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ABSTRACT

Vernakalant (RSD1235) is an investigational drug recently
shown to convert atrial fibrillation rapidly and safely in patients
(J Am Coll Cardiol 44:2355-2361, 2004). Here, the molecular
mechanisms of interaction of vernakalant with the inner pore of
the Kv1.5 channel are compared with those of the class IC
agent flecainide. Initial experiments showed that vernakalant
blocks activated channels and vacates the inner vestibule as
the channel closes, and thus mutations were made, targeting
residues at the base of the selectivity filter and in S6, by
drawing on studies of other Kv1.5-selective blocking agents.
Block by vernakalant or flecainide of Kv1.5 wild type and mu-
tants was assessed by whole-cell patch-clamp experiments in
transiently transfected human embryonic kidney 293 cells. The
mutational scan identified several highly conserved amino ac-

ids, Thr479, Thr480, lle502, Val505, and Val508, as important
residues for affecting block by both compounds. In general,
mutations in S6 increased the IC;, for block by vernakalant;
I502A caused an extremely local 25-fold decrease in potency.
Specific changes in the voltage-dependence of block with
I502A supported the crucial role of this position. A homology
model of the pore region of Kv1.5 predicted that, of these
residues, only Thr479, Thr480, Val505, and Val508 are poten-
tially accessible for direct interaction, and that mutation at
additional sites studied may therefore affect block through
allosteric mechanisms. For some of the mutations, the direction
of changes in IC5, were opposite for vernakalant and flecainide,
highlighting differences in the forces that drive drug-channel
interactions.

Atrial fibrillation, the most common sustained cardiac ar-
rhythmia, is associated with ~15% of all strokes (Kannel et
al., 1998; Go et al., 2001; Rockson and Albers, 2004) and
occurs in approximately 30% of patients after cardiac surgery
(Leung et al., 2004). Most drugs currently in use for treat-
ment of atrial fibrillation are indiscriminate, targeting chan-
nels in both atrial and ventricular tissue and are therefore
associated with life-threatening (ventricular) arrhythmias.
Vernakalant (RSD1235) is a mixed voltage- and frequency-
dependent Na* and atria-preferred K* channel blocker (Roy
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et al., 2004; Fedida et al., 2005) under development for the
acute conversion of atrial fibrillation to sinus rhythm. In
recent phase II and III clinical trials, vernakalant has shown
promise as an intravenous antiarrhythmic agent for rapid
conversion of atrial fibrillation to sinus rhythm with an over-
all rate close to 52% within 90 min of infusion, compared with
a placebo conversion rate of just 3.8% (Roy et al., 2005; Pratt
et al., 2006; Stiell et al., 2006; Fedida, 2007). Previous studies
have shown that one of the actions of vernakalant is block of
the atria-specific I,,, current (Fedida et al., 2005), which in
human atria is thought to be the result of expression of the
KCNAS5 gene and Kv1.5 protein (Fedida et al., 1993; Feng et
al., 1997). Evidence suggests that the safety of this drug is in
part related to the higher sensitivity of atria-specific Kv1.5 to
block by vernakalant over other channels involved in ventric-
ular repolarization, such as hERG (Fedida et al., 2005) and
KCNQ1.

ABBREVIATIONS: RSD1235, vernakalant [(3R)-1-[(1R,2R)-2-[2-(3,4-dimethoxyphenyl)ethoxy]cyclohexyl]pyrrolidin-3-ol hydrochloride]; HEK, hu-
man embryonic kidney; MEM, minimal essential medium; WT, wild type; S0100176, N-benzyl-N-pyridin-3-ylmethyl-2-(toluene-4-sulfonylamino)-
benzamide hydrochloride; AVE0118, (2’-{[2-(4-methoxy-phenyl)-acetylamino]-methyl}-biphenyl-2-carboxylic acid (2-pyridin-3-yl-ethyl)-amide;
AZD70009, tert-butyl-2-(7-[(2S)-3-(4-cyanophenoxy)-2-hydroxypropyl]-9-oxa-3,7-diazabicyclo[3.3.1]non-3-yl)ethylcarbamate.
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Several antiarrhythmic drugs in development [S0100176
(Decher et al., 2004), AVE0118 (Decher et al., 2006), and
AZD7009 (Persson et al., 2005)], some well known agents
[quinidine (Snyders et al., 1992; Fedida, 1997) and flecainide
(Grissmer et al., 1994)], and the local anesthetics bupiva-
caine (Franqueza et al., 1997) and benzocaine (Caballero et
al., 2002), have been shown to block Kv1.5 also. The potency
of these agents is affected by introduction of specific muta-
tions in the S6 domain of Kv1.5, which lines the inner vesti-
bule of the channel (Val505, Thr507, I1e508, Leu510, Val512,
Val514), or mutations in the deep pore (Thr479 and Thr480)
near the selectivity filter (Yeola et al., 1996; Franqueza et al.,
1997; Caballero et al., 2002; Decher et al., 2004, 2006; Her-
rera et al., 2005). Many of these same residues are also
important sites of interaction for the Kv inactivation parti-
cle (Decher et al., 2005), for tetraethylammonium (Choi et al.,
1993; Lopez et al., 1994), and for 4-aminopyridine block
(Kirsch and Drewe, 1993).

Flecainide is also a drug of choice for the acute conversion
of atrial fibrillation to sinus rhythm (Fuster et al., 2006) and
is known to block Kv1.5 (Grissmer et al., 1994; Herrera et al.,
2005) but with much lower potency than vernakalant. In the
present study, we have investigated the binding site of ver-
nakalant in the deep pore and S6 of Kv1.5 using both elec-
trophysiology and site-directed mutagenesis. Flecainide has
been used as a comparator compound to validate our data
against that already present in the literature, and also to
extend studies of flecainide block itself. The results demon-
strate that I1e502 in the S6 domain is a key residue in the
block of Kv1.5 by vernakalant, but less so for flecainide. We
have interpreted our results in the context of the hydropho-
bicity, size, and potential for cation-7 interactions of the
different substituted residues, and we have extended our
analysis by carrying out homology modeling and ligand dock-
ing of vernakalant on Kv1.5 based on the published crystal
structure of Kv1.2 (Long et al., 2005).

Materials and Methods

Cell Preparation. Stable lines of HEK 293 cells expressing Kv1.5
or transient transfection of mutant Kv1.5 channels was used in all
experiments. Primers to generate mutant channels were synthesized
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by Integrated DNA Technologies, Inc. (Coralville, IA), and mutants
were generated using the QuikChange kit (Stratagene, La Jolla, CA).
The presence of the mutation was confirmed by DNA sequencing,
and because of the size of the WT Kv1.5 clone, only the sequenced
region harboring the targeted nucleotides was subcloned as a frag-
ment back into full-length Kv1.5. Transient transfections were per-
formed with HEK 293 cells plated at 20 to 30% confluence on sterile
coverslips in 25 mm Petri dishes 1 day before transfection. Ion
channel DNA (0.1 to 4 pg) was incubated with 1 pg of enhanced
green fluorescent protein DNA (to enable detection of transfected
cells) and 2 ul of Lipofectamine 2000 (Invitrogen, Mississauga, ON,
Canada) in 100 pl of OptiMEM. This was added to the cells for
overnight incubation after washing the cells with 900 ul of minimal
essential medium (MEM) with 10% FBS.

