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Long chain fatty acid esters of coenzyme A (LC-CoA)
are potent activators of ATP-sensitive (KATP) channels,
and elevated levels have been implicated in the patho-
physiology of type 2 diabetes. This stimulatory effect is
thought to involve a mechanism similar to phosphatidyl-
inositol 4,5-bisphosphate (PIP2), which activates all
known inwardly rectifying potassium (Kir) channels.
However, the effect of LC-CoA on other Kir channels has
not been well characterized. In this study, we show that
in contrast to their stimulatory effect on KATP channels,
LC-CoA (e.g. oleoyl-CoA) potently and reversibly inhib-
its all other Kir channels tested (Kir1.1, Kir2.1, Kir3.4,
Kir7.1). We also demonstrate that the inhibitory potency
of the LC-CoA increases with the chain length of the
fatty acid chain, while both its activatory and inhibitory
effects critically depend on the presence of the 3�-ribose
phosphate on the CoA group. Biochemical studies also
demonstrate that PIP2 and LC-CoA bind with similar
affinity to the C-terminal domains of Kir2.1 and Kir6.2
and that PIP2 binding can be competitively antagonized
by LC-CoA, suggesting that the mechanism of LC-CoA
inhibition involves displacement of PIP2. Furthermore,
we demonstrate that in contrast to its stimulatory effect
on KATP channels, phosphatidylinositol 3,4-bisphos-
phate has an inhibitory effect on Kir1.1 and Kir2.1.
These results demonstrate a bi-directional modulation
of Kir channel activity by LC-CoA and phosphoinosi-
tides and suggest that changes in fatty acid metabolism
(e.g. LC-CoA production) could have profound and wide-
spread effects on cellular electrical activity.

Kir channels are important regulators of cellular excitability
and play vital roles in diverse processes such as regulation of
the heart rate, regulation of insulin secretion, and the control of
K� secretion in renal tubular epithelia (1–3). A characteristic
feature of all Kir channels is their regulation by phospho-
inositides (mostly PIP2)1 (4–6). It is generally accepted that all

Kir channels are only active when associated with PIPs and
therefore their activity is intimately coupled to the complex
cellular metabolism of PIPs (7–9). The physiological impor-
tance of this phosphoinositide regulation is underlined by the
observation that mutations in Kir channels which impair PIP2

interactions can lead to disease states such as the Bartter’s
syndrome (Kir1.1/KCNJ1) and Andersen’s syndrome (Kir2.1/
KCNJ2) (5).

Long chain fatty acid esters of coenzyme A (LC-CoA) are
another class of anionic lipids that have been shown to activate
KATP channels but not other Kir channels (10–12). LC-CoA
lipids represent obligate intermediates of fatty acid metabolism
that are formed in the cytoplasm and then shuttled into the
mitochondria to fuel �-oxidation. Metabolic conditions, which
increase the intracellular concentration of LC-CoA, are thought
to activate KATP channels during cardiac ischemia (13). Fur-
thermore, high levels of circulating fatty acids (and therefore
LC-CoA) found in obese patients may contribute to hypergly-
caemia in type II diabetes by stimulating KATP channel activity
in the pancreatic �-cell and thus impairing insulin secretion
(11, 14, 15).

The molecular mechanisms of Kir channel regulation by
phosphoinositides, in particular PIP2, have been studied inten-
sively. Numerous positively charged residues in both the N-
and C-terminal intracellular domains have been identified as
potential interaction sites for the anionic head groups of the
phosphoinositides (4, 5, 16, 17). Furthermore, biochemical
studies have demonstrated that PIP2 can bind directly to the C
terminus of different Kir channels (4, 18). In general it is
thought that phosphoinositides stabilize the open channel state
and in KATP channels antagonise ATP inhibition (6, 19). LC-
CoA also activates KATP channels by interacting with the pore-
forming Kir6.2 subunit (11, 12) and antagonizes ATP inhibition
with similar potency to PIP2 (13, 20). We have recently dem-
onstrated that both LC-CoA and phosphoinositides probably
interact with the same site(s) in Kir6.2 and regulate KATP

channel activity via the same mechanism (20).
In contrast to their effect on KATP channels, LC-CoA lacks the

ability to reactivate other Kir channels once they have run-down,
and this activatory effect appears to correlate with the phosphoi-
nositide selectivity of the individual Kir channel (10). KATP chan-
nels are activated by all phosphoinositides, whereas all other Kir
channels exhibit varying degrees of discrimination between the
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different PIPs. However, the effects of LC-CoA on active Kir
channels have not been properly investigated.

