-3P (antisense). A 1214 bp fragment was
ampli¢ed by PCR either with the Taq polymerase
(Gibco) or the High Expand enzyme (Boehringer
Mannheim). The same result was obtained with the
RNA from other frogs (n = 3). The fragment was
puri¢ed from an agarose gel (1%) by the Gene Clean
method and subcloned in the pRSSP6013A3-UWE
vector, pBF. DH5K cells were transformed. The full
GIRK5 codifying region was ampli¢ed by PCR with
the primers 5P-AAA GGT CGA CAT GAT TCC
TGA AAG AAT GGC-3P (sense) and 5P-AGA
GAC CAA AAA GAG ACG ATC GTC GCC
TGT ATC AAA G-3P (antisense). The fragment
(300 bp) and the PBF-GIRK5-v25 construct were
incubated with SalI and XhoI. Ligation was per-
formed with T4 DNA Ligase (Gibco). Puri¢ed
DNAs (Maxi-prep, Qiagen) were sequenced auto-
matically (AB1 Prism 310, Perkin Elmer) and man-
ually (thermo-sequenase, Amersham Life Science).
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5^20 ng of GIRK5 wild-type and GIRK5-v25 cRNA
transcribed in vitro (RNA polymerase SP6, Gibco)
were injected into oocytes for electrophysiological
assays.

X. laevis females were purchased from Carolina
Biological Supply Company, USA. Defolliculated
oocytes were obtained according to [14].

Fig. 1. (A) Current traces were recorded in high K� (118 mM) solutions for injected Xenopus oocytes with GIRK5 (left) and GIRK5-
v25 cRNAs (right). Voltage pulses from 3160 to 60 mV were applied during 1500 ms with increments of 15 mV. The pulse protocol
is shown at the top of the ¢gure. The HP was set at 0 mV to inactivate most of the endogenous voltage-dependent ion channels.
Traces are shown without subtracting linear components. (B) The above traces are shown with a di¡erent scale (vertical bar represents
0.4 and 4 WA for GIRK5 and GIRK5-v25 currents, respectively) during the ¢rst 100 ms. Inward currents were recorded from oocytes
after 2 days of injection (10 ng of cRNA).
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2.2. Electrophysiological assays

Recordings were made 1^3 days after cRNA injec-
tion, with a two-microelectrode voltage-clamp tech-
nique (Geneclamp 500, Axon Instruments). Borosili-
cate microelectrodes were ¢lled with 3 M KCl and
had resistances of 0.5^5 M6. Membrane potential
and current signals were digitized at a rate of 10

kHz with a 12-bit AD/DA converter (TL-1 Labmas-
ter, Axon Instruments) and ¢ltered through a four-
pole low-pass Bessel ¢lter at a frequency of 2^5 kHz.
Membrane potential and current signals were stored
and analyzed o¡-line in a Pentium PC with
pCLAMP v. 6.0, Microsoft Excel v. 2000 and Sigma-
Plot, v. 2.0. Pooled data were expressed as
mean þ S.E. Unless otherwise indicated, current

Fig. 2. I-V relationship of GIRK5-v25. (A) The current-voltage relationships are shown for the instantaneous current (left) and for
the current at the end of the pulse (270 ms, right) at di¡erent external K� concentrations (118 (P), 75 (R), 50 (F) and 20 (b) mM).
The instantaneous component of the current was the value measured when the slope of capacitive current changed. This ¢gure illus-
trates the substantial decay of GIRK5-v25 currents with time. Long pulses (s 11 s), were required in order to reach the steady-state
current level. (B) The protocol that was applied to subtract the leak current is shown at the top. The inward currents were measured
with a long pulse (13 s) at 3140 mV to inactivate completely the GIRK5-v25 channels. Then, several current traces were registered
from 3150 to 3110 mV with 10 mV steps to develop only leak currents. The linear part of these traces allowed an estimate of the
membrane resistance; the leak current was then subtracted o¡-line from the experimental data.
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traces are shown after subtraction of the linear com-
ponents. The leak component was subtracted o¡-line
with a protocol applied after a long pulse to obtain
only leak current (Fig. 2A, see legend for details). All

experiments were carried out at room temperature
(22^24³C). Oocytes were placed in a 1 ml chamber
and perfused with solution. Electrode impalement
and measurement of oocyte passive properties were

Fig. 3. Selectivity and permeation properties of GIRK5-v25. (Top) Ek as a function of [K�]o. Continuous line represents the linear re-
gression ¢t to the experimental data; the ¢tted slope was 50.0 þ 2.9 mV. Dotted line indicates the Nernst equation prediction with a
slope of 58 mV for a K� selective electrode. (Bottom) The slope conductance as a function of [K�]o. The linear regression ¢t (contin-
uous line) had a slope of 0.586.
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performed in normal Ringer solution (mM): NaCl
117, KCl 2.5, CaCl2 1.8, HEPES 5, pH 7.4. For
selectivity experiments, Na� was replaced with vari-
able K� concentrations (2.5, 20, 50, 75, and 118
mM). Functional expression of GIRK5 and
GIRK5-v25 was studied in high K� (118 mM).

