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ABSTRACT

Voltage-gated potassium 11.1 (K,11.1) channels play a critical
role in repolarization of cardiomyocytes during the cardiac action
potential (AP). Drug-mediated K,11.1 blockade results in AP
prolongation, which poses an increased risk of sudden cardiac
death. Many drugs, like pentamidine, interfere with normal
Ky11.1 forward trafficking and thus reduce functional K,11.1
channel densities. Although class Il antiarrhythmics, e.g.,
dofetilide, rescue congenital and acquired forward trafficking
defects, this is of little use because of their simultaneous acute
channel blocking effect. We aimed to test the ability of a com-
bination of dofetilide plus LUF7244, a K,11.1 allosteric modula-
tor/activator, to rescue K, 11.1 trafficking and produce functional
Ky11.1 current. LUF7244 treatment by itself did not disturb or
rescue wild type (WT) or G601S-K,11.1 trafficking, as shown by
Western blot and immunofluorescence microcopy analysis.
Pentamidine-decreased maturation of WT K,11.1 levels was
rescued by 10 wM dofetilide or 10 uM dofetilide + 5 pM
LUF7244. In trafficking defective G601S-K,11.1 cells, dofetilide
(10 wM) or dofetilide + LUF7244 (10 + 5 pM) also restored
Ky11.1 trafficking, as demonstrated by Western blot and

immunofluorescence microscopy. LUF7244 (10 wM) increased
Ikv11.1 despite the presence of dofetilide (1 pM) in WT K,11.1
cells. In G601S-expressing cells, long-term treatment (24-48
hour) with LUF7244 (10 pM) and dofetilide (1 wM) increased
Ikv11.1 compared with nontreated or acutely treated cells. We
conclude that dofetilide plus LUF7244 rescues K, 11.1 trafficking
and produces functional Iky11.1. Thus, combined administration
of LUF7244 and an lx,11.¢ trafficking corrector could serve as
a new pharmacological therapy of both congenital and drug-
induced K,11.1 trafficking defects.

SIGNIFICANCE STATEMENT

Decreased levels of functional K,11.1 potassium channel at the
plasma membrane of cardiomyocytes prolongs action potential
repolarization, which associates with cardiac arrhythmia. De-
fective forward trafficking of K,11.1 channel protein is an
important factor in acquired and congenital long QT syndrome.
LUF7244 as a negative allosteric modulator/activator in combi-
nation with dofetilide corrected both congenital and acquired
K,11.1 trafficking defects, resulting in functional K,11.1 current.

Introduction

Human K,11.1 potassium ion channels (also known as
human ether-a-go-go related gene (WhERG) channels) stand at
the basis of the rapidly activating delayed rectifier current
(Iky), which is involved in phase three repolarization of the
action potential (AP) in working cardiomyocytes (Vandenberg
et al., 2012). Interference with normal Ik, function can either
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shorten (gain-of-function) or prolong (loss-of-function) the
process of ventricular repolarization, as evident from
QT-shortening or lengthening, respectively, on the ECG
(Vandenberg et al., 2012). Ik, inhibition in humans, e.g.,
by the class III agent dofetilide, is associated with life-
threatening ventricular arrhythmias (Torp-Pedersen et al.,
1999). Fundamentally different mechanisms of Ik, inhibition
have been identified: 1) direct inhibition of potassium flow
through the channel and 2) decreased plasma membrane
expression of channel proteins, which both can result from
mutations (de novo or congenital) or environmental factors
(acquired, mostly drug-induced) (Sanguinetti and Tristani-
Firouzi, 2006; De Git et al., 2013). For these reasons, cardiac

ABBREVIATIONS: AP, action potential; APD, action potential duration; cryo-EM, cryogenic electron microscopy; DMEM, Dulbecco’s modified
eagle medium; EAD, early after depolarization; HEK, human embryonic kidney cells; hERG, the human ether-a-go-go related gene encoded channel
protein; Iy, current conducted by voltage-gated potassium channels; K,,, voltage-gated potassium channels; LQT2, the second most common long
QT syndrome; POPC, phosphatidylcholines; PMSF, phenylmethylsulfonyl fluoride; WT, wild type.
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safety assessment of new chemical entities and preclinical
drugs still has a strong focus on K,11.1 channel function
(Bossu et al., 2016) and mainly aims at detection of (semi)
acute pore block. Interestingly, the vast majority (approxi-
mately 90% of 167 tested) of congenital K,11.1 loss-of-function
missense mutations result in trafficking defects as a cause of
Ik, impairment (Anderson et al., 2006, 2014). For example, the
G601S missense mutation in K,11.1, located in the S5-pore
helix linker, results in reduced expression of functional Ik,
leading to hypomorphic LQT2 (the second most common long
QT syndrome) (Ficker et al., 2002). Also, a number of drugs
(>40% of 100 tested) limit expression of K,11.1 at the plasma
membrane by inhibiting its forward trafficking, with or
without concomitant pore block (Wible et al., 2005). The
anti-trypanosomiasis/leishmaniasis drug pentamidine is cur-
rently used as a K,11.1 trafficking inhibitor without acute
channel inhibition (Cordes et al., 2005; Kuryshev et al., 2005;
Nalos et al., 2011; Himmel 2013; Varkevisser et al., 2013a,b;
Obergrussberger et al., 2016). Pentamidine inhibits K,11.1
forward trafficking at the level of endoplasmic reticulum exit
in a process that involves the high-affinity drug binding site
F656 (Dennis et al., 2012). As a result, cells mainly express
intracellularly localized core-glycosylated K,11.1 with an
apparent molecular mass of 135 kDa.

