1521-0111/12/8205-803-813$25.00

MOLECULAR PHARMACOLOGY

Copyright © 2012 The American Society for Pharmacology and Experimental Therapeutics
Mol Pharmacol 82:803-813, 2012

Vol. 82, No. 5
79152/3799092

Molecular Mechanisms of Chloroquine Inhibition of
Heterologously Expressed Kir6.2/SUR2A Channels

Daniela Ponce-Balbuena, Aldo A. Rodriguez-Menchaca, Angélica Lopez-lzquierdo,
Tania Ferrer, Harley T. Kurata, Colin G. Nichols, and José A. Sanchez-Chapula

“Unidad de Investigacion Carlos Méndez” del Centro Universitario de Investigaciones Biomédicas de la Universidad de Colima,
Colima, México (D.P.-B., A.L.-I., T.F., J.A.S.-C.); Departamento de Fisiologia de la Facultad de Medicina de la Universidad
Autdnoma de San Luis Potosi, San Luis Potosi, México (A.A.R.-M.); Anesthesiology, Pharmacology, and Therapeutics, Faculty
of Medicine, University of British Columbia, Vancouver, British Columbia, Canada (H.T.K.); and Cell Biology and Physiology,
Center for the Investigation of Membrane Excitability Disorders, Washington University School of Medicine, St. Louis,

Missouri (C.G.N.)
Received April 5, 2012; accepted July 31, 2012

ABSTRACT

Chloroquine and related compounds can inhibit inwardly recti-
fying potassium channels by multiple potential mechanisms,
including pore block and allosteric effects on channel gating.
Motivated by reports that chloroquine inhibition of cardiac ATP-
sensitive inward rectifier K™ current (l,,7p) is antifibrillatory in
rabbit ventricle, we investigated the mechanism of chloroquine
inhibition of ATP-sensitive potassium (K tp) channels (Kir6.2/
SUR2A) expressed in human embryonic kidney 293 cells, using
inside-out patch-clamp recordings. We found that chloroquine
inhibits the Kir6.2/SUR2A channel by interacting with at least
two different sites and by two mechanisms of action. A fast-

onset effect is observed at depolarized membrane voltages and
enhanced by the N160D mutation in the central cavity, probably
reflecting direct channel block resulting from the drug entering
the channel pore from the cytoplasmic side. Conversely, a
slow-onset, voltage-independent inhibition of | ,1p is regulated
by chloroquine interaction with a different site and probably
involves disruption of interactions between Kir6.2/SUR2A and
phosphatidylinositol 4,5-bisphosphate. Our findings reveal
multiple mechanisms of K, channel inhibition by chloroquine,
highlighting the numerous convergent regulatory mechanisms
of these ligand-dependent ion channels.

Introduction

ATP-sensitive potassium (K,rp) channels couple cell me-
tabolism to plasma membrane potassium fluxes in different
cell types. K, rp channels are hetero-octameric complexes
comprising an inwardly rectifying K" channel, Kir6.x, and a
regulatory sulfonylurea receptor SUR (Nichols, 2006; Hibino
et al., 2010). Different combinations of these subunits gener-
ate unique K,rp channel forms in a tissue-specific fashion,
with Kir6.2 and SUR2A being major components of the
cardiac K,pp channel (Flagg and Nichols, 2011). The two
subunits encode separable sensitivity to channel ligands:
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Kir6.2 is the principal site of ATP-induced channel inhibi-
tion and PIP,-mediated activation, whereas SUR2A regu-
lates MgADP activation. Two major classes of therapeutic
compounds that target K,rp channels are sulfonylureas
and potassium channel openers. Both of these classes of
compounds bind to SUR subunits. Other classes of com-
pounds have been found to inhibit K,1p channels by acting
directly on Kir subunits; however, little is known about
their mechanisms of action (Tamargo et al., 2004).

The antimalarial aminoquinolines mefloquine and chloro-
quine have been shown to inhibit Kir6.2/SUR1 channels dur-
ing brief applications (~60 s). Mefloquine inhibited Kir6.2/
SURI1 channels slightly more potently than chloroquine, with
both compounds acting directly on the Kir6.2 subunit
(Gribble et al., 2000). More recently, tamoxifen, mefloquine,
and quinacrine have been demonstrated to inhibit Kir6.2/
SUR2A channels by interfering with channel interactions
with phosphatidylinositol 4,5-bisphosphate, a membrane
phospholipid essential for channel function (Lépez-Izquierdo

ABBREVIATIONS: K,;p, ATP-sensitive potassium; SUR, sulfonylurea receptor; PIP,, phosphatidylinositol 4,5-bisphosphate; I, inward rectifier
K+ current; | arp, ATP-sensitive inward rectifier K* current; Ixacn, K current activated by muscarinic agonist; HEK, human embryonic kidney; WT,

wild-type; CAD, cationic amphiphilic drug.
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et al., 2010; Ponce-Balbuena et al., 2010). In addition, chlo-
roquine inhibits the native cardiac inward rectifier currents,
Ix1, Ixarp and Ixacn (Benavides-Haro and Sanchez-Chapula,
2000; Sanchez-Chapula et al., 2001; Noujaim et al., 2011).
Chloroquine inhibits I; by interacting with two rings of
negatively charged amino acids, formed by Glu224, Phe254,
Asp255, Asp259, and Glu299 in the cytoplasmic pore of
Kir2.1 (Rodriguez-Menchaca et al., 2008). The mechanisms of
channel inhibition of Iy srp and Ixscn by chloroquine are not
known.