The cells were grown in MEM at 37°C in an air/5% CO, incubator.
Media contained 10% bovine serum and 0.5 mg/ml Geneticin (G-418)
for stable lines. On the day before recording, stably expressing cells
were washed with MEM, treated with trypsin/EGTA for 1 min, and
plated on 25-mm? coverslips. All cell culture supplies were obtained
from Invitrogen.

Drugs and Solutions. Control bath solution contained 5 mM
KCl, 135 mM NaCl, 2.8 mM sodium acetate, 1 mM MgCl,, 10 mM
HEPES, and 1 mM CaCl,, adjusted to pH 7.4 with NaOH. Patch
pipettes contained 130 mM KCI, 5 mM EGTA, 1 mM MgCl,, 10 mM
HEPES, 4 mM Na,ATP, and 0.1 mM GTP, adjusted to pH 7.2 with
KOH. All chemicals used to make solutions were obtained from
Sigma-Aldrich (Mississauga, ON, Canada). Vernakalant (RSD1235;
lot numbers DM-155-A and JL-78-12) was synthesized by Cardiome
Pharma Corp. (Vancouver, BC, Canada) and prepared as a stock
solution (50 mM) in H,0. Flecainide (Sigma-Aldrich; lot number
094K4057) was prepared as a stock solution (100 mM) in 100%
dimethyl sulfoxide, concentrations of which never exceeded 0.1%
(v/v) in the final experimental solutions.

Whole-Cell Patch-Clamp Recordings. Coverslips with adher-
ent cells plated on the surface were placed in a superfusion chamber
(volume, 300 ul) containing the control bath solution at 22°C. Whole-
cell current recording and analysis were carried out using an Axo-
patch 200B amplifier and pClamp10 software (Molecular Devices,
Sunnyvale, CA). Patch electrodes were pulled from thin-walled bo-
rosilicate glass (World Precision Instruments, Sarasota, FL) on a
horizontal micropipette puller (Sutter Instrument Company, Novato,
CA). Electrodes had resistances of 1.0 to 3.0 M) when filled with
control filling solution. Analog capacity compensation and 80% series
resistance compensation were used during whole-cell measure-
ments. Membrane potentials were not corrected for junction poten-
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Fig. 1. Tail current cross-over reveals an inner pore site of access for vernakalant. A, voltage protocol for recording of Kv1.5 currents from HEK cells.
Cells were held at —80 mV and pulsed to +60 mV for 400 ms before repolarizing to —40 mV to record tail currents. Protocol was repeated at 0.1-Hz
intervals. Current traces in the bottom panel were obtained in control and after 5-min exposure to 10 uM vernakalant. Inset shows tail currents at
—40 mV in control and vernakalant on an expanded time base to highlight crossover. In this figure as in all others, numbers adjacent to tracings refer
to drug concentrations in micromolar unless otherwise stated. B, diary plot of steady-state Kv1.5 current at the end of 400-ms depolarizations. Pulse
frequency was 0.1 Hz. Between 200 and 380 s, the cell was rested at —80 mV while vernakalant was washed out of the bath.
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tials that arise between the pipette and bath solution. For Kv1.5
current recordings, a holding potential of —80 mV was used. Data
were sampled at 10 to 20 kHz and filtered at 5 to 10 kHz. To assess
drug block, half-log escalating concentrations of drug were added to
the flowing bath solution, and current traces were recorded with 400
ms depolarizing pulses to +60 mV at a frequency of 0.1 Hz. Concen-
trations approximately equal to the 50% inhibitory value for each
drug on the WT channel were used in the initial investigation of
vernakalant and flecainide actions on mutated channels.

Data Analysis. Data are represented as mean = S.E.M. unless
otherwise specified. For significance of differences, * represents p <
0.05 and ** represents p < 0.01; statistical analysis was conducted
using Student’s ¢ test (unpaired). Clampfit software (Molecular De-
vices) was used to analyze current traces. Data from each test pulse
(currents in the presence of drug) were normalized to control test
pulse currents obtained before drug exposure. For drug potency
studies of the mutant Kv1.5 channels in the presence of vernakalant
or flecainide (Figs. 3 and 4), currents in the presence of different
concentrations of drug were normalized to the current in control and
used to generate concentration-response curves for changes in steady
state Kv1.5 current. The resulting concentration-response relations
were computer-fitted to the Hill equation: i = 1/[1 + (ICy/[D]")],
where i is the normalized current recorded (i = I4,/Tcontro) @t drug
concentration [D], IC;, is the concentration producing half-maximal
inhibition, and ny; is the Hill coefficient.

The voltage dependence of block for vernakalant and flecainide
was determined by the calculation of the fractional block (f = 1 —
Lirug/Leontro) @t the potentials in the range of full channel opening
(between +10 and +60 mV) and fitting the data to the Woodhull
equation: f = [DIA[D] + Kg*e %F¥/RT) where & is the fractional
electrical distance (i.e., the fraction of the transmembrane electrical
field sensed by a single charge at the receptor site), z is the effective
valence of the cytoplasmic blocker, F is the Faraday constant, E is
the imposed voltage, R is the universal gas constant, T is absolute
temperature, and K * represents the binding affinity at the reference

TABLE 1

voltage (0 mV). The current amplitude (Iy,,, and I o) Was mea-
sured at the end of a 400-ms depolarization.

Homology Model. The Kv1.5 homology model was generated
using “First Approach Mode” of SWISS-MODEL (http:/swissmodel-
.expasy.org) and the three-dimensional structure of rKv1.2 (Protein
Data Bank code 2A79; Long et al., 2005), which is believed to repre-
sent the open state of the channel. rKv1.2 and hKv1.5 show 100%
identity in S5 and S6 and 88% identity in the pore loop. The figure
was generated using DeepView Swiss-PdbViewer (http:/swissmod-
el.expasy.org/spdbv) and Adobe Photoshop software (Adobe Systems,
Mountain View, CA). This homology model was used for docking of
vernakalant using Chem Bio3D (CambridgeSoft Corporation, Cam-
bridge, MA), AutoDock tools, and AutoDock4 (http:/autodock.
scripps.edu; Morris et al., 1998). A lowest-energy conformation of
vernakalant, protonated on the nitrogen atom as it would be at
physiological pH, was used for docking. The channel macromolecule
remained rigid during the docking computation, whereas ver-
nakalant was flexible.

