DOI:10.1111/bph.13259
m www.brjpharmacol.org
R E S EA RC H PA P E R Correspondence

Neil A. Castle, Icagen Inc, 4222
Emperor Boulevard, Durham, NC

Addition of a single methyl

E-mail: ncastle@icagen.com

group to a small molecule Received

sodium channel inhibitor Revised

17 June 2015

introduces a new mode oy 1
of gating modulation

Lingxin Wang', Shannon G. Zellmer?, David M. Printzenhoff* and
Neil A. Castle”

1Glaxo SmithKline, Shanghai, China, and *Icagen Inc., Durham, NC, USA

BACKGROUND AND PURPOSE

Aryl sulfonamide Na,1.3 or Na,1.7 voltage-gated sodium (Na,) channel inhibitors interact with the Domain 4 voltage sensor
domain (D4 VSD). During studies to better understand the structure-activity relationship of this interaction, an additional mode
of channel modulation, specifically slowing of inactivation, was revealed by addition of a single methyl moiety. The objective of
the current study was to determine if these different modulatory effects are mediated by the same or distinct interactions with
the channel.

EXPERIMENTAL APPROACH

Electrophysiology and site-directed mutation were used to compare the effects of PF-06526290 and its desmethyl analogue
PF-05661014 on Na, channel function.

KEY RESULTS

PF-05661014 selectively inhibits Na,1.3 versus Na,1.7 currents by stabilizing inactivated channels via interaction with D4 VSD.
In contrast, PF-06526290, which differs from PF-05661014 by a single methyl group, exhibits a dual effect. It greatly slows
inactivation of Na, channels in a subtype-independent manner. However, upon prolonged depolarization to induce inactiva-
tion, PF-06526290 becomes a Na, subtype selective inhibitor similar to PF-05661014. Mutation of the D4 VSD modulates in-
hibition of Na,1.3 or Na,1.7 by both PF-05661014 and PF-06526290, but has no effect on the inactivation slowing produced
by PF-06526290. This finding, along with the absence of functional inhibition of PF-06526290-induced inactivation slowing by
PF-05661014, suggests that distinct interactions underlie the two modes of Na, channel modulation.

CONCLUSIONS AND IMPLICATIONS

Addition of a methyl group to a Na, channel inhibitor introduces an additional mode of gating modulation, implying that a single
compound can affect sodium channel function in multiple ways.

Abbreviations
VSD, (voltage sensor domain); PF-05661014, (4-(3-benzylureido)-N-(thiazol-2-yl) benzenesulfonamide); PF-06526290,
(4-(3-benzyl-3-methylureido)-N-(thiazol-2-yl) benzenesulfonamide); DRG, (dorsal root ganglion)
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Tables of Links

K,1.1 Nay1.1 Na,1.3
K,1.2 Nay1.2 Nay1.4

LIGANDS

Na,1.5 Na,1.7
Na,1.6 Na,1.8

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are perma-
nently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Voltage-gated sodium (Nay) channels are critical for the
initiation and propagation of action potentials in electrically
excitable cells (Hodgkin and Huxley, 1952; Bezanilla, 2006;
Catterall, 2012). In mammals, there are nine Na, channel
subtypes that can have broad or highly localized tissue
expression distribution, which enables them to serve distinct
physiological functions such as neuronal electrical signal-
ling, neurotransmitter release, cardiac and skeletal muscle
contraction, as well as non-excitatory roles (Cummins et al.,
2007; Catterall, 2012; Black and Waxman, 2013). The impor-
tance of Na, channels in these physiological processes is
highlighted by numerous reports of human Na, genetic
channelopathies associated with pain, epilepsy, autism,
cardiac arrhythmias and skeletal muscle myotonias
(Catterall, 2012; Eijkelkamp et al., 2012; Bennett and Woods,
2014; Krumm et al., 2014; Miller et al., 2014; Moreau et al.,
2014; Waxman et al., 2014). Because of this association, phar-
macological modulation of sodium channel function has
been a primary mode of clinical intervention to treat many
of these disorders. However, clinically used sodium channel
modulators do not generally differentiate between sodium
channel subtypes, which can limit their clinical utility due
to CNS or cardiac Na, channel-mediated adverse effects
(England and de Groot, 2009; Wolfe and Butterworth, 2011).
Therefore, there is considerable interest in developing more
Na, subtype-selective drug candidates (England and de
Groot, 2009). Significant progress in this endeavour has been
made with reports of selective inhibitors of Na, 1.8 and more
recently Na,1.3 and Na,1.7 sodium channel subtypes (Jarvis
et al., 2007; Krafte et al., 2007; Kort et al., 2008; Zhang et al.,
2010; McCormack et al., 2013; Yang et al., 2013; Lee et al.,
2014; Sun et al., 2014).

