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abstract Thisstudy reports the identification of an endogenous inhibitor of the G protein—gated (Kxch) chan-
nel and its effect on the K,¢, channel kinetics. In the presence of acetylcholine in the pipette, Kycn, channels in in-
side-out atrial patches were activated by applying GTP to the cytoplasmic side of the membrane. In these patches,
addition of physiological concentration of intracellular ATP (4 mM) upregulated K,c, channel activity approxi-
mately fivefold and induced long-lived openings. However, such ATP-dependent gating is normally not observed
in cell-attached patches, indicating that an endogenous substance that inhibits the ATP effect is present in the
cell. We searched for such an inhibitor in the cell. ATP-dependent gating of the K,¢;,, channel was inhibited by the
addition of the cytosolic fraction of rat atrial or brain tissues. The lipid component of the cytosolic fraction was
found to contain the inhibitory activity. To identify the lipid inhibitor, we tested the effect of ~40 different lipid
molecules. Among the lipids tested, only unsaturated free fatty acids such as oleic, linoleic, and arachidonic acids
(0.2-2 uM) reversibly inhibited the ATP-dependent gating of native K., channels in atrial cells and hippocampal
neurons, and of recombinant K,q, channels (GIRK1/4 and GIRK1/2) expressed in oocytes. Unsaturated free
fatty acids also inhibited phosphatidylinositol-4,5-bisphosphate (PIP,)-induced changes in K, channel kinetics
but were ineffective against ATP-activated background K, channels and PIP,-activated K,rp channels. These results
show that during agonist-induced activation, unsaturated free fatty acids in the cytoplasm help to keep the cardiac
and neuronal K,¢, channels downregulated by antagonizing their ATP-dependent gating. The opposing effects of

ATP and free fatty acids represent a novel regulatory mechanism for the G protein—-gated K* channel.
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INTRODUCTION

In the heart and brain, binding of neurotransmitters
and hormones to their specific GTP binding protein (G
protein)—coupled receptors activates an inwardly recti-
fying K* channel (K,c, channel)?! via the By subunit of
Gi/o proteins (Sakmann et al., 1983; Breitwieser and
Szabo, 1985; Pfaffinger et al., 1985; Andrade et al., 1986;
Kurachi et al., 1986; Logothetis et al., 1987). The ki-
netic properties of K., channels activated either by an
agonist or directly by By have been described in many
earlier studies. Thus, in cell-attached patches of mam-
malian atrial cells, K5, channels activated by acetylcho-
line (ACh) typically show one open state with an open
time constant of ~1 ms and a single-channel conduc-
tance of 3540 pS in symmetrical 140-mM KCI solution
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(Sakmann et al., 1983; Kurachi et al., 1986; Kim, 1991).
Longer-lived openings with an open time constant
of several milliseconds can be detected (Kim, 1991;
Nemec et al., 1999), but the frequency of such openings
are usually very low in mammalian atrial cell-attached
patches. In inside-out patches with ACh in the pipette,
Kach channels activated by GTP applied to the cytoplas-
mic side of the membrane also show predominantly
short-lived openings; i.e, an open time constant of ~1
ms. Interestingly, when 1-4 mM ATP is present together
with GTP, the frequency of long-lived openings in-
creases dramatically, leading to a marked increase in
channel activity. In the presence of intracellular ATP
and GTP, a second open state with a time constant of
~8 ms can easily be identified from duration histo-
grams (Kim, 1991; Hong et al., 1996; Kim and Bang,
1999). These results show that K,¢,, channel kinetics ob-
served in cell-attached and inside-out patches with GTP
and ATP in the cytoplasmic side are markedly different.

The absence of ATP-induced modification of K,cp,
channels (i.e., long-lived openings and high open prob-
ability state) in cell-attached patches has previously led
us to hypothesize that an inhibitor of ATP-dependent
mechanism exists in the cell (Hong et al., 1996). Such
an inhibitor of ATP-dependent mechanism is expected
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to be critical in regulating the K,q, channel activity
and thus the cell excitability. In our earlier study, the
presence of such an inhibitory substance in the cyto-
plasm of atrial tissue and subsequently in the cyto-
plasm of brain tissue was confirmed (Hong et al.,
1996). Thus, application of atrial or brain cytosolic
fraction to inside-out patches containing ATP-modified
Kach channels resulted in complete inhibition of ATP-
dependent gating. The putative inhibitor was initially
assumed to be a protein, as treatment of the cytosolic
fraction with trypsin abolished the inhibitory effect.
Our extensive efforts to purify the putative inhibitor
protein using conventional protein purification meth-
ods were not successful and the identity of the inhibitor
has remained unknown. Recently, we noted that the
potency of some of the lipids, including phospholipids
and free fatty acids, decreased markedly when incu-
bated at 37°C for ~10 min in air. In our earlier studies
to test whether the putative inhibitor was a protein, we
had incubated the cytosolic fraction with proteases for
~30 min at 37°C. This procedure probably inactivated
certain lipids as well as proteins. Therefore, we reevalu-
ated the nature of the putative inhibitor by considering
the possibility that the inhibitor is a lipid molecule
rather than a protein.

This study reports the successful identification of the
endogenous inhibitor and its effect on K,¢, channel ki-
netics. The inhibitor was determined to be a lipid mole-
cule in the cytoplasm. Tests of various lipid molecules
on the K¢, channel function showed that only unsatur-
ated free fatty acids such as oleic, linoleic, and arachi-
donic acids were potent inhibitors of ATP-dependent
gating. These findings indicate that downregulation of
the K¢, current by cytoplasmic unsaturated free fatty
acids, achieved by interfering with ATP-mediated changes
in K,c, channel gating, is an important mechanism for
the control of heart rate and synaptic transmission in
the brain.

MATERIALS AND METHODS
Cell Preparation

Cultured atrial cells from 1-d-old newborn rats were prepared as
described previously (Kim, 1991). Animals were used in accor-
dance with the Guide for the Care and Use of Laboratory Ani-
mals (No. 85-23; National Institutes of Health). In brief, atrial tis-
sues were cut into small pieces (<1 mm3) with a sharp blade, and
incubated in Hank’s balanced salt medium containing 0.05% col-
lagenase (Type 2; Worthington Biochemical Corp.) and 0.06%
trypsin (from bovine pancreas; Sigma Chemical Co.). After 10
min of agitation, suspended cells were removed and placed in
the culture medium consisting of Dulbecco’s Modified Eagle’s
Medium, 10% fetal calf serum, and 0.1% penicillin-streptomycin.
Cells were plated on glass coverslips and placed in a 37°C incuba-
tor gassed with 5% CO,/95% air for 18-24 h. The CA3 region of
the hippocampus from adult rat (Oh et al., 1995) was cut into
~500-um-thick slices and placed in a spinner flask containing 10
ml of the same solution with 0.33 mg/ml trypsin and kept at 30°C

(Worthington Biochemical Corp.). The enzyme solution was
stirred gently and slowly. Slices were placed in 1 ml of solution
containing 0.1 mg DNase | (Boehringer Mannheim Biochemi-
cals) and triturated gently with a fire-polished Pasteur pipette.
5-10 pl of the solution containing dissociated cells was placed in
the recording chamber and cells were allowed to settle down on
glass coverslips. Xenopus oocytes were injected with cRNAs (~0.5
ng/nl) transcribed from linearized plasmids (pBluescript) con-
taining GIRK1, GIRK2, or GIRK4, as described previously (Kim
etal., 1997). Injected oocytes were incubated for ~2 d at 19°C in
Barth’s solution. Vitelline membrane was mechanically removed
before forming patches.

Electrophysiology

Gigaseals were formed using Sylgard-coated, thin-walled borosili-
cate pipettes (Kimax) with ~4 M) resistances. Channel currents
were recorded with an Axopatch 200 patch-clamp amplifier
(Axon Instruments), digitized with a PCM adapter (VR10; In-
strutech Corp.), and stored on video tape using a video tape re-
corder. The recorded signal was filtered at 3 kHz using an eight-
pole Bessel filter (—3 dB; Frequency Devices Inc.) and trans-
ferred to a Dell computer using the Digidata 1200 interface
(Axon Instruments) at a sampling rate of 20 kHz. The filter dead
time was ~100 ps (0.3/cutoff frequency, and therefore events
<50 ws will be missed in our analysis. Continuous single-channel
currents were then analyzed with the pClamp program without
further filtering (Version 6.0.3). Data were analyzed to obtain
amplitude histogram and channel activity (nP,). n is the number
of channels in the patch, and P, is the probability of a channel
being open. nP, was determined from 1-2 min of channel re-
cording. Current tracings shown in figures were filtered at 100
Hz except for expanded tracings, which were filtered at 1 kHz.
Data are represented as mean * SD. Student’s t test was used to
test for significance between two values at the level of 0.05.

