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Both increase and decrease of cardiac inward rectifier current (Ix4) are
associated with severe cardiac arrhythmias. Flecainide, a widely used
antiarrhythmic drug, exhibits ventricular proarrhythmic effects while
effectively controlling ventricular arrhythmias associated with muta-
tions in the gene encoding Kir2.1 channels that decrease I, (Andersen
syndrome). Here we characterize the electrophysiological and molec-
ular basis of the flecainide-induced increase of the current generated
by Kir2.1 channels (Ix;2.1) and I, recorded in ventricular myocytes.
Flecainide increases outward ly;»1 generated by homotetrameric
Kir2.1 channels by decreasing their affinity for intracellular poly-
amines, which reduces the inward rectification of the current. Flecai-
nide interacts with the HI loop of the cytoplasmic domain of the
channel, Cys311 being critical for the effect. This explains why flecai-
nide does not increase Ii.> and l;,> 3, because Kir2.2 and Kir2.3 chan-
nels do not exhibit a Cys residue at the equivalent position. We
further show that incubation with flecainide increases expression of
functional Kir2.1 channels in the membrane, an effect also determined
by Cys311. Indeed, flecainide pharmacologically rescues R67W, but
not R218W, channel mutations found in Andersen syndrome patients.
Moreover, our findings provide noteworthy clues about the structural
determinants of the C terminus cytoplasmic domain of Kir2.1 channels
involved in the control of gating and rectification.
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The cardiac inwardly rectifying K* current (Ig;) stabilizes restin
membrane potential (RMP) close to the reversal potential of K
(Ex) and shapes the final repolarization phase of the action po-
tential (AP) (1). Three inwardly rectifying channels (Kir2.1, Kir2.2,
and Kir2.3) contribute to Ix; in the human heart assembled as
homo- and/or heterotetramers (2). Experimental data suggest that
in humans, Kir2.1 is the major isoform underlying ventricular Ix;,
whereas its relative contribution to atrial Ix; seems to be lower (3).
The strong inward rectification of Kir2.x channels, i.e., the prefer-
ential conduction of inward compared with outward current, de-
pends on the binding of intracellular Mg?* and polyamines to the
cytoplasmic pore and to the inner vestibule of the channel (4).
Gain- and loss-of-function mutations in the gene that encodes
Kir2.1 (KCNJ2) have been reported, and both the Ik, increase and
decrease produced by these mutations are associated with severe
ventricular arrhythmias (1). Furthermore, experimental data showed
that as the amplitude of the outward component of the Ik, increases,
the frequency of the fast and stable reentry of spiral waves (rotors)
increases. Indeed, the importance of Ix; in the establishment of
rotors and ventricular fibrillation dynamics has been shown (5).
Flecainide is a class I antiarrhythmic drug that, besides its Na*
channel-blocking properties, exhibits class III antiarrhythmic effects
[i.e., prolongs AP duration (APD) and refractoriness] at the atrial
but not at the ventricular level (6, 7). Flecainide is widely used to
suppress recent onset atrial fibrillation (AF) (8), though it is asso-
ciated with an increased risk of ventricular proarrhythmia, especially
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in patients with coronary artery disease and/or heart failure. Con-
versely, in a limited number of patients, it has been reported that
flecainide is effective in controlling ventricular tachycardia associ-
ated with the autosomal dominant trait Andersen syndrome (AS),
which is produced by loss-of-function mutations in KCNJ2 (9, 10).