Development of selective small molecule Na, channel
inhibitors was recently aided by the identification and char-
acterization of a novel pharmacological interaction region
on the homologous Domain 4 voltage sensor of the channel
(McCormack et al., 2013). This region is distinct from the
more well-characterized local anaesthetic binding site located
within the pore of the channel (Ragsdale et al., 1994; Ragsdale
et al., 1996; Fozzard et al., 2011; Panigel and Cook, 2011),
which is believed to be the site of interaction for many of
the clinically used non-selective Na, channel modulators.
McCormack and colleagues (2013) demonstrated that inter-
action with three amino acid residues on the extracellular fac-
ing S2 and S3 transmembrane segments of the Domain 4
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voltage sensor was important for both activity and selectivity
for both Nay1.7 and Nay1.3 selective members of an aryl
sulfonamide class of Na,, channel inhibitors. To better under-
stand the structure-activity relationships underlying this
subtype selective interaction, additional aryl sulfonamide
and structurally related agents have been generated and char-
acterized (Bagal et al., 2014; Zuliani et al., 20135). During these
efforts, two compounds (PF-05661014 and PF-06526290),
which differ only by a methyl moiety, have been evaluated.
These studies, reported here, show that addition of a single
methyl group can introduce additional modes of Na, channel
modulation by this structural class.

Methods

All drug and molecular target nomenclature conforms to the
BJP Concise Guide to PHARMACOLOGY 2013/14 (Alexander
etal., 2013).

Cell line generation/isolation

Human Na,1.3, Na,1.7, Na,1.3 M123-S1510Y/R1511W/
E1559D and Na,1.7 M123-Y1537S/W1538R/D1586E chan-
nels were stably expressed in HEK293 cells. K,1.1/K,1.2
(heteromultimer) channels were stably expressed in CHO
cells. Methods of stable cell line generation were as
described in McCormack et al. (2013). Mouse dorsal root gan-
glion (DRG) neurons were isolated as described by Gandini
et al. (2014).

Electrophysiology

Studies were performed using conventional or automated
whole cell patch clamp electrophysiology. Extracellular
recording solution contained 138 mM NaCl, 2 mM CacCl,,
5.4 mM KC], 1 mM MgCl,, S mM glucose and 10 mM HEPES
pH 7.4 with NaOH. For DRG neuron voltage-clamp recordings,
sodium concentration was reduced to 40 mM (i.e. 98 mM
choline chloride substituted for NaCl) while remaining
constituents were unchanged. Internal (intracellular) recording
solutions for sodium current contained 110 mM CsE 35 mM
CsCl, 5 mM NaCl, 5 mM EGTA and 10 mM HEPES pH 7.4 with
CsOH. (KF replaced CsF for potassium current recording.)
Recordings were performed at room temperature using
AXOPATCH 200B amplifier and pCLAMP software or
PatchXpress 7000 (Molecular Devices, Sunnyvale, USA). Peak
current amplitudes ranging 2-10 nA were used for
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characterization of our compounds. Voltage errors were mini-
mized using 80% series resistance compensation.

Compounds were made up as 10 mM DMSO stock solu-
tions and diluted in extracellular solution to attain final
concentrations desired. The final concentration of DMSO
(<0.3%) had no effect on recorded current properties. Toxin
stock solutions were made at 100 uM in the extracellular
recording solution and stored at —20°C. Before use, stock so-
lution was diluted in recording solution containing 0.1% of
BSA. All reagents were applied to cells via a parallel pipe perfu-
sion system (Castle et al., 2003).

For current-clamp recordings, pipette solution contained
140 mM K-aspartate, 10 mM KCI, 8 mM NaCl, 20 puM EGTA,
10 mM HEPES, 1 mM MgCl,, 2 mM Mg-ATP and 0.4 mM
Na-GTP pH 7.4 with KOH, and the bath solution contained
138 mM NaCl, 2 mM CaCl,, 5.4 mM KCI, 1 mM MgCl,, 5 mM
glucose and 10 mM HEPES pH 7.4 with NaOH. Action potential
current threshold was determined by the first action potential
elicited by a series of depolarizing current injections (30 ms)
from 10 pAwith 10 pA increments. Action potential frequency
was determined by quantifying the number of action potentials
elicited in response to 500 ms 150 pA current injections.