Increasing inward rectifier currents (i.e., Ix;, Ixarp, OF
Ixacn) can shorten the action potential duration, potentially
stabilizing and accelerating atrial and ventricular tachycar-
dia and fibrillation (Noujaim et al., 2011), and some inherited
mutations that increase I, rp have been associated with
early repolarization syndrome and idiopathic ventricular fi-
brillation (Haissaguerre et al., 2009). During myocardial
ischemia or hypoxia, Ix,rp is activated, increasing the sus-
ceptibility of the heart to life-threatening ventricular tachy-
arrhythmias (Billman, 2008; Ehrlich, 2008). Recent studies
suggested that blockade of inward rectifiers could, under
certain conditions, offer a potentially useful antiarrhythmic
strategy against ventricular and atrial tachyarrhythmias
(Jost et al., 2004; Dhamoon and Jalife, 2005; Ehrlich, 2008).

Recent reports have also demonstrated that chloroquine
could restore sinus rhythm after ventricular fibrillation in-
duced by the potassium channel opener pinacidil (Noujaim et
al., 2011). This effect was mediated by chloroquine inhibition
of K rp channels. However, the mechanism of inhibition of
the K, rp channels is probably different from that of Kir2.1
channels. Kir6.2 lacks the negative charges corresponding to
Kir2.1 residues Glu224 or Asp259. We suggest two alterna-
tive (although not mutually exclusive) mechanisms to ex-
plain the inhibition of Kir6.2 by chloroquine. First, chloro-
quine may block Kir6.2 channels via interaction with a
binding site within the transmembrane vestibule. Second,
chloroquine may act as a cationic amphiphilic drug and in-
terfere with channel interactions with PIP,, similar to the
mechanism of action of tamoxifen, quinacrine, and meflo-
quine on I, Ixarp, and I, (Ponce-Balbuena et al., 2009,
2010; Lopez-Izquierdo et al., 2010, 2011a). In this study, we
have investigated these potential mechanisms of chloroquine
action on Kir6.2/SUR2A. We report that both pore block and
PIP, interference play a role in chloroquine inhibition of
cardiac K,pp currents.

Materials and Methods

DNA Constructs and Transfection of HEK293 Cells. Most
Kir6.2 mutants were made with mouse Kir6.2 as a template in
pcDNA3.1— (Invitrogen, Carlsbad, CA), using the QuikChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA). All mutations
were confirmed by direct DNA sequencing. Kir6.2(C166S) cDNA in
pcDNA3— was kindly donated by S. John, University of California in
Los Angeles. The cDNAs encoding Kir6.2 wild-type (WT), SUR 2A,
and Kir6.2 mutants were transiently transfected in HEK-293 cells
with Lipofectamine 2000 reagent (Invitrogen) according to the man-
ufacturer’s instructions.

Patch-Clamp Recordings. Macropatch channel activity was re-
corded under an inside-out configuration of the patch-clamp tech-
nique (Hamill et al., 1981) using an Axopatch 200b amplifier (Mo-
lecular Devices, Sunnyvale, CA). Data acquisition and command
potentials were controlled by pClamp 9.0 software (Molecular De-

vices). Patch pipettes with a resistance of 1 to 2 M() were made from
borosilicate capillary glass (World Precision Instruments, Inc., Sara-
sota, FL). All the experiments were performed at 22°C, using a
K*-fluoride, K*-vanadate, K" -pyrophosphate, Mg*2, and spermine-
free solution (FVPP) to prevent current rundown (Huang et al., 1998)
on both sides of the patch. The solution contained 123 mM KCI, 5 mM
K,EDTA, 7.2 mM K,HPO,, 8 mM KH,PO,, 0.1 mM Na;VO,, 5 mM
KF, and 10 mM K,P,0,, pH 7.2. The application of 30 mM K,ATP
was sufficient to abolish any detectable current through Kir6.2 and
mutant channels, and off-line subtraction of currents recorded in 30
mM K,ATP was used to subtract leak and endogenous currents.