We hypothesized that a putative differential flecainide effect on
atrial and ventricular I, (blockade of atrial and increase of ven-
tricular Ix;) can account for the selective prolongation of the atrial
APD, the ventricular proarrhythmic effects, and the antiarrhyth-
mic effects in the AS patients. Therefore, we have analyzed the
flecainide effects on the currents generated by human WT and
mutated Kir2.1, Kir2.2, and Kir2.3 channels (Ik;») and compared
its effects on atrial and ventricular Ix;. Acutely applied flecainide
selectively increased ventricular Ix; and Ik;o1, an effect deter-
mined by the presence of Cys311 at the cytoplasmic domain of
Kir2.1 channels. Binding of flecainide reduced the Kir2.1 poly-
amine blockade, thus reducing the inward rectification. Addition-
ally, incubation with flecainide increased functional ion channel
density, an effect also determined by Cys311. Overall, the findings
show that Kir2.1 channels can be affected through the pharma-
cological modulation of their polyamine blockade by a therapeu-
tically used drug.

Results

Flecainide Increases Kir2.1 Currents. Figure 14 shows Ik;,; traces
recorded in transiently transfected Chinese hamster ovary (CHO)
cells by applying 250-ms pulses from —60 mV to potentials ranging
—120 and +20 mV in the absence and presence of 1 pM flecainide.
Flecainide increased Ik;,; at voltages negative (16.5 + 2.4% at
—120 mV) and, more importantly, at voltages positive to Ex (45.8 +
9.8% at =50 mV, n = 8, P < 0.05; Fig. 1 A and B). These effects
were completely reversible upon washout (Fig. S1). The concen-
tration that produces the half-maximum effect (ECsp) and the
maximum effect (Ey,.x) were calculated by fitting the Hill equation
to the increase produced by different flecainide concentrations and
averaged 0.8 +0.01 pM (npg= 1.6 +0.4) and 22 + 1.9% at —120 mV,
respectively (Fig. S1). At =50 mV, the ECsj and the E,,,, averaged
0.4 +0.01 pM (ngg = 2.2 + 0.2) and 53.9 + 3.6%), respectively (Fig.
S1). Therefore, flecainide preferentially increased the outward
Ikiro.1 generated at physiological potentials.
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Fig. 1. Flecainide increases lir2.1. (A) lkir2.1 traces recorded by applying the
protocol shown in the absence and presence of flecainide. (B) I-V curves for
currents measured at the end of the pulses. (Inset) Data at potentials positive
to Ex in an expanded scale. *P < 0.05 and **P < 0.01 vs. control. (C) Flecainide-
induced change on the current recorded at —-50 mV in cells expressing homo-
tetramers of Kir2.1, Kir2.2, or Kir2.3 channels or heterotetramers of Kir2.1 +
Kir2.2 and Kir2.1 + Kir2.3. *P < 0.05 vs. Kir2.1. Each point/bar represents the
mean + SEM of five or more experiments.

To determine the effect of flecainide in a physiologically relevant
setting, we used an epicardial AP voltage-clamp protocol (Fig. S2).
Under these conditions, flecainide increased the charge crossing the
membrane estimated from the integral of the current traces,
reaching 137 + 28% at 1 pM (n = 8; Fig. S2).

Flecainide Does Not Modify Kir2.2 and Kir2.3 Currents. Because
Kir2.2 and Kir2.3 proteins also contribute to cardiac Ix;, the effects
of flecainide on these channels were studied. The findings showed
that flecainide failed to modify Ix;2 > and Ix;o 3 (P > 0.05 vs. control,
n = 10; Fig. 1C and Fig. S3). We also studied the flecainide effects
on cells cotransfected (1:1 ratio) with both Kir2.1 and Kir2.2 (Kir2.1/
Kir2.2) and with Kir2.1 and Kir2.3 (Kir2.1/Kir2.3). Kir2.1/Kir2.2 and
Kir2.1/Kir2.3 currents displayed activation kinetics significantly
different from those of the respective homotetrameric channels
(Fig. S4), demonstrating the heterotetrameric nature of the chan-
nels. Under these conditions, flecainide failed to increase inward
and outward currents (P > 0.05 vs. control, n = 10; Fig. 1C and Fig.
S4), demonstrating that its effects were only apparent in channels
composed of four Kir2.1 subunits.