3. Results

3.1. Isolation of GIRK5-v25 from X. laevis oocytes

Since the GIRK5 gene had been already cloned
[10], the easiest step to obtain a truncated variant
was by RT-PCR. To overcome the intrinsic problems
of this technique, we worked with three independent
total RNA samples derived from di¡erent frogs. In
our study primers were designed to amplify the cod-
ing sequence from the third start codon of the
GIRK5 cDNA previously reported [10]. We obtained
the GIRK5 cDNA and GIRK5 with 25 amino acids
deleted at the N-terminal domain, GIRK5-v25. We
sequenced the three clones isolated from di¡erent
frogs. Based on the same oligonucleotide sequence
of these samples, using either the Taq polymerase
or the more reliable High Expand enzyme, we con-
cluded that no artifactual variants were ampli¢ed
with this procedure.

In comparison with the GIRK5 channel previously
cloned [10], the GIRK5-v25 isolated in this work
showed an arginine at position 429 instead of a
leucine and a lack of a glycine at position 430 at
the end of the intracellular carboxyl domain. One
clone out of three had a threonine at position 190
instead of an isoleucine in the M2 domain. These
results suggest that the GIRK5 gene displays poly-
morphism.

3.2. Functional expression in oocytes

Variable amounts of GIRK5-v25 cRNA (5^20 ng)
were injected into oocytes, yielding an approximately
linear relationship between the amount of cRNA in-
jected and the current observed (not shown). Inward
inactivating currents were recorded in high K� (118
mM; Fig. 1) at the second day with an injection of
10 ng of GIRK5-v25 cRNA. Oocytes expressing in-
ward potassium currents higher than 5 WA were used
for recording. GIRK5-v25 homomultimers showed
an instantaneous current that decayed slowly to a
steady state and increased in amplitude with the hy-
perpolarizing pulse.

If the GIRK5-v25 activity were caused by its as-
sociation with the endogenous oocyte GIRK5 sub-
unit and if subunits associated more or less randomly
in all possible combinations, one would expect less
current with higher amounts of GIRK5-v25 cRNA
or during longer times of channel expression over a
relatively constant background of endogenous
GIRK5. As shown in Fig. 1B, this is not the case.
As more GIRK5-v25 cRNA was injected more cur-
rent was measured. This also happened with the re-
cording time (3^4 days after injection). We have also
injected the GIRK5 wild-type cRNA (i.e. the full
gene) into the oocytes, and inward currents were
not observed under the same conditions (not shown).

3.3. K+-dependent activation and permeation
properties of GIRK5-v25 homomultimers

I-V relationships for the instantaneous currents
and for the currents at the end of the 10 s pulse
were estimated for GIRK5-v25 channels in variable
[K�]o (Fig. 2). Whole-cell currents were recorded in
2.5, 20, 75 and 118 mM [K�]o. Currents were elicited

Table 1
Comparison of the time constants for the fast (d1) and the slow (d2) components of GIRK5-v25 and mutants

Em (mV) GIRK5-v25 GIRK5-v25(N129E) GIRK5-v25(K157E)

d1 (ms) d2 (ms) d1 (ms) d2 (ms) d1 (ms) d2 (ms)

3160 55.07 þ 0.36 465.91 þ 19.6 50.06 þ 1.15 554.20 þ 12.2 59.90 þ 1.23 486.52 þ 17.6
3145 60.04 þ 0.76 476.04 þ 16.9 70.88 þ 0.23 543.48 þ 17.4 64.46 þ 2.23 476.91 þ 21.6
3130 69.33 þ 0.84 502.54 þ 21.1 78.44 þ 0.45 518.35 þ 23.4 72.95 þ 2.34 516.06 þ 19.2
3115 74.31 þ 1.49 509.19 þ 33.6 77.71 þ 1.12 484.46 þ 39.9 78.68 þ 5.76 535.95 þ 53.6
3100 82.40 þ 3.45 529.58 þ 39.8 95.67 þ 7.56 443.14 þ 82.7 92.11 þ 6.22 552.02 þ 62.5