High-affinity K,11.1 pore blockers such as E4031, dofetilide,
cisapride, and astemizole are able to rescue forward traffick-
ing defects caused by either mutations or drugs (Zhou et al.,
1999; Ficker et al., 2002; Varkevisser et al., 2013a; Yan et al.,
2015). This will result in K,11.1 maturation, seen as a fully
glycosylated protein with an apparent molecular mass weight
of 155 kDa. The underlying mechanisms have not been
clarified completely thus far, although it is found that channel
inhibition potency correlates with rescue efficacy and that
drug-channel interactions via high-affinity binding sites are
essential (Ficker et al., 2002; Rajamani et al., 2002; Dennis
et al., 2012; Yan et al., 2015). Furthermore, EC5, values for
rescue are generally much higher than IC5, values for acute
pore block (e.g., astemizole, IC59 = 6-13 nM; EC5, for rescue =
335 * 33 nM with 10 uM pentamidine) (Ficker et al., 2002;
Dennis et al., 2012). Therefore, this strategy will not result in
rescue of Iy, function as long as the high-affinity blocker
remains present, whereas its withdrawal will not resolve the
underlying trafficking defects. Activators and negative allo-
steric modulators of K,11.1 have been developed as a strategy
to counteract undesired Ik, blockade and thus potentially
could “save” numerous (pre)clinical drugs with proven Ik,
liability (Yu et al., 2014, 2016; Sala et al., 2016; Qile et al.,
2019). Allosteric modulators interact with the K, 11.1 channel
at a site different than that used by the high-affinity inhibitors
and thereby modulate binding affinities for the canonical
binding site of the latter. Activators interact with K,11.1 at
various sites (Sanguinetti, 2014), and some share overlapping
high-affinity molecular determinants (Casis et al., 2006; Perry
et al., 2007; Garg et al., 2013) with classic pore blockers. We
have developed the negative allosteric modulator/activator
LUF7244, which indeed is able to counteract drug-induced AP
prolongation and proarrhythmia in vitro (Yuet al., 2015, 2016)
and drug-induced ventricular arrhythmia in vivo (Qile et al.,
2019). Specifically, application of 10 uM LUF7244 decreased
the affinity of K,11.1 for cisapride, astemizole, dofetilide, and
sertindole by 4.0-, 3.8-, 3.2-, and 2.2-fold, respectively (Yu
et al.,, 2016). We hypothesized that LUF7244 would not

interfere in K,11.1 trafficking by itself and would also not
interfere in dofetilide-mediated rescue of defective forward
trafficking, but it maintains its ability to increase Ik, in the
presence of dofetilide.

Materials and Methods

Chemicals. LUF7244 was custom synthesized at the Division of
Drug Discovery and Safety, Leiden Academic Centre for Drug Re-
search, Leiden University, The Netherlands, as described earlier (Yu
et al., 2016), and was dissolved in DMSO at 100 mM. Dofetilide was
purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands) and
dissolved at 10 mM in DMSO. E4031 was dissolved in DMSO at 1 mM.
Pentamidine-isethionate (Pentacarinat 300; Sanofi Aventis, Gouda,
The Netherlands) was dissolved in water to provide a stock solution of
100 mM. All compounds were sterilized by filtration (0.22 pm),
aliquoted, and stored at —20°C until use.

Molecular Modeling. Compounds LUF7244 and dofetilide were
docked into the hERG cryogenic electron microscopy (cryo-EM)
structure (Protein Data Bank code: 5val, Wang and Mackinnon,
2017) using the GOLD software v.5.6.2. (Jones et al., 1997), essentially
as described before (Qile et al.,, 2019). Two scoring functions,
ChemPLP and Goldscore, were used, and 100 poses were collected
per run with 125.000 Gold algorithm operations. The top 15 scoring
poses each were analyzed using PyMol 1.7.2 (Schrodinger, 2015).