Flecainide Increases l¢; in Ventricular but Not in Atrial Myocytes.
Considering that flecainide selectively increases Ikir.1, we sur-
mised that flecainide will differentially affect atrial and ventricular
Ik;. Figure 2 A and B show original recordings and mean -V
relationships for Ix; obtained in isolated human atrial myocytes
by applying a voltage ramp from —100 to —10 mV in the absence
and presence of flecainide (1 pM). Flecainide did not modify either
the inward (—5.5 = 1.2 vs. =5.6 + 1.2 pA/pF at —100 mV; P > 0.05,
n = 5) or outward (0.5 + 0.1 vs. 0.6 + 0.1 pA/pF at —10 mV; P >
0.05) current.
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Fig. 2. Flecainide increases ventricular but not atrial I¢;. Voltage ramp (800 ms)
from —100 to —10 mV (A) and |-V curves (B) for human atrial Ig; in the absence
and presence of flecainide. Representative Iy, traces recorded in guinea-pig atrial
(C) or ventricular (E) myocytes by applying the protocol shown. |-V curves for
guinea-pig atrial (D) or ventricular (F) Ig;. (G) -V of the BaZ*-sensitive and Ba’
*-insensitive currents recorded in ventricular myocytes before and after appli-
cation of flecainide. (H) mRNA expression level of Kir2.x channels in guinea-pig
atrial and ventricular samples. First lane shows molecular weight marker (1,000~
100 bp). Lanes 2-4 and 5-7 show Kir2.1 (325 bp), Kir2.2 (291 bp), and Kir2.3 (303
bp) mMRNA expression in atrial and ventricular tissue, respectively. GAPDH gene
was used as internal standard. Each point represents the mean + SEM of four
experiments in each group. *P < 0.05 vs. control.

Because human ventricular myocytes were not available, we
compared the effects of flecainide on the Ik, recorded in guinea-pig
atrial and ventricular myocytes (Fig. 2 C—F). As in humans, in
guinea-pig ventricles, Kir2.1 expression is higher than in the atria
(1, 11, 12). In ventricular myocytes, 1 pM flecainide significantly
increased both the inward (19.5 + 3.2% at —120 mV) and outward
(38.0 + 9.5% at —40 mV) current (P < 0.05, n = 4) without modi-
fying atrial Iy (P > 0.05, n = 4; Fig. 2 C-F). All these experiments
were performed in the presence of atropine (1 pM) and glibencla-
mide (10 pM) to block the acetylcholine-activated component
(Ixkacn) and the ATP-sensitive (Ixarp) inward rectifier currents,
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respectively. Identical findings were obtained when the ventricular
Ik, was measured as the Ba“*-sensitive current (Fig. 2G).

A previous report proposed that Kir2.1 is the only Kir2.x channel
expressed in guinea-pig atria (11). Conversely, our findings sug-
gested that guinea-pig ventricular Ix; is mainly carried by Kir2.1
homotetramers, whereas Kir2.x heterotetramers generate atrial I;.
For testing whether Kir2.1 is the only Kir2.x channel present in the
atria, we analyzed the mRNA expression of Kir2.x in guinea-pig
atria and ventricles. In agreement with another report (12), we could
detect Kir2.1, Kir2.2, and Kir2.3 mRNA in both the atria and the
ventricles (Fig. 2H).