Single Channel Analysis

As every patch contained multiple openings, a maximum likeli-
hood algorithm was used to determine single channel kinetic pa-
rameters from idealized patch clamp data (Qin et al., 1996). This
well-described method can be used on data containing multiple
channel openings and estimates all transition rates. Only patches
showing up to four channel opening levels were used for analysis.
The best kinetic scheme among six schemes consisting of two or
three closed states and two open states was the one shown in Fig.
2 B, as judged by the maximum log likelihood values for each fit
(Qin et al., 1996). This model was previously also found to best
describe atrial Kacn, channel kinetics (Nemec et al., 1999). After
the rate constants were determined from 3,000-6,000 openings,
open time constants were determined by calculating the recipro-
cal of the transition rate leading away from that state. A scheme
with a single open state (Fig. 2 B, dotted line) was used to obtain
the mean open time when the two open-time constants were
close (within 15%) and maximum log likelihood value for the fit
was higher than the value obtained using the scheme with two
open states.

Preparation of Cytosol

Tissues (~2 g) were homogenized for ~30 s in ice using a poly-
tron in 5 ml HEPES-buffer containing 50 mM HEPES, 5 mM
EDTA, pH 7.4, 0.5 mM dithiothreitol, and 0.1 mM PMSF, and
then centrifuged at 3,300 g for 20 min at 4°C (J2-21M, rotor JA-
21; Beckman Instruments, Inc.). The supernatant was collected
and mixed with same volume of cytoplasmic extract buffer con-
taining 140 mM KClI, 3.0 mM MgCl,, and 30 mM HEPES, pH 7.9.

288 Inhibition of GIRK by Free Fatty Acids



This mixture was centrifuged at 100,000 g for 1 h using an L-60
ultracentrifuge (rotor, 70-Tl; Beckman Instruments, Inc.). The
supernatant was collected and placed in a dialysis tubing (molec-
ular weight cutoff, 10 kD; Spectrum Medical Industries, Inc.) and
dialyzed in 4 liters of solution containing 140 mM KCI, 2 mM
MgCl,, 5 mM EGTA, 0.5 mM dithiothreitol, 0.1 mM PMSF, 1 mg/
ml leupeptin and 1 mg/ml pepstatin A, and 10 mM HEPES, pH
7.2, for 12 h at 4°C. This cytosolic fraction (20 mg protein/ml)
was then stored at —70°C. Protein concentration was determined
by Bradford assay. The lipid component of the cytosolic fraction
was prepared by vigorous mixing with the same volume of chlo-
roform for ~1 min. After centrifugation, organic phase was
transferred and evaporated completely under nitrogen. Perfu-
sion solution was then added and the mixture sonicated for 5
min before applying to the patch.

Solutions and Materials

The pipette and bath solutions contained 140 mM KCI, 0.5 mM
MgCl,, 10 mM HEPES, and 5 mM EGTA, pH 7.2. To change solu-
tions perfusing the cytosolic surface of the inside-out patches,
the pipette with the attached membrane was brought to the
mouth of the polypropylene tubing through which the desired
solution flowed at a rate of ~1 ml/min. For studies using ATP,
amounts of MgCl, and ATP were determined to produce desired
concentrations of free Mg?* and MgATP using EQCAL software
(Biosoft). The free Mg2* concentration in solutions was always
kept constant at 0.5 mM. All experiments were performed at 24—
26°C. Free fatty acids were purchased from Sigma Chemical Co.,
dissolved in chloroform to form a 50-mM stock solution, and
stored at —70°C under nitrogen. For free fatty acids supplied in
dried powdered form, they were dissolved in either ethanol or
DMSO, and subsequently sonicated in the perfusion solution at
desired concentrations. ACh, GTP, and ATP were purchased
from Boehringer Mannheim Biochemicals. Trypsin (porcine
pancreas, Type 2), chymotrypsin, papain, and fatty acid-free albu-
min were purchased from Sigma Chemical Co. Purified bovine
By subunit and GTP~yS were purchased from Calbiochem Corp.
Phosphatidylinositol-4,5-bisphosphate (PIP,), phosphatidylcho-
line, and phosphatidylethanolamine were purchased from Sigma
Chemical Co. Mono- and diacylglycerols were purchased from
Biomol and Sigma Chemical Co., and dissolved in chloroform
similar to free fatty acids. All other lipids were first dissolved in
chloroform and kept at —80°C freezer. The solvent (chloroform)
was evaporated and free fatty acids were dissolved by sonication
(W-380; Heat Systems-Ultrasonics, Inc.) on ice for ~10 min in
bath recording solution at a desired concentration. The final eth-
anol or DMSO concentration in the perfusion solution used was
<0.1% and had no effect on the K¢, channel function.

RESULTS

Presence of an Endogenous Inhibitor of K¢, Channel in
the Cytoplasm

We first confirmed the marked difference in K,¢, chan-
nel gating kinetics observed in the presence and ab-
sence of intracellular ATP using both outside-out and
inside-out patches. The potential role of intracellular
ATP in agonist-induced K,¢,, current has not been previ-
ously studied using outside-out patches. Fig. 1 A shows
current recordings from outside-out patches excised
from atrial cells. Pipette (intracellular) solution con-
tained GTP (100 wM), or both GTP and ATP (4 mM).
These nucleotide concentrations are within the physio-
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Figure 1. Inhibition of the ATP-induced changes in K,q, chan-
nel function by atrial cytosolic fraction (CF). (A) Activation of Kacn
channels in atrial outside-out patches by 10 wM ACh. Pipette solu-
tion contained nucleotides as indicated: 100 wuM GTP, 100 pM
GTP and 4 mM ATP, or 100 uM GTP, 4 mM ATP, and 5 mg pro-
tein/ml CF. (B) With 10 uM ACh in the pipette, Kac, channels in
inside-out patches were activated by 100 wM GTP. Subsequent ef-
fects of 4 mM ATP, atrial CF, and cramming of the patch into an
atrial cell cytoplasm are shown. Membrane potential was held at
—60 mV and inward currents were recorded.

logical levels found in mammalian heart cells. Extracel-
lular application of 10 wM ACh resulted in activation of
Kach channels in both cases as expected, but the chan-
nel activity (nP,) was approximately fivefold higher with
ATP in the pipette solution than without it. In the pres-
ence of GTP alone, only a single open state with an
open time constant of 1.0 = 0.1 ms was sufficient to de-
scribe the channel openings. In the presence of GTP
and ATP, an additional open state with longer-lived
openings was detected (see Figs. 2 B and 3). These re-
sults clearly confirm the profound effect of ATP on K,cp,
channel gating that we described in earlier studies. To
show that an inhibitor of ATP-dependent gating is
present in the cytoplasm of atrial cells, cytosolic fraction
(5 mg protein/ml) prepared from rat atrial tissues was
included in the pipette along with GTP and ATP. In the
presence of the cytosolic fraction, long-lived channel
openings were no longer present, indicating that atrial
cytosolic fraction contains a substance that inhibits ATP-



dependent gating of the K,c, channel, and thus re-
duces the magnitude of K,¢;, channel activation by ACh.

As reported previously, the mean open time of the
Kach channel in cell-attached patches was 1.0 = 0.1 ms,
and very few or no long-lived openings were observed,
presumably due to the intact cytosol, which contains the
substance that inhibits the ATP-dependent gating (Fig.
1 B). In inside-out patches with ACh in the pipette, GTP
applied to the bath solution activated K,c, channels,
and further addition of ATP (4 mM) produced an ap-
proximately fivefold increase in nP,, similar to that ob-
served in outside-out patches. The [ATP]-nP, relation-
ship showed that K;,, was 32 = 8 wuM (n = 4) and the
Hill coefficient was 1.9 = 0.2 (n = 3). The effect of ATP
did not reverse after its washout for at least 10 min, pro-
vided that the patch gigaseals were formed with a mild
suction pressure of less than ~3 mmHg. When the cyto-
solic fraction (5 mg protein/ml) was added together
with GTP and ATP to the bath solution, ATP-induced
long-lived openings were no longer observed and the
channel activity decreased significantly (Fig. 1 B). In
agreement with this result, a rapid inhibition of the ATP
effect was observed when the patch containing ATP-
modified K,c, channels was crammed through the
plasma membrane and into the cytosol of a spherically
shaped cultured atrial cell (Fig. 1 B). The combined re-
sults from outside-out and inside-out patches are sum-
marized in Fig. 2, A and B, which shows changes in
channel activity and open time durations, respectively.
These results, particularly those obtained using outside-
out patches, show that an inhibitor of ATP-dependent
gating is present in atrial cytoplasm and that it plays a
crucial role in keeping the K,¢, channel activity down-
regulated in the presence of an agonist.