Molecular Dynamics Simulations. Simulations were essen-
tially performed as described earlier (Qile et al., 2019) with a few
small modifications. The K,11.1 hERG structure was embedded in
a phosphatidylcholines bilayer and solvated with transferable in-
termolecular potential with 3 points water using the CHARMM-GUI
(Jo et al.,, 2008). KCI (150 mM) was added to the system, and
potassium ions in the selectivity filter were placed at sites SO, S2,
and S4, with water molecules at sites S1 and S3. Steepest descent
energy minimization, followed by 2 nanoseconds of equilibration and
50 nanoseconds of production runs, were performed using GROMACS
v.5.1.2 (Abraham et al., 2015) and the charmm36 force field
(Vanommeslaeghe et al., 2010). Electrostatics were modeled using
particle mesh Ewald (Darden et al., 1993), and linear constraint solver
was used to constrain H-bonds (Hess et al., 1997). V-rescale (Bussi
et al., 2007) was used to keep the temperature at 310 K, and semi-
isotropic pressure coupling was done using the Parrinello-Rahman
barostat (Parrinello and Rahman, 1981).

Cells. Human embryonic kidney (HEK)-hERG cells, which is the
HEK293T cell line stably expressing human K,11.1 protein, and
hERG-G601S cells (HEK293T cell line stably expressing forward
trafficking—deficient K;11.1 protein) were cultured in Dulbecco’s
modified Eagle Medium (DMEM) (Gibco-FisherScientific, Landsmeer,
The Netherlands) supplemented with 10% fetal calf serum (Sigma-
Aldrich), 2 mM L-glutamine, 50 U-ml™ ! penicillin, and 50 pg-ml*
streptomyecin (all three; Lonza, Breda, the Netherlands) as described
before (Varkevisser et al., 2013a).

Patch-Clamp Electrophysiology. HEK-hERG and hERG-
G601S cells were grown on @12-mm glass cover slips coated with
poly-L-lysine (Sigma-Aldrich, German) and placed in a perfusion
chamber (Cell Microcontrols, Norfolk, VA). Functional analyses were
done by using a standard whole-cell patch-clamp technique on
HEK293T cells stably expressing wild type (WT)- or G601S-K,11.1
channels. The external solution contained (mM) 137 NaCl, 4 KCI, 1.8
CaCly, 1 MgCl,, 10 glucose, and 10 HEPES (pH 7.4 adjusted with
NaOH), and the internal pipette solution contained (mM) 130 KCl, 1
MgCl,, 5 EGTA, 5 MgATP, and 10 HEPES (pH 7.2 adjusted with
KOH). An Axopatch-200B patch-clamp amplifier (Axon Instruments,
Union City, CA) was used to measure macroscopic currents and cell
capacitance. The pipette resistances were 1-3 M(), and series re-
sistance was compensated up to 90%. The pCLAMP 10 software (Axon
Instruments) was used to generate the different voltage protocols, to
acquire current signals, and for data analyses. We determined the
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impact that dofetilide and LUF7244 had on K,11.1 currents compared
with control by applying step-like pulses from —80 to +60 mV in +10-
mV increments for 5 seconds, followed by a “tail” pulse to —50 mV for 5
seconds. The maximal Ik,;1; measured during the tail pulse was
plotted as a function of the step-pulse potential to generate the
corresponding I-V relations.

Western Blot. Cell lysates were prepared in buffer D [20 mM
HEPES, 125 mM NaCl, 10% glycerol, 1 mM EGTA, 1 mM dithio-
threitol, 1 mM EDTA, and 1% Triton X-100 (pH 7.6)] supplemented
with 1 mM phenylmethylsulfonyl flouride (PMSF) and 10 pgml™*
aprotinin. Protein lysate (25 pg) was mixed with Laemmli sample
buffer, separated by 7% SDS-PAGE, and blotted onto a nitrocellulose
membrane. Ponceau staining was used to reveal equal protein loading
and subsequent quantification. Blots were blocked with 5% Protifar
dissolved in Tris-buffered saline/Tween 20 [20 mM Tris-HCI (pH 8.0),
150 mM NacCl, 0.05% Tween-20 (v/v)] for 1 hour at room temperature.
K,11.1 protein was detected by polyclonal anti-hK,11.1 (human
K,11.1 channel) primary antibody (catalogue number APC-062, 1:
3000; Alomone Laboratories, Jerusalem, Israel) and peroxidase-
conjugated anti-rabbit secondary antibody (1:10,000; Jackson Immun-
Research Laboratories Inc., West Baltimore Pike West Grove, PA).
Final detection was performed using a standard enhanced chemilu-
minescent procedure (GE Lifescience, Marlborough, MA) with Chem-
iDocXRS system (BioRad Laboratories, Veenendaal, The
Netherlands). Quantification analysis was performed using Imaged
1.48V software (National Institutes of Health).

Immunofluorescence Microscopy. HERG-G601S cells were
grown on @15-mm cover slips, coated with poly-L-Lysine, and fixated
with 3% paraformaldehyde dissolved in PBS containing 1 mM Ca2*
and 1 mM Mg?** (pH 7.4) for 20 minutes. Permeabilization was
performed with 0.5% Triton X-100 in PBS for 3 minutes, 50 mM
glycine-PBS was used as a quenching agent, and cells were sub-
sequently blocked with NET-gel [150 mM NaCl, 5 mM EDTA, 50 mM
Tris-HCI, (pH 7.4), 0.05% Igepal, 0.25% gelatin, 0.02% NaN3]. Then,
the cells were incubated with polyclonal anti-hK,11.1 (human K,11.1
channel) (1:3000, APC-062; Alomone Laboratories) and anti—Pan-
cadherin (1:800; Sigma-Aldrich, St Louis, MO) primary antibody
overnight in NET-gel, followed by incubation with secondary antibody
of anti-mouse Alexa488 (Thermofisher Scientific, Landsmeer, The
Netherlands) and anti-rabbit Alexa568 (Thermofisher Scientific) for
2 hours.