Flecainide Increases Open Probability of Kir2.1 Channels. Figure 34
shows single-channel recordings in a CHO cell expressing Kir2.1
channels by applying 10-s pulses to —80 mV from a holding po-
tential of 0 mV in the absence and presence of 1 pM flecainide. In
control conditions, Kir2.1 channel activity was characterized by few
and long events, leading to an opening frequency (f;,) of 2.0 = 0.1
Hz and a mean open probability (P,) of 0.27 + 0.01 (n = 6; Fig. 3 D
and E). Flecainide did not modify unitary current amplitude (Fig.
3B) but changed channel gating by significantly increasing the mean
open time and f, (Fig. 3 C and D), which eventually resulted in
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Fig. 3. Flecainide 1 pM increases mean open time, f,, and P, of Kir2.1
channels. (A) Single-channel recordings under control conditions and after
perfusion with flecainide. Closed- and open-channel levels are indicated by C
and O, respectively. Unitary current amplitude (B), mean open time (C), f,
(D), and P, (E) in the absence and presence of flecainide. (F) P,~V in control
conditions and in the presence of flecainide. Solid lines represent the fit of
a Boltzmann function to the data. (G) Single-channel current-voltage rela-
tionships in the absence and presence of flecainide. Solid lines represent the
fit of a linear function to the data. Each point/bar represents the mean +
SEM of six experiments. *P < 0.05 and **P < 0.01 vs. control.
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a significant increase in the P, (Fig. 3E). Figure 3F compares the
voltage dependence of the P, (P,—V curves) in control conditions
and in the presence of flecainide. As described, P, decreased as the
membrane potential became more negative (1, 13). Flecainide
shifted the midpoint of the curve to more negative potentials (from
-55.3 + 1.8 to —=71.1 = 2.4 mV; P < 0.05) without modifying the
slope. In Fig. 3G, the voltage dependence of the single-channel
current amplitude is depicted. Flecainide did not modify the slope
conductance values (y = 34.7 = 1.7 pS) yielded by the fit of a linear
function to the data. All of these effects resemble those produced
by PIP, (14), suggesting that flecainide potentiates the activating
PIP; effects on the channel. To test this hypothesis, we studied the
effects of flecainide on L2221 Kir2.1 channels, a mutation that
decreases the channel affinity for PIP, but renders functional
channels (14). Fig. S5 shows that the decrease of the channel af-
finity for PIP, suppressed the flecainide Ik;. ;- increasing effects at
potentials negative to the Eg, whereas increasing effects at positive
potentials were still apparent.

Flecainide Increases Kir2.1 Currents by Decreasing the Polyamine
Blockade. Figure 4A4 illustrates the I-V curve normalized to the
amplitudes at —120 mV in control conditions and in the presence
of 1 pM flecainide at potentials positive to Ex. As can be observed,
flecainide induced a marked increase of the outward Ig;»; and
shifted the potential at which the outward current peaks, sug-
gesting that it decreased the channel rectification.

The degree of rectification of Kir2.1 channels was estimated as
the relative chord conductance (G.; Fig. 4B) in control conditions
and in the presence of flecainide. Flecainide shifted the midpoint of
the curves to more positive potentials (from —91.9 + 1.8 to —87.1 +
1.8 and —80.5 + 1.4 mV at 1 and 10 pM flecainide, respectively; P <
0.05) and decreased the steepness of rectification, reflected by
a lower z value in the presence of flecainide (2.4 + 0.3 and 1.6 + 0.6
for 1 and 10 pM flecainide, respectively) than in control conditions
(3.0 = 0.5; Fig. 4B).

Because the strong rectification of Kir2.1 channels is explained by
the voltage-dependent block produced by intracellular polyamines
(4), our findings suggested that flecainide decreases the affinity of the
channel for polyamines. Therefore, flecainide effects were further
tested in excised inside-out macropatches in the presence of in-
creasing concentrations of spermine (Spm, 1 nM-10 uM). Figure 4C
shows that in control conditions, Spm produced a concentration-
dependent block of the outward current at +70 mV. The concen-
tration that produces the half-maximum inhibition (ICsy) was 1.5 +
0.1 nM (Fig. 4D; n = 8). In the presence of flecainide (1 pM),
blockade produced by all of the Spm concentrations tested was de-
creased, an effect that shifted rightward (29.0 + 2.1 nM, n = 8) the
concentration-effect curve of Spm (Fig. 4D). Importantly, in the
presence of flecainide, E,,,,x produced by Spm reached saturation at
82.1 +5.5%.