The relaxation was measured in 118 mM [K�]o (n = 3; mean þ S.E.).
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from a holding potential (HP) of 0 mV, with the
pulse protocol shown at the top of Fig. 1. O¡-line
subtraction of leak currents was performed with the
protocol shown in Fig. 2B (for details see ¢gure
legend). Like other inward recti¢er potassium chan-
nels, the current amplitude of GIRK5-v25 channels
was dependent on the [K�]o at all voltages and the
I-V curves were shifted with respect to [K�]o.

The zero current potential was calculated for each
I-V curve at all [K�]o (n = 3) and it was compared
with the value predicted by the Nernst equation (Fig.
3, top). The experimental points were very close to
the ones estimated except for concentrations lower
than 20 mM. Endogenous Na� and Cl3 currents
may become apparent in the oocytes at low [K�]o.
The linear regression ¢t of the data in a semiloga-

Fig. 4. Steady-state inactivation of the inward rectifying K� current. (A) Traces show unsubtracted membrane currents elicited with
the pulse protocol shown at the top, in 118 mM [K�]o. (B) The steady-state inactivation induced by a 10 s prepulse was evaluated
measuring the instantaneous current at the test pulse (3150 mV) and plotted as a function of the prepulse potential (see text for
more details).
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rithmic scale had a slope value of 50.0 þ 2.9 mV,
close to the 58 mV/decade change in [K�]o for a
K� selective electrode (dotted line), indicating that
GIRK5-v25 channels were mainly selective for po-
tassium ions.

Fig. 3 (bottom) shows the conductance depen-

dence of GIRK5-v25 channels on [K�]o. The slope
conductance was determined by ¢tting the linear part
(between 3150 and 370 mV) of the instantaneous I-V
curve at the di¡erent [K�]o and plotted in a double
logarithmic scale. This relationship was well described
by the power function gslope = A ([K�]o)0:586, where

Fig. 5. Recovery from the voltage-dependent inactivation. (A) Time course of the recovery at 0 mV from the steady-state inactivation
after a prepulse (9 s) to 3160 mV. The recovery was evaluated from the instantaneous current elicited by a test pulse to 3160 mV ap-
plied at progressive periods (between 10 and 10 000 ms) after the conditioning prepulse. (B) Instantaneous current recovery as a func-
tion of the interval duration. Data were ¢tted to a monoexponential function with d1 = 0.95 ms.
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A = 0.36 þ 0.13 nS, [K�]o is in mM and 0.586 is the
slope of the linear regression line. This value was
close to 0.5, indicating that the conductance was ap-
proximately proportional to the square root of
[K�]o, which is typical of an inward recti¢er potas-
sium channel [15].

3.4. Voltage-dependent inactivation

In general, the small decay of Kir currents before
they reach the steady state has been attributed to a
combination of extracellular K� depletion, external
Na� blockade, and a voltage-dependent inactivation
[15^17].

Fig. 6. E¡ect of charge in the sensitivity of GIRK5-v25 to Ba2� block. (A,B,C) Whole oocyte GIRK5-v25, GIRK5(K157E) and
GIRK5-v25(N129E) currents in the absence and presence of 100, 40 and 1 WM BaCl2. Currents were recorded and analyzed as indi-
cated in Fig. 1.

BBAMEM 78085 20-4-01

C. Salvador et al. / Biochimica et Biophysica Acta 1512 (2001) 135^147 143



GIRK5-v25, GIRK5-v25(K157E) and GIRK5-
v25(N129E) currents showed a prominent decay at
test potentials negative to 350 mV even at high
[K�]o with nominally zero [Na�]o (Table 1). We

studied this process with a standard inactivation pro-
tocol of two pulses shown in Fig. 4A. Prepulses to
selected membrane potentials between 3150 and
0 mV from a HP of 0 mV were applied during 10 s

Fig. 7. Sensitivity and voltage independence of GIRK5-v25 and the charge mutants GIRK5-v25(K157E) and GIRK5-v25(N129E) to
Ba2� block. E¡ect of Ba2� on the instantaneous (A) and the late current at 750 ms (B) of GIRK5-v25, GIRK5-v25(N129E) and
GIRK5-v25(K157E) (empty, gray and ¢lled symbols, respectively) at two voltages, 3160 mV (squares) and 380 mV (circles). Record-
ings were performed in 118 mM of [K�]o at several Ba2� concentrations. The pulse protocol was the same as in Fig. 1. Mean þ S.E.
values of unblocked current fraction (I/Icontrol) were plotted at 3160 and 380 mV (n = 5) as a function of Ba2� concentration.