The cover slips were mounted with Vectashield (Vector Laborato-
ries Inc. Burlingame, CA), and fluorescent microscopy images were
obtained using a Nikon ECLIPSE Ti2-E inverted microscope equipped
with a x60 oil immersion objective (numerical aperture 1.49) (CAIRN
research, Faversham, UK). Excitation was performed with diode
lasers (Omicron LuxX 488 nm, 200 mW for Alexa488 and an OBIS
561 nm, 100 mW for Alexa561). Colocalization between K,11.1 and
cadherin in cell extensions was quantified by determining Pearson’s
coefficient (r) with the Costes automated threshold method provided
by the Coloc_2 plug-in for the Imaged software (1.52p) using Fiji.

Statistics. All average values are expressed as means * S.D.,
unless indicated otherwise. All statistical analyses were carried out by
using SPSS version 21 and Graphpad Prism version 5. A difference
was considered significant with P < 0.05. Differences among groups
were evaluated using either one-way ANOVA with Dunnett’s test for
Western blot and immunofluorescence microscopy data or two-way
ANOVA with Tukey’s test for electrophysiology data. Post hoc tests
were carried out only if F' was significant and there was no variance in
homogeneity.

Results

Docking and Molecular Dynamics Simulation-Based
Prediction of Binding Mode of Dofetilide and Its
Interaction with LUF7244. Overview representations of
K, 11.1 channel interaction with dofetilide and LUF7244 at
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the structural level, as viewed from the extracellular side, are
shown in Fig. 1, A and B. To investigate how LUF7244 might
lower the channel’s affinities for dofetilide (Yu et al., 2016), we
compared two binding modes of dofetilide and LUF7244.
Figure 1, C and D displays two alternative binding modes of
dofetilide in the near—-atomic resolution cryo-EM structure
(3.4 A) of the K,11.1 K* channel, in agreement with experi-
mental data: in the cavity (Fig. 1D), which is the classic
assumed binding mode for blockers (Kamiya et al., 2006; Imai
et al., 2009), or in the fenestrations sticking into the cavity
(Fig. 1C), as suggested recently, based on hERG homology
models (Saxena et al.,, 2016). Both binding modes can be
recapitulated in docking studies to the cryo-EM structure, and
the drug is stable in 50 nanoseconds of molecular dynamics
(Fig. 1, G and H) in both sites. We have recently reported that
LUF7244 might bind between the pore helices of two adjacent
subunits, thereby stabilizing the conductive state of the
channel (Qile et al., 2019). Comparison of the proposed
binding modes of dofetilide with that of LUF7244 (Fig. 1, E
and F) suggests that the allosteric negative inhibitor/activator
could prevent the inhibitor from binding to the fenestration
site (Fig. 1E), whereas there is almost no overlap when
dofetilide is bound to the central cavity (Fig. 1F).

LUF7244 Has No Effect on K,11.1 Forward Traffick-
ing and Does Not Interfere in Dofetilide-Mediated
Rescue of Pentamidine-Induced Trafficking Defects.
Application of LUF7244 (0.05, 0.1, 1, 3, and 5u.M) for 48 hours
did not obviously affect the K,11.1 ratio of mature/immature
protein as shown in Fig. 2A. We demonstrated earlier that
dofetilide rescues pentamidine-induced K,11.1 forward traf-
ficking defects (Varkevisser et al., 2013a). To determine
whether LUF7244 can restore mature K,11.1 expression,
different concentrations of LUF7244 were applied to HEK-
hERG cells in the continuous presence of 10 pM pentamidine.
However, treatment with LUF7244 up to 5 pM did not restore
mature K,11.1 protein levels (Fig. 2B).

Because LUF7244 by itself could not restore normal forward
K,11.1 channel trafficking and was found to counteract
dofetilide-mediated Ik, blockade (Qile et al., 2019), we ques-
tioned whether LUF7244 would influence dofetilide-mediated
rescue of pentamidine-induced trafficking defects. To test this
hypothesis, the same dose range of LUF7244 was applied in
combination with 1 uM dofetilide and 10 pM pentamidine for
48 hours. Interestingly, pentamidine decreased mature WT
K,11.1 protein [0.24 * 0.07 vs. 0.54 = 0.11 (control)], which
was rescued by 1 pM dofetilide (0.44 * 0.09 vs. 0.24 = 0.07)
and also by the combination of 1 pM dofetilide and 5 pM
LUF7244 (0.45 = 0.10 vs. 0.24 *= 0.07) (Fig. 2C). All the
separate mature or immature K;11.1 protein expression
levels, quantified from the same blots, are shown in the
right panel.