Drugs. Chloroquine (Sigma-Aldrich, St. Louis, MO) was dissolved
directly in the FVPP solution at the desired concentration. Inhibition
of the current by pore blocking was measured 30 s after chloroquine
bath application. To study the mechanism of inhibition of the current
by interference between the interaction of the channel and PIP,, the
effects of chloroquine were measured 8 to 10 min after bath applica-
tion in inside-out patches. L-a-Phosphatidylinositol-4,5-bisphosphate
(Avanti Polar Lipids, Alabaster, AL) was stored as a 9.1 mM stock (in
FVPP) and then dissolved to working concentrations in FVPP and
sonicated for 30 min on ice before use.

Data Analysis. Patch-clamp data were processed using Clampfit
9.0 (Molecular Devices, Union City, CA) and analyzed in Origin 6.0
(OriginLab Corp., Northampton, MA). Data are presented as
means *= S.E.M. In all experiments, n represents the number of cells.
Student’s ¢ test was applied to compare individual data sets. A
two-tailed probability value of less than 0.05 (p = 0.05) was consid-
ered statistically significant.

The fractional block of current (f) was plotted as a function of drug
concentration ([D]) and the data were fit with a Hill equation (eq. 1):

f=1/1/(1 + ICs/[D]?} (1)

to determine the half-maximal inhibitory concentration (IC;,) and
the Hill coefficient A. The voltage dependence of block was measured
by fitting fractional unblock as a function of voltage with a Woodhull
equation (Woodhull, 1973) of the form (eq. 2):

Iblock/Icontrol = 1/(1 + ([chloroquine]/Kd(O mV)eZFV/RT)) (2)

where V is the test potential, K4 (0 mV) is the dissociation constant
at 0 mV, z is the valence of block, F'is the Faraday constant, R is the
gas constant, and 7' is absolute temperature.

Results

Chloroquine Inhibits Kir6.2/SUR2A Currents by a
Dual Mechanism. In Fig. 1A, we used excised inside-out
patches expressing Kir6.2(WT)/SUR2A channels to charac-
terize the inhibitory effects of 10 uM chloroquine applied to
the intracellular side of the membrane. From a holding po-
tential of —70 mV, test pulses to +50 mV followed by a
hyperpolarization to —80 mV were applied every 15 s for 10
min. At +50 mV, chloroquine produced a fast time-dependent
block within ~15 s of the initial drug application (54 *= 4%).
With subsequent pulses to +50 mV, a further decrease in
current amplitude progressed, reaching an apparent steady-
state inhibition of 81 + 3% (Fig. 1, A and D). Repolarization
to —80 mV elicited a rapid component of blocker relief on
short time scales. In addition, an immediate decrease of
inward current amplitude (11 = 2%) was observed in the first
pulse in the presence of the drug, followed by a progressive
decline in current amplitude, reaching an apparent steady-
state inhibition of 46 + 3% after 8 to 10 min (Fig. 1, A and D).
The fast components of inhibition and relief may be due to
pore block of the channel. The slow component of current
inhibition observed at negative and positive membrane po-
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Fig. 1. Time-dependent inhibitory effect of chloroquine (CQ) on Kir6.2/SUR2A channels. Inside-out patches were pulsed from —70 mV to +50 mV and
repolarized to —80 mV every 15 s, under control conditions and during a 10-min application of chloroquine. A to C, current traces under control
conditions and in the presence of 10 uM chloroquine (after 15 s and 10 min of continuous application of the drug) are presented for (A) Kir6.2/SUR2A,
(B) Kir6.2/SUR2A with 30 uM PIP,,, or (C) Kir6.2(C166S)/SUR2A. A includes current traces under control conditions (0 s) and the whole set of traces
recorded in the presence of chloroquine. In B and C, for clarity, we only present the current traces obtained under control conditions and at 15 s and
10 min of application of the drug. The dashed line here and in all subsequent current traces indicates zero current. D to F, time course of the
chloroquine inhibition in (D) Kir6.2/SUR2A, (E) Kir6.2/SUR2A with 30 uM PIP,, and (F) Kir6.2(C166S)/SUR2A (means + S.E.M of n = 6 experiments).
Current amplitude changes during similar periods of time in the absence of chloroquine are included for comparison.

tentials may be due to disruption of channel-PIP, interac-
tions by chloroquine. In the absence of chloroquine, current
amplitude measured 10 min after patch excision was reduced
significantly less (13 * 2% at +50 mV and 12 = 2% at —80
mV) (Fig. 1D).