As nearly all patches contained multiple openings,
we were unable to determine open time durations
using the pClamp programs. Therefore, the kinetic
scheme shown in Fig. 2 B was used to fit the channel

data, from which transition rates between states and
open time constants could be extracted (Qin et al.,
1996). In the presence of GTP or cytosolic fraction, the
channel openings could be better described by the ki-
netic scheme with only one open state (dotted lines).
We were able to obtain a few patches that showed low
channel activity and mainly one level of opening, which
we used to obtain duration histograms using the
pClamp program. As shown in Fig. 3, the open time his-
tograms obtained from channel openings in the pres-
ence of GTP and GTP with ATP were best fitted with
one and two exponential functions, respectively. For
the closed-time histograms, best fits were obtained
when three exponential functions were used with or
without ATP. These results are consistent with the three
closed-two open state model, where the number of
open states depends on whether ATP is present or not.

The Endogenous Inhibitor Is a Lipid Molecule

Our previous study suggested that the inhibitor might
be a protein as treatment with proteases (with trypsin
or a-chymotrypsin for ~30 min, 37°C) abolished its ef-
fect on the ATP-induced changes in K,c, channel ki-
netics. However, we now acknowledge that this sugges-
tion was premature, as incubation of the cytosolic frac-
tion in room air at 37°C for a prolonged period of time
(~30 min) was also found to markedly reduce the mod-
ulatory activity of certain lipids on the K,c, channel
(Kim and Bang, 1999). This time, the cytosolic fraction
(5 mg protein/ml) was treated with a mixture of pro-
teases containing trypsin, chymotrypsin, and papain (1
mg/ml each) for a shorter period of time to minimize
oxidation of lipid molecules (10 min at 37°C). This pro-
tease-treated cytosolic fraction still showed an inhibi-
tory activity on the ATP-dependent gating of the Kucp,
channel (Fig. 4 A). Most proteins were degraded by this
protease treatment, as judged by SDS-gel electrophore-
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sis, suggesting that the cytosolic inhibitor is not a pro-
tein. To test the possibility that lipids such as free fatty
acids could be involved in such inhibition, we applied
fatty acid—free albumin (50 wg/ml) in the presence of
cytosolic fraction. Surprisingly, albumin caused an al-
most complete reversal of the inhibition of ATP-depen-
dent gating produced by the cytosolic fraction, suggest-
ing that the inhibitor could be a fatty acid or another
lipid molecule that binds albumin. To obtain further
proof that the inhibitor is a lipid molecule, the lipid
component of cytosolic fraction was extracted using
chloroform, dried, sonicated in perfusion solution
under nitrogen, and directly applied to inside-out
patches. No protein was detected in the extracted lipid
(<1 pg/ml). As shown in Fig. 4 B, the lipid component
extracted from atrial or brain cytosolic fraction was
able to fully inhibit the ATP-dependent gating of the
Kach channel, and the lipid effect could be removed by
adding fatty acid-free albumin (50 wg/ml). The ex-
panded current tracings clearly show the marked
changes in the open time duration in the presence and
absence of the lipid fraction (see Fig. 5).

Using an experimental protocol identical to that
described in Fig. 1 A, we tested whether the agonist-
induced activation of K,g, channels is also dependent
on the presence of the lipid fraction. In outside-out
patches, ACh-elicited K,c, channel activity was mark-
edly reduced after addition of the lipid extracted from
atrial cytosolic fraction to the pipette, and this was
again reversed by 50 wg/ml albumin (Fig. 4 C). Similar
results were obtained when the lipid fraction was pre-
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pared from brain cytosolic fraction. The combined re-
sults obtained from inside-out and outside-out patches
are summarized in Fig. 5. For Kinetic analysis, we used
patches containing two to four channel openings. As
described above, the two kinetic schemes were used to
obtain open time constants when ATP-induced gating
was present. In the presence of cytosolic fraction or its
lipid component, ATP-induced long-lived openings
were absent and a single open state was sufficient to de-
scribe the channel kinetics. The current-voltage rela-
tionship of the GTP-activated K,q, channel was unaf-
fected by ATP, cytosolic fraction, or the lipid compo-
nent (Fig. 4 B, inset). These results show that the
endogenous factor that downregulates the K., chan-
nel activity by interfering with the ATP-dependent
modulation is a lipid substance that binds aloumin.

Unsaturated Free Fatty Acids Inhibit ATP-dependent Gating

To identify the lipid molecule that inhibits ATP-depen-
dent gating, we tested many different types of lipid mol-
ecules that are normally found in the cell (Table ). A
lipid molecule (0.1-50 wM) was applied to the cytoplas-
mic side of inside-out patches containing ATP-modified
Kach channels and concentration-dependent changes in
channel activity and open time constants were deter-
mined. From these experiments, we found that unsatur-
ated free fatty acids such as oleic, linoleic, arachidonic
(AA), eicosapentaenoic, and docosahexaenoic acids
were good inhibitors of ATP-dependent gating and thus
the channel activity (Fig. 6). In each case, fatty acid-free
albumin (50 wg/ml) was able to completely remove the
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TABLE |
Effect of Lipids on ATP-dependent Gating of K,c, Channel

Substance Ki/z
uM
Free fatty acids
Caprylic acid (8:0) No effect
Palmitic acid (16:0) No effect
Stearic acid (18:0) No effect
Palmitoleic acid [16:1 (n-7)] 10524
Oleic acid [18:1 (n-9)] 15+0.2
Elaidic acid [t-18:1 (n-9)] 216 +48
Linoleic acid [18:2 (n-6)] 12+0.2
Linoelaidic acid [t,t-18:2 (n-6)] 3.2+06
a-linolenic acid [18:3 (n-3)] 6.2 = 0.8
Arachidonic acid [20:4 (n-6)] 1.7+0.2
Eicosapentaenoic acid [20:5 (n-3)] 5.6 =22
Docosahexaenoic acid [22:6 (n-3)] 14+0.2
Nervonic acid [24:1 (n-9)] 125+21
Mono- and diacylglycerol
1-monooleoylglycerol 42 * 6 (nr)
2-monooleoylglycerol 48 = 8 (nr)
1-monolinoleoylglycerol 8.4 +£22(nr)
1-monopalmitoleoylglycerol 52 = 7 (nr)
1-oleoyl-2-acetylglycerol 22 =3 (nr)
1,2-dioctanoylglycerol 2.8 = 0.4 (nr)
1,2-dioleoylglycerol 21 =3 (nr)
1-stearoyl-2-arachidonoyl-sn-glycerol No effect
1-stearoyl-2-linoleoyl-sn-glycerol No effect
Others
Arachidonic acid methyl ester 12 =3 (nr)
Arachidonyl alcohol 44 =7 (nr)
Phorbol myristate acetate No effect
Sphingosine (D-form) No effect
Ceramide (C-2) No effect
Phosphatidylserine No effect
Lysophosphatidylethanolamine No effect
Spermine No effect
Spermidine No effect
Glycerophosphate No effect
Glycerol No effect
Leukotriene C4 No effect
Prostaglandin E1 No effect

Each lipid (0.1, 1,3, 10, and 30 M) was applied to atrial inside-out patches
in the presence of 100 uM GTP and 4 mM ATP as in Fig. 2 A. K/, values
were obtained as in Fig. 2 E (n = 3 each). nr, the inhibitory effect was not
reversible by washout or 100 wg/ml fatty acid—free albumin.