Results

Delayed Closing of Kv1.5 Channels in the Presence of
Vernakalant at the Inner Pore. It was suggested from our
previous experiments that block of Kv1.5 by vernakalant was
mediated after channel activation, because vernakalant caused
a relatively rapid onset of block of channel current upon depo-
larization (Fedida et al., 2005) but little evidence of resting or
“tonic” block of the channel. The activation gate of Kv channels
is known to lie on the intracellular side of the pore (Holmgren et
al., 1998), and thus a requirement for channel activation for
block to occur suggests intracellular access of the drug to the
pore region of the channel. In our initial experiments aimed at
localizing the site of binding of vernakalant within Kv1.5, we

Summary of fractional block and IC;, values for block by vernakalant of wild-type and mutant Kv1.5 channels
Fractional block was measured at 10 uM vernakalant. Values are expressed as mean + S.E.M.

Fractional Block Significance n 1C5o Hill Coefficient -Fold change n
uM

WT 0.45 = 0.03 23 13.35 = 0.93 1.00 5-23
T479A 0.77 = 0.05 P <0.01 9 1.63 = 0.09 0.6 8.31 5-10
T479S 0.23 = 0.04 P <0.01 7 41.02 = 3.54 0.95 3.07 3-8
T480A 0.23 = 0.04 P <0.01 12 52.59 £ 7.85 0.88 3.94 3-12
T480S 0.25 = 0.07 P < 0.05 6 52.83 = 12.46 0.64 3.96 4-7
V481L 0.36 = 0.03 6
C500A 0.21 = 0.04 P <0.01 10 45.63 = 4.06 0.95 3.42 3-10
A501V 0.69 = 0.04 P <0.01 8 3.49 = 0.19 0.85 3.81 4-8
1502A 0.07 = 0.03 P < 0.01 9 329.26 = 18.97 0.65 24.66 4-10
I1502L 0.33 = 0.07 6 24.84 £ 3.14 0.96 1.86 3-6
1502F 0.10 = 0.01 P <0.01 4 149.29 * 8.36 0.84 11.11 4
I1502K D.N.E. 6
1502D D.N.E. 5
V505A 0.21 = 0.04 P <0.01 10 45.54 = 2.56 0.95 3.41 3-10
V505L 0.22 = 0.07 P < 0.05 4 57.70 £ 4.63 0.77 4.32 3-5
V505F 0.27 = 0.05 P < 0.05 6 28.79 £ 0.79 0.96 2.16 5-6
V505K D.N.E. 5
V505D D.N.E. 5
I508A 0.21 = 0.03 P <0.01 8 42.44 = 0.94 0.87 3.18 3-8
I508L 0.38 = 0.05 4 16.84 = 0.48 1.00 1.26 3-4
1508Y 0.21 = 0.03 P <0.01 7 24.70 = 0.63 1.46 1.85 4-7
I508F 0.94 = 0.02 P <0.01 5 0.61 = 0.03 1.23 21.80 4-8
I1508K D.N.E. 5
I1508D D.N.E. 5
A509G 0.33 = 0.07 9
A509V D.N.E. 12
V512L 0.56 = 0.04 9
P532L 0.26 = 0.03 P <0.01 16 32.02 = 1.83 0.96 2.40 3-16

D.N.E., did not express.
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have examined the ability of the drug to affect activation gate
closure upon repolarization, after channel opening (Fig. 1). Con-
trol currents in Fig. 1A activate rapidly upon depolarization to
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+60 mV and show only limited inactivation during the 400-ms
depolarization shown here. During repolarization to —40 mV, a
deactivation tail current is observed that reflects channel clo-

Fig. 2. Alanine scan of pore-S6 with 10 uM
vernakalant. A-L, Kv1.5 currents in con-
trol and in the presence of 10 uM ver-
nakalant in each case. Cells were pulsed
from —80 to +60 mV for 400 ms at 0.1 Hz.
Channel mutation is identified above each
pair of current tracings. See Table 1 for
complete results, including a listing of
nonexpressing mutants. M, difference cur-
rents showing the vernakalant-sensitive

M Kv1.5 WT N 40 currents for a selection of the mutants
1 9 in A, as labeled. N, bar graph of fraction
___________ | 1nA ~ (**) ®) of Kv1.5 current block by 10 uM ver-
T479A g 0.8 ek nakalant. Numbers in brackets denote
= T number of cells studied and are shown =
| 1nA 5 0.6 9) SI*]ill\)/I1 *1? p < 0.01 compared with con-
77777777777 c : (23) tro 0oCK.
1502A 2 (6) (9)
Jrveremsrmnenrmased]. 0.5 NA S 0.4 16
V505A £ (124 (10) (10) (8) (16)
*% *k *%k
0.2 ﬂ ﬂ ©) ﬂ
*%
0.0 ¥ & gD Ev F & &
L& 20 I NS S K & o
QNPT RS S SSSSS SN
FEFF eS¢
B
+60 mV 1.2
| -80 mvV
A - 10 V505A Fig. 3. Dose-response relationships
Kv1.5 T479A S 1508A for vernakalant on selected Kv1.5
t 08 mutant channels. A, selected current
3 T479A tracings from T479A, I502A, and
3 061 WT 1502A V505A mutant Kv1.5 channels ex-
N ) posed to increasing concentrations
g | of vernakalant. Cells were held at
1nA 5 0.4 —80 mV and pulsed to +60 mV as
b4 indicated in the protocol at top. In
100 ms 0.2 this figure as in all others, numbers
Kv1.5 1502A ’
v adjacent to tracings refer to drug
0.0 . : concentrations in micromolar unless
30 0.1 1 10 100 1000 otherwise stated. B, dose response
100 Concentration of vernakalant (4M) ~ relationships obtained from data
300 c tracings as in A were normalized and
. (10) plotted versus log [vernakalant], and
1nA 1mMm 1000 kid fitted to a Hill equation (see Materi-
““““““““““ (19) (8) als and Methods for details). Data
1003 i points are shown = S.E.M. IC;, val-
Kv1.5 V505A s (23) ues may be found in the text and
+J. 2 107 (10) Table 1. C, bar graph comparing IC,
q) 2 b values for mutant Kv1.5 channels
(SR exposed to vernakalant. Numbers
Q_ in parentheses refer to the number
m 01 of cells studied and are shown =
m 1nA ’ S.EM. #x, p < 0.01 compared with
control IC;, value.
0.01 § 50
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sure. In the presence of 10 uM vernakalant, rapid block is
apparent after channel opening, and a steady-state current
level is rapidly reached. Upon repolarization, the tail current
amplitude is initially less than in control, but decays more
slowly and crosses over the control tracing as it declines to the
baseline current level (Fig. 1, inset). The result suggests that
vernakalant delays closing of Kv1.5 and, perhaps, that the
channels cannot close while vernakalant is bound; they may
require drug expulsion from the inner vestibule before that can
happen.

This possibility was tested in the experiment shown in Fig.
1B. Here, after equilibration at 0.1 Hz in control solutions,
the cell was exposed to vernakalant as shown. This led to a
progressive reduction of steady-state current, and at 200 s,
the cell was rested for 3 min at —80 mV and vernakalant was
washed from the bath. When the current was activated again
by depolarizing clamp pulses, the current level was immedi-
ately restored to the control level. This suggests that ver-
nakalant was not trapped in the closed channels while drug
was washed from the bath, but rather that, as channels
closed, vernakalant was slowly expelled from the inner pore.
This slow expulsion is the cause of the slowed tail current
observed in the presence of vernakalant (Fig. 1A).