In this study we demonstrate that all Kir channels, with the
exception of KATP (i.e. Kir6.2), are potently inhibited by LC-
CoA, and we have investigated the molecular basis of this
inhibitory effect. We also report that the phosphoinositide,
PI(3,4)P2, produces Kir channel inhibition via the same mech-
anism as LC-CoA. The results demonstrate a bidirectional
modulation of Kir channel activity by phosphoinositides and
LC-CoA and reveal a novel regulatory pathway.

MATERIALS AND METHODS

Mutagenesis, cRNA Synthesis, and Oocytes Injection—Murine
Kir6.2, rat SUR2A, rat Kir3.1, rat Kir4.1, and human Kir7.1 were used
in this study. Site-directed mutagenesis on Kir3.4 (S143T) was per-
formed as described (21) and verified by sequencing. For oocyte expres-
sion, constructs were subcloned into the pBF expression vector (22).
Capped cRNAs were synthesized in vitro using SP6 polymerase (Pro-
mega, Heidelberg, Germany) and stored in stock solutions at �80 °C.
Xenopus oocytes were surgically removed from adult females and man-
ually dissected. About 50 nl of a solution containing channel-specific
cRNA was injected into Dumont stage VI oocytes. Oocytes were treated
with collagenase type II (Sigma, 0.5 mg/ml), defolliculated, and incu-
bated at 19 °C for 1–3 days prior to use.

Electrophysiology—Giant patch recordings (21) in inside-out config-
uration under voltage clamp conditions were made at room temperature
(�21 °C) 3–7 days after cRNA injection. Pipettes were made from thick-
walled borosilicate glass, had resistances of 0.2–0.4 M� (tip diameter of
20–30 �m), and were filled with (in mM, pH adjusted to 7.2 with KOH)
120 KCl, 10 HEPES, and 1.8 CaCl2. Currents were recorded with an
EPC9 amplifier (HEKA Electronics, Lambrecht, Germany) and sam-
pled at 1 kHz with analog filter set to 3 kHz (�3 dB). Solutions were
applied to the cytoplasmic side of excised patches via a multibarrel
pipette and had the following composition in mM (Kint): 120 KCl, 10
HEPES, 2 K2EGTA. BSA and ATP were purchased from Sigma. Com-
putational work was done on Macintosh G4 using commercial software
(IGOR, WaveMetrics) and Excel 2001 (Microsoft).

Human embryonic kidney (HEK293) cells were grown at 37 °C in an
atmosphere of 5% CO2 on 3.5-cm dishes in Dulbecco’s modified Eagle’s
medium containing 10% fetal calf serum. Whole-cell patch clamp ex-
periments were performed at room temperature in a 0.4-ml chamber
with continuous superfusion (1 ml/min). Currents were recorded in the
fast whole-cell, voltage clamp mode and 3 kHz low pass-filtered by an
EPC-9 amplifier (HEKA Electronics). Data acquisition and analysis
were performed by Pulse software. The initial high Na� bath solution
contained (in mM) 150 NaCl, 1 MgCl2, 2 CaCl2, 10 HEPES/NaOH and 5
glucose (pH 7.4). At the beginning of the experiment it was changed to
high K� bath solution: 150 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES/KOH and
5 glucose (pH 7.4). The intracellular pipette solution contained (in mM)
130 potassium glutamate, 10 KCl, 1 MgCl2, 1 EGTA, 10 HEPES/KOH,

and 1 MgATP (pH 7.2). Original current tracings were depicted after
1-kHz low pass filtering. The pipette potential was corrected for the
liquid junction potential between the pipette and bath solution as
described by Barry and Lynch (23).

Preparation of Lipid Solutions—Palmitoyl-CoADephosho (palmitoyl-
CoA lacking the 3�-ribose phosphate) was synthesized, high perform-
ance liquid chromatography-purified, and verified via mass spectros-
copy by JenaBioScience (Jena, Germany). Palmitoyl-CoADephosho, L-�-
phosphatidyl-d-myo-inositol-4,5-phosphate (PIP2, from bovine brain,
Sigma), L-�-phosphatidyl-D-myo-inositol-3,4-phosphate (C-16, Merck
Bioscience), L-�-phosphatidyl-D-myo-inositol-3,4,5-phosphate (C-16,
Merck Bioscience), phosphatidylinositol (Sigma), phosphatidylcholine
(Sigma), oleoyl-CoA (Sigma), myristoyl-CoA (Sigma), decanoyl-CoA
(Sigma), and hexanoyl-CoA (Sigma) stored as stocks (1 mM) at �80 °C,
diluted in Kint solution to final concentrations, sonicated for 15 min, and
used within 6 h.