Data analysis

Data were analysed using Clampfit 10.3 (Molecular Devices,
Sunnyvale, USA) and GraphPad Prism 6.0 (GraphPad Software,
Inc., San Diego, USA). Statistical analysis was calculated by
Student’s t-test, and P < 0.0S indicates a significant difference.
All data are presented as mean + standard error of the mean (SEM).

Reagents

PF-05661014 and PF-06526290 were synthesized by the me-
dicinal chemistry group at Neusentis, Pfizer. Scorpion o-like
toxin Lgh 3 was purchased from Latoxan, France, and tetro-
dotoxin (TTX) was bought from Sigma Aldrich.

Results

PF-05661014 selectively inhibits Nav1.3 via
an interaction with the D4 voltage sensor
PF-05661014 (Figure 1A) is structurally related to ICA-
121431, which was recently reported to selectively inhibit
Na,1.3/Na,1.1 channels via an interaction with the Domain
4 voltage sensor domain (VSD) (McCormack et al., 2013).
Utilizing the voltage protocol shown in Figure 1B, the
pharmacological properties of PF-05661014 were found to re-
semble those of ICA-121431. When Na,1.3 currents were elic-
ited by depolarizing voltage steps from —120 mV (Pulse 1),
where channels are predominantly in a resting closed state,
PF-05661014 had a negligible effect on current amplitude at
10 uM (Figure 1C). In contrast, when a test pulse (Pulse 2)
was preceded by a 5 s conditioning voltage step to 0 mV to
drive all of the channels into the inactivated state (followed
by 50 ms at —120 mV to allow non-inhibited channels to re-
cover from inactivation), 10 uM PF-05661014 produced a 91
+ 2% (n = 5) reduction in current amplitude (Figure 1C and
E). This finding suggests that PF-05661014 interacts preferen-
tially with inactivated state(s) of Nayl.3. In contrast to

inhibition of Nay1.3, Figure 1D shows that 10 pM PF-
05661014 produces little or no inhibition of human Na,1.7
while in the resting or inactivated states. The concentration de-
pendence of selective inhibition of Na,1.3 versus Na,1.7 by PF-
05661014 is illustrated in Figure 1E [ICs, for Na,1.3 0.26 £ 0.04
uM (n = 5) compared with >10 uM for human Na,1.7]. Relative
potencies for inhibition of other Na, channel subtypes by PF-
05661014 are shown in Supporting Information Figure S1
and Table S1.

Evidence that inhibition by PF-05661014 is mediated via
an interaction with the D4 voltage sensor was provided by ex-
amining the effect of previously characterized mutant forms
of Na,1.3 and Na,1.7 where a 3 amino acid residue motif
termed M123 swapped residues found in Na,1.3 with those
present in Na,l.7 (Na,1.3 M123 - S1510Y/R1511W/
E1559D) or vice versa for Nayl.7 (Nayl.7 MI123 -
Y1537S/W1538R/D1586E) (McCormack et al., 2013)
(Supporting Information Figure S2). Figure 1F shows that
ICs for inhibition of Na,1.3 M123 by PF-05661014 is >10
uM, which is more than 40-fold greater than Na,1.3 but sim-
ilar to the ICsq for Nay1.7. In contrast, Na,1.7 M123 (ICs
0.52 £ 0.17 uM) exhibited >20-fold increase in sensitivity to
inhibition by PF-05661014 compared with Nay1.7, being
only twofold different from the ICsq for Nay1.3.