Alanine Scan of S6: Block by Vernakalant. The data in
Fig. 1 suggest that the S6 domain that lines the inner vestibule
of the channel and the deep pore near the selectivity filter are
likely areas where vernakalant could bind to Kv1.5. Extensive
studies of some approved and developmental antiarrhythmic
agents that target either the cardiac Na™ channel or K™ chan-
nels involved in action potential repolarization have suggested
that the base of the selectivity filter in the deep pore and the S6
are important areas for antiarrhythmic drug binding within the
ion conduction pathway (Decher et al., 2004; Herrera et al.,

Kv1.5 T479A

Kv1.5 1508A

."

2005). These regions were targeted for mutational analysis of
block by replacement of WT residues with alanines wherever
possible, valines if the WT residue was an alanine, and leucine,
valine, or glycine if there was an expression problem with ala-
nine. A summary of the mutants used in the present experi-
ments is shown in Table 1 and includes those that we were
unable to record current from. Channels transiently or stably
(see Materials and Methods) expressed in HEK cells were volt-
age-clamped with depolarizing pulses from —80 to +60 mV at
0.1 Hz and allowed to equilibrate for 5 min before drugs were
applied. Control currents in Fig. 2 show some differences among
mutants. Most of the examples show the rapidly activating,
delayed-rectifier current expected from Kv1.5 channels, with a
minor degree of slow inactivation occurring during the 400-ms
depolarizations used here. However, a few channels, Kv1.5
T479A, A501V, and V512L, showed a definite increase in inac-
tivation rate.

At first, a scan of residues using 10 uM vernakalant was
carried out to generally assess the importance of residues in
this area. This concentration reduced currents significantly
in almost all mutants studied, with an approximately 50%
reduction of outward current in WT channels, as has been
previously reported (Fedida et al., 2005), and reduced block
in most other mutants with the least effect on the I502A
mutant (Fig. 2G). Difference currents for some example mu-
tants are shown in Fig. 2M, showing the different levels of
block; here, the increased inactivation rate induced by the
V512L mutation is apparent as a decaying difference current
during the pulse. It was noted that the three mutants with
increased inactivation all showed greater block at 10 uM
vernakalant than control, and this finding is clearly seen in
the bar graph, which summarizes data from the S6 muta-
tions (Fig. 2N). As well, Thr479 and Thr480 are located at the
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Fig. 4. Dose-response relationships for flecainide on selected Kv1.5 mutant channels. A, selected current tracings from Kv1.5 WT, T479A, 15024,
V505A, and I508A mutant Kv1.5 channels exposed to increasing concentrations of flecainide. Cells were held at —80 mV and pulsed to +60 mV. B,
dose response relationships obtained from data tracings as in A were normalized and plotted versus log [flecainide], and fitted to a Hill equation (see
Materials and Methods for details). Data points are shown += S.E.M. IC;, values may be found in the text and Table 2. C, bar graph comparing IC,
values for mutant Kv1.5 channels exposed to flecainide. Numbers in parentheses refer to the number of cells studied, and are shown + S E.M. *, p <

0.05 compared with control IC;, value.
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inner mouth of the selectivity filter, and any changes that
these mutations induce in K selectivity or permeation
might have independent actions on drug block. As a result,
the data from these mutants, although of interest in this
study, are subject to the caveat above when being compared
with the potency data from other mutations in the remaining
experiments.

Significant reductions in block by 10 uM vernakalant ap-
peared to be centered on Ile502, with a diminishing effect for
mutations moving away from this site, disappearing distally
along S6 by residue Ala509 and proximally by residues
Val481 and Cys500 at the base of the selectivity filter.

TABLE 2

Summary of IC;, values for block by flecainide for wild-type and
mutant Kv1.5 channels

1C5o Significance -Fold Change n

uM
WT 38.14 + 1.06 6-9
T479A 0.19 = 0.04 P < 0.001 200 3-8
1502A 92.04 = 5.54 P < 0.001 2.43 3-6
I1502L 10.75 = 1.09 P < 0.001 3.55 5-10
1502F 164.49 = 31.36 P < 0.001 4.13 3-6
V505A 13.076 = 3.58 P < 0.001 2.92 4-6
V505F 4.27 = 0.34 P < 0.001 8.93 4-6
I508A 7.39 = 0.92 P < 0.001 5.15 3-9
I508F 74.71 £ 5.37 P < 0.001 1.96 4-9

P

A 350
Vernakalant

250/

200

IC 5 (uM)

150

-
300/
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Full dose-response relationships for vernakalant (Fig. 3)
were obtained for the reduced block mutants, I502A, V505A,
and I508A, in comparison with a positive control mutation
that increased block (T479A), and for a readily available
comparative antiarrhythmic agent, flecainide (Fig. 4), whose
block is also reported to be affected by mutations in the lower
S6 (Herrera et al., 2005). Vernakalant data in Fig. 3 con-
firmed the 10 uM scan in Fig. 2, with increased potency for
T479A and with reduced potency for the other mutants.
Original tracings are shown in Fig. 3A and illustrate the
actions of vernakalant at concentrations between 1 uM and 1
mM in the different mutants. Steady-state current block was
plotted against drug concentration (Fig. 3B) and fitted with a
Hill equation to obtain the IC;, values for the different mu-
tants, which are also shown in the bar graph below (Fig. 3C).

The most important effect was the reduction in potency for
vernakalant centered at I502A, which had an IC;, of 329 *
19 uM (n = 4-10, see Table 1), compared with a control IC,,
of 13.4 = 0.9 uM (n = 5-23), which is a 25-fold decrease in
potency. V505A, I508A, T480A, and C500A showed lesser
reductions in potency on Kv1.5 (Table 1), of between 3- and
4-fold (Table 1). Similar experiments were carried out for
flecainide (Fig. 4A), and in qualitative agreement with pre-
vious oocyte data from Val481, the nearby residue in the
selectivity filter (Herrera et al., 2005), the mutation of
Thr479 to alanine increased the potency of flecainide (F'ig. 4,

50 Serine
—#-|C,, vernakalant Tyrosine
Size WT Phenylalanine
~—* Hydrophobicit Leucine
yarop v T4791480 1502505 1505 Alanine
B c D
350 5 350 5 350
& 300/ [ 3% so0f 5% 00l
E 250 L35 250t | 35 250( g
» 200( 13 200 '3 200/ 2
g 2.5 - 2.5 i 2
3 1500 15 150f |, 150] 2
8 100/ 1.5 100f -1.5 100 3
1 | -1 |
507 ! o5 50 N 0.5 50
0 | : | 0 0" : ‘ 1 0 0
1502 1502L I502F I502A V505 V505L V505F V505A 1508 1508L 1508F I508A 1508Y