Lipid Binding Assays—For in vitro lipid binding experiments the
GST fusions of Kir2.1 amino acids 175–428 (Kir2.1-C) and Kir6.2 amino
acids 163–390 (Kir6.2-C) were constructed. Proteins and liposomes
were prepared and assayed as described (21). Briefly, GST and GST-
fused proteins were overexpressed in Escherichia coli and immobilized
on GSH-Sepharose. Mixed liposomes were prepared from phosphatidyl-
choline, rhodamin-phosphatidylethanolamine, and one of the following
lipids of interest: PI(4,5)P2, C-16 PI(3,4)P2, or oleoyl-CoA at concentra-
tions of 0 or 10 mol %. The rhodamin-phosphatidylethanolamine con-
tent was always 1 mol %. Immobilized GST-proteins (0.01 mM) were
incubated with liposomes with subsequent washing. Binding of lipo-
somes to immobilized proteins was quantified by fluorescence measure-
ment using an excitation/emission wavelengths of 390/590 nm. The
data were corrected for the fluorescence of pure phosphatidylcholine/
rhodamin-phosphatidylethanolamine liposomes. Fluorescence values
obtained in assays with control liposomes were then substracted from
the values obtained in assays with liposomes containing lipids of
interest.

For NBD-PIP2 protein binding, GST and GST-Kir2.1-C were immo-
bilized on GST binding beads, incubated with NBD-PIP2 (C-16, Eche-
lon) for 1 h and washed, and the amount of bound fluorescence was
measured at excitation/emission wave lengths of 465/535 nm.

RESULTS

Regulation of Kir Channel Activity by Oleoyl-CoA and BSA—
Fig. 1 shows the effect of oleoyl-CoA and the fatty acid-binding
protein BSA (bovine serum albumin) on KATP (Kir6.2/SUR2A)
channels expressed in Xenopus laevis oocytes and studied in
giant inside-out excised patches. As reported previously, KATP

channel activity (Kir6.2/SUR2A) declined or “ran-down” subse-
quent to patch excision, but application of oleoyl-CoA promptly
restored channel activity (11, 12). KATP channel activity re-
mained high after oleoyl-CoA removal but rapidly declined
upon application of 5 mg/ml BSA (Fig. 1A). Application of BSA

FIG. 1. Modulation of KATP channels
by oleoyl-CoA and BSA. KATP currents
were recorded from giant inside-out
patches evoked by voltage steps from �80
mV to �20 mV; only inward currents are
shown. A, KATP channel activity runs
down after patch excision; application ole-
oyl-CoA and BSA (5 mg/ml) as indicated.
B, ATP inhibition induced by different
ATP concentrations before and after ap-
plication of BSA (5 mg/ml). C, from ex-
periments similar to B normalized ATP
dose-response curves were obtained im-
mediately after patch excision (circles),
subsequent the application of 10 �M oleo-
yl-CoA for 60 s (squares) and following the
application of BSA (5 mg/ml) (triangles).
D, normalized ATP dose-response curves
obtained immediately after patch excision
(circles), subsequent the application of 10
�M PIP2 for 90 s (squares) and a following
application of BSA (5 mg/ml) (triangles).
Experiments C and D show that BSA
abolished the effect of oleoyl-CoA but not
of PIP2 on ATP inhibition.

Inhibition of Kir Channels by Long Chain CoA Esters 30761



prior to oleoyl-CoA treatment does not affect channel activity or
alter ATP sensitivity (Fig. 1B) indicating that application of
BSA is an efficient means of removing oleoyl-CoA from the
membrane patch but that it has no effect in the absence of
oleoyl-CoA. Interestingly, the effect of BSA was specific for
oleoyl-CoA, since it completely abolished the oleoyl-CoA medi-
ated reduction in ATP sensitivity (Fig. 1C) but had little effect
on the shift in ATP sensitivity caused by PIP2 (Fig. 1D). Thus,
BSA can differentiate the effects mediated by oleoyl-CoA and
PIP2 on Kir channels. This observation highlights BSA as a
useful technical tool to explore the differential role of PIPs and
LC-CoA on the regulation of ATP sensitivity in native cells (e.g.
myocytes or pancreatic cells).