inhibitory effect of free fatty acids. Linoleic acid pro-
duced a similar inhibitory effect when K, channels
were activated with purified bovine brain By subunit
(20 nM; Fig. 6 D), showing that Gia and their down-
stream signaling molecules were not involved. Fig. 7 A
shows concentration-dependent effects of four free
fatty acids, a diacylglycerol, and the lipid derived from
brain cytosol. The four unsaturated free fatty acids
(oleic, linoleic, arachidonic, and docosahexaenoic ac-

293 Kim and Pleumsamran

ids) inhibited K,c, channel activity with a K;,, of ~1.5
wM. The Hill coefficients were ~2 (1.8-2.2), similar to
that obtained with the cytosolic lipid, indicating that at
least two fatty acid molecules bind the channel or an as-
sociated regulatory molecule. The effect of free fatty ac-
ids on open time constants calculated from transition
rates are shown in Fig. 7 B. Free fatty acids completely
inhibited the appearance of the long-open state even in
the presence of 4 mM ATP. As expected from the results
shown in Fig. 6, when By-activated K,q, channels were
exposed to linoleic or AA (2 wM) first, further addition
of 4 mM ATP produced only a small increase in chan-
nel activity (1.3 *= 0.1-fold; n = 5; not shown). AA, oleic
acid, and linoleic acid (5 nM) added to the pipette so-
lution (extracellular) did not inhibit ATP-dependent
gating even after 5 min (n = 4 each). However, when a
higher concentration (50 wM) of oleic acid was used, a
partial inhibition (65 = 6%; n = 6) of ATP-dependent
gating was present after 5 min, indicating that enough
free fatty acids probably crossed the lipid bilayer to
reach the intracellular site to inhibit the K,¢, channel.
AA produced the same inhibitory effect in the pres-
ence of indomethacin (50 wM; cyclooxygenase inhibi-
tor) or nordihydroguaiaretic acid (10 wM; lipoxygen-
ase inhibitor), indicating that AA itself is the inhibitor
(n = 5 each). This is supported by the results that fatty
acids that are not substrates for cyclooxygenases or li-
poxygenases (i.e., oleic acid) are also potent inhibitors
of ATP-dependent gating. Therefore, free fatty acids
probably acted directly rather than via their metabo-
lites. Treatment of patches with calphostin-C (protein
kinase C inhibitor, 1 pM, 10 min), neomycin (phospho-
lipase C inhibitor, 50 wM, 15 min), or pirenzepine (M,
receptor antagonist, 0.1 wM) also did not affect the in-
hibition by AA (n = 5 each). These results show that
the two enzymes that can be activated by free fatty acids
(Meves, 1994) and by M, receptor stimulation are not
involved. The inhibitory effects of AA and oleic acid
were not affected by a mixture of phosphatase inhibi-
tors (3 mM sodium orthovanadate, 2 mM sodium fluo-
ride, and 0.1 mM zinc sulfate), indicating that phos-
phatases are also not involved (n = 4 each).
Interestingly, synthetic diacylglycerols and several
monoacylglycerols were also effective in inhibiting the
ATP-dependent gating, albeit at higher concentrations
(Table I). Their inhibitory effect, however, could not be
easily removed by washout or fatty acid—free albumin
(100 wg/ml). The inhibitory effect of diacylglycerols
and monoacylglycerols could be due to long-chain fatty
acids present in these molecules. The naturally occur-
ring diacylglycerols (steroyl-arachidonoyl-glycerol and
steroyl-linoleoyl-glycerol), however, showed no inhibi-
tory effect even at 100 wM. Methyl ester and alcohol de-
rivatives of arachidonic acid also caused inhibition of
Kach channel activity at relatively high concentrations,



1M 2uM

ATP

Albumin

5 uM Oleic acid

R

5 pM Linoleic acid

30 sec

ap  DHEA (2uM)

EPEA (21M)

\/ B

ATP

WW‘W T

Linoleic acid (2 uM)

100 ms

1.0
o 0.8}
o
zZ
L o6}
= A Linoleic
g B DHEA
0.4 OOQleic
A AA X
0ol ® Lipid(cytosol}
7| oDioleoylglycer
00 1 1 1 |

Free Fatty Acid (uM)

Open Time Constant (ms)

Figure 6. Unsaturated free fatty acids inhibit
ATP-dependent gating of Kc, channel. Cell-
attached patches were first formed with ACh in
the pipette and inside-out patches formed subse-
quently. Membrane potential was held at —60 mV.
(A) In the presence of GTP (100 wM) and 4 mM
ATP, oleic acid was applied with or without fatty
acid—free albumin (100 pwg/ml). (B) Similar to A,
except that linoleic acid was used. In this patch,
opening and fast rundown of several ATP-sensi-
tive K* channels can be seen. (C) Two different
free fatty acids (docosahexaenoic, DHEA, and
eicosapentaenoic, EPEA) were used at 2 M to in-
hibit the K,c, channel activity. (D) In the absence
of ACh, By (bovine brain, 20 nM) was applied to
activate the K, channels. Linoleic acid (2 pM)
reversed ATP-induced modification of the chan-
nel kinetics. Expanded current tracings at differ-
ent times are shown (arrows or numbers).

Figure 7. Effects of free fatty
acids on Kuc, channel activity
and open time constants. Mem-
brane potential was held at —60
mV. (A) To inside-out patches
containing ATP-modified Kacp,
channels, a lipid was added at
increasing concentrations (0-5
wM). Relative channel activity
was determined at each lipid
concentration. Data were fitted
to the Hill equation nP, = {0.9/
[1 + ([FAZ/K QW] + 0.1}, where
FA is the lipid species, K4 is con-
centration at which half maximal

—= Linoleic acid (2 uM)

ull il

inhibition occurs, and N is the
Hill coefficient (1.8-2.2). Lipid
fraction of the cytosol was also
tested at different dilutions. Un-

diluted original cytosolic lipid was prepared by adding 1 ml of bath solution to dried lipids obtained from 1 ml of CF (20 mg protein/ml),
and corresponds to the 100 M free fatty acid on the x scale. (B) Open time constants calculated from transition rates obtained after fit-
ting the data to the two kinetic schemes shown in Fig. 2 B. Each bar is the mean =+ SD of four determinations. *Significant difference from

the value determined in the absence of ATP.
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indicating that the free carboxyl group is not necessary
for inhibition of ATP-dependent gating (Table I). Poly-
amines (Lopatin et al., 1994), which cause inward rec-
tification of K* channels, also had no effect. Of the
lipids listed in Table I, only unsaturated free fatty acids
showed inhibitory properties nearly indistinguishable
from that of cytosolic fraction or its the lipids derived
from it. As predicted, cytosolic fraction (5 mg protein/
ml) prepared from rat liver, kidney, lung, ventricle, and
skeletal muscle were also effective in inhibiting ATP-
dependent gating (n = 3 each).

Unsaturated Free Fatty Acids Inhibit PIP,- and
Phospholipid-dependent Gating

It has been reported that the ATP-induced change in
K+ channel function may occur via generation of PIP,
in the membrane as a result of phosphorylation of Pl
and PIP by lipid kinases (Hilgemann and Ball, 1996;
Hilgemann, 1997). Although less effective than ATP, in-
tracellularly applied PIP, was found to increase the
number of long-lived openings (74, 2-3 ms) and Kxcn,
channel activity (Kim and Bang, 1999). Therefore, it
was of interest to test whether free fatty acids could in-
hibit PIP,-induced changes in K¢, channel kinetics. Af-
ter activation of K¢, channels by applying GTP+S to in-
side-out patches, 30 wM PIP, was further added. This
resulted in approximately twofold increase in channel
activity and the appearance of a second open state with
an open time constant of 2.6 = 0.3 ms (Fig. 8). The ef-
fect of PIP, on the K,c, channel was always small com-
pared with that produced by ATP, which produces an
approximately fivefold increase in channel activity and
To1 Of 7-8 ms. Nevertheless, when AA (2 M) was ap-
plied together with PIP,, AA fully reversed the effect of
PIP, (Fig. 8, B and C). Although not shown, oleic (2 n.M)
and linoleic (2 nM) acids also inhibited PIP,-depen-
dent gating of the K,¢,, channel (n = 3 each).