LUF7244 and Dofetilide/E4031 Rescue G601S-K,11.1
Maturation. To test the effects of LUF7244 on a congenital
K, 11.1 loss-of-function missense mutation that results in
defective forward trafficking, we coapplied five different
concentrations of LUF7244 and 1 pM dofetilide on hERG-
G601S cells. According to Western blot result, trafficking
deficiency was observed, which means only 135 kDa core-
glycosylated immature protein was detected (Fig. 3A). After
48 hours of administration of LUF7244 (0.05, 0.1, 1, 3, and
5 uM), mature K, 11.1 protein level was not changed compared
with control (Fig. 3A), whereas application of 1 WM dofetilide
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Fig. 1. Molecular dynamics simulation—
based prediction of binding mode of dofe-
e~ tilide/LUF7244 and K,11.1. (A) Overview
| of the hERG structure (top view), with
bound dofetilide at the fenestration,
shown as orange spheres. (B) Overview
of the hERG structure (top view), with
bound LUF7244. (C) Predicted binding
modes for dofetilide at the fenestration.
(D) Predicted “classic” binding mode for
dofetilide in the inner cavity of hERG.
Yellow dotted lines indicate putative 77
interactions; red dotted lines indicate
H-bonds. (E and F) superposition of dofe-
tilide binding modes, with predicted
LUF7244 binding mode. (G and H) Root
mean square deviation (RMSD) of K,11.1
and dofetilide docked into the fenestra-
tion or cavity, respectively. SF, selectivity
filter; SU, subunit; TM, transmembrane
domain., subunit 1/2; TM5/6: the 5th/6th
transmembrane domains.
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greatly increased mature protein expression. Furthermore,
1 pM dofetilide combined with LUF7244 (0.05-5 pM) also
resulted in expression of the fully glycosylated mature protein
(Fig. 3B). To expand our findings to other Ik, blockers, we used
E4031. We applied 5 pM E4031 without or with LUF7244
(0.05, 0.1, 1, 3, and 5 uM) for 48 hours. Under all rescue
conditions, the level of the 155 kDa fully glycosylated mature
protein was increased (Fig. 3C), although not to the same
extent as seen with dofetilide. The separate mature or
immature K,11.1 protein expression level can be found in
the right panel.

Immunofluorescence staining was used to determine the
subcellular localization of the G601S-K,11.1 protein. In un-
treated control hERG-G601S cells, no K,11.1 protein was
detected at the cell membrane structures, such as membrane

20 30 40 50
Time (ns)

ruffles, in contrast to the transmembrane protein Cadherin
(Fig. 4) (Pearson coefficient of colocalization r = 0.20 = 0.35,
n = 6). After 24 hours of treatment with 10 pM dofetilide or
10 pM dofetilide + 3 pM LUF7244, normal trafficking was
restored, as evidenced by plasma membrane expression of
K, 11.1 in membrane ruffles, where it colocalized with Cad-
herin (Fig. 4) [r = 0.85 = 0.08 (n = 6) and 0.86 * 0.06 (n = 6),
respectively, both P < 0.01 vs. control or LUF7244]. LUF7244-
only treatment yielded no rescue of forward trafficking (r =
0.13 = 0.31, n.s. vs. control). A lower concentration of
LUF7244 was used to maintain intact cell structure in these
experiments.

LUF7244 Increases Ik,11.1 in the Presence of Dofeti-
lide. Lastly, the impact of dofetilide and LUF7244 on Ix,111
was determined (Fig. 5). The use of 10 pM LUF7244 in
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Fig. 2. LUF7244 alone has no effect on K,11.1 trafficking and does not disturb dofetilide-mediated rescue of forward trafficking. (A) Western blot
showing that treatment of pentamidine-exposed (10 uM, 48 hour) HEK-hERG cells with 1 pM dofetilide restored mature K,11.1 expression. LUF7244
alone has no effect on K,11.1 expression (n = 3). Mature (plasma membrane—expressed) and immature (intracellular) K,11.1 Western blot signals are
displayed in the left panel. Bar graphs in the middle depict the ratio of mature/immature K,11.1 at different conditions. The right panel displays separate
values for mature and immature K,11.1. (B) LUF7244 does not rescue pentamidine-induced K,11.1 trafficking defects (n = 3). (C) Combination of
pentamidine, dofetilide, and LUF7244 restores K;11.1 mature protein after 48 hours (n = 6). Total protein staining (Ponceau) was used as a loading
control. ¥¥*P < 0.001; ****P < 0.0001 vs. control. Values are shown as means * S.D. One-way ANOVA with Dunnett’s test was applied for group

comparison. P, pentamidine; D, dofetilide.

electrophysiology experiments is based on the strong Ix,111
blockade effect of dofetilide. To counteract dofetilide’s effect,
we needed to use a relatively higher concentration than what
we used in Western blot experiments. On the other hand,
10 pM LUF7244 was used in our previous work (Qile et al.,
2019), which was based on the concentration that was used for
its structurally similar compound ICA-105574.

