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Summary

GIRK (Kir3) channels are activated by neurotransmit-
ters coupled to G proteins, via a direct binding of Gg,.
The role of Ga subunits in GIRK gating is elusive. Here
we demonstrate that Ge; is not only a donor of Gpy
but also regulates GIRK gating. When overexpressed
in Xenopus oocytes, GIRK channels show excessive
basal activity and poor activation by agonist or Gpv.
Coexpression of Gaj; or Go;; restores the correct gat-
ing parameters. Ge; acts neither as a pure Gy scaven-
ger nor as an allosteric cofactor for Gfv. It inhibits
only the basal activity without interfering with GBy-
induced response. Thus, GIRK is regulated, in distinct
ways, by both arms of the G protein. Go; probably acts
in its GDP bound form, alone or as a part of Gapy
heterotrimer.

Introduction

G protein-activated K* channels (Kir3, or GIRK) mediate
postsynaptic inhibitory effects of various transmitters
in atrium and in brain via 7-helix, G protein-coupled
receptors (GPCRs). The mediator of neurotransmitter
action is GBvy derived from heterotrimeric G proteins.
Gpy activates GIRK by direct binding (for review, see
Yamada et al., 1998). GIRK is also activated by cytosolic
Na* and membrane phosphatidylinositol 4,5 bisphos-
phate (PIP,); the latter is essential for proper GIRK gating
by both Na* and GBvy (Logothetis and Zhang, 1999). GIRK
family includes five subunits, GIRK1 through GIRK5. Each
subunit contains two transmembrane segments, areen-
trant P loop, and cytosolic N and C termini. A functional
channel is composed of four identical or different sub-
units. Heterotetrameric GIRK1/GIRK2, GIRK1/GIRKS,
and GIRK2/GIRK3 channels are abundant in the brain,
and GIRK1/GIRK4 is predominant in the heart (Jelacic
et al., 1999; Krapivinsky et al., 1995; Lesage et al., 1995).

All “classical” subtypes of GB (1 through 4), tested in
combination with several Gy subunits, activate GIRK
almost equipotently (Lei et al., 2000; Wickman et al.,
1994). The GBv binding sites are located in the cytosolic
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N and C termini of the GIRK subunits (see Huang et al.,
1997; Krapivinsky et al., 1998, and references therein).
Binding of GBvy leads to rearrangements in the pore
region, altering open channel kinetics and bursting be-
havior (Sadja et al., 2001; Yi et al., 2001).

Ga subunits play an important role in determining
the specificity of GPCR-GIRK signaling. In cardiac and
neuronal cells, only GPCRs coupled to pertussis toxin
(PTX)-sensitive Gay, proteins activate GIRK (Wickman
and Clapham, 1995); the preferred donors of GBvy are
Ga;; and Gaj; but not Go, (Kozasa et al., 1996; Sowell
et al., 1997). We have previously found that, in excised
patches of Xenopus oocytes, Gg,-induced GIRK activa-
tion is antagonized by GTPyS-activated Ga;, (but not by
Gay; or Gagg), and proposed a role for this antagonism
in ensuring the specificity of signaling (Schreibmayer et
al., 1996). However, later studies showed that, in intact
cells, Gg, released from G;; can activate GIRK (Leaney
et al., 2000; Leaney and Tinker, 2000). In all, the role of
G, in GIRK gating remains uncertain. Also, it is not clear
exactly how Ga subunits help to determine signaling
specificity. Upon overexpression of various components
of signaling pathways, such as Ga or G, GIRK can be
activated by GBy donated by PTX-insensitive G proteins
such as G; or G, (Bender et al., 1998; Lim et al., 1995;
Sorota et al., 1999; Vorobiov et al., 2000). Thus, factors
such as colocalization or scaffolding may be involved
in assigning the relevant Ga to GIRK. It has been pro-
posed that preformed complexes of GIRK with certain
Gapy heterotrimers may exist in native cells, assuring
fast activation of GIRK by Gpvy derived from these het-
erotrimers (Hille, 1994; Huang et al., 1995).

In the native tissues, the basal GIRK activity in the
absence of activating neurotransmitters is low, and this
is believed to be an intrinsic property of the channel
(reviewed in Dascal, 1997). However, in Xenopus oo-
cytes, the whole-cell basal activity often reaches levels
comparable to the agonist-evoked one. Here we demon-
strate that, at high levels of channel expression, the
basal activity increases at the expense of agonist- or
Gpy-evoked one. We hypothesized that this excessively
high basal activity occurred because of a shortage in
an endogenous protein needed to keep the basal activity
low. Coexpression of Gajz or Ga;; restored the normal
gating by lowering the basal activity and increasing the
level of activation by GBv, both in intact oocytes and in
excised patches, without reducing the total GIRK cur-
rent or the amount of GIRK protein in the plasma mem-
brane. Our data strongly suggest that Go; regulates GIRK
gating. We propose that Ga.qpp, alone or as a part of the
GapBvy heterotrimer, is crucial to keep the channel shut
in the absence of an activated GPCR.

Results

Inverse Correlation between Levels of GIRK
Expression and the Extent of Activation

by Agonist and G;,

GIRK1/GIRK2 channels were expressed with the musca-
rinic m2 receptors (m2R) in Xenopus oocytes. Whole-
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Figure 1. Level of GIRK1/GIRK2 Expression Is Inversely Correlated
with the Extent of Activation by Agonist in Intact Oocytes

(A) The dependence of l,s, and lc, on the amount of injected GIRK1
and GIRK2 RNAs (shown below the traces, in pg/oocyte). Solution
was switched from ND96 to high K* (small arrow), and then to high-
K" containing 10 .M ACh (large arrow). GIRK currents in representa-
tive oocytes from one batch are shown.

(B) Summary of experiments in 3 oocyte batches: negative correla-
tion between R, and l,,s; measured in the same cell (p < 0.001 by
Pearce and Spearman tests that assume a linear correlation).

cell currents in intact oocytes were measured using two-
electrode voltage clamp. GIRK is an inwardly rectifying
channel and conducts little outward K* current in a nor-
mal physiological (high-Na, low-K) ND96 solution at —80
mV. Upon switching from ND96 to a high-K* solution
(24 mM K™), basal inward K* current via GIRK channels
(lbasa) is revealed (Figure 1A). The agonist acetylcholine
(ACh) evokes an additional current (lacp)-

When the level (density) of GIRK1/GIRK2 was in-
creased by injecting more RNA of each subunit, Iy
became larger, as expected (Figure 1A). In contrast, I,
did not increase proportionally, and sometimes even
decreased at high channel densities. The relative activa-
tion by the agonist, R,, calculated as the ratio (Iach/lvasal)s
was strongly reduced as the density of expressed chan-
nels increased, and a strong negative correlation be-
tween R, and l,,sy Was revealed (Figure 1B). This phe-
nomenon did not depend on the level of expressed m2R:
it was observed either when the amount of the injected
m2R RNA was increased proportionally with GIRK, or
when m2R RNA was kept constant (500 pg/oocyte).