Finally, we analyzed the effects of flecainide on E224A, D259A,
and E299A Kir2.1 channels, three cytoplasmic residues that are
important in determining the extent of Kir2.1 inward rectification
(15). Figure 4E shows the E224A I-V relationship in the absence
and presence of flecainide. The mutation disrupted the rectifica-
tion mechanism of the channel and completely abolished the fle-
cainide increase at potentials positive to the Ex. Identical findings
were obtained when analyzing the effects of flecainide on D259A
and E299A Kir2.1 channels (Fig. 4F).

Cys311 Is Critical for the Flecainide-Induced Increase of Ig;»4. TO
explore the putative binding site of flecainide within Kir2.1 chan-
nels, a molecular model was developed. A blind docking for fle-
cainide with a full-length channel composed of the crystal structure
of one cytoplasmic domain of Kir2.1 (15) and a modeled trans-
membrane domain based on KirBacl.1 crystal structure was per-
formed. The findings showed that the most practical binding site on
Kir2.1 channels was located on the pI strand within the C terminus
of the cytoplasmic domain (Fig. S6 and Table S1). In contrast,
when blind docking was performed on Kir2.2 and Kir2.3, none of
the conformations obtained were located on the PI (Fig. S7).
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Each point/bar represents the mean + SEM of five or more experiments.

Thereafter, flecainide was manually docked into the Kir2.1 I
strand. In the lowest-energy pose (—11.3 kcal/mol), flecainide was
predicted to bind strongly to Cys311 by forming three hydrogen
bridge bonds (one between the carbonyl oxygen atom of flecainide
and the thiol group of the Cys residue, and two between the car-
bonyl oxygen atom of the amino acid and the nitrogen atoms of the
amide and of the piperidine groups of flecainide (Fig. S6). In-
terestingly, the pI strand is highly conserved among Kir2.x chan-
nels, Cys311 being the only different residue between Kir2.1 and
Kir2.2 and Kir2.3 (Fig. S6).

When Cys311 was substituted by Ala (C311A), the residue
present in Kir2.2 and Kir2.3 channels at equivalent position (312
and 303, respectively), the flecainide-induced increase was abolished
at potentials negative and positive to Ex (Fig. 5 A and D). Similar
findings were obtained when it was substituted by Ser (C311S) (Fig.
5D). Flecainide also failed to increase Ik, generated in cells
cotransfected with both WT and C311A Kir2.1 channels (Fig. 5D).
As the Cys-to-Ala substitution abrogates flecainide sensitivity of
Kir2.1, a reverse mutation in Kir2.2 and Kir2.3 ought to have the
opposite effect. Here we show that this is indeed the case. Flecainide
significantly increased the inward and the outward A312C Ik
(Fig. 5 B and C; n = 5) and A303C Ik;23 (Fig. 5D; n = 5). These
findings verify and underscore the importance and specificity of the
Cys residue for flecainide sensitivity of Kir2.1 channels.