Figure 5A shows representative current traces measured
from cells expressing WT-K,11.1 channel proteins in control
conditions or with application of dofetilide (1 pnM), LUF7244
(10 wM), or a combination to the extracellular recording
solution as acute treatment. Cells were voltage-clamped at
a holding potential of —80 mV and depolarized to voltages
between —80 and 60 mV for 5 seconds to activate Ixy111
(prepulse). The cells were then clamped to —50 mV for 5
seconds to record a tail current (test pulse). As shown for
control cells in Fig. 5A, during depolarizing and tail pulses, an
outward current was activated at voltages positive to —40 mV,

and the current amplitude of the Ik,11.1 measured during the
tail pulse increases with a maximum Ig,;;; current after
depolarizing pulses to >10 mV. The peak tail Ix,1; amplitude
after repolarization was used to construct the activation curve
shown in Fig. 5B. The activation curve measured for control
cells shows that the threshold voltage for Ik,q11 activation is
about —40 mV and that it is fully activated after voltage pulses
to 10 mV. Dofetilide and LUF7244 dramatically alter the
activation and kinetic properties of Ix,11.1. The outward Ix,11.1
measured during the depolarization and tail pulses is larger
than control from —70 to 10 mV; there is a negative shift in the
corresponding I-V relation; but Ix,111 gets smaller after
depolarizing pulses >0 mV. The changes in the Ixy111
measured using this protocol in the presence of these drugs
show complex changes consistent with both the activating
properties of LUF7244 and blocking properties of dofetilide.
The relevant LUF7244/dofetilide-alone control study is shown
in Fig. 5.
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Fig. 3. LUF7244 combined with dofetilide or E4031 rescues trafficking-defective K,11.1-G601S maturation. (A) Western blot analysis of equal amounts
(25 pg) of total protein from K,11.1-G601S cells. G601S cells only present a core-glycosylated immature protein of 135 kDa. Dofetilide restores expression
of the full glycosylated mature protein after 48 hours. LUF7244 does not change the mature K,11.1 protein levels compared with control (n = 3). (B) The
combination of dofetilide and LUF7244 rescues mature K,11.1 protein in G601S cells (n = 3). (C) Increased mature K,11.1 levels in G601S cells treated
with E4031 or E4031 + LUF7244 (48 hours) (n = 6). The right panel displays separate values for mature and immature K,11.1. Total protein staining
(Ponceau) was used as a loading control. *P < 0.05; **P < 0.01; ***P < 0.001 vs. control. Values are shown as means = S.D. One-way ANOVA with

Dunnett’s test was applied for group comparison. D, dofetilide; E, E4031.

Figure 6A shows representative current traces measured
from cells expressing G601S-K,11.1 channel proteins in
control conditions and with acute or long-term application of
dofetilide + LUF7244 or LUF7244 only to the extracellular
recording solution. There was no statistical difference in
Iky11.1 between the control conditions and acute application
of dofetilide + LUF7244. Therefore, we tested the long-term
effects of these drugs on Ik,111. We incubated cells in
dofetilide + LUF7244 for 24-48 hours and then recorded
Iky11.1 from cells with these drugs in the extracellular re-
cording solution. The mean I-V relations, based on peak tail
Iky11.1 amplitude after repolarization, for cells expressing
G601S-K,11.1 channel proteins in the different conditions
indicate that long-term dofetilide + LUF7244 treatment
increased Ix,11.1. Dofetilide-only treatment had a minimal
effect (Fig. 6B), indicating the presence of only a few functional
channels at the plasma membrane without prior pharmaco-
logical correction of trafficking. Interestingly, however,
LUF7244-only treatment produced Ik,111 under such condi-
tions (Fig. 6). Compared with control cells, cells cultured and

recorded in dofetilide + LUF7244 increased Ik,111 after
prepulses from —40 to 60 mV (P < 0.05), and cells treated
with LUF7244 increased Ixk,11.1 after prepulses from —80 to
60 mV (P < 0.05). Compared with cells recorded in dofetilide,
cells cultured and recorded in dofetilide + LUF7244 increased
Ixk,11.1 after prepulses from —40 to 60 mV (P < 0.05), and cells
recorded in LUF7244 increased Ik,11 1 after prepulses from —
80 to 60 mV (P < 0.05). Compared with cells recorded in
dofetilide + LUF7244, cells cultured and recorded in dofetilide
+ LUF7244 increased Ik,11.1 after prepulses from —30 to
30 mV (P < 0.05), and cells recorded in LUF7244 increased
Ixy11.1 after prepulses from —80 to 60 mV (P < 0.05).
Compared with cells cultured and recorded in LUF7244 cells,
cells recorded in LUF7244 increased Ix,11.1 after prepulses
from —80 to 60 mV (P < 0.05).