In contrast to its activatory effect on KATP channels, 10 �M

oleoyl-CoA potently inhibited Kir1.1, Kir2.1, Kir3.4, and Kir7.1
channel activity and subsequent removal of oleoyl-CoA by BSA
resulted in recovery from inhibition (n � 10, for all Kir chan-
nels) (Fig. 2, A–D). In these and all subsequent experiments 1
mM pyrophosphate was included in the intracellular solutions
to minimize channel run down. Fig. 2E shows the extent and
time course of inhibition for Kir2.1 channels with different
oleoyl-CoA concentrations. The speed of inhibition was clearly
dose-dependent; with 10 and 1 �M oleoyl-CoA producing robust
inhibition (�80%) in 22 out of 24 experiments. Even at concen-
trations as low as 0.1 �M marked inhibition was observed that
was at least partially reversed by BSA. However, the effect
with 0.1 �M oleoyl-CoA was variable and in some cases difficult
todistinguishfromnormalchannelrundown.Theconcentration-
dependent time course of inhibition suggested that oleoyl-CoA
accumulated in the membrane with a rate dependent upon the
concentration in the bathing solution.

Molecular Determinants of LC-CoA Inhibition—Fig. 3A dem-
onstrates that the inhibitory potency of different LC-CoA esters

correlated with their hydrophobicity, i.e. the length of the fatty
acid chain. Oleoyl-CoA produced stronger inhibition than myr-
istoyl-CoA, whereas decanoyl-CoA had little effect and hexano-
yl-CoA had no effect (all at a concentration of 10 �M). Further-
more, neither CoA (up to 1 mM) nor oleic acid by themselves (50
�M) inhibited Kir2.1 channels (Fig. 3B). No inhibitory effect
was also observed with the phospholipids phosphatidylinositol
and phosphatidylcholine (Fig. 3B).

The negatively charged phosphates on the inositol ring of the
phosphoinositides are thought to interact electrostatically with
positively charged amino acid residues in the Kir channels. The
CoA headgroup contains three phosphate groups: a pyrophos-
phate group as part of the terminal ADP unit and an additional
phosphate linked to the ribose at 3� position as depicted in Fig.
3C. We therefore explored the role of the 3�-ribose phosphate
for channel regulation by testing palmitoyl-CoA lacking this
phosphate group (palmitoyl-CoADephosho). Intriguingly, palmi-
toyl-CoADephosho (20 �M) did not inhibit Kir1.1 channels or
activate KATP channels, in contrast to palmitoyl-CoA (Fig. 3, D
and E). Furthermore, palmitoyl-CoADephosho did not change the
ATP sensitivity of KATP channels in contrast to palmitoyl-CoA
(data not shown). Thus, the 3�-ribose phosphate appears to be
critical for mediating the inhibitory as well as activatory effects
of LC-CoA on Kir channels.

Oleoyl-CoA and PIP2 Compete for Regulation of Kir Channel
Activity—PIPs differ in their ability to activate Kir channels,
e.g. Kir1.1 channels are activated by PI(4,5)P2 and PI(3,4,5)P3

but not by PI(3,4)P2 subsequent to membrane PIP2 depletion
(run-down) (10, 24). To investigate the relationship between
LC-CoA inhibition and phosphoinositide activation we ana-
lyzed the effects of different PIPs on Kir channels subsequent
to oleoyl-CoA inhibition. Fig. 4A shows that oleoyl-CoA inhibi-
tion was readily reversed by application of 20 �M PIP2. More-

FIG. 2. Inhibition of Kir channels by
oleoyl-CoA. A–D, inhibition of Kir1.1
currents (A), of Kir2.1 currents (B), of
Kir3.4(S143T) currents (C), and Kir7.1 by
10 �M oleoyl-CoA and reactivation upon
BSA (5 mg/ml) application (D). Experi-
ments with Kir7.1 channels were per-
formed subsequent to a PIP2 application
to prevent the otherwise prominent run-
down. E, application of oleoyl-CoA and
BSA (5 mg/ml) on a patch with Kir2.1
channels as indicated; currents were re-
corded at a potential of �100 mV.
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over, preexposure of a patch to PIP2 largely attenuated the
amount of inhibition by subsequent application of oleolyl-CoA
(Fig. 4, B and C). PI(3,4)P2 failed to reverse oleoyl-CoA inhibi-
tion, whereas subsequent application of PI(3,4,5)P3 restored
high channel activity (Fig. 4, D and E). Since PI(3,4)P2 is
unable to activate either Kir1.1 or Kir2.1 channels (10, 24), we
investigated whether it might produce channel inhibition sim-
ilar to oleolyl-CoA. Indeed, application of 50 �M PI(3,4)P2 mark-
edly inhibited both Kir1.1 and Kir2.1 channels (Fig. 4, F–H).
These results suggest that the non-activating lipids PI(3,4)P2