BBAMEM 78085 20-4-01

C. Salvador et al. / Biochimica et Biophysica Acta 1512 (2001) 135^147144



to allow the current to reach the steady state (Iss).
The peak current elicited at the test pulse of 3150
mV and after subtracting Iss was normalized to the
maximal current observed without prepulse (I/Imax),
to determine the steady-state inactivation. A sigmoi-
dal relationship was observed, revealing the frac-
tion of channels that was not inactivated at the
di¡erent prepulse potentials (Fig. 4B). Complete in-
activation was observed when prepulses were more
negative than 3150 mV during 10 s test pulses. These
recordings were performed at high [K�]o without
Na�.

The recovery time course at 0 mV from the inacti-
vation of GIRK5-v25 at 3160 mV (Fig. 5A) was
determined using a standard two-pulse protocol
(upper part). The inactivating prepulse to 3160 mV
was followed by increasing recovery periods at 0 mV
preceding the 3160 mV test pulse. The instantaneous
current at the onset of the test pulse was compared
and normalized with the current obtained at the pre-
pulse. These data were plotted as a function of time
(Fig. 5B). The time course of the recovery at 0 mV
could be ¢tted by a monoexponential function with a
time constant of 0.95 þ 0.07 s (n = 4). In other Kir
channels this recovery also follows a monoexponen-
tial time course [18].

3.5. Sensitivity to Ba2+ blockade

The high sensitivity to barium blockade is one
pharmacological property of Kir channels and Kd

values between 10 and 500 WM have been reported
[14,19,24]. Families of GIRK5-v25, GIRK5-
v25(N129E) and GIRK5-v25(K157E) current traces

were recorded in 118 mM of [K�]o at variable con-
centrations of external Ba2� (Fig. 6). The current
amplitude at the onset and at the end of the pulse
became smaller with increasing [Ba2�]o (Fig. 6). This
blockade could be readily reversed by removal of
Ba2� from the external solution (not shown).

In several Kir channels, Ba2� blocks the steady-
state current rather than the peak current, and this
blockade is a voltage-dependent process [15,20,25].
In GIRK5-v25 and GIRK5 mutants, Ba2� a¡ected
more importantly the instantaneous current ampli-
tude rather than the current at the end of the pulse
(`late current') (Figs. 6 and 7, Table 2).

Usually extracellular Ba2� preferentially a¡ects
Kir channels at more negative potentials. For exam-
ple, the Kir2.1 potassium channel has a high Ba2�

sensitivity: Em =3160 mV, Kd = 0.2 WM; Em =380
mV, Kd = 2.2 WM [25]. By contrast, GIRK5-v25 dis-
played a voltage-independent Ba2� blockade: Kd val-
ues of 111.4 þ 7.1 and 107.6 þ 6.2 WM at 3160 and
380 mV were determined, respectively. In order to
explain the di¡erence in Ba2� sensitivity between
these Kir subfamilies, we focused on the electrostatic
interaction between Ba2� and two amino acid resi-
dues at the external loops of GIRK5-v25. Therefore,
we mutated to the negatively charged residue gluta-
mate (E) the amino acids N129 and K157 for the
following reasons: the negative glutamate residue
(E117) in Kir2.1, present in its ¢rst loop, has a cru-
cial role in single channel conductance and Ba2� af-
¢nity [26]. The corresponding amino acid residue in
GIRK5-v25 is the neutral amino acid residue aspar-
agine (N129). To study the impact of changing only
the charge at the GIRK5 vestibule, we mutated the

Table 2
Voltage dependence of GIRK5-v25, GIRK5-v25(K157E) and GIRK5-v25(N129E) to Ba2� blockade

3160 mV (WM) 380 mV (WM)

I inst
GIRK5-v25 111.35 þ 7.13 107.62 þ 6.16
GIRK5-v25(K175E) 43.83 þ 3.74 39.52 þ 4.0
GIRK5-v25(N129E) 1.74 þ 0.77 2.01 þ 1.36
I late
GIRK5-v25 188.45 þ 12.78 330.23 þ 26.45
GIRK5-v25(K157E) 95.75 þ 3.40 119.06 þ 6.01
GIRK-v25(N129E) 5.65 þ 1.95 7.20 þ 1.92

Kd values (WM) were estimated at 3160 and 380 mV for the instantaneous (I inst) and late currents (750 ms) from Fig. 7
(mean þ S.E.).
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positive amino acid residue lysine K157 in the second
external loop of GIRK5-v25 to glutamate (E).