Fig. 5. Various amino acid substitutions to selected residues in S6, and their block by vernakalant. A, three-axis graph of the effect of different amino
acid substitutions of the WT residues (abscissa) on the resultant mutant Kv1.5 channel IC;, (ordinate) for block by vernakalant. Note color coding of
substituted residues, with WT and alanine mutants in pale blue: red, leucine; yellow, phenylalanine; green, tyrosine; dark blue, serine. B, correlation
graphs comparing vernakalant ICj, (left ordinate, micromolar) versus hydrophobicity (right ordinate, Kyte-Doolittle units) and size (left ordinate,
cubic Angstroms) for a range of amino acids substituted at Ile502 (B), Val505 (C), and I1e508 (D). Spearman correlation coefficients: for Ile502 for size
and hydrophobicity were —0.4 and —1.0, respectively; for Val505, » = 0.0 and —0.4; for I1e508, r = —0.4, and —0.6 (—1.0 without Tyr).
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B and C), in this case by 238-fold, from a control IC;, of
38.1 = 1.1 uM (n = 6-9, see Table 2) to 0.19 = 0.04 uM (n =
3-8). I502A showed a diminished potency in the presence of
flecainide, with an increase in IC;, from 38.1 uM in control to
92 = 5.5 uM (n = 3-6), a 2.4-fold reduction in potency (Fig. 4,
B and C). The effect of this mutation on flecainide block was
clearly much less than on vernakalant block, and in a related
area, insertion of alanines at Val505 and I1le508 increased the
potency for flecainide block by 3- and 5.2-fold, respectively
(Fig. 4C), in contrast to the reduction in block of 3- to 4-fold
observed for vernakalant (Fig. 3C).

Further Examination of Other Amino Acid Substitu-
tions in S6 on the Potency of Vernakalant and Flecainide
Action. Given the obvious importance of Ile502 in the block by
vernakalant, a series of other residues were substituted for
isoleucine at this site, and close by, to alter the hydrophobicity,
the residue size, and the potential for cation-7 interactions in
this region. The results for vernakalant are shown in Fig. 5, and
comparative data for flecainide in Fig. 6 (see also Table 1). For
substitutions at Ile502, there is a clear modulation of the ver-
nakalant IC;, that is inversely related to the hydrophobicity of
the substitution made, the native isoleucine (most hydrophobic)
conferring the most potent block and alanine (most hydro-
philic), the least potent block. Overall, the potency series is Ile >
Leu > Phe > Ala (Fig. 5B). At Val505, a similar trend can be
seen, albeit less marked, and at I1e508, no such correlation is

~—#ICy, flecainide

apparent (Fig. 5, B and C). In contrast, cation-7 interactions
appear unimportant at Ile502 but become increasingly impor-
tant moving to 505 and 508 (Fig. 5, A, C, and D), such that the
potency for vernakalant on I508F was 0.61 uM, the highest
obtained in the present series of experiments (Fig. 5A and Table
1). This result suggests that m-stacking between aromatic
groups of the drug and I508F confers high-affinity binding. As
well, at I1e508, a good correlation is apparent between ver-
nakalant IC;, and residue size, which suggests that decreasing
side-chain volume at this location causes some steric hindrance
(Fig. 5D).

In the case of flecainide, there is no obvious correlation
with the hydrophobicity of the substitution at Ile502, Val505,
or I1e508 (Fig. 5, A-D). However, in contrast to vernakalant,
residue size seems to correlate linearly with flecainide IC;,
values at position 508 (Fig. 6D), and inversely with IC,, at
position 505. There is also the suggestion that size is impor-
tant for flecainide IC;, at position 502, where directional
changes in potency match the size change from residue to
residue (Fig. 6B). Cation-7 interactions seem less important
for flecainide than for vernakalant, or the geometric needs
are more specific; i.e., the aromatic needs to be a specific
distance from other sites of interaction. V505F seems to be an
exception to this, where the IC;, value is 4.3 uM, compared
with 38 uM in the WT when valine is present.

Phenylalanine
Leucine

T479 ;
— ﬁ;lzgrophobicity 1502 V505 1508 Alanine
B c D
250 5 25 5 250 5
145 4.5 145
& 200} 4 200 t4 200 4
5 135 135 1358
8 150f '3 1500 t3 1501 13 3
@ 25 -2.5 t25&
3 100f 100} t2 100 12 8
z 1.5 1.5 1153
X 50f " 507 1 50f T
!os '\J_/. 05 105
0 ; t f 0 0 f | 0 0 ; | Lo

1502 1502L 1502F 1502A V505

V505F V505A

1508 I508F  IS08A

Fig. 6. Various amino acid substitutions to selected residues in S6, and their block by flecainide. A, three-axis graph of the effect of different amino
acid substitutions of the WT residues (abscissa) on the resultant mutant Kv1.5 channel IC;, (ordinate) for block by flecainide. Note color coding of
substituted residues, with WT and alanine mutants in pale blue: red = leucine; yellow = phenylalanine. B-D, correlation graphs comparing flecainide
IC;, (left ordinate, micromolar) versus hydrophobicity (right ordinate, Kyte-Doolittle units), and size (left ordinate, cubic Angstroms) for a range of
amino acids substituted at Ile502 (B), Val505 (C), and I1e508 (D). Spearman correlation coefficients: for I1e502 for size and hydrophobicity were 0.4,
and —0.6, respectively; for Val505, r = —0.5, and 0.5; for 11508, r = 1.00, and 0.5.
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Voltage-Dependent Block of Kv1.5 by Vernakalant
and Flecainide. Electrophysiological evidence in support of
I1e502 as a critical residue in the interaction of vernakalant
with Kv1.5 channels was obtained from studies of the voltage
dependence of drug block. As before, comparative experi-
ments were carried out between vernakalant and flecainide
(Figs. 7 and 8). In these experiments, cells were exposed to
concentrations of vernakalant (Fig. 7) and flecainide (Fig. 8),
near their IC;, values and depolarized to a range of poten-
tials between —80 and +60 mV as illustrated by the protocol
at the top of each figure. Current-voltage relationships were
determined for WT and mutant channels (T479A, 1502A,
V505A, 1508A) in the presence of either vernakalant or fle-
cainide (Figs. 7B and 8B). The amount of block was measured
at the end of the pulse at the time indicated by the arrow
(Figs. 7A and 8A) on each set of data records, and, after
normalization to the current density, was plotted as a func-
tion of the depolarization potential (Figs. 7C and 8C). Data
were then fit to a standard model of drug block to obtain the
electrical distance of the blocking site into the electric field
from the inside of the channel (Woodhull, 1973). In WT
channels, the blocking site was located ~17% of the electrical
distance across the membrane (Figs. 7C and 8C), and this
was only perturbed in the presence of vernakalant in the
I502A mutant, where analysis demonstrated a blocking site
~40% of the electrical distance across the membrane. For

Vernakalant Binding Site in Kv1.5 1529

flecainide, results were somewhat different. Although I502A
did increase the electrical distance to 32%, a significant in-
crease in distance was also observed in V505A. In general,
these results strongly support the inner S6 site for the ac-
tions of both vernakalant and flecainide but suggest that
vernakalant’s site of action is very narrowly aligned with
I1e502, whereas that of flecainide is more distributed over a
couple of turns of the S6 helix from I1e502 to beyond Val505.