As phosphatidylcholine (100 wM) and phosphati-
dylethanolamine (100 wM) have been shown to pro-
duce effects similar to PIP, on K,q, channel kinetics
(Kim and Bang, 1999), we also tested whether AA re-
verses the changes produced by these two phospholip-
ids using inside-out patches. Our results showed that
phosphatidylcholine and phosphatidylethanolamine in-
creased the number of long-lived openings such that
T, Values were 2.5 £ 0.6 and 2.8 = 0.5 ms, respectively
(n = 3). After application of 2 .M AA, only one open
state with a time constant of 0.9 = 0.1 ms was present
for both phospholipids. Application of 2 wM linoleic
acid resulted in a similar inhibition such that the open
time constant was 0.8 = 0.1 ms (n = 3). Therefore, our
results show that unsaturated free fatty acids inhibit the
appearance of long-lived openings; i.e., abolish the sec-
ond open state, regardless of which substance was used
to induce it.
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Figure 8. Inhibitory effect of AA on PIP,induced changes in

Kach channel kinetics. After activation of the K., channels with
GTPyS (100 M), PIP, (30 M) was applied to the cytosolic side of
the membrane. After ~1 min, AA was applied along with PIP,, and
then only AA was washed off. Expanded current tracings show the
mild stimulatory effect of PIP, on channel activity (B) and open
time duration (C). PIP, induced a second open state with a time
constant of 2.6 ms. AA fully reversed these effects of PIP, (B and
C). Each bar is the mean = SEM of four determinations. *Signifi-
cant difference from the value determined with GTP~S only.

Concentration-dependent Effect of Arachidonic Acid on Kugy,
Channel Kinetics

To understand in more detail the effect of a free fatty
acid on the K, channel function, we determined the
concentration-dependent effect of AA on transition
rates between all connected states in our kinetic
scheme. As shown in Fig. 9, Kacn channel openings in
the cell-attached or in the inside-out state with GTP
alone could be described by a linear kinetic scheme
with only one open state. The averaged transition rates
determined using the QuB analysis from three cells
with similar channel activities are shown on the right.
Under the experimental conditions of our study, the
channel activity in the inside-out patch with 100 pM
GTP alone was always lower than that in the cell-at-
tached patch from the same cell. However, the open
time constant remained unchanged from that in the
cell-attached state (0.9-1.0 ms). Application of 4 mM
ATP produced an additional open state with long-lived
openings (O,) and also increased the transition rate to
the longest closed state (C,). The latter accounts for
the many long closings observed in the presence of
ATP in inside-out patches, with a mean closed time of
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62 ms. At 0.5 wM AA, the primary effect was a decrease
in the open time constant (O;; Fig. 10 A), without a
change in the transition rate to the longest closed state
(C,). At higher AA concentrations, the transition rate
to C; was greatly reduced, in addition to a further de-
crease in the open time constant (O,). Transition rates
between all connected states were affected by AA, indi-
cating that AA acts on both closed and open states. The
results show clearly that 4 mM ATP and 2 pM AA to-
gether can reestablish the channel kinetics observed in
the cell-attached state. A mixture containing 0.5 pM
each of oleic acid, linoleic acid, AA, and docosa-
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hexaenoic was as effective as 2 uM AA. The effect of AA
was voltage-insensitive (Fig. 10 B). Furthermore, the
K1/, values for inhibition by linoleic acid with pipette
solution containing 70, 140, and 210 mM K* were 1.6 =
04,15 *+ 0.3, and 1.7 = 0.4 uM, respectively (n = 3
each). Therefore, the fatty acid effect is unlikely to in-
volve sites within the pore of the channel.

Inhibition of K,g, Channel Activity by Arachidonic Acid in
the Absence of ATP

The inhibition of the ATP-induced increase in mean
open time and activity of the K,¢, channel by unsatur-

A B
10+ 1.5+
@ o Toq
E 8-
= oT
e A toz(no ATP) &£ | GTP, ATP Figure 10. Effect of AA on open time constants
g 6 o g 1.0 and on the membrane potential-dependent effect
5 0 on channel activity. (A) Open-time constants were
& = calculated from the transition rates determined
4 © :
“E’ @ (.54 STEA QIP from Fig. 9 as described in materials and meth-
= o] = H ods and plotted as a function of [AA]. *Significant
S difference from the value obtained without AA
8— (P < 0.05). (B) Channel activity was determined at
0 T T T T T 0 T T T T T 1 different membrane potentials. The value at —60
0 05 10 15 20 -20 -40 -60 -80 -100 mV was taken as 1.0 (GTP + ATP). Each point is
Arachidonic acid (uM) mv the mean * SEM of four determinations.
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ated free fatty acids could be due to a selective block of
the ATP-induced effect on the K,, channel. It could
also be due to a nonselective effect, affecting the Kucp,
channel regardless of whether the channel is in the
ATP-modified state or not. To address this issue, we
studied the effect of AA on GTP-activated K,q, chan-
nels in inside-out patches with ACh in the pipette in
the absence of ATP. As described previously, applica-
tion of 100 M GTP to the cytoplasmic side of the
membrane caused an immediate activation of the K¢,
channels (Fig. 11 A). AA was then applied to the mem-
brane starting at 0.1 wM and the concentration was in-
creased progressively to 10 wM. Channel activity and
mean open times were determined and plotted as a
function of AA concentration (Fig. 11, C and D). The
concentration at which channel activity decreased by
half was 1.6 = 0.4 .M and the Hill coefficient was 1.7.
These values are very close to those obtained from
patches in which the K,¢,, channels were studied in the
presence of ATP (K., = 1.7 pM, Hill coefficient =
1.9). AA also caused a significant shortening of the
open time duration in the absence of ATP, but only at
high concentrations of the free fatty acid. Similar inhib-
itory effects were observed when purified bovine By
(100 nM) was used to activate the K., channel (K,/, =
1.5 wM, Hill coefficient = 1.9; mean of two values; data
not shown), suggesting that AA may be interfering with
Bv-Kach channel interaction to reduce channel activity.
The approximately eightfold decrease in the open time

GTP 05 . 1

constant (7,,) of the ATP-modified K, channel pro-
duced by AA cannot easily be explained by such a
mechanism, as 1 wM AA has a negligible effect on the
open time constant in the absence of ATP. Changes in
[GTP] and, by inference, the amount of By available
for interaction with the K,, channel, does not affect
the open time constant significantly in atrial cells.
Therefore, these results suggest that free fatty acids
produce two separate effects: a decrease in frequency
of opening and inhibition of ATP-induced long-lived
openings. Both of these mechanisms are probably in-
volved in AA-induced decrease in channel activity.

Effect of Free Fatty Acids on the K,c, Channel in
Hippocampal Neuron and in Oocytes Expressing GIRK

To determine whether free fatty acids also downregu-
late K,cn channels in neurons and cloned K,gp, chan-
nels expressed in oocytes, we tested their effects on
Kach channels in hippocampal pyramidal neurons and
in oocytes expressing GIRK1/4 and GIRK1/2. In neu-
rons, 5-hydroxytryptamine (5-HT) was used as agonist
to activate the K,c,, channel as we have done previously
(Ohetal., 1995). In the presence of 10 uM 5-HT in the
pipette, application of 100 pM GTP to inside-out
patches activated the K, channels with an open time
constant of 1.0 = 0.1 ms (n = 6; Fig. 12 A). Only a sin-
gle open state was sufficient to describe the channel
openings, as assessed from the duration histogram as
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Figure 11. Effect of AA on
Kach Channel activity and open-
time duration in the absence of
ATP. (A) Kach channels in an in-
side-out patch were activated by
100 uM GTP. AA was then added
at different concentrations. (B)
Channel openings at higher time
resolution are shown for each
concentration of AA. (C) The
channel activity-[AA] relation-
ship is shown. Data were fitted to
the Hill equation: nP, = {1/(1 +
[AAZK IV}, where Ky is the con-
centration at which half maximal
inhibition occurs, and N is the
Hill coefficient (1.7). K4 was 1.6
wM. (D) Open-time constants
were determined and plotted as
function of [AA]. *Significant
difference (P < 0.05). Each
point is the mean = SEM of four
determinations.
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Figure 12. Inhibition of ATP-dependent gating by free fatty ac-

ids in neurons, and in oocytes expressing GIRK. Inside-out patches
were formed and membrane potential held at —60 mV. (A) 5-HT
was used as the agonist. Reversible inhibition by linoleic acid of the
ATP-dependent gating of the K¢, channels in an adult rat hippo-
campal neuron is shown with accompanying expanded tracings.
(B) The cardiac (GIRK1/4) form of the K,q, channel subunits
were expressed at low levels in Xenopus oocytes and activated by By
(50 nM). ATP produced long-lived openings as in atrial cells. Oleic
acid, AA, and fatty acid—free albumin (100 wg/ml) were applied as
indicated. (C) The neuronal (GIRK1/2) form of the K, channel
subunits were expressed at low levels in Xenopus oocytes and acti-
vated by By (50 nM). After adding ATP, AA and linoleic acids were
applied separately. Albumin was used to reverse the effect of AA.
Expanded current tracings show the effect of free fatty acids on
the kinetics of channel openings. (D) Summary of changes in rela-
tive channel activity and open-time constants determined from
above experiments is shown. *Significant difference from the con-
trol values obtained in the absence of fatty acid (P < 0.05). Open
time constants were calculated from the transition rates. Each bar
is the mean = SD of four determinations.