Current-voltage relationships were determined in
118 mM K� containing Ba2� from 0.001 to 20 mM
(n = 5; Fig. 7). The blocked fractions (I/Imax) for the
instantaneous and late currents were measured at all
voltages. GIRK5-v25 showed a Kd = 102 þ 2 WM and
a Kd = 227 þ 9 WM for Ba2� blockade at the instanta-
neous and late current, respectively.

We obtained a change of about two orders of
magnitude in the Kd for Ba2� with the GIRK5-
v25(N129E) mutant (Kd = 1.8 þ 0.5 WM). By contrast,
the GIRK5-v25(K157E) mutant was only 2-fold
more sensitive to Ba2� blockade (Kd = 41.7 þ 3.5;
Fig. 7, Table 2). Therefore, the amino acid residue
position in the vestibule of a Kir channel is crucial in
a possible electrostatic interaction with Ba2�.

Table 2 shows the Kd values values for instanta-
neous and steady-state (late) currents, con¢rming the
voltage independence of Ba2+ blockade for GIRK5-
v25 and the charge mutant channels (Fig. 7).

4. Discussion

An outstanding result of this work is that the
GIRK5 gene with a shorter N-terminal end, the
GIRK5-v25, gives rise to functional channels, in
contrast with the lack of functionality observed
with the GIRK5 cRNA injected alone or with m2
and GLQ cRNAs in X. laevis oocytes [10]. This result
is in accordance with the functionality also observed
with the GIRK3.2d with a shorter N-terminal end
[9].

The high basal activity of GIRK5-v25 channels in
the oocytes is intriguing. GIRK1/GIRK4 heteromul-
timers and some GIRK2 isoforms express signi¢cant
basal K� currents without receptor stimulation or G-
protein activation [6,9,22]. This activity has been re-
lated to the direct action of intracellular sodium ions,
requiring ATP hydrolysis. The ATP dependence of
GIRK channel activity is mediated via phosphoino-
sitol diphosphates (PIP2). The presence of PIP2 is
essential not only for the channel gating by sodium
ions but also for e¤cient GLQ signaling [21,22]. Since
channels work e¤ciently even at high expression lev-
els in the oocytes, the endogenous pool of any of
these gating molecules does not appear to be a limit-

ing factor for GIRK5-v25 functionality. We have
also observed functional GIRK5-v25 homomultim-
ers in an insect line but GTP-QS is required to allow
for channel activity (not shown).

Inward recti¢er potassium channels display only a
small inactivation [15]. The inactivation of GIRK5-
v25 currents had a slow time course. So far two
inactivation mechanisms have been described for
voltage-dependent potassium channels: a fast process
referred as `the ball and chain' (N-type [23]) and a
slow decaying current event that strongly depends on
the channel pore structure (C-type [24]). Further
studies should be performed to investigate the
GIRK5-v25 inactivation.

Ba2� blockade of the GIRK5-v25 instantaneous
and late currents was voltage-independent (Fig. 7,
Table 2), implying the existence of an external bind-
ing site. In other Kir channels, extracellular Ba2�

enhances dramatically the rate of current decay by
entering and blocking their pores [14,16,24]. The
presence of a Ba2� binding site located outside the
pore of the GIRK5-v25 channels was tentatively
con¢rmed by the higher a¤nity determined for the
two charge mutants: GIRK5-v25(N129E) and
GIRK5-v25(K157E). Furthermore, the 100-fold
higher sensitivity of mutant GIRK5-v25(N129E)
for Ba2� suggests that the ¢rst channel external
loop contributes to the binding site for this blocker.

Important conclusions are derived from this work.
First, GIRK5 channels lacking the ¢rst 25 amino
acids at the N-terminal end produce functional ho-
momultimers with an appreciable basal activity sug-
gesting a high sensitivity of this truncated channel to
the endogenous activators (i.e. GLQ proteins, Na�,
Mg-ATP and PIP2). Second, in contrast to other
potassium channels, GIRK5-v25 homomultimers
present a prolonged inactivation and a voltage-inde-
pendent Ba2� blockade. The higher Ba2� a¤nity of
the mutant charge GIRK5-v25(N129E) at the ¢rst
loop of the channel vestibule supports the presence
of an external Ba2� site in GIRK5 channels.
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