Flecainide Increases Functional Kir2.1 Channel Density. To test
whether flecainide could also increase the current generated by
Kir2.1 channels with AS mutations, we tested the effects of fle-
cainide in R67W and R218W channels—two mutations found in
AS patients (16). Flecainide did not increase R67W or R218W
currents, which were almost undetectable (Fig. 6 4 and B). R67TW
Ikio.; markedly increased when increasing the [K*], to 140 mM
(Fig. S8; n = 5, P < 0.001), suggesting that channels were present in
the plasma membrane. Conversely, R218W channels did not gen-
erate any current at 140 mM [K*], (Fig. S8), even when it has been
described that the channels are able to reach the cell membrane
(17). Next we tested the effects produced by the incubation of
R67W and R218W Kir2.1 transiently transfected cells with flecai-
nide (1 pM) for 24 h (Fig. 6 C and D). R67W, but not R218W,
flecainide-incubated cells generated a small but detectable BaCl,-
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sensitive current (Fig. S8) that was significantly greater than the
current generated by nonincubated cells (Fig. 6E; n = 21, P <
0.01). Loss of function of R67W and R218W channels has been
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Fig. 5. Cys311 is critical for the flecainide-induced increase of Igj2.1. The -V
curves for currents recorded in cells expressing C311A Kir2.1 (A) and A312CKir2.2
(B) channels in the absence and presence of flecainide. (C) Current traces recorded
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ence of flecainide. (D) Flecainide-induced change on the current recorded at 40
mV positive to Eg in cells expressing WT or mutant Kir2.x channels. *P < 0.05 vs.
control. Each point/bar represents the mean + SEM of five or more experiments.
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attributed to a decreased affinity of the channels for PIP, (17);
therefore, we also tested the effects of the 24-h incubation with
flecainide on L2221 channels. Figure 6F shows that flecainide also
significantly increased L2221 Ig;, 1 density.

These findings suggested that flecainide increased the functional
ion channel density. To test this hypothesis, we incubated Kir2.1 WT
transfected cells with flecainide, which significantly increased Ix;y
density (Fig. 6G). Importantly, acute addition of flecainide in-
creased Ik 1 generated by the incubated cells, producing the same
increase as in nonincubated cells (42.7 +£9.5% at -50mV,n = 4,P <
0.05). This suggests that acute effects of flecainide are additive to its
effects on channel density. Conversely, incubation with flecainide
did not increase C311A Kir2.1 channel density (Fig. 6H), indicating
that the presence of Cys311 is also critical for this effect. Indeed,
incubation with flecainide failed to increase density of Kir2.2 and
Kir2.3 channels, whereas it increased those of A312C Kir2.2 and
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Fig. 6. Effects of flecainide on Kir2.1 channel density. Current traces recorded
in a cell expressing R67W (A) and R218W (B) Kir2.1 in the absence and presence
of flecainide. Current traces recorded in cells expressing R67W (C) and R218W
(D) Kir2.1 channels incubated with flecainide for 24 h. The |-V curves for cur-
rents recorded in cells expressing R67W (E), L222I (F), WT (G), and C311A (H)
Kir2.1 channels in control conditions and after incubation with flecainide. In G,
squares represent acute effects of flecainide produced in cells incubated with
flecainide. *P < 0.01 vs. control. ®P < 0.05 vs. incubated cells. Each point rep-
resents the mean + SEM of eight experiments.
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A303C Kir2.3 (Fig. S9). Kir2.1/Kir2.2 and Kir2.1/Kir2.3 densities
were also not modified with the flecainide incubation (Fig. S9).

Discussion

Our findings show that flecainide acutely increased human Iy
mainly by reducing the polyamine blockade of the channel. Addi-
tionally, incubation with flecainide increased functional Kir2.1
channel density. Flecainide did not modify either Ik, and Ik 3 Or
Kir2.2 and Kir2.3 channel density. This selectivity could be attrib-
uted to the specific presence of Cys311 on the C terminus of the
cytoplasmic region of Kir2.1 channels.

Flecainide Increases Igir2.1 but Not Iyi»> and I 3. Acutely applied
flecainide increased Iki21, and this effect was only apparent in
Kir2.1 homotetrameric channels. Therefore, flecainide-increasing
effects would be apparent only in those species and tissues in which
Ik is mainly generated by homotetrameric Kir2.1 channels. Thus,
our pharmacological findings suggested that guinea-pig ventricular
Ik is mainly generated by homotetrameric Kir2.1 channels. Recent
data showed that Kir2.1 is the major isoform underlying human
ventricular Ik, whereas its relative contribution to atrial Ix; seems
to be lower (3). This could explain why flecainide did not increase
human atrial I;.