well as fitting the data to the kinetic schemes with one
or two open states. Addition of 4 mM ATP produced
appearance of another open state with long-lived open-
ings (Fig. 12 D), similar to that observed in atrial cells.
When 2 pM linoleic acid was applied together with

GTP and ATP, the long-lived openings were no longer
present and channel openings again showed only one
open state with a time constant of 1.0 = 0.1 ms. Oleic
acid produced a similar effect on the ATP-modified
Kach channel in these neurons (n = 3; Fig. 12 D).

When expressed in Xenopus oocytes, heteromeric
GIRK1/4 that represents the atrial K,q, channel also
undergoes ATP-dependent gating (Kim et al., 1997).
Similar to native K,¢, channels, oleic and arachidonic
acids blocked the ATP-induced changes in GIRK1/4
channel kinetics (Fig. 12 B). Heteromeric GIRK1/2,
which represents one form of neuronal K,g, channels
(Kofuji et al., 1995) was also modified by ATP and free
fatty acids in a similar way (Fig. 12 C). Thus, free fatty
acids inhibited the appearance of long-lived openings
induced by ATP. As in atrial K,c,, channels, GIRK chan-
nels modified by ATP could be described by the same
kinetic scheme consisting of three closed and two open
states. However, after treatment with a free fatty acid,
the channel openings could be fitted better to a
scheme with only one open state (Fig. 12 D). Thus, our
results show that native K,q, and cloned heteromeric
GIRK channels expressed in oocytes have nearly identi-
cal responses to ATP and free fatty acids.

Free Fatty Acids Do Not Inhibit Background (K,) and
ATP-sensitive K* Channels

Other members of the Kir family of K* channels in-
cluding the classical background (IRK, K;) and ATP-
sensitive K* channels (Kir6/SUR and ROMK) have also
been shown to be activated by ATP or PIP, (Takano et
al., 1990; Fakler et al., 1994; Baukrowitz et al., 1998;
Huang et al., 1998; Shyng and Nichols, 1998). There-
fore, we asked whether unsaturated free fatty acids also
inhibit ATP-induced changes in the function of these
Kir channels. To address this question, we studied the
effect of ATP and AA using cardiac membrane patches
containing either K, or Ky channels. Fig. 13 A shows
an inside-out atrial patch in which Ky, channels were
first activated with GTP and ACh, and this served as a
positive control. Although the K; channel was not open
initially, it was quickly activated by application of 4 mM
ATP to the bath solution and remained activated as
long as ATP was present. A similar effect of ATP was ob-
served in all seven patches that contained either one or
two K, channels. As expected and shown by expanded
current tracings, the marked effects of ATP on the Kacp,
channel activity and open-time duration were also pres-
ent in this patch. When 2 pM AA was further added,
Kach €hannel activity decreased quickly with associated
shortening of the open time constant to 1.0 = 0.1 ms,
but the K; channel remained fully open and showed no
change in its activity (nP,; 0.90 = 0.04 vs. 0.87 £ 0.06;
n = 6). In patches in which ACh and GTP were not
used, K; channels were also activated by intracellular
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Figure 13. Effect of AA on ATP- or PIP,-induced changes in K; and K,p channels in cardiac myocytes. (A) A cell-attached patch was
formed with ACh in the pipette. In the inside-out state, GTP was applied first, and then 4 mM ATP added subsequently. ATP activated the
K, channel and augmented K¢, channel activity. Further application of 2 wM AA markedly inhibited K¢, channel activity but had no ef-
fect on the K, channel. Expanded current tracings show the fully open K, channel and opening of K,¢;, channels on top of the K, channel.
(B) Formation of the inside-out state of adult rat ventricular cells resulted in activation of several K orp channels that ran down at varying
rates. Application of AA during channel rundown resulted in inhibition of K, channel activity. (C) When PIP, was applied to prevent
rundown, addition of AA failed to inhibit K, channel activity. The same results were obtained in four other patches. (D) In this patch,
Karp channels were allowed to rundown first. ATP was then applied briefly to reactivate the channels. AA also markedly inhibited Kapp

channel activity in these patches (n = 4).

application of ATP, but were not significantly affected
by either 2 or 5 uM AA (n = 3 each). Similarly, 2 uM li-
noleic acid (n = 3), cytosolic fraction (5 mg protein/
ml; n = 2), and the lipid fraction (n = 2) failed to
significantly influence K; channel kinetics (data not
shown). Thus, these results clearly demonstrate that, at
concentrations used here, unsaturated free fatty acids
do not affect the ATP-induced activation of the K;
channel, but inhibit that of the K,, channel.

To test the effect of AA on K, channels, we used in-
side-out patches formed from adult rat ventricular cells
that usually show many K,rp channels in each patch. In
Fig. 13 B, six Kxrp channels were activated upon forma-
tion of the inside-out state. In this patch, K rp channel
rundown was slow and allowed us to test the effect of
AA. AA (5 uwM) caused a marked inhibition of the Kurp
channel activity, and this was irreversible. Although 2
wM AA caused a significant inhibition (62 = 12% inhi-
bition, n = 3), we used 5 pM AA to obtain a near-maxi-
mal inhibition. Linoleic acid (5 wM) also caused a near
maximal inhibition. These results show that AA is an ef-
fective inhibitor of the K,rp channel, as we have de-
scribed previously (Kim and Duff, 1990). As PIP, causes
activation of K,rp channels as well as prevents rundown,
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we tested whether AA inhibits the effect of PIP, on the
Kare channel. As shown in Fig. 13 C, PIP, applied soon
after patch excision prevented rundown of the K
channels. Interestingly, AA was ineffective in K, chan-
nel inhibition when was PIP, present, and decreased
channel activity only after PIP, was removed. Therefore,
in the presence of PIP,, the effect of 5 wWM AA on the
Kare channel was clearly different from that on the K¢y,
channel. In Fig. 13 D, we allowed K,rp channels to run-
down first, and then briefly exposed the membrane to 3
mM ATP. This procedure is well known to reactivate the
Kare channels, presumably via formation of PIP, in the
membrane. In this patch, AA also caused a quick inhibi-
tion of channel activity, similar to that observed in Fig.
13 B. These results show that 2-5 wM unsaturated free
fatty acids affect various inwardly rectifying K* channels
differently, and suggest that ATP- or PIP,-induced
changes in Kir channel function probably involve dif-
ferent, nonconserved regions of the channels.

DISCUSSION

Since 1991, when intracellular ATP was first shown to
cause marked upregulation of the K,¢,, channel activity



in inside-out patches and to increase the number of
long-lived openings (Kim, 1991), we have suspected
that a strong inhibitor of the ATP-induced changes in
Kach channel function exists in atrial cells. Our suspi-
cion arose mainly because of the observation that K,q,
channels in cell-attached patches generally do not show
such ATP-dependent gating despite the presence of
ATP in the cell. In 1996, we confirmed and reported
the existence of such an inhibitor in the cytoplasm of
atrial tissue and subsequently in brain tissue. Because
treatment of the cytosolic fraction with proteases abol-
ished its activity against the K,c, channel, we thought
that the endogenous inhibitor was a protein (Hong et
al., 1996). We have recently recognized that the activity
of the lipids could also be quickly reduced by oxidation
when exposed to air at ambient temperatures. There-
fore, we reexamined the possibility that the inhibitor is
a lipid molecule rather than a protein. We now show ev-
idence that the putative inhibitor is a lipid molecule
present in the cytoplasm. Although it was not possible
to test every lipophilic molecule that exists in the cell,
our results show that certain unsaturated free fatty ac-
ids in the cytoplasm are most likely to be the endoge-
nous inhibitor that blocks ATP-dependent gating. This
probably explains why we were unable to purify the in-
hibitor using protein purification methods. An impor-
tant result of our study is that free fatty acids together
with intracellular ATP can reestablish the activity and
kinetics of the K., channels observed in the cell-attached
state of intact atrial and neuronal cells.