To preserve Kir6.2 channel-PIP,, interactions, we performed
identical experiments on Kir6.2(WT)/SUR2A channels, in the
presence of 30 uM exogenous PIP, (Fig. 1, B and E). Additional
experiments were performed on the Kir6.2(C166S) mutant
channel, which has a higher intrinsic open probability than WT
Kir6.2 (Trapp et al., 1998) and is less prone to rundown arising
from PIP, depletion than WT channels (Ribalet et al., 2006)
(Fig. 1, C and F). In the presence of 30 uM exogenous PIP.,,
chloroquine inhibited WT Kir6.2 with a fast time-dependent
block (15 s after drug application), less pronounced (46 = 4%)
than that in PIP2-free solutions (54 = 4%). No further current
decrease was observed in the subsequent train of depolariza-
tions (Fig. 1E). At —80 mV, chloroquine had no significant effect
(Fig. 1E). In Kir6.2(C166S)/SUR2A channels, chloroquine pro-
duced only the fast component of block (presumed to be pore
block) (Fig. 1, C and F). At +50 mV, chloroquine decreased
current amplitude by only 39 * 3%, less inhibition than was

observed for Kir6.2(WT)/SUR2A (with or without exogenous
PIP,). This finding suggests that Kir6.2(C166S)/SUR2A chan-
nels are less sensitive than WT Kir6.2/SUR2A channels to the
fast blocking effect observed at positive potentials. In similar
experiments performed in the absence of chloroquine, current
amplitudes did not significantly decrease after 10 min (Fig. 1, E
and F).

The results described above suggest two different sites and
mechanisms of Kir6.2 inhibition by chloroquine. The fast
voltage-dependent effect observed at a positive voltage (+50
mV) may be induced by the drug entering the channel pore
from the cytoplasmic surface. On the other hand, the slow
voltage-independent inhibition of current, apparent at both
+50 and —80 mV, probably results from disruption of Kir6.2
channel-PIP,, interactions by chloroquine.

Effects of Chloroquine on Kir6.2/SUR2A Channel-
PIP, Interaction. The Kir6.2 subunit has a low apparent
affinity for PIP, (Ponce-Balbuena et al., 2010) relative to that of
other Kir channels, and this property probably underlies a high
sensitivity to inhibition by cationic amphiphilic drug (CADs)
(Ponce-Balbuena et al., 2010; Lépez-Izquierdo et al., 2011a).
Kir6.2(C166S) increases the apparent PIP, affinity and renders
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channels far less sensitive to rundown induced by PIP, deple-
tion (Ribalet et al., 2006). Apparent PIP, affinity can also be
weakened relative to that of WT channels with mutations
such as R314A (Shyng et al., 2000). In Fig. 2, we examined
the effects of chloroquine over this wide range of apparent
affinity between the channel and PIP,, using Kir6.2(WT)/
SUR2A, Kir6.2(R314A)/SUR2A, and Kir6.2(C166S)/
SURZ2A channels. Currents recorded at —80 mV exhibit
concentration-dependent inhibition by chloroquine. Figure 2D
is a concentration-response curve of the inhibitory effects of
chloroquine on WT Kir6.2/SUR2A channels, illustrating chloro-
quine inhibition of the channel with an IC;, of 19 uM. Figure
2E summarizes the concentration-dependent effects of chloro-
quine on the three channel isoforms studied. The strongest
inhibition was observed in Kir6.2(R314A) channels, whereas
the weakest inhibition was observed in Kir6.2(C166S). Overall,
our results indicate that increased PIP, sensitivity results in
weaker sensitivity to chloroquine. This trend holds true for both
the “high PIP, sensitivity” Kir6.2(C166S) mutant, and the “low
PIP,, sensitivity” Kir6.2(R314A) mutant. These results strongly
suggest that chloroquine reduces channel activity through a
mechanism convergent with activation via the Kir6.2/SUR2A-
PIP, interaction.

Chloroquine Pore Blocking Site Is within the Kir6.2
Central Vestibule. Chloroquine has been found to inhibit
the strong inward rectifier Kir2.1 channel in a voltage-de-
pendent manner; i.e., it produces stronger inhibition of out-
ward than inward current. An alanine scan of Kir2.1 pore
lining residues identified amino acids Glu224, Phe254,
Asp259, and Glu299, located in the cytoplasmic pore region,
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as critical regulators of sensitivity to chloroquine block (Ro-
driguez-Menchaca et al., 2008). In contrast, the D172N mu-
tation in the M2 transmembrane domain, important for
strong polyamine-mediated inward rectification of Kir2.1,
did not affect the chloroquine pore-blocking effects (Rodri-
guez-Menchaca et al., 2008). To probe the binding site for
chloroquine within the Kir6.2 pore, we mutated multiple
candidate residues in the pore-lining M2 helix and cytoplas-
mic domain and assessed the degree of chloroquine block. We
restricted this scan to residues that project directly (except
Cys166 and Glu288) into the ion-conducting pore (Kurata et
al., 2004; Noujaim et al., 2010). We mutated multiple resi-
dues to Ala (V129A, T130A, L157A, N160A, L164A, C166S,
F168A, and E288A) and uncharged residues to Asp and Glu
(N160D, S212E, and S212E/N247D) (Fig. 3H). The pore-
blocking effects of chloroquine were studied in excised inside-
out patches in the continuous presence of 30 uM PIP, (to
prevent PIP,-mediated rundown, as in Fig. 1B). The effects of
chloroquine on WT and different mutant channels are illus-
trated in Fig. 3. Block by 30 uM chloroquine was significantly
reduced (p < 0.05) in L164A, C166A, and F168A mutant
channels. In contrast, the N160D mutation in the central
cavity significantly increased the chloroquine-blocking po-
tency. However, introduction of charged residues in the cy-
toplasmic pore (S212E and S212E/N247D) did not modify the
chloroquine potency. These results demonstrate that chloro-
quine block is more sensitive to mutations in the inner cavity
than in the cytoplasmic vestibule, suggesting that the chlo-
roquine binding site may be in the inner cavity formed by the
transmembrane domains of the channel.