and LC-CoA exert their inhibitory effect by displacing PIP2

from the channels.
Oleoyl-CoA and PIP2 Bind to an Overlapping Site in the C

Terminus of Kir Channels—The antagonism between oleoyl-

CoA inhibition and PIP2 activation (e.g. Fig. 4A) suggests that
both lipids compete for an overlapping binding site. Previous
studies have established that the C terminus in Kir channels
directly binds PIP2 (4, 18). We therefore employed a similar
approach by measuring the binding of PIP2 and oleoyl-CoA to
the purified C-terminal domain of Kir2.1 (Kir2.1-C) and Kir6.2
(Kir6.2-C) expressed as GST fusion proteins. We found that
both Kir2.1-C and Kir6.2-C bound with good affinity to lipo-
somes containing either 10 mol% PIP2 or 10 mol% oleoyl-CoA,
whereas GST itself showed little binding (Fig. 5, A and B).
Likewise, Kir2.1-C and Kir6.2-C bound to liposomes containing
10 mol % PI(3,4)P2 (Fig. 5A).

Since oleoyl-CoA and PIP2 containing liposomes both bound
to the C terminus of Kir2.1, we examined whether oleoyl-CoA

FIG. 3. Molecular determinants of
the acyl-CoA ester required for Kir
channel inhibition. A, application of 10
�M oleoyl-CoA (C-18-CoA), myristoyl-CoA
(C-14-CoA), decanoyl-CoA (C-10-CoA),
hexanoyl-CoA (C-6-CoA), and BSA (5 mg/
ml) to a patch with Kir2.1 currents. B,
bars represent the relative current (per-
cent of current remaining after channel
inhibition reached steady state) � S.E.
obtained from experiments such as in A
and for application of 50 �M oleic acid, 50
�M CoA, 50 �M phosphatidylinositol, and
50 �M phosphatidylcholine to Kir2.1
channels. C, structure of oleoyl-CoA with
the 3�-ribose phosphate highlighted. D,
application of palmitoyl-CoADephosho and
palmitoyl-CoA to a patch with KATP cur-
rents after substantial run-down has
occurred. E, application of palmitoyl-
CoADephosho, palmitoyl-CoA, and BSA
(5 mg/ml) as indicated to a patch with
Kir1.1 currents.
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could compete directly with PIP2 for binding. For this purpose
the binding of fluorescent NBD-PIP2 (not incorporated into
liposomes) was assayed both in the presence and absence of
oleoyl-CoA. Kir2.1-C but not GST showed a concentration-de-
pendent increase in bound fluorescence (Fig. 5C). The addition
of oleoyl-CoA to an incubation mixture of 30 �M NBD-PIP2 and
2 �M Kir2.1-C protein resulted in a concentration-dependent
decrease in NBD-PIP2 binding. The half-maximal effect on
NBD-PIP2 binding occurred at an oleoyl-CoA concentration of
about 70 �M (Fig. 5D), which is similar to the NBD-PIP2 con-
centration used (30 �M) indicating that both lipids bind with
similar affinity to Kir2.1-C. This is also consistent with the
finding that PIP2 and oleoly-CoA affect Kir channels activity at
similar concentrations. Palmitoyl-CoADephosho and CoA at a
concentration of 300 �M had little effect on NBD-PIP2 binding,
whereas palmitoyl-CoA abolished NBD-PIP2 binding similar

to oleoyl-CoA (Fig. 5, E and F). In summary, these results
indicate that oleoyl-CoA and PIP2 compete physically for bind-
ing to the C terminus of Kir2.1. Furthermore, neither pal-
mitoyl-CoADephosho nor CoA itself appeared to bind to the C
terminus of Kir2.1, which is consistent with their lack of effect
on channel activity (Fig. 3), and suggests that they lack the
ability to interact directly with Kir2.1 channels.