Are Unsaturated Free Fatty Acids True In Vivo Inhibitors of
ATP-dependent Gating?

It would be important to know whether free fatty acids
in the cytoplasm are true in vivo inhibitors of the Kxcp,
channel. The following points support the role of en-
dogenous free fatty acids in the control of the Kpgp
channel function. (a) Studies using the cytosolic frac-
tion and its lipid component clearly show that an endog-
enous lipid substance is inhibiting the ATP-dependent
gating of the K,¢, channel. (b) Of the ~40 different
lipophilic compounds tested so far, only unsaturated
free fatty acids were found to be potent inhibitors of
ATP-dependent gating of the K, channel with inhibi-
tory properties indistinguishable from that of the cyto-
solic fraction or its lipid fraction. In earlier studies, in-
tracellular molecules such as cAMP, cGMP, Ca?*, and
inositol trisphosphate at physiological concentrations
were found to have no significant effect on the Kxen
channel activity (Hong et al., 1996). However, Ca?", at
concentrations above 30 wM, decreased the open time
constant of the K, channel (Kim, 1991). (c) Fatty
acid-free albumin completely reversed the inhibitory
effect of the cytosolic fraction, the lipid fraction, and
unsaturated free fatty acids, and affected the degree of

Kach channel activation by ACh in outside-out patches.
(d) The biophysical effect of the cytosolic fraction and
unsaturated free fatty acids on the ATP dependence of
Kach channel gating kinetics were nearly indistinguish-
able. Taken together, these results provide strong evi-
dence indicating that unsaturated free fatty acids are
the in vivo inhibitors of the K,g, channel. We do not
know exactly which specific free fatty acids are true in
vivo inhibitors since free concentrations of different
free fatty acids in the cell are not known and difficult to
determine (Veerkamp et al., 1991; VanderVusse et al.,
1992).

The results of this study suggest that the cytoplasmic
concentration of a free fatty acid that inhibits ATP-
dependent gating is 1-2 wM. The actual concentration
of free fatty acids that inhibits the ATP effect may be
much lower, as oxidation of fatty acids probably occurs
during preparation and experiment. In support of this,
it was found that the effect of AA decreased signifi-
cantly (K, = 5.5 = 1.1 uM, n = 4) after ~10 min ex-
posure of the AA solution to air and, after 1 hr, K;,, was
12.2 = 3.4 uM (n = 3), although all solutions were kept
in ice. We also found that incubation of oleic, linoleic,
and linolenic acids at room temperature or at 37°C for
30 min also reduced their inhibitory potency signifi-
cantly. Different types of fatty acid binding proteins ex-
ist at high levels in the cell (~~1 mM), and bind fatty ac-
ids with high affinity (Ky, ~1-10 nM; Veerkamp et al.,
1991). Therefore, although the concentration of a free
fatty acid in the cytoplasm is not known, it is believed to
be in the nanomolar range (Veerkamp et al., 1991).
Since many unsaturated free fatty acids inhibit the ATP
effect, the total free fatty acid concentration could
reach near the micromolar range. It is also possible
that the free fatty acid concentration near the inner
surface of the membrane near the channels is higher
than normally assumed, as free fatty acids in the plasma
travel through the cell membrane to the cytosol by dif-
fusion partly in the unbound form (Hamilton, 1998).

Structural Requirements for Modulation of the K¢, Channel
by Free Fatty Acids

The inhibitory profile of free fatty acids shows that a
long-chain fatty acid with at least one double bond is
necessary for blocking ATP-dependent gating. Trans
isomers (eladic and linoelaidic acids) were less potent
than their cis counterparts, suggesting that some struc-
tural elements within the hydrophobic region may be
important. Uncharged alcohol and methyl ester forms
of AA inhibited ATP-dependent gating irreversibly, sug-
gesting that the carboxyl group of free fatty acids is im-
portant for reversibility but is not necessary for inhibi-
tion. This supports the idea that the hydrophobic re-
gion of free fatty acids may be important for causing
inhibition. Mono- and diacylglycerols were also found
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to be effective inhibitors of ATP-dependent gating, al-
beit at higher concentrations. The inhibition by mono-
and diacylglycerols may be due to the fatty acids in
these molecules and their low affinity may be explained
by the reduced accessibility due to steric hindrance. Al-
though these synthetic diacylglycerols showed inhibi-
tory effect, naturally occurring diacylglycerols (steroyl-
arachidonoyl glycerol and steroyl-linoleoyl-glycerol)
were found to have no effect, presumably due to
greater steric hindrance. Therefore, these results sug-
gest that all unsaturated free fatty acids may be able to
downregulate the K,q,, channel by inhibiting the ATP-
dependent gating. It seems likely, however, that com-
monly found free fatty acids with high inhibitory po-
tency, such as oleic, linoleic, linolenic, and arachidonic
acids, are probably the major players in downregulat-
ing the K ¢, channel activity. The relative lack of effect
of free fatty acids from the extracellular side is interest-
ing, considering that fatty acids are thought to cross the
membrane rapidly. Therefore, free fatty acids in the
plasma are not expected to regulate K, channel func-
tion to any significant degree. Fatty acids in plasma are
also mostly bound to aloumin (Veerkamp et al., 1991).

Mechanism of Inhibition of K,c, Channel Activity by Free
Fatty Acids

Our results show that the observed channel activity in
cell-attached patches at steady state when ACh is
present in the pipette is the sum of the effects pro-
duced by GTP (Bvy)-induced activation, ATP-induced
stimulation, and free fatty acid-induced inhibition.
The inhibitory effect of free fatty acid on ATP-depen-
dent gating seems to be the crucial factor that keeps
the Kacn, channel in the short-lived, single open state
and maintains low channel activity despite the presence
of ATP in the cell. To understand how free fatty acids
inhibit ATP-dependent gating, it is first necessary to
identify the signaling pathway by which ATP modifies
the K, channel. The evidence from recent studies in-
dicate that PIP, formed in the membrane via lipid ki-
nases mediates the effect of intracellular ATP on differ-
ent ion transporters and channels (Hilgemann and
Ball, 1996; Hilgemann, 1997). PIP, itself does not acti-
vate the atrial K,¢,, channel (Kim and Bang, 1999), con-
sistent with the result that ATP alone does not activate
the Kucn, channel either. However, PIP, has been shown
to activate cloned inwardly rectifying K™ channels such
as IRK1, GIRK2, ROMK1, and Kir6.2/SUR1 and native
ATP-sensitive K* channels (Huang et al., 1998; Sui et
al., 1998; Fan and Makielski, 1999; Ho and Murrell-
Lagnado, 1999). Available evidence suggests that the neg-
atively charged PIP, molecules in the membrane inter-
act with several positively charged residues in the
COOH terminus of K* channels and thereby shifts the
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conformation of the channel to the “active” state. For
the K rp channel, it has been suggested that ATP and
PIP, bind to overlapping sites on the COOH terminus
of Kir6.2 and cause PIP, to influence channel sensitivity
to ATP (Baukrowitz et al., 1998; Shyng and Nichols,
1998; Fan and Makielski, 1999). Thus, the interaction
of PIP, with the K* channel has been suggested to un-
derlie the ATP-induced changes in the kinetic behavior
of the K* channel.