The inverse relationship between basal activity and R,
was also observed in excised patches when the channel

opening was induced by the addition of purified Gy,
protein. In most experiments, GIRK1/GIRK2 was ex-
pressed without m2R; the patch pipette contained no
agonist. Basal activity was measured as the total open
probability of all channels in the patch (NP,), and cor-
rected for the slight differences in the sizes of the elec-
trodes (Yakubovich et al., 2000) by multiplying by electrode
resistance, R, which is roughly inversely proportional
to the patch area. Basal activity was first recorded in
the cell-attached (c.a.) configuration. Then the patch
was excised into the bath solution, which was devoid of
GTP and Na* but contained ATP to preserve membrane
PIP, (Sui et al., 1998). After excision, basal activity de-
cayed by 89.1% = 1.6% (n = 46), probably because of
lack of Na* and GTP in the bathing solution, to a new
steady state level within 0.5-2 min (Figure 2A).

Three minutes after the excision, a near-saturating
concentration (30-40 nM) of G, was added. Gg, caused
a strong, several hundred-fold activation at low expres-
sion levels (Figure 2A), but much less at high channel
densities (Figure 2B). The activation by G, (relative to
the basal activity recorded in the same excised patch),
R,, showed a strong negative correlation with basal ac-
tivity (Figure 2C; n = 47). For illustration, patches were
arbitrarily divided into three groups with low, medium,
and high basal NP, (bar chart in Figure 2C). GBy-induced
activation was about 700-fold in patches with low chan-
nel density, but only ~22-fold at high channel density
(see also Table 1). The same relationship was observed
when the basal activity measured before the excision, in
the cell-attached configuration, was used for reference:
80-fold activation at low channel density, but only 2.1-
fold at high density (Figure 2D). Thus, the factor underly-
ing the inverse correlation between channel density and
R. is retained after patch excision.

The increase in the amount of synthesized channels
upon increasing the RNA dose was confirmed by immu-
nochemistry (Figure 3A). The total amount of GIRK in
whole oocytes, precipitated by a GIRK1 antibody, corre-
lated well with the total GIRK current (Lo = lpasa + lach)
measured in the same oocyte batch, in a wide range of
RNA concentrations (Figure 3B). Both I, and the
amount of GIRK protein usually saturated at 1 ng RNA/
oocyte. The relationship between the dose of RNA and
channel density in the plasma membrane was examined
by confocal imaging of the expressed proteins in large
flat patches of membrane, attached to cover slips,
stained with antibodies at their cytoplasmic surfaces
(Singer-Lahat et al., 2000; see also Figure 5). The amount
of GIRK1/GIRK2 in the plasma membranes of oocytes
injected with 50 or 1000 pg RNA/oocyte, estimated by
this method, increased almost exactly as |, in the same
two oocyte batches (Figure 3C).

We also verified, using Western blot method, that the
amount of GBvy in the total cellular membrane fraction
was identical at low and high levels of GIRK; it could be
increased only by injecting RNAs encoding G and Gy
(Figure 3D). Furthermore, coexpression of m2R or Ga;;
also did not substantially alter the level of endogenous
Gpy (two experiments; Figure 3E).

Coexpression of Gaj; Restores Low .., and High

R, in Intact Oocytes

A possible interpretation of the above results is that the
oocytes contain a limited amount of an endogenous
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Figure 2. Negative Correlation between the Level of GIRK1/GIRK2 Expression and the Extent of Activation by Gg, in Excised Patches

(A and B) Typical records in patches from two oocytes from the same donor, injected with 10 (A) or 1000 (B) pg of GIRK1 and GIRK2 RNAs.
Upper traces show the time course of the whole experiment (the record during excision and solution mixing was blanked and is shown by
dotted lines), lower traces zoom on shorter stretches of record. The horizontal dotted lines show zero current level. At low channel densities,
the channel activity was estimated as NP, (total open probability, which equals number of channels in the patch (N) times the open probability
of a single channel (P,). NP, was calculated from 1 min periods of activity. At high channel densities, total macroscopic currents rather than
NP, were calculated from all-points histograms during 30-60 s periods of activity, and then NP, was calculated by dividing the macroscopic
current (in pA) by the single channel amplitudes estimated in the same experiments (2.2 and 2 pA in c.a. and excised configurations, respectively;

data not shown).

(C and D) Relationship between R, and basal activity in excised (C) or cell-attached (c.a.) (D) configurations. The basal activity of the channel
in the excised patches was measured during the third minute after excision. The bar charts show the average R, in patches arbitrarily divided
into groups with low, medium, and high basal current. Basal NP,R,, in these groups was <0.01; 0.01-1; >1, respectively, in excised patches;
and <0.1; 0.1-10; >10, respectively, in c.a. patches. *, p < 0.05; **, p < 0.01.

factor (a protein?) that stabilizes a closed resting state
of GIRK. At high levels of expression, many channels
lack this factor and therefore show higher basal activity
and less relative activation by ACh and GRvy. The “lack-
ing” inhibitory molecule may be simply a Gg; that se-
questers free Gg, at rest, and serves as Gg, donor follow-
ing transmitter-initiated GDP/GTP exchange.