Addition of a single methyl group to
PF-05661014 produces a profound change in
modulation of Nav channels
To better understand the structure-activity relationship of D4
voltage sensor interacting Na, channel inhibitors, a close
structural analogue of PF-05661014, which has a single
methyl attached to the urea linker, was evaluated. This com-
pound, PF-06526290 (Figure 2A), exhibited a biophysical
and pharmacological profile distinct from PF-05661014.
Using the same voltage protocol used to characterize PF-
05661014, depolarization from —120 to 0 mVin the presence
of 10 uM PF-06526290 resulted in activation of Na,1.3 cur-
rent that exhibited greatly slowed inactivation compared
with non-treated controls [tjn.ct (control) = 0.82 + 0.04 ms,
1 =15 VS. Tinact (PF-06526290) = 96 + 9 ms, n = 6]. Figure 2C
shows that 10 uM PF-06526290 produces a similar slowing
of inactivation of human Na,1.7 currents. Maximal slowing
of Na,1.7 inactivation with 10 uM PF-06526290 occurred
within 2 min, and more than 80% of this effect could be
reversed by washout for 10 min (Supporting Information
Figure S3). The concentration dependence of slowing of inac-
tivation (Figure 2D) was determined by normalizing the cur-
rent amplitude 5 ms after start of depolarizing voltage step
in presence and absence of PF-06526290 to peak sodium cur-
rent amplitude. The ECsps are 1.1 + 0.1 uM (1 = 6) for Na,1.3
and 0.27 £ 0.08 uM (n = 5) for Na,1.7. Slowing of inactivation
by PF-06526290 was observed for all Na, channel subtypes
evaluated, although the magnitude of effect at 10 uM was no-
ticeably less for human Na,1.4 and Na,1.8 (Figure 2E and
Supporting Information Figure S4 for sample current traces).
PF-06526290 produced a small hyperpolarizing shift in
the voltage-dependence of activation for both Na,1.3 and
Nay1.7 and a larger depolarizing shift in voltage-dependence
of inactivation (Figure 3A and B). At submaximal concentra-
tions of PF-06526290, the voltage-dependence of
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Selective inhibition of Na, channel subtypes by PF-05661014. (A) Structure of PF-05661014. (B) Voltage protocol employed to evaluate
PF-05661014 activity. Cells were depolarized to 0 mV for 5 s from a holding potential of —120 mV, then repolarized to —120 mV for 50 ms to
allow recovery from inactivation of unmodified channels followed by a depolarizing step to 0 mVfor 20 ms to test available sodium current. Measurement
of current amplitude at ‘Pulse 1’ provides a measure of resting state inhibition, whereas ‘Pulse 2’ provides a measure of inactivated state inhibition. (C) and
(D) Representative current traces showing the effect of PF-05661014 on both resting state (Pulse 1) and inactivated states (Pulse 2) of human Na,1.3
and Na,1.7. Current traces have been normalized so that control traces have same relative amplitude. (E) Concentration-dependence of human
Na,1.3 and Na,1.7 inhibition by PF-05661014 [ICso 0.26 + 0.04 uM (n = 5) for Na,1.3 and >10 uM for Na,1.7 (n = 5)]. (F) Introduction of
M123 (S1510Y/R1511W/E1559D) residues into Na,1.7 increases sensitivity to PF-05661014 similar to that observed with Na,1.3 [ICso: 0.26 + 0.04 uM
(n=5) for Na,1.3, 0.52 £ 0.17 uM (n = 6) for Na,1.7 M123]. Likewise, introduction of M123 (Y1537S/W1538R/D1586E) residues into Na, 1.3 reduces

its sensitivity to PF-05661014 similar to that of Na,1.7 (ICs0 > 10 uM).

inactivation exhibited a double Boltzmann voltage relation-
ship, which could be fit with two midpoint inactivation
potentials and slopes equal to either control (=70 mV) or
10 uM compound (—32 mV). However, the relative
proportion of the depolarized midpoint potential component
(i.e. —32 mV) increased with higher PF-06526290 concentra-
tions (Figure 3C), suggesting that this reflects the voltage
dependence of inactivation of modified channels.

We investigated the possibility that Bl and B2 auxiliary
subunits co-expressed with Na,1.7 might modulate slowing
of inactivation produced by PF-06526290. However, no effect
was observed (Supporting Information Figure S5A-C).

Multiple modes of modulation of Nav channels
by PF-06526290

The enhanced potency for slowing inactivation of both Na,1.7
and Na, 1.3 by PF-06526290 contrasts with the subtype-selective
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inhibition of Nay1.3 versus Nay1.7 observed with its desmethyl
homolog PF-05661014 (Figure 1). Furthermore, the ability of
PF-06526290 to slow current inactivation when activated from
—120 mV suggests that the compound interacts with the chan-
nel in a closed resting state, which again is different from the
preferential interaction of PF-05661014 with inactivated chan-
nels. While PF-06526290 slows Na, channel inactivation, the
process does eventually reach completion, which allows for
the evaluation of compound interaction with inactivated
Na,1.3 and Na,1.7 channels. Figure 4A shows that after a 5's
conditioning voltage step to 0 mV (channels are completely
inactivated for >4.5 s) followed by a 50 ms rest at —120 mV to
allow unmodified channels to recover from inactivation,
Nay1.3 but not Nay1.7 currents elicited by the Pulse 2 voltage
step to 0 mV were reduced by 10 pM PF-06526290. The
concentration-dependence of inhibition is shown in Figure 4C
with the ICsos being 5.1 + 2.5 uM (11 = 6) for Na,1.3 and >30 pM
(n = 6) for Na,1.7. The dual effect of PF-06526290 was also
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Figure 2