C Kir6.2 (C166S/SUR2A)

Fig. 2. Chloroquine (CQ) inhibits the
Kir6.2 current, interfering with channel-
PIP, interaction. A to C, macroscopic cur-
J rents recorded at —80 mV from excised
= e inside-out patches of HEK-293 cells ex-
T — pressing Kir6.2 and the mutants (R134A
20s and C166S) + SUR2A in presence of dif-
ferent chloroquine concentrations as indi-
cated. D, concentration-response curve of
the effect of chloroquine on Kir6.2(WTY
SUR2A channel currents measured at
—80 mV, similar to those shown in A. The
IC;, of chloroquine was 11.8 = 0.9 uM
(n = 6 experiments at each concentra-
tion). E, summary of the inhibitory effects
of chloroquine on the different channels
(means = S.E.M of n = 6 experiments at
each concentration).
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Fig. 3. Fast-onset chloroquine (CQ) blocking is altered by mutations in the central pore of Kir6.2. A to F, inside-out patch recordings illustrating the
effects of 30 uM chloroquine in the continuous presence of 30 uM PIP, on WT and different Kir6.2 mutants (all coexpressed with SUR2A). From a
holding potential (HP) of =70 mV, test pulses (TP) to +50 mV followed by a hyperpolarization to —70 mV were applied every 15 s for 10 min. G,
percentage of current inhibition by 30 uM chloroquine plus 30 uM PIP, at +50 mV is shown (means = S.E.M of n = 5 experiments). The bars represent
steady-state inhibition of current by 30 uM chloroquine. H, molecular model of Kir6.2 constructed based on Kir2.2 (Protein Data Bank 3SPI),

illustrating the position of mutations characterized in the study.

Characterization of the Pore-Blocking Effect of
Chloroquine on Kir6.2/SUR2A and Kir6.2(N160D)/SUR2A
Channels. To characterize the pore-blocking effects of chlo-
roquine on Kir6.2/SUR2A and Kir6.2(N160D)/SUR2A chan-
nels, we used excised inside-out patches, in the continuous
presence of 30 uM PIP,. In Fig. 4, patches were held at —90
mV and pulsed between —90 and +70 mV under control
conditions and in the presence of 10 uM chloroquine. Under
control conditions in the absence of Mg®* and polyamines, no
inward rectification is observed. In the presence of chloro-
quine, concentration- and voltage-dependent inward rectifi-
cation was induced. Current-voltage (I-V) relationships (Fig.
4B), measured at the end of each pulse, depict the effects of 0,
10, 30, and 100 puM chloroquine. Concentration-response
curves of the blocking effect of chloroquine on Kir6.2/SUR2A
at 10, 30, and 50 mV are shown in Fig. 4C. We fitted the data
with eq. 1, assuming 1:1 stoichiometry between the drug and
the channel, to generate steady-state apparent equilibrium disso-
ciation constants for chloroquine (appK,). Figure 4D illustrates the

relative conductance-voltage relationships obtained for chloro-
quine block of Kir6.2/SUR2A currents (I4,oroquine/Icontror)- The con-
tinuous lines are fits of the Woodhull equation, yielding an appar-
ent K; (0 mV) = 2.1 X 107* M ' and an estimated voltage
dependence z = 1.1 = 0.12 (n = 6).