In agreement with this hypothesis, coexpression of
Go;; reduced ..y and increased I, and R, in intact
oocytes (Figure 4A). Interestingly, the more channels
were expressed, the more Goj; had to be coexpressed
in order to reduce l,.;; and to restore R,, despite the
constant level of endogenous Gpvy. It looked as if Gas

titrates the channel rather than Ggv. Figure 4B summa-
rizes experiments in which the channel (expressed at
either 50 or 1000 pg RNA/oocyte) was titrated by Goys.
At 50 pg GIRK RNA, coinjection of 50 pg of Ga;z RNA
did not have any effect, whereas a 10-fold excess of
Gajs RNA (0.5 ng) reduced |55, by ~60% and increased
R, ~5-fold. In contrast, at high GIRK levels (1000 pg
RNA), the same concentration of Go;; (0.5 ng RNA) did
not significantly affect l,.s,, and R, was only slightly in-
creased. l,c, increased, but because it was small com-
pared to |y, lita remained practically unchanged. At
this high channel density, 5 ng of Ga;; RNA was needed
to reduce I,y and to restore high R,. Note that when
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Table 1. The Effect of Purified Gay.areys On the Activation of GIRK1/
GIRK2 Channels, by 30-40 nM GBv in Excised Patches

NP.R. R, without Gotr.creys Ra with 100 pM Gaty.creys

<0.01 718 + 138 (n = 18) 58 + 55 (n = 6)**
0.01-1 289 + 73 (n = 15) 220 + 61 (n = 11)
>1 224 + 7.8 (n =13) 78 = 77 (n = 3)

R, was calculated relative to basal activity in excised patches. **,
p < 0.01.

the excess of Ga;; RNA was overwhelming (5 ng Gais
versus 50 pg GIRK), both |z, lacn @and |y, Were reduced,
as expected for a general GBy scavenger effect; how-
ever, we have also detected a decrease in GIRK protein
levels (see Figure 5G).

The effect of Ga;; at different channel densities was
then examined in more detail (Figure 4C). Increasing
amounts of channel RNA were injected with matched
doses of m2R RNA, with or without a 10-fold excess of
RNA of Gaj;. Without Gajs, increasing the dose of GIRK
RNA caused the usual effects: a rise in |y, but less or
no increase in Iy, and a progressive reduction in R..
Coexpression of Go;; reduced ., at all concentrations.
Strikingly, now both |, and l,c, grew as the channel
expression increased, while |, was not changed by
coexpression of Ga;;. The negative correlation between
channel expression and R, disappeared; the extent of
activation became independent of channel density (Fig-
ure 4C). At all doses of GIRK except 50 pg, lxch Was
larger in the presence of Ga;; than in its absence, and
the difference progressively increased with RNA dose.
This suggests that the small amplitude of I, before
coexpression of Ga;; did not reflect a limited amount of

either m2R or endogenous GBYy. k. Was also not limited
by the availability of endogenous Gy, as shown by
separate experiments, in which coexpression of a large
excess of GBv (5 or 10 ng GB RNA) increased I, and
reduced l,c, but did not change I, either at low (50 pg
GIRK RNA) or high (1000 pg RNA) channel densities
(p > 0.2; data not shown).

Notably, R, reached 5-15 in the presence of coex-
pressed Goj;, well above the values seen at 50 pg GIRK
RNA/oocyte (Figures 4B and 4C). High R, was often
observed at lower levels of expression of GIRK (5-25
pg RNA/oocyte; data not shown). We therefore suspect
that already at 50 pg GIRK’s RNA, endogenous Gg; was
not available for all channels.

Our hypothesis predicts that downregulation of en-
dogenous Gay, should increase l,.s; and decrease R, at
low channel densities. Indeed, injection of a common
Gay, antisense oligonucleotide increased |y by
70.7% = 20.4% and reduced R, by 57% = 5.5% when
the amount of GIRK RNA was 10-25 pg in two out of
three oocyte batches (Figure 4D). Notably, at high chan-
nel densities, this effect was absent. In one batch, the
oligonucleotide had no effect on |y, Or lach, possibly
because it failed to reduce protein levels of Ga. In earlier
experiments with GIRK1/GIRK5 channels, antisense oli-
gonucleotides against individual Xenopus Ga subunits
did not affect l,.., (Schreibmayer et al., 1996). However,
none of them reduced l¢;, either (as is expected if a major
donor of Gy needed for agonist-induced activation is
missing). It is possible that, in these experiments, other
members of the Goy, family replaced the subunits
knocked down by the antisense treatment.

Control experiments examined the effects of a mem-
brane-attached GBy scavenger, cBARK (myristoylated C
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Figure 4. Coexpression of Ga;; Restores Low |,y and High lag,

(A) shows examples of whole-cell GIRK1/2 currents at low (left panel) or high (right panel) channel expression levels, with or without Gajs,
recorded in different oocytes of the same batch. Thin arrows denote switch to high-K* solution, thick arrows—addition of ACh. (B) Titration
of GIRK by increasing the level of expression of Gaj; is shown. Summary from five oocyte batches, 9-28 oocytes in each treatment. The
amounts of the RNAs of GIRK and Gu; injected per oocyte are shown at the bottom of the charts. All parameters, except R,, are shown
normalized to the reference group (50 pg GIRK RNA, no Ga;s). m2R RNA was injected at 50 pg/oocyte at low GIRK density, and at 500 pg/
oocyte at high GIRK density. (C) shows changes in the parameters of GIRK currents in a representative oocyte batch (same as in [A]), as a
function of level of GIRK expression, and the effect of Gais. N = 5 oocytes in each group. All parameters are normalized to the reference
group (50 pg GIRK RNA, no Ga;s). The amount of m2R RNA was always equal to that of GIRK1, except 1000 pg GIRK RNA when 500 pg of
m2R RNA was injected. (D) shows the effect of the antisense Gay, oligonucleotide on GIRK currents. Fifty nanograms of the oligonucleotide
was injected together with the RNAs of m2R (500 pg) and GIRK 3 days before current measurement. In control groups (no oligonucleotide),
liota Was 1.7 * 0.29 pA at low channel density (10 or 25 pg GIRK RNA/oocyte, two oocyte batches, n = 10) and 16.6 + 2.2 pA at high channel
density (500 pg GIRK RNA /oocyte, one batch, n = 4). **, p < 0.01.
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Figure 5. Mutual Effects of GIRK1/2 and Ga;; on Each Other’s Protein Levels

(A) shows confocal images of Ga; protein in large membrane patches (field: 18 X18 wm). Representative oocytes of one batch. GIRK1/GIRK2
RNA was 1000 pg/oocyte, Gai; 5 ng/oocyte. Endogenous Goj; was also detected by the Ga;; antibody in uninjected native oocytes. (B) The
amount of Gu; in the plasma membrane is not changed by coexpression of GIRK1/ GIRK 2. Summary of experiments shown in (A) (three
batches of oocytes). (C) The total amount of Gaj; in the oocytes is not changed by coexpression of GIRK1/GIRK2. Western blot with Gays
antibody (representative of two experiments). Molecular weight markers (in kD) are shown on the left. (D) shows confocal image of GIRK2 in
large membrane patches (field: 22 X 22 um). Coexpression of Gejs (5 ng RNA/oocyte) increases the level of GIRK1/2 (1000 pg RNA/oocyte).
(E) Summary of the experiments shown in (D), from four oocyte batches, is shown. The increase in GIRK protein by Ga;; was statistically
significant (p < 0.05). (F) shows immunoprecipitation of metabolically [*S]-labeled GIRK channel from oocytes incubated in the presence of
[**S]Met/Cys. Plasma membranes from five oocytes were manually separated from the rest of the cell (“internal fraction”), and immunoprecipi-
tated with the GIRK2 antibody. Representative of two experiments. Each sample was done in duplicate (not shown). The plasma membrane
contained only about 15% of total GIRK, the rest was in the internal fraction. Therefore, the contrast in the plasma membrane autoradiogram
image was increased to enhance the bands. (G) shows a Western blot of Ga;; in whole oocytes injected with either 50 or 1000 pg GIRK1/
GIRK2 RNA (as indicated below the image), with or without Ga;;. The amounts of injected Ga;; RNA, in ng/oocyte, are shown above the lanes.