PF-06526290 slows Na, channel inactivation. (A) Structure of PF-06526290 — differs from PF-05661014 by a methyl group on the urea linker
(yellow circle). (B) Protocol employed to test PF-06526290 effect on sodium channel function. (C) Current traces for first 10 ms (left) or 500 ms (right)
of the 5 s voltage step to 0 mV showing the effect of PF-06526290 on human Na,1.3 and Na, 1.7 channel activity. (D) Concentration-dependence of
human Na,1.3 and Na,1.7 slowed inactivation following PF-06526290 treatment. Magnitude of PF-06526290-induced slowing of inactivation was
calculated by normalizing sodium current amplitude 5 ms after peak-to-peak amplitude. [ECso 0.27 £ 0.08 uM (n = 5) for Na,1.7 and 1.1 £ 0.1 uM
(n = 6) for Na,1.3]. (E) Effect of 10 uM PF-06526290 on inactivation of different human sodium channel subtypes. For each sodium channel subtype,
results before (C) and after application of 10 uM PF-06526290 (PF) are shown. Effect of PF-06526290 was calculated as described in (D) ***P < 0.001.

observed for Na,1.1, Na,1.6 and Na,1.5, but inhibition was
absent or less evident for Na, 1.8, Na,1.4 and Na, 1.2 (Figure 4D).

PF-06526290 is functionally displaced from
the Nav channel by slow inactivation

An intriguing observation is that despite the absence of inhi-
bition of Na, 1.7 by PF-06526290, currents elicited aftera 5 s
depolarization to 0 mV lacked the slowed inactivation seen
prior to this voltage step (Figure 4A). Although not as obvi-
ous, a similar effect was observed with Na,1.3. If the non-
inhibited component of Pulse 2 Nay1.3 current in presence
of PF-06526290 is scaled to control, little or no slowed
inactivation is evident (Figure 4A scaled trace). What is the

explanation for this finding? One possibility is that binding
of PF-06526290 and the process of inactivation are mutually
exclusive, and the observed slowed inactivation reflects
competition between the two processes. If this was the case,
then the time course of modified inactivation would be
expected to be dependent on PF-06526290 concentration.
Figure 5A-C shows that time course of the slow component of
inactivation concentration is independent, although the pro-
portion of current that inactivates slowly is dependent on con-
centration. An alternative explanation is that PF-06526290
prevents fast inactivation to expose a slower inactivation
process, and the compound has no effect on this latter process.
In addition, the channel conformation associated with this slow
inactivated state has a much lower affinity for PF-06526290, so
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Effect of PF-06526290 on voltage-dependence of activation and inactivation of Na,1.3 and Na,1.7. (A) and (B) Voltage-dependence of activation
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fixed to either the control or 10 uM PF-06526290 values shown in (B). However, the relative proportion of current with either the —70 or =32 mV V;,

was adjusted to give best fit for each concentration of PF-06526290 tested.

it dissociates from the channel and can only rebind when the
channel returns to a resting closed state. Evidence supporting
this hypothesis is shown in Figure SD-E Figure 5D shows slowed
nactivation of Na,1.7 current induced by 1 pM PF-06526290
following a 20 ms voltage step from —120 to O mV, Figure SE
shows that when a 500 ms conditioning voltage step to 0 mV
to inactivate channels is applied in the presence of 1 pM
PF-06526290, followed by a 30 ms resting period at —120 mV
to allow the majority of unmodified channels to recover from
inactivation, currents elicited by a 20 ms voltage step to 0 mV
exhibited little or no slowed inactivation. However, when
the rest period at —120 mV was extended to 400 ms, ~30%
of the current inactivated with slow Kkinetics, and when the
resting period at —120 mV was further extended to 2 s, the
current profile was similar to that seen in the absence of a
conditioning voltage step to induce inactivation (Figure 5D
and E). The rate of redevelopment of slowed inactivation
increased with PF-06526290 concentration (Figure SF).
Furthermore, the time course for the redevelopment of slowed
inactivation at the highest concentration tested (10 uM) was
similar to the time course of the slow component of recovery
from inactivation (Figure SF).