LC-CoA Inhibition of Endogenous Kir Currents in HEK293
Cells—To explore the LC-CoA regulation of Kir channels in
cells we studied endogenous K� currents in human embryonic
kidney HEK293 cells. These cells were reported to express
endogenous Kv currents (25). In addition, we found that
HEK293 cells expressed substantial Kir currents. To isolate
the Kir from the Kv currents, whole-cell currents were evoked
by voltage pulses from �135 to �15 mV from a holding poten-
tial of 0 mV in the presence of 3 mM extracellular tetraethyl-

FIG. 4. Antagonism of LC-CoA inhi-
bition and PIP2 activation. A, applica-
tion of oleoyl-CoA and PIP2 to a patch
with Kir1.1 currents. B, application of ole-
oyl-CoA, PIP2, and BSA (5 mg/ml) to
patches with Kir1.1 currents. C, from ex-
periments as in B the relative currents
(percent of current remaining after chan-
nel inhibition reached steady state) upon
oleoyl-CoA application before (gray bar)
and subsequent to 40 s of PIP2 treatment
(black bar) were obtained and plotted as
bars � S.E. D, application of oleoyl-CoA,
PI(3,4)P2, and PI(3,4,5)P3 to a patch with
Kir1.1 currents. E, Kir1.1 currents were
inhibited by application of oleoyl-CoA as
in A, and the percent of current reacti-
vated by 10 �M PI(4,5)P2, 10 �M PI(3,4)P2,
and 10 �M PI(3,4,5)P3 are plotted as
bars � S.E. F, application of PI(3,4)P2 and
PI(4,5)P2 to a patch with Kir1.1 currents.
G, application of PI(3,4)P2 and PI(4,5)P2
to a patch expressing Kir2.1 currents. H,
the relative current (percent of current
remaining after channel inhibition
reached steady state) upon application of
50 �M PI(3,4)P2 for Kir1.1 (gray bar) and
Kir2.1 (black bars) are plotted as bars �
S.E.
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ammonium to inhibit endogenous Kv channels. This voltage
protocol evoked K� currents that changed with the external K�

concentration and were inhibited by 100 �M Ba2�, indicative
for a Kir current (Fig. 6, A and B). When 1 �M oleoyl-CoA was
included in the pipette solution, the K�-selective current frac-
tion (i.e. current in 150 mM KCl minus current in 150 mM NaCl)
started to decline after formation of whole-cell recording mode
and equilibrated within about 9–11 min of recording (Fig. 6C).
The K�-selective current (i.e. Kir current) was �343 � 60 pA at
�135 mV immediately after formation of the whole-cell record-
ing mode and decreased to �131 � 43 pA (n � 7) resulting in
a 62% inhibition of the Kir current (Fig. 6D). In control exper-
iments recorded in the absence of oleoyl-CoA no current decay
was observed during 10–15 min of whole-cell recording (Fig.
6D). In all experiments 1 mM MgATP was included into the
patch pipette solution to prevent Kir channel run-down that
might result from PIP2 breakdown. Furthermore, 10 �M palmi-
toyl-CoADephosho included in the pipette solution did not inhibit
the Kir current (Fig. 6, C and D). Typical Kv channel currents
could be activated by a voltage pulse family from �100 to 100
mV (Fig. 6E) as reported previously for HEK293 cells (25).
These Kv currents did not decline with 1 �M oleoyl-CoA in the
pipette during 13–16 min of whole-cell recording (Fig. 6F).
These data demonstrate that endogeneous Kir channels in
HEK293 cells exhibit a similar sensitivity to oleoyl-CoA inhi-
bition to recombinantly expressed Kir channels and that the
effect of LC-CoA is specific to Kir currents.

DISCUSSION

In this study we demonstrate that all Kir channels, with the
exception of KATP (i.e. Kir6.2), are potently inhibited by LC-
CoA and we explore the molecular basis for this inhibitory
effect. We also report that the phosphoinostide PI(3,4)P2 pro-
duces Kir channel inhibition via the same mechanism as LC-
CoA. The results demonstrate a bidirectional modulation of Kir
channel activity by phosphoinositides and LC-CoA and high-
light a potentially novel regulatory pathway.

Molecular Determinants of the LC-CoA Regulation—Phos-
phatidylinositol, phosphatidylcholine, CoA, and long chain
fatty acids (e.g. oleic acid) had no effect on Kir2.1 channels
indicating that Kir channel inhibition was specific for LC-CoA.
For acyl-CoA esters, the potency of inhibition increased with
the length of the fatty acid chain suggesting that LC-CoA
requires membrane incorporation to become effective. Palmi-
toyl-CoADephosho (lacking the 3�-ribose phosphate) did not in-
hibit Kir1.1 channels and lacked the ability to activate KATP

channels or to reduce their ATP sensitivity. Furthermore,
palmitoyl-CoADephosho could not displace fluorescent NBD-PIP2

from the C terminus of Kir2.1 indicating that the 3�-ribose
phosphate is a structural prerequisite of LC-CoA for binding to
Kir channels. It is most likely that the 3�-ribose phosphate
interacts with the same basic residues that have been impli-
cated to interact with the inositol phosphates of the PIPs (4, 5,
17, 20). However, the pyrophosphate group remaining in the