terminus of the B-adrenergic receptor kinase; see Petit-
Jacques et al., 1999). In contrast to Ga;3, coexpressed
cBARK strongly reduced lyasq, lachs hotas @nd R,, at both
low and high channel densities (two experiments; data
not shown).

We also examined whether Gaj; alters GIRK expres-
sion, or vice versa. The level of Ga;; in the plasma mem-
brane (Figures 5A and 5B) or in whole oocytes (Figure
5C) was not changed by coexpression of GIRK, as esti-
mated by imaging in membrane patches and by Western
blotting, respectively. On the other hand, the amount of
GIRK in the plasma membrane was mildly increased by
coexpression of Gaj;, as shown by confocal imaging
(Figures 5D and 5E) and immunoprecipitation of [*S]-
labeled GIRK protein from plasma membranes. Immu-
noprecipitation showed an 11% and 56% increase in
GIRK protein in the presence of Gaj; (two experiments;
Figure 5F). Interestingly, the total amount of GIRK in the
internal fraction was reduced 2- to 4-fold (Figure 5F).
This was confirmed by Western blots of whole oocytes

(Figure 5G). The opposite changes in cytosolic and
plasma membrane contents of GIRK caused by coex-
pression of Gaj; suggest that Ga;; may play a role in the
control of GIRK biosynthesis, processing, or transport
to membrane.

Coexpression of Gu;; Restores Low Basal

Activity and High Activation by GBvy

Also in Excised Patches

We next studied the effect of coexpressed Gaj; on acti-
vation of GIRK by purified GBv in excised patches. This
protocol bypasses the GPCR and does not rely on GBy
released from Ga3y heterotrimers. GIRK was expressed
in the absence of m2R, with or without Gas.

Figure 6A shows records from two representative
patches from oocytes of the same donor. When the
channel was expressed alone at high density (1000 pg
RNA), the basal activity in cell-attached configuration
and after the excision was high, and relative activation
by GBvy was rather poor (Figure 6A, upper trace; see
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Figure 6. G,3 Normalizes the Gating of GIRK1/GIRK2 in Excised Patches

GIRK was expressed at 50 or 1000 pg/oocyte. Ga;; RNA was injected in 5- or 10-fold excess over GIRK1/GIRK2. The protocol and solutions
were as in Figure 2. (A) shows representative records from patches in two oocytes of the same batch. (B-E) summary of a series of experiments
in four oocyte batches is shown. Comparison of the parameters of GIRK gating with or without Ga3: basal c.a. activity (B); extent of activation
by Gg, (RJ) (C); the correlation between R, and basal activity (D); and the total current in 40 nM Gg, (E). ** indicates p < 0.01. Linear regression

lines in (D) are shown for illustration only.

Figure 6C for a summary). Coexpression of a 5- or 10-
fold excess of Gajs RNA did not change single-channel
conductance (data not shown) or the extent of decay
of basal activity after patch excision. With and without
Gaus, the decay was 89.7% = 3.9% (n = 6) and 80% =
4.5% (n = 7) at 50 pg, and 77.6% = 5.3% (n = 10) and
81% =+ 2.6% (n = 10) at 1000 pg GIRK RNA. However,
coexpression of Gajs strikingly reduced basal activity
and improved the relative activation by 40 nM GBv (Fig-
ure 6A, compare upper and lower traces).

A summary of this series of experiments is shown in
Figures 6B-6E (cell-attached basal currents were used
for reference). The effects of Ga;; were strikingly similar
to those observed in whole cells (where channel was
activated via m2R): Gay; strongly reduced the basal ac-
tivity (Figure 6B) and greatly increased R, (Figure 6C) at
high channel density, with much milder effects at low
channel density. The negative correlation between basal
activity and R, in the absence of Gajs (p = 0.029 by
Pearson correlation analysis) disappeared after coex-
pression of Gajs (p = 0.875; Figure 6C). The total GIRK
current in the presence of Gy, was not reduced by coex-
pression of Ga;s; thus, coexpressed Gaj; did not impair
activation by Gg, (Figure 6D). These results support the

role for Go;; as the factor needed for a proper, low basal
activity and a strong activation by Gg,.

To examine in detail whether Go;; acts as a scavenger
or an allosteric regulator of GRvy, we have recorded a
full dose-response relation for G, activation (Figure 7A).
GIRK was expressed alone (1000 pg RNA) or with Ga;;
(5 ng RNA), or with cBARK (5 ng RNA). R, was calculated
relative to basal activity in excised patches, to facilitate
comparison with earlier works. The half-maximal activa-
tion of the channel expressed alone occurred at about
10 nM Gy, similarly to GIRK1/GIRK4 channels (Wick-
man et al., 1994). Gaj; did not substantially change the
apparent affinity of Gy, but greatly increased the maxi-
mal level of activation. The absence of a rightward shift
of the dose-response curve by coexpressed Gaj; sup-
ports the notion that Ga;; did not substantially sequester
the added GB+v under the conditions used. In contrast,
CBARK strongly reduced activation at all Gz, concentra-
tions; some activation was apparent at 80 nM, sug-
gesting that the dose-response curve was shifted to the
right, as expected for a GBy scavenger.