If PIP, promotes the active state for all inward-recti-
fier K+ channels mentioned above by a common mech-
anism, a blocker of the PIP, effect would be expected to
reduce the active state of these K* channels. Therefore,
we predicted that if unsaturated free fatty acids inhibit
ATP- and PIP,-dependent gating of K,c,, channels, they
would also inhibit ATP- or PIP,-induced modification of
Kare and K; channels. Our results in Fig. 13 show, how-
ever, that AA (2-5 nM) does not inhibit PIP,-modified
Karp Channels or ATP-activated background K; chan-
nels. This suggests that the mechanism of ATP- or PIP,-
induced effect on the K, channel may be different
from that on K; and K, channels. However, recent
studies measuring the kinetics of K* current inhibition
by PIP, antibody show that PIP,—channel interaction is
strong for IRK1 and ROMK1, and weak for GIRK
(Huang et al., 1998; Zhang et al., 1999). Therefore, the
concentrations of free fatty acids used in this study may
not be high enough to inhibit PIP,—channel interaction
for the K; and K,rp channels. These studies also pro-
vided evidence that By causes stabilization of the PIP,—
Kach channel interaction that may be directly responsi-
ble for channel activation. Thus, the level of PIP, in the
membrane is now believed to be the critical factor that
determines the degree of channel activation and open
time kinetics when B+ is applied. At a low basal level of
PIP, (no applied ATP), activation by Bv is small and
shows only short-lived openings, whereas at high PIP,
levels (applied ATP), channel activity is increased and
long-lived openings are induced. Therefore, a likely
mechanism by which free fatty acids inhibit the K,
channel activity and shorten the open time duration ei-
ther in the presence or absence of ATP may involve a
reduction of the PIP,—channel interaction.

Interestingly, the K., channels in bullfrog atrial cells
show many long-lived openings (bursts) even in the ab-
sence of ATP (lvanova-Nikolova and Breitwieser, 1997).
The reasons for the difference in the K,¢, channel gat-
ing in bullfrog and mammalian atrial cells are not evi-
dent. However, it is possible that the concentration of
unsaturated free fatty acids in bullfrog atrial cells are
lower than those in mammalian cells and do not suffi-
ciently inhibit ATP-dependent gating. In this regard, it
is interesting to note that the cytoplasmic fraction pre-
pared from oocytes of Xenopus laevis frogs also do not
contain sufficient inhibitory activity against ATP-depen-



dent gating of the expressed GIRK1/4 (Kim et al.,
1997). Thus, it may be speculated that the control
mechanisms of the K,,, channel in mammals is differ-
ent from that of amphibians by virtue of differences in
the available free fatty acids in the cytoplasm. In rat
atrial cells, the open time duration was reported to de-
pend on the concentration of By subunit (Nemec et
al., 1999). However, the comparison of the reported ef-
fects of ATP and By on the open time duration of K,¢,
channels in mammalian atrial cells show that the ATP
effect is far greater than that of Bv.

Physiological Significance of the Free Fatty Acid Effect on the
Kach Channel

The existence of the dual and opposite effect of intra-
cellular ATP and certain unsaturated free fatty acids on
the K¢, channel is interesting and curious. Since these
molecules provide energy to the cell, it is plausible that
the K,cn, channel activity is influenced by the metabolic
state, particularly by the fatty acid metabolism. Small
changes in total free fatty acid concentration near 1-2
wM could in principle have a significant effect on Kycp,
channel activity. It is also possible that free fatty acid
concentrations are kept at a constant level and do not
modulate the K,¢,, channel. Nevertheless, it is clear that
without the inhibitory action of free fatty acids, the Kacp,
channels would be in the “high open probability” state
due to the ATP-induced increase in channel activity and
induction of long-lived openings. Single-channel stud-
ies show that in oocytes expressing GIRK1/4, the chan-
nels in the cell-attached state are already in the ATP-
modified gating mode and show long-lived openings
(Kubo et al., 1993; Kim et al., 1997). This is in keeping
with the finding that the cytosolic fraction from oocytes
has low activity against the ATP-dependent gating of
Kach channels in atrial cells (Kim et al., 1997).

In previous studies from our laboratory, it was found
that long-lived openings can be observed during the
initial several seconds upon formation of cell-attached
patches with ACh in the pipette (Kim, 1991; Hong et
al., 1996). The subsequent fast desensitization of the
Kach Channel activity in atrial cells was associated with a
rapid decrease in the number of long-lived openings, a
process that is qualitatively similar to that produced by
unsaturated free fatty acids on the ATP-modified Kucp,
channel. The presence of long-lived openings in cell-
attached patches after ACh application is difficult to rec-
oncile with the inhibitory action of unsaturated free
fatty acids in the cell. Free fatty acids are expected to
keep the K,c, channels from becoming modified by
ATP (or PIP,) such that they open in the low P, mode
showing mainly short-lived openings when ACh is ap-
plied. At present, we do not have a good explanation
for these seemingly contradictory observations. We
hope to address this question in the future.

It has been reported recently that endothelin causes
inhibition of GIRK when endothelin receptor and
GIRK channels are expressed in oocytes (Rogalski et
al., 1999). This effect was blocked by inhibitor of PLA,
and mimicked by AA. Therefore, any signaling mecha-
nisms that cause sufficient generation of AA in the cell
could reduce K, channel activity and modulate cell
excitability. The potent inhibitory effect of free fatty
acid indicates that K,c,, channel function may also be
altered in pathological states such as hypoxia and is-
chemia, where free fatty acid concentration in the cell
is increased (VanderVusse et al., 1992). In the heart, a
rise in free fatty acid concentration would be expected
to decrease K,¢,, channel activity and therefore increase
the heart rate. In the brain, synaptic transmission may
be enhanced due to decreased inhibitory input in con-
ditions such as those during ischemia and stroke, where
the metabolic state of the cells are altered and free fatty
acid concentrations are increased (Bazan et al., 1971).
A decrease in free fatty acid concentration in the cell
would be expected to augment the response of the K¢y,
channel to intracellular ATP, and thus enhance the va-
gal effect on the heart and increase synaptic inhibition
in the brain. Whether such effects indeed occur in the
heart and brain needs further investigation. Our results
show that free fatty acids do not work well when applied
extracellularly, suggesting that free fatty acids do not
cross the atrial cell membrane very easily. However, it is
possible that after they crossed the membrane they dif-
fused quickly to the bathing medium.

Arachidonic Acid, Free Fatty Acids and lon Channel Function

In 1987, AA and its lipoxygenase metabolites were re-
ported to act as second messengers in the modulation
of K* channels in Aplysia neurons (Piomelli et al.,
1987). Subsequently, AA was found to activate the Kcp,
channel when applied intracellularly in the absence of
GTP and ATP (Kim et al., 1989; Kurachi et al., 1989).
Thus, these results are in apparent contradiction to our
present study showing that AA and other unsaturated
free fatty acids inhibit K., channel activity. It is how
clear that AA or its metabolites are not true activators
of the K,c, channel. AA-induced slow activation that
was observed in the absence of intracellular GTP was
probably due to slow destabilization of G proteins and
subsequent dissociation of their subunits by high con-
centrations (10-50 wM) of lipophilic molecules. Con-
sistent with this mechanism, AA was reported to in-
crease the basal GTPyS activation of the K,q, current
while decreasing the ACh-activated current (Scherer
and Breitwieser, 1990). Our study shows unambigu-
ously that cytoplasmic AA and unsaturated free fatty ac-
ids inhibit K,q, channel activity under more normal
conditions where GTP and ATP are present.

The role of free fatty acids in ion channel regulation
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is increasingly recognized as many ion channels are af-
fected by free fatty acids. AA and other long-chain free
fatty acids have been shown to affect Na*, Ca?*, and K*
channels in various cell types in different ways (Hallag
et al., 1992; Huang et al., 1992; Fraser et al., 1993;
Meves, 1994; Devor and Frizzell, 1998). More recently,
unsaturated free fatty acids have been reported to acti-
vate light-sensitive channels (TRP) in Drosophila (Chyb
et al., 1999) and mechanosensitive K* channels in car-
diac muscle cells, smooth muscle cells, and neurons
(Kim, 1992; Kim et al., 1995; Ordway et al., 1995). Poly-
unsaturated free fatty acids suppress Cl~ current (An-
derson and Welsh, 1990) and voltage-gated K* (Hon-
ore et al., 1994) and Na* currents (Xiao et al., 1998).
In each case, there is evidence to show that free fatty ac-
ids act directly and not via their metabolites. There is
also increasing evidence indicating that free fatty acids
may act directly on channels themselves rather than via
changes in the lipid bilayer surrounding the channels
(Ordway et al., 1991; Kang and Leaf, 1996). For most
ion channels, ATP does not appear to be involved in
the fatty acid effect. Therefore, the effect of free fatty
acids on the K,q, channel may involve a different
mechanism. Our study on three different inward recti-
fier K* channels suggests that free fatty acids exist in
the cytoplasm of many types of mammalian cells and
that their effects on ion channels may be more specific
than previously thought. Therefore, it will be impor-
tant to understand the cellular mechanisms by which
free fatty acids modulate various ion channels and
thereby regulate cell function.
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