Slowing of inactivation and inhibition by
PF-06526290 result from distinct interactions
with the channel

While the explanation in the previous section can account
for the loss of slowed inactivation of both Na,l1.7 and
Na,1.3 following sustained depolarization in the presence
of PF-06526290, it does not account for the inhibition of
Nay1.3, which appears to be dependent on prolonged depo-
larization. One possibility is that inhibition and slowing of
inactivation by PF-06526290 are mediated via functionally
distinct interactions with the channel. We explored the pos-
sibility that PF-05661014 (which only exhibits inhibition
Nay1.3 without slowing inactivation) interacts with the
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channel in the resting state at —120 mV but is functionally
silent and inhibition only manifests itself when channel
conformation changes during depolarization (inactivation).
If this was the case, and there is common or overlapping
interaction for both inhibition and delayed inactivation,
one might expect PF-05661014 to act as an antagonist of
PF-06526290’s ability to slow inactivation when applied in
combination. When 10 pM PF-05661014 was applied in
combination with 1 uM PF-06526290, there was no change
in the magnitude of inactivation slowing compared with
that seen with 1 uM PF-06526290 alone (Figure 6).

Overall, the available data suggest that distinct interactions
underlie inhibition and slowed inactivation by PF-06526290.
An obvious question is whether slowed inactivation is medi-
ated via an interaction with the Domain 4 voltage sensor
similar to inhibitory action of the closely related desmethyl
analogue PF-05661014. To address this, we examined the effect
of the Domain 4 VSD Na,1.3 M123 and Na,1.7 M123 mutants
on both the inhibitory and inactivation slowing actions of
PF-06526290. Figure 7A compares the concentration-
dependence of PF-06526290-mediated inhibition of Na,1.3,
Na, 1.7 and the respective Nay1.3/Nay1.7 M123 Domain 4 volt-
age sensor mutants. The potency of inhibition of Na, 1.3 M123
was decreased eightfold relative to Na,1.3, while inhibition of
Na,1.7 M123 was enhanced sevenfold relative to Na,1.7. In
contrast, Figure 7B shows that the mutation of Na,1.3 or
Na,1.7 M123 residues has no obvious effect on the potency or
magnitude of slowing of inactivation of either Na,1.3 or Na,1.7.

Because many Na, channel modulators (Ragsdale et al., 1994;
Ragsdale et al., 1996; Son et al., 2004) have been proposed to in-
teract with or overlap the local anaesthetic binding site on D4 S6
transmembrane segment of the pore, we examined the effect of
10 uM PF-06526290 on a Nayl.7 F1737A/Y1744A mutant,
which we have previously shown to decrease local anaesthetic
potency by >100-fold (McCormack et al., 2013). No reduction
in PF-06526290- induced slowing of inactivation of was
observed (Supporting Information Figure S6).
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PF-06526290 produces subtype selective inhibition of Na, channels following prolonged depolarization. (A) Comparison of PF-06526290 effects on
Na,1.3 and Na, 1.7 current traces elicited by the protocol shown in (B). Whereas slowing of inactivation by 10 uM PF-06526290 is observed for both
channel subtypes with Pulse 1, only inhibition of Na,1.3 current was observed with Pulse 2. Furthermore, neither Na, 1.7 nor Na,1.3 current traces
elicited by Pulse 2 exhibited the slowing of inactivation observed with Pulse 1 (for Na,1.3, the blue trace reflects the uninhibited component scaled
to control). (C) Concentration-dependence of human Na, 1.3 and Na, 1.7 inhibition by PF-06526290 [ICs50 5 £ 2 uM (n = 6) for Na,1.3 and > 30 uM
(n = 6) for Na,1.7]. (D) Inhibitory effect of PF-06526290 on different Na, channel subtypes tested. For each sodium channel subtype, data before
(©) and after application of 10 uM PF-06526290 (PF) are shown *P < 0.05, ***P < 0.001.