To inquire what happens when the supply of endoge-
nous Gq,; is presumably sufficient, we expressed GIRK
at low levels (5-10 pg RNA/oocyte). Many patches con-
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Figure 7. Dose-Response Relationships for
Gy Activation of GIRK1/GIRK2 at High and
Low Expression Levels, and the Effect of
Coexpression of Ga;; and cBARK

In most patches, only one or two concentra-

tions of GBy have been tested. (A) shows Gg,
6 dose-response at high channel densities
(1000 pg RNA/oocyte), and the effect of coex-
pression of cBARK or Ga;;. Summary of a sep-
arate series of experiments in four oocyte
batches. Each point on each curve is mean +
SEM from 4-8 patches. (B) shows Gg, dose-
response at low channel densities (5 or 10
pg GIRK RNA/oocyte). Summary from three
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40 oocyte batches is shown. P, was calculated
per single channel, by dividing NP, by number

of channels (N) estimated from the maximum

number of overlaps. Only patches with =4 channels were used, to avoid mistakes in estimating channel number (Yakubovich et al., 2000).
Number of patches tested at each concentration is indicated near each point.

tained only one channel, and the basal activity was too
low to be reliably estimated; thus, single-channel P, was
calculated instead of R,. The half-maximal activation
dose of Gg, was similar to that at high channel densities
(Figure 7B). In five patches in which the basal activity
after excision could be reliably measured, maximal R,
was 301 = 141, similar to the level of activation obtained
with high channel densities in the presence of Gaj; (com-
pare with Figure 7A).

Purified Gaii.gpp Inhibits the Basal Activity of GIRK
Expressed at High Densities

Coexpressed Gajs probably acted in excised patches in
its GDP bound form because we used GTP-free bath
solution (see Discussion). To confirm the ability of Ga.gpp
to reduce |, of overexpressed GIRK, we used purified
Gais.cop- First, we verified that, in whole oocytes, coex-
pressed Go;; acted like Goyz (Figure 8A; compare with
Figure 4B): it strongly reduced |, and increased lyg,
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Figure 8. Purified Gayy Inhibits Basal Activity of GIRK

(A) Coexpression of Ga;; reduces whole-cell l,,s and increases R, similarly to Ga;; (same protocol as in Figure 4B, except that the amount of
injected m2R RNA was 500 pg/oocyte in all groups). One oocyte batch; n = 5 in all groups. (B and C) show effects of purified Gay.gop and
Gy in representative excised patches. Dotted lines show zero current level. Gaiy.gop Was applied before G (B) or after pre-mixing with GBvy
(C). (D) shows summary of experiments in (B) and (C). The basal NP, was calculated for a 1 min period between 2nd and 3rd min after patch
excision. The effect of Gayi.gpp Or the Gaii.gpp-GBy mixture was measured between 2nd and 3rd min after the addition. Vehicle: 1 pl of the Ga
storage buffer, added in the same way as the purified proteins (see Experimental Procedures). *, p < 0.01.
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and R, at high channel densities. Then the effect of
purified myristoylated recombinant Gajy.qpp Was exam-
ined in excised patches, with GIRK1/GIRK2 expressed
at 500-1000 pg RNA/oocyte. Channel activity was first
measured in c.a. configuration. Excision into the Na*-
and GTP-free medium caused the usual decay of NP,
followed by stabilization (Figure 8B). Three to four min-
utes after excision, 30 nM Guj.cop Was added; this
caused a 59.1% = 6.4% decrease in |y, Within 3 min
(n =10, p = 0.006; Figures 8B and 8D). Vehicle or heat-
inactivated Gu;.qpp Were without effect (Figure 8D). Addi-
tion of 20 nM G+ after 30 nM Ga; increased NP, 6.7- =
2.0-fold over the pre-GRy level (n = 9; Figure 8B). In the
control group (vehicle), addition of GBvy appeared to
produce a stronger activation, 14.2- = 5.8-fold, though
the difference was not statistically significant (n = 11;
p > 0.2). Given a dissociation constant of the heterotri-
meric GaBy complex of 2-8 nM (Sarvazyan et al., 1998),
a mixture of 30 nM Go;; and 20 nM GBvy should contain
2.8-6.5 nM free GBv. Mild activation by this residual free
Gpy is reasonable, and it is indeed expected to be less
than with 20 nM GBv alone (see GRvy dose-response in
Figure 7). Sixty nanomolar Ga;;_gpe practically prevented
activation by 20 nM G (calculated 0.7-3 nM free GBv;
data not shown).

We also examined the effect of addition of Gajigpp
and GBvy (30 nM + 20 nM, respectively) pre-mixed at
room temperature for 2 min in 50 pl bath solution. This
mixture is expected to contain roughly 15 nM GagpeBy
heterotrimer and about 15 nM free Gajgpp. In 3 out of
6 patches, this mixture produced initial inhibition within
the first 3 min, but, on the average, the basal activity
was not significantly affected (Figures 8C and 8D). Mild
activation sometimes occurred later; an average level
of 2.4 = 1.3-fold above basal was eventually reached
(n = 6). This is comparable to the maximal channel
activity reached in the experiments of Figure 8B after
the addition of GRv, relative to basal activity measured
before the addition of Gayy.gpp (2.7 = 1-fold, n = 9). In
comparison, 15 nM Gajigpp alone inhibited the basal
GIRK current almost as well as 30 nM Ga.gpp (Figure
8D). These results support the idea that Go,.¢pe alone is
able to downregulate the basal GIRK activity and, as
yet, do not indicate an outstanding inhibitory effect of
the GaBy heterotrimer.

The Inhibitory Effect of Purified, GTPyS-Activated

Ga;; on GIRK Activation Depends on Channel Density
The above results suggest that the basal activity can
be regulated by Gaigpp; they are not directly related
to the previously reported attenuation of GRy-induced
activation by low concentrations of purified GTPyS-acti-
vated Ga;;, 25-100 pM (Schreibmayer et al., 1996; Yaku-
bovich et al., 2000). These earlier studies utilized low
expression levels of GIRK1/GIRK5 and GIRK1/GIRK4
channels. We have found that Ga.areys inhibited GBy-
induced activation of GIRK1/GIRK2, too, but only at very
low channel densities (Table 1). Therefore, it is possible
that the effect of purified Goy.are,s depends on the pres-
ence of an endogenous protein which is lacking at high
channel expression levels. One possibility is that, in ex-
cised patches, the added Ga;;.greys SOmehow interferes
with the normal gating effect of an endogenous Ga. At
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Figure 9. In Vitro Synthesized Ga;; Binds to the N Terminus of GIRK1

Five microliters of reticulocyte lysate containing [**S]-labeled Gays
was incubated with N, or GST in the presence of 100 uM GDP or
GTP~S. [*S]-labeled GBy was incubated similarly but without the
guanine nucleotides. The GST fusion protein (and the proteins
bound to it) was pulled down by binding to glutathione Sepharose
affinity beads, eluted with 15 mM glutathione, and separated on
agarose gel. Go;; and GRy were visualized using Phosphorimager.
The two right bands show the labeled proteins in the lysate (before
the reaction with N,g,); 1 pl of 1:20 diluted lysate was loaded onto
each lane.

present, we also cannot discard the possibility that an
unknown contaminant in our preparation of Gai.greys
could have caused the inhibitory effect, but it could not
be Gaj.qop Since at 100 pM, the latter did not inhibit
activation of GIRK by 20-40 nM GBvy (Schreibmayer et
al., 1996, and data not shown).