Discussion

K,11.1 activators and negative allosteric modulators use
mechanistically different ways to increase or maintain normal
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Ik, levels in the presence of a K,11.1 channel inhibitor. A
number of compounds have been demonstrated as K,11.1
activators (Perry et al., 2010). Activators influence gating
kinetics and can, for example, slow down or remove inactiva-
tion and/or facilitate activation (Sanguinetti, 2014). K,11.1
activators normally interact with a region distant from the
inner cavity (Perry et al., 2010), but they can bind to several
distinct sites of the channel (Perry et al., 2007; Guo et al.,
2015; Gardner et al., 2017). Negative allosteric modulators
decrease the binding affinity of Ik, blockers, either by in-
creasing dissociation rates, lowering association rates, or both
(Christopoulos et al., 2014). In our previous study, and also
shown here, LUF7244 alone can dose dependently increase
K,11.1 current and reduce inactivation of K,11.1 at higher
concentration (Qile et al., 2019). In the current study, instead
of the blockade effect of dofetilide, dofetilide + LUF7244
treatment led to a statistically significant increase in Ix,111
level in HEK-hERG cells. In G601S cells, dofetilide + LUF7244
treatment increased (not statistically significantly) steady-state
current as well. Furthermore, long-term exposure increased
Ixy11.1 continuously, which indicates that Iy, inhibitors’ acute
channel blockade could be reversed by LUF7244 and that its
trafficking rescue characteristic might further functionally ben-
efit K,11.1 for long-term administration.

We observed a stronger Ik, 11 1 increase for G601S channels
than for WT channels (Figs. 5 and 6), which could not be
explained by methodological means. Although speculative, we
can envision that, besides an effect on trafficking, the G601S
mutation may result in increased binding affinity for
LUF7244 or show subtly different channel kinetics in re-
sponse to LUF7244 compared with WT. Whether these effects
are mutation-specific are points for further investigation.
Furthermore, the finding that LUF7244 can strongly activate
the low amount of G601S channels that do reach the plasma
membrane in cells not treated with dofetilide may shortcut the
need for complete restoration of trafficking.

Modeling suggests that LUF7244 disrupts drug blocking at
the fenestration via binding close to the protein-lipid interface
(Fig. 1F). Drug binding to this site has recently been reported
for ivabradine, a K, 11.1 blocker (Perissinotti et al., 2019) with
low micromolar affinity. It has been reported that this drug
interacts with lipid-facing residues in the fenestration, in-
cluding F557 and F656, in a state-dependent manner. Even
though dofetilide is unlikely to access the K,11.1 cavity via
this fenestration, as has been shown for the more lipophilic
drug ivabradine, residue F557 has been shown to reduce
binding affinity >50-fold when mutated to a leucine (Saxena
et al., 2016). This suggests that this lipid-facing residue is
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Fig. 5. LUF7244 combined with dofetilide acutely rescued Ik,11.1 in HEK-hERG cells. (A) Shown are representative currents from cells expressing WT-
K,11.1 channel proteins using the voltage protocol in the inset. Cells were recorded in control conditions or in dofetilide + LUF7244 (acute application). In
(B), shown are the mean I-V relations based on peak tail Ik,;1.; amplitude after repolarization, recorded from cells expressing WT-K,11.1 channel
proteins. Cells were recorded in control conditions (n = 10) or in dofetilide + LUF7244 (acute) (n = 10). Data are shown as means = S.E.M. Compared with
control cells, cells recorded in dofetilide + LUF7244 increased Iky11.1 after prepulses from —70 to 10 mV (P < 0.05). Two-way ANOVA with Tukey’s test

was applied.

critical for high-affinity block of different hERG inhibitors.
Our modeling proposes that LUF7244 could disrupt coupling
between state-dependent dynamics of F557 and F656 and
interfere with dofetilide binding to the fenestration (Fig. 1E).
Given the impact of LUF7244 on inactivation, one plausible
scenario would be that the negative allosteric inhibitor
prevents dofetilide from binding or accessing the “high-affinity”
inactivated state in the fenestration, but this will require
further modeling of the inactivated state(s).

However, based on the current simulations of 50 nano-
seconds, we cannot exclude that K,11.1 has additional
LUF7244 binding sites. Additional binding sites may explain
the dual character of LUF7244 as a negative allosteric
modulator (Yu et al., 2016) and activator (Qile et al., 2019,
this study). Additional experimental analyses that may re-
quire in-depth NMR studies on drug-channel interaction are
necessary to resolve this issue. The Ik, activator ICA-105574
has structural similarities with LUF7244 and also has similar
functional characteristics (Gerlach et al., 2010). It was shown
that ICA-105574 enhanced K,11.1 currents via a mechanism
that seems to prevent or limit the inactivation gating process.
Additionally, ICA-105574 dose dependently shortened the
AP duration in isolated guinea pig ventricular cardiomyocytes.
It also remarkably suppressed the K,11.1 channel inhibitor

E4031-induced AP lengthening. In this perspective, it would
be interesting to compare these two compounds with respect to
the mechanism of action on K,11.1 channels.