Flecainide preferentially increased the outward Ik, generated
at potentials positive to the Eg, which influences cardiac RMP,
excitability, and APD. Our findings suggested that flecainide de-
creased polyamines’ affinity for the channel in a dose-dependent
manner, thus reducing the strength of rectification. Furthermore,
the effects of flecainide on the concentration dependence of the
Spm-induced block suggested that it decreases the Spm block by
a “noncompetitive” mechanism. Indeed, in the presence of flecai-
nide, E.x produced by Spm reached saturation at ~82%. This
finding suggests that flecainide does not compete with Spm for the
same binding site at the channel level, but that interaction of fle-
cainide to its own receptor site allosterically reduces the binding of
polyamines. Previous studies demonstrated that the Glu224,
Asp259, and Glu299 cytoplasmic residues help to maximize the rate
of polyamine channel block (4, 15). Thus, we tested whether mu-
tation of these residues decreased the outward Ik;,» ; flecainide in-
crease. The findings show that in E224A, D259A, and E299A
nonrectifying channels, flecainide did not increase the Ik, ;. It
could be possible that flecainide interaction to the Cys311 at the fI
strand modifies the position of the rings of negatively charged amino
acids that create a complimentary electrostatic match for the bind-
ing of positively charged polyamines (4, 18). Therefore, this shows
that a therapeutically used drug can affect Kir2.1 channels by
modulating their interaction with polyamines.

Our findings strongly suggest that Cys311 located in the pI strand
of the C terminus cytoplasmic domain of the Kir2.1 channel
determines the flecainide binding. Furthermore, the presence of this
Cys is critical for the increasing effects absent in Kir2.2 and Kir2.3
channels that do not exhibit a Cys residue at the equivalent position.
The BI and BH strands form the HI loop or G loop (residues 300—
315) (15). Mutations in the HI loop disrupted gating and affected
inward rectification of Kir2.1 channels (15), and thus it seems rea-
sonable to assume that binding of flecainide to this region can
produce the observed effects. Moreover, the HI loop is structurally
distinct from but functionally coupled to the PIP, binding site (13—
15). Indeed, the adjacent residue to Cys311 within the I strand
(Arg312 in Kir2.1 channels) modulates the PIP,-channel inter-
actions (14, 18). Furthermore, it has been previously shown that
substitution of Cys311 by polar residues strongly modifies the Kir2.1
channel kinetic properties, producing long-lasting closed-time
intervals that decreased the channel P,—effects that were attributed
to a destabilization of PIP,-Kir2.1 interaction (13). Therefore, we
surmised that flecainide interaction with Cys311 could increase the
channel-activating PIP, effects. Our findings demonstrated that
flecainide increased the P, of the channel by shifting the P,—V re-
lationship to more negative potentials. Moreover, it did not modify
the unitary current amplitude or the single-channel conductance,
but augmented the mean open time and the f,, of the channel. All
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these effects resemble those produced by PIP, (14). Finally, the
L2221 mutation, which decreased Kir2.1 affinity for PIP,, sup-
pressed the flecainide-increasing effects at potentials negative to the
Ek, leaving increasing effects at positive potentials unaltered.
Overall, these findings suggest that flecainide also potentiates the
activating PIP, actions on the channel, which contributes to its in-
creasing effects—particularly at potentials negative to Ex.

Flecainide Increases Kir2.1 Channel Density. Incubation for 24 h with
flecainide increased functional Kir2.1 channel density. This effect was
also dependent on the presence of Cys311 and, importantly, was
additive to the acute flecainide-increasing effects. Therefore, flecai-
nide would substantially increase homotetrameric Kir2.1 I, by two
mechanisms. To test whether flecainide increases the current and the
functional density of AS-mutated channels, we tested its effects on
R67W and R218W channels. As expected, acutely applied flecainide
did not increase either R67W or R218W I;» 1, because both chan-
nels do not exhibit affinity for PIP,. However, incubation with fle-
cainide for 24 h significantly increased R67W and L2221 but not
R218W Ikirp1 densities. Therefore, these preliminary findings sug-
gest that in AS patients who carry mutations that produce functional
channels, flecainide would increase I;,; generated by WT and
mutated channels by increasing their membrane density (i.e., flecai-
nide would pharmacologically rescue some AS mutations).