Gaj; Directly Interacts with GIRK1

Huang et al. (1995) observed direct binding of purified
Goj; to the N terminus of GIRK1. To examine whether
Gay; also interacts with GIRK1, we constructed a GST-
fused N-terminal segment, N,,, and measured its bind-
ing to in vitro synthesized, [*S]-methionine-labeled Ga;;
inthe presence of either GDP or GTP~S. Figure 9 demon-
strates that both GDP and GTPyS bound forms of Gajs
interact with N,,. The GDP bound Ge;; showed slightly
less binding compared to Gai.greys (69% = 11%, n =
5). As reported previously (Huang et al., 1995), G+ also
bound to the same GST fusion protein, showing about
2-fold stronger binding than Gujs (Figure 9).

Discussion

We have demonstrated that Go; regulates the gating of
GIRK. The regulation is membrane delimited, and Ga;;
directly binds to GIRK1, but it is not clear yet whether
this direct interaction mediates the effects of Go;s. The
main function of Gy, is to stabilize the low basal activity
of the GIRK channel, in effect “priming” it for GBvy acti-
vation.

An Extrinsic Factor Is Required to Maintain

the Low Basal Activity of GIRK

Basal GIRK activity is known to depend on free GRy
present in the cells due to background GDP/GTP ex-
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change at Ga (reviewed in Dascal, 1997). Low basal
GIRK conductance in native tissues is important to en-
sure robust activation by agonists and high signal-to-
noise ratio in GIRK signaling. In the atrium, only rare
single GIRK openings are seen atrest. ACh (added to the
external side of the membrane) or purified G-y (added to
the cytosolic side of the membrane in excised patches)
cause robust activation characterized by frequent
bursts of opening (lvanova-Nikolova and Breitwieser,
1997; Sakmann et al., 1983). This pattern of opening is
preserved in Xenopus oocytes expressing relatively low
amounts of GIRK1/GIRK4 (Kim et al., 1997; Nemec et
al., 1999; Petit-Jacques et al., 1999; Yakubovich et al.,
2000) or GIRK1/GIRK2 (Figure 2). However, the reported
values of the extent of activation by 20-40 nM of GRv in
excised patches vary considerably, from 12-fold (Petit-
Jacques et al., 1999; see their Figure 2) to almost 800-
fold (Yakubovich et al., 2000). Here we demonstrate that
the extent of activation of GIRK (relative to basal activity)
by purified GBy or ACh, R,, is dramatically reduced at
high channel densities. The negative correlation be-
tween R, and channel density was observed in GIRK1/
GIRK2 (this report) and also in the atrial type GIRK1/
GIRK4 channels (S.P. and N.D., unpublished observa-
tions).

The hypothesis that we have put forward to explain
these observations was as follows: the basal activity
depends not only on GRv, but also on the presence of
a factor which opposes the activating effect of GBy and
helps to keep lp.sa low. This factor is of limited supply
in the oocyte. It is preserved in excised patches, there-
fore it must be anchored to the membrane or to the
channel. It lies downstream of the neurotransmitter re-
ceptor, because the inverse relationship between chan-
nel density and R, takes place in excised patches, where
GIRK is activated by purified Gy which bypasses the
receptor. At high channel densities, there is a shortage
in this factor, and the basal activity rises at the expense
of the evoked one. This explains the decrease in the
extent of activation by ACh or GBy.

Several alternative explanations of the observed phe-
nomena can be ruled out.

(1) “Insufficient” activation by ACh at high channel
densities, contrasting the strong activation at low chan-
nel densities, could be due to insufficient amount of
expressed m2R or endogenous GRvy. The strongest ar-
gument against this possibility is the poor activation of
GIRK in excised patches, at high channel densities, by
saturating concentrations of added G+ (which acts di-
rectly on the channel, bypassing m2R). Also, large lxc,
and high R, were restored by coexpression of Ga;s, with-
out changing the amount of the receptor or the level of
GRvy. Even at the highest channel densities attained in
our experiments, the total GIRK current (i = lhasa +
lacn) Was not increased by coexpression of GBvy, sug-
gesting that there was enough G~y for maximal activity.
The only factor that limited I, in our experiments was
the amount of expressed channels in the plasma mem-
brane. l,,;y Wwas a reliable indicator of the relative channel
density in the plasma membrane (Figure 3).

(2) Overexpression of GIRK could have increased the
levels of endogenous Gy in the oocyte. This would
increase basal GIRK activity at the expense of the ago-
nist-evoked one (Lim et al., 1995; Reuveny et al., 1994).

However, direct measurements of Gf protein levels
showed that overexpression of GIRK did not alter the
amount of GRvy in the cell (Figure 3). The mass law dic-
tates, then, that there would be less Gg, per channel as
the number of channels increases, even if overex-
pressed GIRKs effectively recruit Gg, to their vicinity.
Thus, if anything, a lower |,,s; would be expected if GRy
were the only factor determining lp.ca-

(3) Formation of channel oligomers or clusters, upon
overexpression of GIRK, could hinder the access of GRy
to the channels. This is unlikely because GRv finds its
way to the channels and activates them well after coex-
pression of Gajs, although the latter does not reduce the
density of GIRK in the membrane.

Go; Is a Candidate Factor Regulating the Basal
Activity of GIRK

We propose that the hypothetical factor that is lacking
at high channel densities is a Ga subunit, possibly of
the Goy, class. The main observations that support this
hypothesis are (1) Coexpression of Gaj; reduces the
basal activity and restores the efficient activation by ACh
and GRy. It eliminates the negative correlation between
basal activity and R,; the factor (or a lack of such) that
caused this effect has gone. (2) Our hypothesis predicts
that coexpression of Ga should improve agonist- or
Gpy-induced activation mainly at high channel densi-
ties, when the lack of endogenous Ga is more severe;
this was indeed observed (Figures 4C, 6C, and 8). (3)
The restoration of correct gating by coexpressed Gajs
takes place both in intact cells and in excised patches.
Thus, Go;; acts by a membrane-delimited mechanism;
this is what we also find regarding the hypothetical
“lacking” factor. (4) Antisense knockdown of endoge-
nous Goy, increases l,,.; and reduces R, at low channel
densities, compatible with an important role of endoge-
nous Gay, in keeping the basal activity low. (5) Purified
Gair.epp inhibits the basal activity of the overexpressed
GIRK in excised patches. Again, this is a membrane-
delimited regulation; although not conclusive, it is in line
with an inhibitory role for Ga;.