Besides, in view of its predicted binding site, LUF7244 by
itself had no effects on K,11.1 channel trafficking, and it
neither inhibited pentamidine-associated trafficking defects
nor affected dofetilide-mediated rescue. Previously, we dem-
onstrated that pentamidine-induced K,11.1 forward traffick-
ing defects could be rescued by dofetilide and that both
compounds may compete for the same binding site within
the K,11.1 channel (Varkevisser et al., 2013a). Defective
K,11.1 forward trafficking can be restored by a number of
K,11.1 inhibitors that stabilize the channel via binding to the
inner pore, close to the selectivity filter (e.g., Perry et al., 2010;
Varkevisser et al., 2013a). We demonstrated that dofetilide
analogs with higher affinity tended to provide better rescue in
K 11.1 trafficking defects, whereas LUF7244 reduced the
K,11.1 channel affinity for dofetilide (Yu et al., 2016). In-
terestingly, in our current study, the combination of dofetilide
and LUF7244 still rescued pentamidine-induced K,11.1 traf-
ficking defects. One possible reason may be that LUF7244
cannot completely reduce the binding of dofetilide to the
trafficking-inhibited channels by which the capacity of
dofetilide to rescue K,11.1 trafficking remained. Another
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Fig. 6. Long-term (24—48 hours) exposure of LUF7244 combined with dofetilide rescued Iky11.; in G601S cells. (A) Shown are representative currents
from cells expressing G601S-K,11.1 channel proteins using the voltage protocol in the inset. Cells were recorded in control conditions, in dofetilide +
LUF7244 (acute), in dofetilide + LUF7244 after being cultured long-term in dofetilide + LUF7244 (LT), or in LUF7244 (acute). (B) Shown are the mean
I-V relations based on peak tail Ix,1;.1 amplitude after repolarization, recorded from cells expressing G601S-K,11.1 channel proteins. Cells were
recorded in control conditions (n = 10), in dofetilide (n = 8), in dofetilide + LUF7244 (acute) (n = 10), in dofetilide + LUF7244 after being cultured in
dofetilide + LUF7244 for 24-48 hours (LT) (n = 10), or in LUF7244 (n = 7). Data are shown as means * S.E.M. Two-way ANOVA with Tukey’s test was

applied.

possibility is the absence of LUF7244 binding to intracellu-
larly localized, immature, and only core-glycosylated K,11.1
channels. This may also explain 1) the absence of effects of
LUF7244 on defective G601S trafficking, 2) the lack of
interference of pentamidine-mediated trafficking defects by
LUF7244, and 3) permitting dofetilide- and E4031-mediated
rescue of K,11.1 trafficking. Recent preliminary data indicate
that dofetilide specifically binds to membrane preparations of
G601S cells, which is in line with the observed trafficking
rescue effect. It now has to be determined to which extent this
binding is sensitive to LUF7244. We hypothesize that
LUF7244 will certainly not completely inhibit dofetilide
binding to intracellularly localized K,11.1; otherwise, dofeti-
lide + LUF7244 would not provide any rescue of maturation,
membrane staining, and Ix,111, as shown in the current
manuscript.

Negative allosteric modulators and activators can be con-
sidered as therapeutic options to prevent drug-induced ar-
rhythmia (Sanguinetti 2014; Yu et al., 2016). Recently, we
have shown that LUF7244 suppressed astemizole-induced

early after depolarizations (EADs) andAP AP prolongation in
neonatal rat ventricular myocytes (Yu et al., 2016). Addition-
ally, LUF7244 pretreatment prevented the occurrence of
astemizole-induced EADs, whereas LUF7244 per se did not
shorten AP duration (APD) or strongly affect dispersion of
APD,p in neonatal rat ventricular myocytes at 10 uM (Yu Z
et al.,, 2016). In contrast, in isolated canine ventricular
cardiomyocytes and human induced pluripotent stem cells
(iPS)-derived cardiomyocytes, LUF7244 remarkably short-
ened the APDgy, which is in line with its activator character-
istics (Qile et al., 2019). Moreover, we demonstrated that
LUF7244 suppressed EADs in isolated canine ventricular
myocytes and prevented dofetilide-induced ventricular
arrhythmias in the dog with chronic atrioventricular node
block (Qile et al., 2019).

In conclusion, the current study demonstrates that
LUF7244, and possibly also other negative allosteric modu-
lators and activators, might also have a role in suppression
or preventing arrhythmia caused by defective forward traf-
ficking. Thus, the negative allosteric modulator/activator

T20Z ‘v 1snbny uo sfeulnor 134S Y e Blo'sjeusnofiadse wireyd jow wol) pepeojumoq


http://molpharm.aspetjournals.org/

364 Qile et al.

LUF7244 in combination with a genuine K,11.1 inhibitor
could provide a new pharmacological treatment to function-
ally correct both congenital and acquired K,11.1 trafficking
defects.
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