These differential effects of alanine substitution on the
binding in the S6 region of the channel of vernakalant, fle-
cainide, and some other antiarrhythmic agents [including
both Na® channel and K* channel blockers (Yeola et al.,
1996; Decher et al., 2004, 2006; Herrera et al., 2005)] are
shown in summary form in Fig. 9, with the structures of the
molecules in the bottom panel. It can be seen that AVE0118,
which has an apparent maximum molecular length of ~18 A,
exhibits the most significant changes in IC;, with mutations
between I1e502 and Val512, some four turns of the helix, with
minor reductions in potency at Val516. In contrast, the IC;,
for flecainide (molecular length, 10 A) is affected by muta-
tions over a narrower range of residues more located in the
deep pore. The atrial K* channel blocker S0100176 is af-
fected by mutations similarly to AVE0118, but the extent of
these effects is more limited, extending from Val505 to
Val512, with only minor effects extending to Val516, consis-
tent with the differences in structure between these two

A B wT TA79A 1502A
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Fig. 7. Voltage-dependent block of selected pore and S6 mutants by vernakalant. A, Kv1.5 current tracings in control (above) and during exposure to

10 uM vernakalant (below) at a range of membrane potentials from —80

to +60 mV, as shown in the protocol at top, data from the same cell. B,

current-voltage relationships were obtained from WT and selected mutant Kv1.5 channels at various concentrations. Data points were obtained from
experiments carried out as illustrated in A. Currents measured at the end of clamp pulses (at arrows in A) are plotted = S.E.M. versus voltage clamp
step potential for different concentrations of vernakalant (in micromolar). For WT data, n = 12, for T479A, n = 6; for I502A, n = 6; for V505A, n =
8; for I508A, n = 8. C, normalized voltage-dependent block is plotted versus clamp potential and fitted with a Woodhull equation to calculate the
fractional electrical distance of drug binding (8; see inset legend for values and Materials and Methods for explanation).
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drugs (Decher et al., 2006). There are also differential effects
of mutations between drugs thought to act primarily on Na™
channels and those with more dominant K" channel actions
(Fig. 9). Flecainide and quinidine show increases in potency
with mutations in the lower part of S6 between position 503
and 516, whereas those drugs that are more potent on K*
channels, including vernakalant, AVE0118, and S0100176,
all show decreases in potency with mutations throughout the
same region (Fig. 9). However, unlike AVE0118, S0100176,
and quinidine, T479A increased vernakalant and flecainide
sensitivity, suggesting a common interaction at this site.
Structural Considerations from Homology Model-
ing. Mutations at Cys500 and Ala501 both resulted in
significant, though opposite, changes in IC;, for ver-
nakalant (Table 1); in contrast, no differences were ob-
served for AVE0118 and S0100176 (Decher et al., 2004,
2006) (Fig. 9). A homology model of Kv1.5 based on Kv1.2
(Long et al., 2005) was constructed (Fig. 10), and this puts
these two residues at the base of the pore helix with a
predicted H-bond between Cys500 and Thr477 in the ad-
jacent helix (Fig. 10C). Mutation of the analogous residue
in Kv2.1 (C393A) affected the stability of the open state
and ion permeation without affecting external or internal
tetraethylammonium block (Liu and dJoho, 1998). The
A501V mutation had the most dramatic effects on inacti-
vation and was one of the more sensitive mutants to ver-

nakalant (Fig. 2, and Table 1), and it is possible that
disruption of the putative H-bond, with a subsequent
change of inactivation gating is responsible, at least in
part, for the potency increase and the differential effect of
vernakalant on this residue compared with Ala501.

In the homology model of Kv1.5, the side chains of Ile502
appear to point away from the internal cavity of the vestibule
and toward two highly conserved leucines (Leu437 and
Leu441; Fig. 10, A and B) in an adjacent subunit (Fig. 10B),
which makes it interesting that mutations at this site have
such large effects on drug affinity. How might mutation at
this residue affect drug affinity? Given that potential inter-
actions between Ile502 and the leucines in the adjacent sub-
unit would involve hydrophobic interactions, changes in hy-
drophobicity at I1e502 might interfere with subunit packing
and thus alter the binding site via an allosteric mechanism.
Depending on the number of other interactions between the
drug and the channel and the strength of these interactions,
the changes around I1e502 may have greater or lesser affects.
At this site, changes are more dramatic for vernakalant than
for AVE0118, which interacts over a greater number of res-
idues within the channel (Fig. 9), consistent with its more
extended configuration (~18 A).

Molecular Docking of Vernakalant in Kv1.2. In an
attempt to predict the vernakalant binding site in Kv1.5,
the crystallized pore region of Kv1.2 (Long et al., 2005) was
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Fig. 8. Voltage-dependent block of selected pore and S6 mutants by flecainide. A, Kv1.5 current tracings in control (above) and during exposure to 30

uM flecainide (below) at a range of membrane potentials from —80 to

+60 mV, as shown in the protocol at top, data from the same cell. B,

current-voltage relationships obtained from WT and selected mutant Kv1.5 channels as labeled on each graph. Data points were obtained from
experiments carried out as illustrated in A. Currents measured at the end of clamp pulses (at arrows in A) are plotted = S.E.M. versus voltage clamp
step potential for different concentrations of flecainide (in micromolar). For WT data, n = 12, for T479A, n = 6; for I502A, n = 6; for V505A, n = 8§;
for I508A, n = 8. C, normalized voltage-dependent block is plotted versus clamp potential and fitted with a Woodhull equation to calculate the
fractional electrical distance of drug binding (8; see inset legend for values and Materials and Methods for explanation).
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used with an energy-minimized conformation of ver-
nakalant (Fig. 11). Using AutoDock tools, a docking grid
was built that encompassed the entire pore region of the
channel, for the macromolecule, and a ligand-docking grid
that included the complete structure of vernakalant. Ten
energy-minimized docking conformations were obtained
from the AutoDock program; the most stable conformation

Vernakalant Binding Site in Kvi.5 1531

is illustrated in Fig. 11. This view of the channel pore
shows only those residues predicted to interact with ver-
nakalant, except for I1e502, which does not interact but is
shown in its position facing away from the vestibule. The
view is from the cytoplasmic surface and reveals residues
in S6, Val505, and Ile508 that are predicted to interact
with vernakalant, as well as residues at the base of the
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Fig. 9. Comparison of effects of alanine substitution on block of Kv1.5 by vernakalant, flecainide, and other antiarrhythmic agents. Percentage
changes in IC;, or fractional block were calculated from derived data (vernakalant and flecainide) or from values obtained from available published
work involving alanine mutations (see Results for details). Molecular structures of the five compounds are shown in the bottom panel. Note that at
residue 501, the mutation was an alanine to a valine