Coexpressed Ge; Is Not Only a Simple Scavenger

of Gpv; It Also Regulates Gating

Gagpp binds Gy with high affinity, and coexpression of
Gpy is often used to “sequester” free Gy, preventing
it from interacting with its effectors. Gapvy heterotrimers
also serve as donors of GRvy if activated by relevant
GPCRs. In the case of GIRK, coexpression of Gq; is
expected to sequester free Gy and reduce |, at rest,
and to release Gpvy after activation of m2R by ACh,
causing a larger lc,. However, this trivial acceptor/donor
scenario fails to account for several key observations
(except when Ga is expressed in great excess over
GIRK, and reduces lz)-

The strongest argument against this simple model is
the ability of coexpressed Gu;; to restore strong activa-
tion by artificially added GRv in excised patches (Gajs
“primes” the channel for activation by GB+v). In this para-
digm, Gay; is not a donor of GRv; in the simple model,
it is actually expected to sequester the added Gy, re-
ducing the activation. Furthermore, coexpressed Go;,
did not reduce the apparent Gy affinity, despite a great
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reduction in basal activity; activation by GRy was en-
hanced. These effects are in stark contrast to those of
a typical Gy scavenger, cBARK (Figure 7), and incom-
patible with a simple GBvy scavenger effect. Rather, Go;
seems to stabilize a closed “basal” conformation of the
channel, by acting alone or in concert with GB-y. Whole-
cell data support this impression: the correlation be-
tween the channel density and the amount of Gq;, that
had to be expressed to reduce l,,, and increase R,,
was the first hint to suggest that the effect of Ga;; may
depend on its interaction with the channel.

GpBvy and Ga;.qop Regulate GIRK in Distinct Ways

The enhancement of GB+vy activation by coexpressed
Gays is only relative to basal activity; the lack of a signifi-
cant shift in GBy dose-response curve by coexpressed
Goj; suggests that Gaj; does not act as a strong positive
allosteric regulator for GBvy. Ga;; regulates the basal ac-
tivity of the channel but does not interfere with the acti-
vation caused by GBvy. Thus, GIRK is regulated by both
Ga and GRv, like adenylyl cyclases and phospholipases
C (Clapham and Neer, 1997; Sunahara et al., 1996). The
two arms of the G protein pathway have distinct effects
on GIRK gating.

In the resting cells, all three forms of Ga coexist: free
Gogrp, free Gagpp, and Gogppy heterotrimer (Gilman,
1987; Ross, 1995; Sarvazyan et al., 1998). The orthodox
view is that only Gogrp is the “active” form of Ga that
regulates various effectors. However, we have observed
that the inhibitory effect of coexpressed Ga;; on the
basal activity persists for many minutes after patch exci-
sion in the absence of GTP in the solution. All GTP bound
to free Ga; would be hydrolyzed within this time by the
intrinsic GTPase activity of Ga (Ross, 1995). Therefore,
GIRK appears to be regulated by Gogpr or the GagppBy
heterotrimer.

It is possible that direct binding of Ga.qpe (Or GogppBy)
to GIRK is sufficient to reduce the basal activity. How-
ever, more complex anchor/donor schemes are plausi-
ble; in order to be viable, they must incorporate the
assumption of a direct Go; (or GaBy)-GIRK interaction.
For instance, the N terminus of GIRK1 may be part of
the channel’s G protein anchoring site (Huang et al.,
1995) and also a part of a high-affinity Gy binding site
that regulates the basal activity and is separate from
the low-affinity C-terminal GBvy binding site which under-
lies the activation by agonist (He et al., 1999). In this
case, binding of Ga at this site may provide an anchor
for GRv, to be released when an agonist-activated GPCR
arrives. It will prevent GBvy from activating the channel
via this site, reducing the basal activity, but it will not
interfere with GB activation via the separate low-affinity
Gpvy site. A somewhat different scheme is one in which
the affinity of the heterotrimeric Gafy toward the chan-
nel is higher than that of Gy or Ga; alone. At low channel
densities, most channels will be associated with GaRy
and have low basal activity. If the concentration of free
Gpy in oocytes is higher than that of free Ga and/or the
heterotrimer (see, for instance, Lutz et al., 2000), then
at high channel densities, many channels will lack the
heterotrimer and have a high basal activity due to the
binding of free GB~y. Coexpressed Ga, or added purified
Ga-GDP, will bind GBvy, and the newly formed hetero-

trimer will restore normal gating parameters. Although
our present results (Figure 8) do not favor the idea of a
crucial role for heterotrimeric GaBy as the main negative
regulator of basal activity, experiments with purified G
protein subunits are complicated by the inevitable pres-
ence of a mixture of free Ga-GDP, GRvy, and Gafy in
the bath solution. Thorough titration of these ingredients
and comparison of their effects may help to better un-
derstand their relative roles in the control of basal activ-
ity of GIRK. These and other future studies are hoped
to clarify whether the direct binding of Gu; contributes
to its effect on gating, and whether its effect takes place
within a complex scheme in which GBv is also involved.

Experimental Procedures

cDNA Constructs and mRNA

The coding sequences of all cDNAs used in this study were obtained
or prepared as described in our previous publications (Sharon et
al., 1997; Vorobiov et al., 2000). All cDNAs were inserted into high-
expression oocyte vectors containing 5' and 3’ untranslated se-
quences of Xenopus B-globin: pGEMHE or its derivative pGEMHJ,
or pBS-MXT. mRNAs were synthesized in vitro (see Yakubovich et
al., 2000). The antisense Gay, oligonucleotide (GSGSTSCCTTGAAAG
TGAAGSTSGS, where $ denotes a phosphothiol group), shared the
following % homology with cDNA sequences of known Xenopus
Ga proteins: Gay, 90; Gap, 90; Gy, 100; G, 84; Gayg, 48; Gas, 37;
Gayg, 58.

Oocytes and Electrophysiology

Xenopus laevis frogs were maintained and operated, and the oo-
cytes were prepared and injected with RNA as described (Yakubo-
vich et al., 2000). After RNA injection, oocytes were incubated for
3 to 5 days at 20-22°C in ND96 solution (96 mM NaCl, 2 mM KClI,
1 mM MgCl,, 1 mM CaCl,, 5 mM HEPES, pH 7.5), supplemented
with 2.5 mM Na pyruvate and 50 pn.g/ml gentamycine.