Cardiac (Kir6.2/SUR2A) and pancreatic (Kir6.2/SUR1) K,p
channels do not show strong inward rectification (Ashcroft,
1988; Nichols and Lederer, 1991). This is attributed to the
fact that WT Kir6.2 contains no negative charges in M2 and
is also missing important charged residues found in the cy-
toplasmic pore of Kir2.1, such as Glu224 (Kir6.2 residue
Ser212) and Asp259 (Kir6.2 residue Asn247). However, in-
troduction of a negative charge (Asp or Glu) at Kir6.2 posi-
tion Asn160 (equivalent to the “rectification controller” resi-
due 172 in the classic strong inward rectifier Kir2.1) results
in channels that rectify just as strongly as Kir2.1 (Shyng et
al., 1997; Kurata et al., 2004). In the present work, we also
characterized the blocking effects of chloroquine on
Kir6.2(N160D)/SUR2A mutants (Fig. 5A). Raw currents (Fig.
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C, residual unblocked current is plot-
ted against chloroquine concentration
for three representative voltages, fit-
ted with the Hill equation at each
voltage. D, residual unblocked current
is plotted against membrane voltage
and fitted with the Woodhull equa-
tion. All experiments were performed
with 30 uM PIP,.
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SUR2A channels by intracellular chloro-
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(N160D)/SUR2A current recorded in
excised inside-out patches in the ab-
sence (control) and presence of 10 uM
chloroquine. B, steady-state I-V curves in
the absence and presence of chloroquine
at the indicated concentrations. C, con-
centration-response curves for chloro-
quine effects at different voltages, each
fitted with the Hill equation. D, voltage
dependence of intracellular chloroquine
block, fitted with the Woodhull equation.
All experiments were performed in the
continuous presence of 30 uM PIP,.
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5A) and steady-state current-voltage (I-V) relationships (Fig.
5B) illustrate that chloroquine inhibits Kir6.2(N160D)/
SUR2A channels more potently than WT Kir6.2. Similar to
WT Kir6.2 channels (Fig. 4), we fitted concentration-response
curves (Fig. 4C) to obtain apparent equilibrium dissociation
constants for chloroquine. We also derived an estimated ap-
parent K, (0 mV) of 2.1 X 10~° M~ ! and effective valence of
chloroquine block z = 2.4 = 0.3 (Fig. 5D). Chloroquine block
of Kir6.2(N160D) was more potent and steeply voltage-de-
pendent than that of WT Kir6.2 channels.

Vt (mV)

We studied the kinetics of chloroquine block of Kir6.2(WT)/
SUR2A and Kir6.2(N160D)/SUR2A channels with voltage
steps to potentials between +10 and +70 mV at different
chloroquine concentrations, similar to records shown in Figs.
4A and 5A. Current relaxation arising from chloroquine
block was fitted with a single exponential function (the
first 3 ms of current traces were omitted to avoid errors
arising from inadequate voltage clamp). To analyze the
concentration dependence of the rate of inhibition, we plot-
ted the reciprocal of the time constants for channel block



(1/1,,,) against chloroquine concentration at multiple volt-
ages for Kir6.2/SUR2A and Kir6.2(N160D) (Fig. 6, A and
B). We fit the data to eq. 3:

Uty = (3)

From the slope of the linear fit for each voltage, we obtained
apparent second-order rate constants (&,,,) for channel block.
There was no significant difference between %, for WT and
N160D mutant Kir6.2/SUR2A channels. To determine the
voltage dependence of k., we plotted In %k , against mem-
brane voltage (Fig. 6D). In Fig. 6C, appK, values obtained
from concentration-response curves (Figs. 4C and 5C) at dif-
ferent membrane potentials are plotted, illustrating the
greater chloroquine potency on Kir6.2(N160D) channels rel-
ative to that on WT Kir6.2. Using experimentally determined
K, (Fig. 6C) and &, values (Fig. 6D), we calculated % as a
function of membrane potential (Fig. 6E). This derivation
implies a significant slowing of 2 ¢ in Kir6.2(N160D)/SUR2A
channels relative to WT Kir6.2.

Chloroquine Unblock from Kir6.2/SUR2A and
Kir6.2(N160D)/SUR2A Channels. Unblocking kinetics
were inferred from the time course of repolarization-induced

Ron * [chloroquine] + kg
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recovery of current at different hyperpolarizing membrane
potentials. Kir6.2(WT)/SUR2A (Fig. 7A) or Kir6.2(N160D)/
SUR2A (Fig. 7B) channels were blocked with depolarizing
pulses to +50 mV followed by hyperpolarizing steps to —30,
=50, —70, and —90 mV, in the presence of chloroquine. The
unblocking time courses were fit with sums of three exponen-
tial components. All components of the unblocking time had
similar voltage dependence in both channels (Fig. 7C), al-
though the relative contribution of the slowest time constant
(t3) was significantly larger in Kir6.2(N160D) channels (Fig.
7D). Overall, the predominant effect of the Kir6.2(N160D)
mutation was on blocker unbinding kinetics, although the
process cannot be simply described by a single-step blocking
model.

We further characterized chloroquine unblock at different
drug concentrations. Figure 8, A to D, shows examples of
currents recorded in 0.3 to 100 uM chloroquine, with block-
ade elicited by depolarizing pulses to +70 mV, followed by
unblock at —70 mV. In Fig. 8E, we measured the half-time of
block recovery (¢,,5) as a function of chloroquine concentra-
tion. These results illustrate that recovery from block is
dependent on chloroquine concentration, with high drug con-
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Fig. 6. Kinetic analysis of Kir6.2/SUR2A and Kir6.2 (N160D)/SUR2A blockade by chloroquine. A and B, reciprocals of the time constants (1/7) obtained
from exponential fits of chloroquine-dependent current relaxation (Figs. 4A and 5A) are plotted against chloroquine concentration at various voltages.
Solid lines are linear fits to data. C, K, values obtained from concentration-dependent inhibition of steady-state currents at different membrane
potentials. D, voltage dependence of blocking rate constants (k,,). E, voltage dependence of the unblocking rate constant (k). Data points were