Synergistic enhancement of PF-06526290

slowing of inactivation by site 3 scorpion toxin
To further address the site of action question, we investigated
if there is an interaction between PF-06526290 and inactiva-
tion slowing o-scorpion toxins, which have been reported to
bind to the Na, channel Domain 4 voltage sensor (Leipold
et al., 2004; Gilchrist et al., 2014). Furthermore, at least one
of the residues in the M123 motif important for inhibition
by our small molecules is important for o-scorpion toxin
action (Leipold et al., 2004; Gilchrist et al., 2014). We
compared the effect of the o-like scorpion toxin, Lgh3,
which has been reported to slow inactivation of Na,1.7
(Chen et al., 2002) alone and in combination with 1 uM
PF-06526290. Figure 8 shows that application of 300 nM
Lgh3 slows Na,1.7 channel inactivation (tinact = 10 £ 1 ms
compared with Tyt = 0.8 £ 0.1 ms for control). However,
the slowing was approximately 10-fold less than observed
with 1 pM PF-06526290 (tinact = 96 = 9 ms). When both
300 nM Lgh 3 and 1 uM PF-06526290 were applied in

combination, Na,1.7 inactivation was further slowed to
Tinact = 1100 + 64 ms (Figure 8A and B).

PF-06526290 slows inactivation of native Nav
currents and increases excitability in sensory
neurons

Slowing of Na, channel inactivation by scorpion and anemone
toxins are associated with increased neuronal excitability
(Benoit and Gordon, 2001; Yamaiji et al., 2009). To determine
if the PF-06526290 produces a similar effect, we examined
its actions on mouse DRG sodium currents and action po-
tential properties. PF-06526290 slowed inactivation of both
TTX-sensitive and resistant sodium currents in mouse DRG
neurons (Figure 9A and B). PF-06526290, 10 uM, was applied
in the absence and presence of 200 nM TTX, used to isolate
the TTX-resistant component. In the absence of TTX, 10 pM
PF-06526290 slowed inactivation such that current amplitude
5 ms after start of depolarizing voltage step was 76 + 3% of peak

British Journal of Pharmacology (2015) 172 4905-4918 4911



m L Wang et al.

A B C S —
0.1uM | 1000 4 I
Control u = 1 N.S.
1
Y
= e 10
xa- 0 Sewl  deres  Tmps
= m
1uM 2 E 104
-~ = 0.1 [
10pM E
2 Control 149 v
0.1pM
K g 0 1(')0 2(I)0 3(l)0 400 o X S ' 'Q
\J
S \‘Q\ » S Q »
Depolarizing time (ms) oe“ QQ WY D QQ
S &
A o¥
Qr N
D E F
# 500 ms #
0mV 0OmV 0mV
B ) |—| 0 e
-120 mV -120 mV & -
m 120 mV ﬁ/ ]
At £
b1
1 uM PF-290 At=30 ms At=400 ms At=2000 ms =
2 0.5+ - 03uM
Odadecceciiiiiiiiiiiia 0+ :g—"‘
g - | uM
)
5 - 3uM
z M
-~ 10uM
0.0

1 10 100 1000

Time at-120 mV (ms)

Current (nA)
IS o
IS o

- Recovery from inactivation

- Fast phase of recovery

S ms ==+ Slow phase of recovery

Figure 5

Properties of PF-06526290-induced slowing of Na, channel inactivation. (A) Current traces of Na,1.7 in the absence and presence of 0.1, 1 and
10 uM PF-06526290. Sodium currents were elicited by voltage steps to 0 mV for 500 ms from a holding potential of —120 mV (current amplitudes
are normalized to peak for each trace). (B) Same sodium current traces from (A) normalized to peak and plotted on a log scale. (C) Time constant
of inactivation (1) in the absence and presence of 0.1, 1 and 10 uM PF-06526290. Current decay was fit with a single exponential using Clampfit
10.3 software. There is no significant difference between the calculated time constants for slow phase of inactivation at different concentrations of
PF-06526290. ***P < 0.001 (D) Na, 1.7 current trace evoked by a single pulse depolarization to 0 mV for 20 ms from a holding potential of —120
mV in presence of 1 uM PF-06526290. (E) Current traces elicited by the voltage protocol shown in the presence of 1 uM PF-06526290. A 500 ms
depolarizing voltage step to 0 mV was applied to functionally displace PF-06526290. A rest period at —120 mV of variable duration was applied
before a 20 ms test pulse (indicated by #) to assess the fraction of the current exhibiting slowed inactivation. (F) Concentration-dependence of
time course for recovery of slowed inactivation after 500 ms voltage step to 0 mV in presence of PF-06526290. The /s s / Ipeak current amplitude
ratios determined during the test pulse (#) are plotted versus time at —120 mV after 500 ms voltage step to 0 mV. Tgecovery Was determined from a
least squares fit of a double exponential with the slow phase contributing 92-94% of the recovery for each concentration and 4, being 2311 £18, 994 £ 121,
540 + 72 and 363 + 63 ms for 0.3, 1, 3 and 10 uM PF-06526290 respectively (n = 5-6). For comparison, the time course for recovery of Na,1.7
inactivation following a 500 ms voltage step to 0 mV in the absence of PF-06526290 is also shown (Control). Data were fit with a double exponential with
Trast = 11 £ 2, 90w = 270 £ 128 ms and fast/slow ratio of 0.74. The time course for fast and slow components of recovery from inactivation are illustrated by
dotted and dashed curves respectively. Results shown in (D)—(F) were obtained using Molecular Devices PatchXpress automated patch clamp platform.