FIG. 5. Binding of LC-CoA and PIP2
to the C terminus of Kir2.1 and Kir6.2.
A, binding of GST and the GST-fused C
terminus of Kir2.1 (Kir2.1-C and Kir6.2-C)
to liposomes containing 10 mol % PI(4,5)P2
(gray bar) or PI(3,4)P2 (black bars). Bars
represent bound fluorescence in arbitrary
units (a.u.) � S.E. obtained after GST pro-
teins were immobilized to glutathione-
Sepharose, incubated with the liposomes,
and subsequent washing (see “Materials
and Methods”). B, binding of GST and
Kir2.1-C and Kir6.2-C to liposomes con-
taining 10 mol % oleoyl-CoA; bars repre-
sent bound fluorescence in arbitrary units
(a.u.) � S.E. C, binding of GST and GST-
Kir2.1-C to NBD-PIP2 at the indicated con-
centrations. Data represent results of one
typical experiment. D, GST-Kir2.1 was as-
sayed with NBD-PIP2 (2.25 �M protein ver-
sus 30 �M NBD-PIP2) in the presence of
increasing concentrations of oleoyl-CoA.
Data represent results of one typical exper-
iment. E, NBD-PIP2 binding to GST-Kir2.1
(2.25 �M protein versus 30 �M NBD-PIP2)
was assayed in the presence of 300 �M ole-
oyl-CoA or CoA. F, NBD-PIP2 binding to
GST-Kir2.1 (2.25 �M protein versus 30 �M

NBD-PIP2) was assayed in the presence
of 300 �M palmitoyl-CoA or palmitoyl-
CoADephosho (Palm.-CoADe).
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palmitoyl-CoADephosho molecule appears to be incapable of sup-
porting these electrostatic interactions indicating that the po-
sition of the phosphate groups on the ribose is critical.

The Mechanism of LC-CoA Inhibition in Kir Channels—
Rohacs et al. (10, 24) established that Kir channels differ in
their sensitivity to activation by different PIPs and LC-CoA.
However, it was not clear if these variations resulted from
differences in their binding affinity or whether the bound lipids
differed in their ability to activate the channel. Our results
strongly favor the latter hypothesis. First, the potent inhibition
of many Kir channels by LC-CoA suggest that LC-CoA binds
with high affinity to these channels. This is also supported by
the finding that PI(4,5)P2- and oleoyl-CoA-containing lipo-
somes bound with roughly similar affinity to the C termini of
Kir2.1 and Kir6.2. Furthermore, fluorescent NBD-PIP2 and
oleoyl-CoA were found to compete for binding to the Kir2.1 C
terminus. These data indicate that LC-CoA binds to Kir chan-
nels and causes inhibition by displacing PI(4,5)P2. However,
when LC-CoA is bound to the channels it lacks the ability to
stabilize the open state and thus can be regarded as a compet-
itive antagonist of the activator PIP2 (see schematic Fig. 7).
Furthermore, PI(3,4)P2 inhibited both Kir2.1 and Kir1.1 chan-
nels, which is consistent with the reported inability of PI(3,4)P2

to activate these channels (10, 24) and with our finding that it
bound to the C terminus of Kir2.1. This suggests that PI(3,4)P2

is similar to LC-CoA and displaces PI(4,5)P2 from the channel
(in Kir1.1 and Kir2.1), which results in channel closure. There-
fore, interactions of the channel with the 5�-phosphate ap-

peared to be critical for stabilization of the open state but are
not required for channel binding. We conclude that lipid bind-
ing and channel activation in Kir channels are separate steps
indicating that small differences in the interaction of a bound
lipid with the channel probably determine whether the open or
the closed conformation of the channel is stabilized. This notion
is also supported by the finding that point mutations in Kir2.1
can produce channels that are activated by oleoyl-CoA (10) and
the fact that KATP channels are activated, rather than inhib-
ited, by LC-CoA.

FIG. 7. Cartoon illustrating the regulation of Kir channels by
PIP2 and LC-CoA. In the absence of PI(4,5)P2 Kir channels are closed
(left). Upon PI(4,5)P2 binding, Kir channels switch from the closed to
the open state (middle). LC-CoA (fatty acid, ribose, and attached ade-
nine group (A) are pictured) displaces PI(4,5)P2 but does not stabilize
the open state resulting in channel closure (right). This scheme does not
apply to KATP channels, which are stabilized by PI(4,5)P2, PI(3,4)P2,
and LC-CoA in the open state (20).