obtained by multiplying K, by &, for each voltage.
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Fig. 7. Chloroquine (CQ) unblock of Kir6.2/SUR2A and Kir6.2
(N160D)/SUR2A channels. A and B, current traces from Kir6.2 and
Kir6.2(N160D)-containing channels were elicited by a depolarizing
voltage step to +50 mV and then repolarizing the membrane to dif-
ferent voltages. C, unblocking time constants were fit with a sum of
three exponentials, with time constants plotted as a function of hy-
perpolarizing test voltage. D, relative amplitude of the component 3
(A5/A) as a function of chloroquine concentration.

centrations increasing the contribution of the slower (A,)
component.

Spermine Block Protects Kir6.2(N160D)/SUR2A Chan-
nels from Chloroquine Block. Data presented thus far
suggest that the chloroquine-binding site responsible for fast
voltage-dependent block of Kir6.2(N160D) and WT Kir6.2
channels is located within the central cavity. We tested
whether prior binding of spermine to Kir6.2(N160D) chan-
nels might protect them from chloroquine block. To address
this question, we applied repetitive depolarizing pulses to
+50 mV, followed by repolarization to —80 mV (Fig. 9).
Application of 10 uM spermine during the depolarizing pulse
elicited blockade of the outward current, followed by fast
recovery from block when the membrane voltage was repo-
larized to —80 mV (Fig. 9). In a second trial, 10 uM chloro-
quine was applied in place of spermine, causing almost com-
plete blockade of the outward current, followed by slow
recovery from block at —80 mV. Finally, in a third trial
performed on the same patch, 10 uM spermine was first
applied alone for 3 s, followed by application of 10 uM sperm-
ine together with 10 uM chloroquine. Spermine alone was
sufficient to induce complete blockade of outward current, so
coapplication of spermine plus chloroquine did not cause any
additional change in the outward current. However, upon
repolarization, most of the recovery from block was rapid,
similar to that observed when spermine was applied alone,

and only approximately 10% of the recovery process followed
a slow time course (Fig. 9). These results suggest that sperm-
ine occludes chloroquine binding in Kir6.2(N160D)/SUR2A
channels, indicating that spermine and chloroquine share a
similar binding site in the inner cavity.

Discussion

In human and animal models, inward rectifier potassium
channels have been implicated in the perpetuation of reen-
trant tachyarrhythmias in the normal and diseased heart.
Under certain conditions, blockade of inward rectifiers could
offer a useful strategy against ventricular and atrial tachy-
arrhythmias (Varré et al., 2004; Dhamoon and Jalife, 2005;
Ehrlich, 2008). It is well known that activation of Iy.rp
shortens the cardiac action potential duration in response to
metabolic stresses such as ischemia, increasing the suscep-
tibility of the heart to life-threatening ventricular tachyar-
rhythmias (Billman, 2008; Ehrlich, 2008). One possible
mechanism underlying this observation is the contribution of
Ixarp to left ventricular-right ventricular heterogeneity in
the anterior epicardial action potential duration during
global ischemia, related in part to the higher density of
Ixarp, resulting from higher Kir6.1/Kir6.2 mRNA levels in
the left ventricle than in the right ventricle (Pandit et al.,
2011).

A recent study demonstrated that chloroquine inhibition of
three different Kir channel currents (I, Ixacn, and Icarp) is
antifibrillatory in atria and ventricles (Noujaim et al., 2010).
In their study, chloroquine reduced fibrillatory frequency
(atrial or ventricular), and effectively terminated arrhyth-
mias, leading to resumption of sinus rhythm. In cardiac
myocytes, chloroquine inhibits Ix;, Ixach, and Ixarp with a
similar potency (Noujaim et al., 2010), but at negative mem-
brane potentials the effect on I, is smaller than the effect on
Ixarp. Comparative molecular modeling and ligand docking
of chloroquine in the intracellular domains of Kir2.1 sug-
gested that chloroquine interacts with negatively charged
amino acids facing the cytoplasmic pore of the channel (Ro-
driguez-Menchaca et al., 2008; Noujaim et al., 2010). In con-
trast, chloroquine was predicted to bind the Kir6.2 cytoplas-
mic pore in a configuration that seemed unlikely to impede
potassium ion permeation (Noujaim et al., 2010).

Our findings suggest that chloroquine inhibits the Kir6.2/
SUR2A channel by interaction with at least two different sites
and by two mechanisms of action. A fast voltage-dependent,
pore-blocking effect observed at positive voltages is enhanced by
the N160D mutation and reflects block within the permeation
pathway resulting from the drug entering the channel pore
from the cytoplasmic side. On the other hand, the slow-onset,
voltage-independent inhibition of the current produced by the
drug is induced at a different site and probably mediated by
disruption of the Kir6.2/SUR2A-PIP,, interaction.