Fig. 10. Kv1.5 pore homology model illus-
trating residues that when mutated al-
tered sensitivity to block by vernakalant.
A, Kv1.5 homology model was generated
for the S5-p-loop-S6 region based on the
crystal structure for Kv1.2. A, the model
shows side chains for residues Thr479,
Thr480, I1e502, Val505, and I1e508. B, the
side chain of Ile502 appears to point to-
ward Leu437 and Leu441 (shown in space
fill representation) in the adjacent sub-
unit. C, homology model predicts an H-
bond between Cys500 in S6 and Thr477 in
the pore helix.
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pore helix, Thr480 and Met478, that also interact with the
compound. Thr480 in all four subunits, in this view, marks
the narrowest point of the deep pore at the selectivity
filter. In this docking conformation, vernakalant appears
to be folded in upon itself, with its ether linkage facing the
Thr480 of three subunits (green, magenta, and white) at
the base of the selectivity filter. The cyclohexane ring on
one side of the ether linkage of vernakalant coordinates
with Val505 of two subunits (green and magenta), and the
attached dimethoxy groups lie with Val505 and I1e508 in
the same subunit. The phenyl ring of vernakalant inter-
acts closely with Val505 and I1e508, predominantly in the
white subunit. The pyrrolidine ring (cyclic amine) and its
attached hydroxyl group interact with Val505 and Ile508.
In the other energy-minimized docking conformations,
many of the same amino acids as those shown in Fig. 11
were modeled to interact with vernakalant.

Overall, this docking conformation of vernakalant in the
pore of Kv1.5 gives excellent agreement with the experi-
mental predictions from mutational studies described
above, highlighting as it does the threonine residue at the
base of the pore helix (Thr480) and Val505 and I1e508 in
the S6.

Vernakalant Block of Other Voltage-Gated Ion
Channels. An alignment of a range of voltage-gated po-
tassium channels for the S5, selectivity filter, and S6 re-
gions is shown in Fig. 12. It can be seen that at the
equivalent position of I1e502, in most of the Kv3 and Kv4

1502

Fig. 11. Lowest energy docking conformation of vernakalant displayed
with interacting residues of Kv1.5. This conformation shows the drug-
interacting residues on the four channel subunits as predicted by the
model. The view is from the cytoplasmic side of the channel, looking up
into the open pore and selectivity filter. Residues and conformations were
predicted by AutoDock4 using the crystal structure of rKv1.2 (Protein
Data file 2A79; Long et al., 2005). The channel structure was kept rigid
and vernakalant allowed to be flexible. Different colors were used to label
amino acids from each subunit of the channel tetramer. Ile502 was added
to the figure although it was not predicted to be an interacting residue.
The large spheres are space-filled representations of specific atoms. Car-
bons are shown as gray, oxygen as red, hydrogen as blue/green, and
nitrogen as dark blue.

channels, as well as hERG channels, there is a leucine. In
our present studies, substitution of isoleucine with leucine
decreased the sensitivity of Kv1.5 to 24.8 uM, and this is
close to the reported sensitivity of Kv4 and hERG channels
for vernakalant (Fedida et al., 2005). Another possible
explanation for the difference in the latter case may be the
presence of the tyrosine at the equivalent position to
I1e508 in hERG. I508Y in our experiments increased the
IC;, for vernakalant on Kv1.5 to 24.7 uM (Table 1), again
similar to the reported value for hERG. This tyrosine,
along with a phenylalanine at the equivalent position of
Val512 in Kv1.5 (Fig. 12), has been implicated in the
binding of several classes of drug to hERG, leading to
acquired long QT syndrome, as reviewed by Sanguinetti
and Mitcheson (2005). Thus, the reduced potency for ver-
nakalant on K" channels other than Kv1.5 may reflect, at
least in part, the three-dimensional structural differences
inferred from the present study.

Discussion

In this study we have examined the binding of the novel
atrial antiarrhythmic agent, vernakalant, to the Kv1.5 chan-
nel which underlies the rapidly activating atrial K™ current,
Ik, Previous work had suggested that channel activation
was required for drug action (Fedida et al., 2005), and in
support of this, as also described for AVE0118 (Decher et al.,
2006), vernakalant was shown to slow channel closing by
hindering movement of the deactivation gate, like a ‘foot-in-
the-door’ (Fig. 1). This initial observation allowed us to nar-
row the scope of our mutational analysis of the drug binding
site to the inner vestibule and deep pore of the channel.

Findings from the Alanine Scan. An alanine scan of
residues in the deep pore/pore helix (Thr479-Val481) and
lower S6 (Cys500-Val512) was carried out, although the
mutations here were limited somewhat based on the crystal
structure of Kv1.2 (Long et al., 2005) to those that were
predicted to face the inner cavity, except for Ile502. Where
the literature indicated that an alanine was incompatible
with expression, we made other changes as summarized in
Table 1. The results of this mutational scan of the Kv1.5 deep
pore and S6 domains show a great deal of overlap with key
residues shown to be involved in block by other compounds
(Yeola et al., 1996; Caballero et al., 2002; Decher et al., 2004,
2006; Herrera et al., 2005). This is not surprising given the
limited number of amino acid side chains that will project
into the inner cavity and be available for interaction with a
candidate blocker. Mutations that resulted in a significant
change in the vernakalant IC;, involved residues Thr479,
Thr480, Cys500, Ala501, I1e502, Val505, 11e508, and Pro532.
Despite the overlap in binding sites, there are apparent dif-
ferences in both the importance of various residues to block
by the various compounds [compare changes in IC;, for ver-
nakalant and flecainide with mutation at Ile502, Val505, and
I1e508 (Figs. 5 and 6)] and in the distance along S6 involved
(Fig. 9). Block by both AVE0118 and S0100176 is affected by
mutations at Leu510, Val512, and Val516 (Decher et al.,
2004, 2006). Although Leu510 and Val516 were not screened
in the present study, the lack of significant difference in block
by vernakalant beyond I1e508 (Fig. 2) [with the particular
exception of P532L (see below)] suggests a minor role of those
residues in vernakalant’s interaction with the channel. We
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have shown that residue I1e502 appears to be a special case
in that although mutations to this residue had large effects
on the potency of vernakalant action, it appears to face away
from the cavity and, indeed, homology docking (Fig. 11) in-
dicated no direct interaction of the residue with vernakalant.