FIG. 6. Inhibition of endogenous
Kir currents in HEK cells by oleoyl-
CoA. A, whole-cell currents were re-
corded from HEK293 cells with different
bath KCl concentrations using a voltage
ramp from �140 mV to �10 mV from a 0
mV holding potential in the presence of 3
mM extracellular TEA to inhibit Kv chan-
nels. Error bars represent � S.E. in all
experiments. B, ramp currents with and
without added Ba2� (100 �M) in a 150 mM

KCl bath solution. C, time course of cur-
rent decline of the K�-selective current
fraction (i.e. inward current in KCl bath
minus inward current in NaCl bath) at
�135 mV with 10 �M palmitoyl-
CoADephosho or 1 �M oleoyl-CoA added to
the pipette solution as indicated. Cur-
rents were normalized to the current ob-
tained immediately after formation of
whole-cell configuration. D, mean ampli-
tude of K�-selective current fraction at
the beginning (dark bars) and after 10
min of whole-cell recording (white bars)
without added lipid (Control), with 1 �M

oleoyl-CoA and 10 �M palmitoyl-
CoADephosho added to the pipette solution.
E, typical Kv channel currents activated
by a voltage pulse family from �100 to
100 mV obtained with 1 �M oleoyl-CoA in
the pipette solution. Note that the inward
current is inhibited under these condi-
tions. F, mean Kv current amplitudes at
�100 mV normalized to the current ob-
tained immediately after formation of
whole-cell configuration are plotted
against time. In these experiments pi-
pette solution contained 1 �M oleoyl-CoA.
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Physiological Aspects—LC-CoA esters represent a metabolic
intermediate of long chain fatty acids, which fuel �-oxidation in
the mitochondria and serve as intermediates for the lipid bio-
synthesis. Beside these basal functions, they also regulate
other processes such as membrane fusion and gene expression,
as well as a number of metabolic enzymes (27). Furthermore,
LC-CoA has been reported to activate the ryanodine-sensitive
Ca2� release channel (28) as well as the classical KATP (Kir6.2/
SUR) channel. The regulation of KATP channels by LC-CoA has
been studied in detail and a physiological role for this has been
suggested (11, 13–15). In general, high concentrations of circu-
lating free fatty acids in the blood, as well as a reduction in
LC-CoA uptake into mitochondria (e.g. stimulated glucose me-
tabolism or hypoxic/ischemic conditions), can lead to an accu-
mulation of intracellular LC-CoA in cells (27), which could
activate KATP channels. High levels of free fatty acids are found
in obese diabetic individuals and activation of pancreatic �-cell
KATP channels via LC-CoA has been suggested to reduce insu-
lin secretion in these individuals (11, 14, 15). Furthermore, a
recent report demonstrated that exposure of human pancreatic
�-cells to oleic acids in the presence of glucose can activate
KATP via the formation of oleoyl-CoA (14).

However, if LC-CoA in cells reach levels sufficient to activate
KATP channels (�100 nM) then our results suggest that they
will also affect the activity of other Kir channels. First, in
excised patches the sensitivity for activation of KATP channels
and the inhibition of other Kir channels (e.g. Kir2.1) are very
similar. Second, perfusion of 1 �M palmitoyl-CoA into human
pancreatic �-cells can activate KATP channels (14). Likewise,
we found that perfusion of 1 �M oleoyl-CoA produced marked
inhibition of endogeneous Kir channels in HEK293 suggesting
similar sensitivities of endogenous Kir channels in cells to
activation respectively inhibition by oleoyl-CoA.

Cardiac myocytes express high levels of KATP and Kir2.x
channels. Ischemic conditions have been reported to cause ac-
cumulation of LC-CoA in the heart (29) and might contribute to
the activation of KATP channels under these conditions (13),
which is thought to represent a cardioprotective mechanism.
Our results suggest that a rise of LC-CoA would inhibit Kir2.1
channels, which is expected to promote cardiac arrhythmias
(30). Thus, it is not clear if the accumulation of LC-CoA and the
concomitant modulation of cardiac Kir channel activity would
be potentially beneficial or might contribute to the arrythmo-
genesis observed in the ischemic heart. A direct link between
Kir channel activity and fatty acid metabolism, as suggested
here, could be of potential relevance for many tissues given the

widespread expression of different Kir channels throughout the
body and the general occurrence of LC-CoA in cells.
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