Growing evidence suggests that ion-channel density can be mod-
ified pharmacologically. It has been described that two therapeuti-
cally used drugs that acutely block Kir2.1 also modify the expression
of the channels in the membrane, i.e., incubation with chloroquine
increases, and with pentamidine decreases, the Ik, density of
transfected cells (19). Further studies are needed to elucidate
whether flecainide increases the anterograde delivery to or decreases
the endocytosis of channel protein from the membrane.

Therapeutic Implications. Flecainide is a potent Na™ channel
blocker that also blocks several voltage-dependent K* channels
(Kv). Indeed, flecainide inhibits the Ca**-independent transient
outward K* current (L,;) and the rapid component of the delayed
rectifier current (Ig,) at concentrations close to those needed for
blocking Na* channels (20, 21). Flecainide frequency-dependently
increases the human atrial APD and refractoriness (6) without
modifying human ventricular APD, as measured from the QT in-
terval of the electrocardiogram (7). The selective increase of the
ventricular Ix; could account for this differential effect on atrial
and ventricular APD. Indeed, because Ik plays a critical role in the
final phase of repolarization, it could be speculated that the ven-
tricular Ik, increase overcomes the putative APD prolongation
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produced by the simultaneous blockade of other Kv channels.
However, in the atrial tissue, in which flecainide did not increase
the Ik;, the APD prolongation produced by the blockade of Kv
channels will be apparent. Furthermore, the ventricular Ix; in-
crease could contribute to the ventricular proarrhythmic effects of
flecainide. The importance of Ik, in the establishment and main-
tenance of the stability of rotors and ventricular fibrillation dy-
namics has been demonstrated (5). The prediction is that an I
increase accelerates and stabilizes the reentry (5).

Finally, it is noteworthy that the flecainide effects here de-
scribed were produced at concentrations that are therapeutically
relevant, because peak plasma concentrations after administra-
tion of therapeutic doses are between 0.4 and 2.2 pM (22).

Conclusions

Overall, our findings show that Kir2.1 channels can be positively
modulated through the decrease of their polyamine blockade by
a therapeutically used drug. Moreover, flecainide increases the
density of Kir2.1 channels, an effect that could produce the phar-
macological rescue of functional AS-mutated channels. Both
effects were based on the presence of a Cys residue at position 311
within the I strand, which further stresses the role of the cyto-
plasmic domain and Cys residues of Kir2.x channels in controlling
gating and rectification.

Methods

This study was approved by the Investigation Committee of the Hospital Uni-
versitario Gregorio Marafién (CNIC-13) and conforms to the principles outlined in
the Declaration of Helsinki. Human atrial myocytes were enzimatically isolated
from right atrial appendages obtained from patients that underwent cardiac
surgery (Table S2) (12). Guinea-pig cardiomyocytes were also enzimatically iso-
lated (23). Reverse transcription-PCR analysis of Kir2.x channels was developed
with the primers depicted in Table S3. WT and mutated human Kir2.1, Kir2.2, and
Kir2.3 channels were transiently transfected in CHO cells (24). Macroscopic and
single-channel currents were recorded using the whole-cell and cell-attached
patch-clamp configurations, respectively. Inside-out recordings of lxi2.1 were
developed in transiently transfected HEK-293 cells. All I-V curves were corrected
according to the calculated liquid junction potential. Blind and manual dockings
of flecainide on a modeled Kir2.1 channel were performed with AutoDock 4.0
and QUANTA/CHARMmM software, respectively (23). Detailed S/ Methods are
available online.
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