Other Amino Acid Substitutions Give Further Infor-
mation on Vernakalant Binding in the S6. Several fur-
ther mutations were made at the key residues identified by
the alanine scan (Fig. 5 and Table 1). The more conservative
threonine-to-serine mutations at 479 and 480 result in a
reduction in side chain volume similar to that caused by
alanine but maintain the polar hydroxyl group. Both of these
mutations decreased the potency of the drug (Fig. 5A) and
resulted in WT-like inactivation rates (data not shown). The
minimized energy docking predicts significant interactions
between Thr480 with the 6-carbon rings of vernakalant (Fig.
11), but Thr479 is also likely to contribute to K* coordination
(Zhou and MacKinnon, 2004), so mutations here may be
having multiple effects on permeation with downstream ef-
fects on inactivation. In oocytes, a V481L mutation also made
Kv1.5 more sensitive to flecainide without affecting inactiva-
tion (Herrera et al., 2005), despite evidence suggesting that
this residue is important for K™ coordination (Long et al.,
2005). As shown in Table 1, we saw a significant increase in
potency on mutation of Thr479 to an alanine but not for the
V481L mutation. T479A has the additional affect of enhanc-
ing C-type inactivation (Fig. 2B), which complicates interpre-
tation of the changes in ICj,. It is interesting to note that this
mutation does not have the same effect on drug block by all
compounds studied, with some becoming more potent (ver-
nakalant and flecainide; Tables 1 and 2) and others less so
[AVEO0118, S0100176, and quinidine (Yeola et al., 1996;
Decher et al., 2004, 2006); Fig. 9].

I1e502: Potential Hydrophobic Interactions in S5? At
Ile502, insertion of a phenylalanine residue (Phe) capable of
m-stacking appeared unable to facilitate vernakalant block.
Rather, the IC;, at 11502 was inversely related to hydropho-
bicity (Fig. 5A), highlighting the potential hydrophobic inter-
actions with Ile502 in determining inner vestibule architec-
ture. Because Ile502 is predicted to point away from the
inner cavity of the channel, we have hypothesized in our
homology modeling that interactions of I1e502 with leucines
437 and 441 in the adjacent S5 subunit play a significant role
in determining such interactions (Figs. 10 and 11). It is
noteworthy that the IC;, of flecainide was increased more by
this mutation than by the alanine (Fig. 6), perhaps indicating
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some steric effects of this mutation. The importance of I1le502
in flecainide block has been studied previously (Herrera et
al., 2005). In that study, the I502L mutation was adequate
for rendering Kv1.5 as sensitive to flecainide as Kv3.1 and
Kv4.2. Those studies were carried out using Xenopus laevis
oocytes and thus the exact IC,, values are different, but the
trend was the same as observed in the HEK cells used in our
study.

Further evidence that the residue I1e502 is of importance
in regulating the potency of vernakalant action on Kv1.5 was
obtained from electrophysiological studies of the voltage-de-
pendence of block (Figs. 7 and 8). Here it was found that the
mutation I502A shifted the calculated binding site of ver-
nakalant within the electric field from 0.17 to 0.39 of the way
across the electric field from the inside of the pore. This
action of I502A was unique for the sites tested in this manner
for vernakalant and suggests that the mutation was able to
specifically disrupt high affinity access of the drug to the
permeation pathway, as the IC;, for block was reduced 25-
fold in this mutant (Fig. 3). The increased electrical distance
that results from the mutation may reflect a deeper penetra-
tion of the drug into the inner vestibule after loss of its
coordinated site and an upper limit of intracellular access of
the drug due to the proximity of the narrowing of the selec-
tivity filter. If vernakalant is now moving deeper into the
pore, the increase in IC,, may also reflect competition with
K" for interaction with residues at the base of the filter. In
comparison, the similar mutation for flecainide did not
change the electrical distance as much (0.32 versus 0.17), and
the potency of block was only altered 2.4-fold (Fig. 4). In
flecainide, the V505A mutation was able to induce a similar,
if opposite change in potency to I5602A, which suggests that
flecainide binding to the channel is coordinated along a
broader region of S6 than vernakalant and in a less critical
manner by the isoleucine at position 502 and the valine at
position 505

Additional mutations at Val505 and Ile508 resulted in
further changes in IC;, (Figs. 5 and 6) and mostly tracked
with changes in size, although flecainide in particular may be
capable of cation-m-stacking interactions with an aromatic
amino acid placed at Val505 but not at I1e508. A hydrophobic
aromatic amino acid more distant from the pore appears
more favorable for block by vernakalant (compare I508F and
1508Y in Fig. 5). These mutations are of particular interest,
because the equivalent residues in the proteins underlying
the ventricular delayed rectifier currents I, (KvLQT1) and

2
s5 Selectivity Q,Qq' S6 &
Filter “ “ Flg 12. Alignment of S5, pore, anq S6
hKvl.5 LGLLIFFLFIGVILFSSAVYFA // TTVGYGDMRPITVGGKIVGSLCAIAGVLTIALPVPVIVSNENY regions from a number of potassium
______________________________________________________________ channels. Alignment of potential pore
hKvl.1 // Y-v-I X i ] X
hKvl.2  ———ceemeemcmmmm e Y A —— Ve T e e interaction regions from a varlet.y of K
______________________________________________________________ channels. //, omitted sequence in the
hKvi.3 // H-V-I hannels. //, omitted sequence in th
hKvl.4  —mmmmmmmmm Y/ — Kmm — — — o e e pore turret; -, identical residues in dif-
hKv2.1  ----- L--AM-IMI---L-F-- // —---——- I¥-K-LL-----G--C-----V----I-I--N--SE ctent channels. The span of the S5,
e v /e + & e U R i
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above the sequence. Residues I1e502,
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hKv4.3 --F-L-S-TMAI-I-ATVMFY- // --L-----V-K-IA---F--I-SLS---V------=------ SG  and the Ile502 equivalent residue in
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KvLQT1 -ITT-YIG---L-F§-YF--L- // --I-----V-Q-WV--T-A-CFSVFAISFF---AGILG-G-AL  dues in KvLQT1 and hERG channel
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Shaker

———————————— I---—-———= // —=====--T-VG-W-----

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

1534  Eldstrom et al.

Ik, (hERG) are phenylalanine and tyrosine, respectively (Fig.
12). Although the I508Y mutant has a similar IC;, to hERG
(Fedida et al., 2005), data for I, show that this channel does
not seem to be sensitive to vernakalant (M. Pourrier, unpub-
lished data) indicating that the extensive sequence differ-
ences between this channel and Kv1.5 (Fig. 12) make any
predictions difficult.

Several other mechanisms exist by which a given mutation
could affect drug block, including: 1) loss of a side-chain
quality needed for direct interaction with the drug (hydro-
phobic, electrostatic, m-stacking); 2) local or global changes in
the binding site without the residue making direct contact
with the drug itself; 3) a steric effect, with the mutation
blocking access to the binding site; and 4) a change in the
gating state of the channel. A naturally occurring polymor-
phism in Kv1.5, P532L, appears to have steric effects on
quinidine (Drolet et al., 2005) and propafenone access
(Simard et al., 2005). Quinidine traversed the same distance
across the electric field to block Kv1.5 channels with the
P532L mutation, suggesting that the binding site was not
affected. However, block was reduced and evidence suggested
that in the absence of the proline, a helix might form and
impede access to the inner vestibule (Drolet et al., 2005). It
appears that this mutation may have a similar effect on
access for vernakalant (Fig. 2L).
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