Activation by membrane PIP, is a common feature of all
Kir channels. The direct interaction between negative phos-
phate head groups of PIP,, and positively charged residues in
N and C termini is essential for activation of channels (Fan
and Makielski, 1997; Lopes et al., 2002; Schulze et al., 2003;
Hansen et al., 2011). CADs such as chloroquine comprise a
hydrophilic cationic side chain and apolar ring systems
within one molecule (Allan and Michell, 1975). Intercalated
in a bilayer, the cationic group is arranged between the
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Fig. 8. Chloroquine unblock depends on drug concentration. A to D, top panels, currents were elicited in various chloroquine concentrations by
blocking at +70 mV and unblocking at —70 mV Kir6.2/SUR2A, and Kir6.2(N160D)/SUR2A, as indicated. Bottom panels, the first 250 ms of the
chloroquine unblock time course are displayed. E, concentration dependence of the half-time (¢,,,) needed for chloroquine unblock.

hydrophilic head groups, whereas the hydrophobic portion of
the CAD is positioned between the fatty acid tails (Seeman,
1972; Conrad and Singer, 1981). This arrangement may di-
rectly affect PIP, interactions with ion channels. Consistent
with this observation, channels relatively resistant to run-
down mediated by PIP, depletion such as Kir2.1 (“high PIP,
affinity”) are less sensitive to CADs such as bupivacaine,
mepyramine, tamoxifen, mefloquine, carvedilol, and quina-
crine (Zhou et al., 2001; Liu et al., 2007; Ponce-Balbuena et
al., 2009, 2010; Ferrer et al., 2011; Loépez-Izquierdo et al.,
2011a,b). Channels with weak PIP, interactions (e.g., Kir2.3
and Kir6.2) are highly sensitive to these drugs. The order of
reported channel sensitivity to CADs is Kir3.1/3.4 > Kir6.2 >
Kir2.3 > Kir2.1 (Ponce-Balbuena et al., 2009, 2010; Ferrer et
al., 2011; Lopez-Izquierdo et al., 2011a,b). Recently, we found
that quinacrine induced a double action toward Kir channels,
i.e., direct pore block of Kir2.1 and Kir2.3 and interference in
PIP,-Kir channel interaction in a differential manner,
Kir6.2 ~ Kir2.3 > Kir2.1 (Lépez-Izquierdo et al., 2011a).

In this study we have presented evidence that chloroquine
may interfere with the Kir6.2-PIP, interaction. In particular,
our observation that Kir6.2(C166S)/SUR2A channels were
less sensitive to chloroquine and Kir6.2(R314A)/SUR2A were

more sensitive was consistent with the effects of these mu-
tations on channel sensitivity to PIP, (Shyng et al., 2000;
Ribalet et al., 2006). In addition, coapplication of chloroquine
with exogenous PIP, prevented the slow component of chlo-
roquine-mediated current inhibition (Fig. 1B).

Alanine scans of pore-lining residues identified amino ac-
ids located in the Kir6.2 subunit central cavity region as
critical in chloroquine-mediated block (Leul64, Cys166, and
Phe168). Mutations L164A, C166A, and F168A significantly
reduced the chloroquine blocking potency, suggesting their
participation in the chloroquine-binding site. However, in
crystal structures of eukaryotic Kir channels (Hansen et al.,
2011; Whorton and MacKinnon, 2011), residues equivalent to
Cys166 do not face the pore. Therefore, the mutation may be
inducing an indirect perturbation of the chloroquine-binding
site. The Kir6.2(N160D)/SUR2A mutant channel shows
strong polyamine-mediated inward rectification (Shyng et
al., 1997). The potency of block by chloroquine was also
significantly increased in N160D mutant channels, consis-
tent with the drug-binding site being in the central cavity, a
conclusion that is reinforced by the demonstration that
spermine occupancy can occlude chloroquine from its binding
site.
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Fig. 9. Spermine (SPM) partially protects Kir6.2 (N160D)/SUR2A mu-
tant channels from chloroquine (CQ) block. Top panel, patches were
depolarized to +50 mV for 14 s, followed by repolarization to —80 mV.
During the first trial, 10 uM spermine was applied alone during the
depolarizing pulse. The experiment was repeated with 10 uM chloroquine
application. In a third trial performed on the same patch, 10 uM sperm-
ine was first applied alone for 3 s, followed by application of 10 uM
spermine together with 10 uM chloroquine. Bottom panel, the first sec-
ond of repolarization-induced recovery of current at —80 mV is high-
lighted and depicts all three experimental treatments. a, recovery of
spermine alone block by repolarization. b, recovery of chloroquine alone
block by repolarization. ¢, recovery of spermine and spermine + chloro-
quine block by repolarization.
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