Data acquisition and analysis were done using the Axotape and
the pCLAMP software (Axon Instruments Inc., Foster City, CA). All
experiments were done at 20-22°C. Whole-cell GIRK currents were
measured using two-electrode voltage clamp (Sharon et al., 1997)
at —80 mV in a high-K* solution containing 24 mM KCI, 72 mM NaCl,
1 mM CaCl,, 1 mM MgCl,, 5 mM Hepes (pH = 7.5).

Patch clamp experiments were done as described (Schreibmayer
et al., 1996; Yakubovich et al., 2000). Currents were recorded at
—80 mV, filtered at 2 kHz, and sampled at 5 or 10 kHz. Patch pipettes
had resistances of 0.8-2.5 M(). Pipette solution contained, in mM:
144 KCI, 2 NaCl, 1 MgCl,, 1 CaCl,, 1 GdCl;, 10 Hepes/KOH, pH
7.5. GdCl; completely inhibited the stretch-activated channels. Bath
solution contained, in mM: 130 KCI, 2 MgCl,, 1 EGTA, 2 Mg-ATP,
10 Hepes/KOH, pH 7.5. After seal formation, the patches were ex-
cised and exposed to air to prevent the formation of closed mem-
brane vesicles at the tip. See legend to Figure 2 for additional details.

Purified recombinant Gay.app, Gatir-areys, and GByy, were prepared
and used as described (Schreibmayer et al., 1996; Yakubovich et
al., 2000). Stock solutions of the purified G protein subunits were
diluted into 50 pl of the bath solution, added to the 500 I solution
in the bath, and stirred. Purified myristoylated Gay.areys Was stored
in aliquots at 2.5-20 .M and used within 2-3 months after activation
with GTPyS; loss of activity (assayed by inhibition of GRvy-induced
activation of GIRK1/GIRK5 or GIRK1/GIRK2 expressed at a low
density) was observed upon longer storage at —80°C. After thawing
at 30°C, an aliquot was kept on ice, diluted into bath solution, and
used within no more than 5 min. Purified myristoylated Gay.gpp (20-30
wM) was stored similarly but retained activity for longer periods. A
Guay.gpe aliquot was kept on ice and used within 30 min after thawing;
longer storage on ice resulted in loss of activity (as assayed by the
ability of 60 nM Gas.gpp to prevent activation of GIRK by 20 nM GBvy).

Biochemistry
The oocytes were homogenized on ice in homogenization buffer (20
mM Tris, pH 7.4, 5 mM EGTA, 5 mM EDTA, 100 mM NaCl) containing
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the Roche Molecular Biochemicals protease inhibitor mixture. De-
bris was removed by centrifugation at 8000 X g for 15 min at 4°C
(lvanina et al., 1994). For Western blots, protein samples were sepa-
rated on 10% or 12% polyacrylamide-SDS gels. When necessary,
total cellular membrane fraction from 5-17 oocytes was obtained
by 1 hr centrifugation at 27,000 X g. Antibodies against Ga;; (Calbio-
chem), GB common (Santa Cruz), GIRK1, and GIRK2 (Alomone
Labs., Jerusalem) were used. Visualization of protein bands was
performed using ECL reagents obtained from Pierce Inc. Intensity
of labeling was quantified using the TINA software (Raytest, Strau-
benhardt, Germany).

Immunoprecipitation of metabolically [**S]-labeled GIRK channels
was done as described (lvanina et al., 1994). In brief, oocytes were
incubated in NDE solution containing 0.5 mCi/ml [**S]-methionine/
cysteine (Amersham Pharmacia) for 3-4 days at 22°C. Plasma mem-
branes were separated manually from the rest of the oocyte (desig-
nated as internal fraction). Five to ten membranes and three to
five internal fractions, or five whole oocytes, were homogenized,
proteins were solubilized, immunoprecipitated by the GIRK2 anti-
body, and electrophoresed on 10% polyacrylamide-SDS gel. The
protein bands of the gel were imaged and quantitated using Phos-
phorlmager (Molecular Dynamics) and the software ImageQuant.

The DNA sequence encoding the first 84 amino acids of GIRK1
was inserted between the EcoRI-Notl sites of the pGEX-4T-1 vector
(Amersham Pharmacia Biotech), and the GST-fused protein, N,
was synthesized according to manufacturer’s instructions. Ga;; and
GBy were synthesized in reticulocyte lysate and labeled with
[*S]Met/Cys as described (Ivanina et al., 2000). Five microliters ly-
sate was incubated for 30 min at 4°C in 95 pl of binding buffer (in
mM: 50 Tris, 5 MgCl,, 1 EDTA, 0.05% Tween-20, pH 7.0, with 150
KCI) with 100 uM of either GDP or GTPyS. Then 10 pg N, was
added, the total reaction volume brought to 300 pl, and the incuba-
tion continued in the presence of 100 uM GTPvS or GDP for 1 to 2
hr at room temperature. Then glutathione Sepharose beads were
added, incubated at 4°C for 30 min, and washed with the same
buffer or with PBS but without the guanine nucleotides as described
(lvanina et al., 2000). The bound proteins were eluted with 15 mM
glutathion and subjected to standard SDS-PAGE.

Confocal Imaging of Proteins in Large Plasma

Membrane Patches

Devitellinized oocytes were placed on coverslips, and after a few
minutes, the outer side of the membrane adhered to the glass. The
rest of the oocyte was then removed, leaving a large patch of plasma
membrane on the coverslip with its inner surface exposed to the
external solution (see Singer-Lahat et al., 2000 for details). The mem-
branes were fixated, stained by specific antibodies, and visualized
using a Cy3-conjugated rabbit IgG (Jackson Immunoresearch Labo-
ratories) using the Zeiss LSM 410 confocal microscope. The total
optical density (OD) of the image (which is proportional to the
amount of the primary antibody and thus to the amount of the protein
in the membrane) was measured using the TINA software.

Statistical Analysis

Data are presented as mean + SEM. Comparison between two
groups of treatment was done using the two-tailed Student test.
Comparison between several groups of data has been performed
using one-way analysis of variance (ANOVA) followed by Student-
Newman-Keuls or Dunnet’s test. To enable averaging of the data
across several oocyte batches, certain parameters were normalized
as follows: one of the treatment groups was chosen as reference
(e.g., 50 pg GIRK RNA). In each oocyte, the parameter under ques-
tion was calculated as percent of the average parameter in the
reference group, and then the data were averaged across all batches
(Sharon et al., 1997).
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