versus 8 + 1% for control currents (Figure 9B). In the presence
of 200 nM TTX, slowing of inactivation was less profound
(Is ms / Ipeax = 42 £ 5% vs. 17 + 3% for control) but was similar
in profile and magnitude to that seen with recombinant Na,1.8
currents (Figure 2E and Supporting Information Figure S4).
Figure 9C-G shows the effect of PF-06526290 on mouse DRG
neuron excitability. In the presence of 0.3 uM PF-06526290, the
action potential threshold was reduced from 143 + 7 to 89 £ 8 pA,
P < 0.01 (Figure 9C and D). Using a supramaximal 500 ms
stimulation of 150 pA to evoke action potential firing, 0.3 pM
PF-06526290 initially increased the frequency of action potential
firing, which progressed to prolongation of action potential dura-
tion with APDso >400 ms after 3 min of exposure (Figure 9E-G).
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To test the possibility that prolongation of action poten-
tial duration by PF-06526290 may be due in part to inhibition
of potassium channels, we examined the effect of the agent
on the neuronal-delayed rectifier K,1.1/1.2 channels. No
inhibition by PF-06526290 was observed up to 10 pM
(Supporting Information Figure S7).

Discussion

The present study has focused on expanding our under-
standing of modulation of voltage-gated sodium channels
by a class of aryl sulfonamide agents recently reported to



Multiple modes of Na,, channel modulation by PF-06526290 m

A
1 uM PF-06526290 + o
1 uM PF-06526290 10 M PF-05661014 10 pM PF-05661014 ] =

0.8 4 NS
: —

=

Fos; =% .

- - ry e Control

hNav1.3 - 041
= | uM PF-06526290

021 . | HM PF-06526290 +
ool ™ 00 10 uM PF-05661014

C
1.0 -
A
0.8 - -
=
hNav1.7 g 0.6 1 _E_ %
= ® Control
é’ A
£ 0.4 —
- = | uM PF-06526290
0.2 4 1 uM PF-06526290 +

10 uM PF-05661014

Figure 6

No functional interaction between PF-05661014 and PF-06526290 (A) Na, 1.3 current traces in the presence and absence of 1 uM PF-06526290,
or 10 uM PF-05661014, or a mixture of 1 uM PF-06526290 and 10 uM PF-05661014. (B) Comparison of magnitude of slowed inactivation
(determined by Is ms / Ipeak ratio) with 1 uM PF-06526290 alone and in combination with 10 uM PF-05661014. Effects are not statistically
different. (C) and (D) Same set of experiments performed on Na, 1.7 as shown in (A) and (B). Again, no difference in magnitude of inactivation
slowing with 1 uM PF-06526290 alone or in combination with 10 uM PF-05661014 was observed.

mediate their effects via an interaction with the voltage
sensor (McCormack et al., 2013). Our findings demonstrate
that addition of a single methyl group to the Na,1.3 versus
Nayl.7 preferring inhibitor PF-05661014 to form PF-
06526290 introduces an additional mode of modulation,
specifically greatly slowed inactivation, which occurs with
all Na, channel subtypes examined. PF-06526290 also slows
inactivation of TTX-sensitive and resistant Na, currents
in mouse sensory neurons, which is associated with action
potential prolongation and increased frequency of firing

A

Inhibition
1.0 -
5 0.8 -
£
=
QO 0.6
Ef -6 hNa,1.3
E 047 % hNa,13MI23
5 024 & MNa17
z - hNa,1.7 M123
00 T T T 1
0.01 0.1 1 10 100

PF-06526290 (LM)

Figure 7

similar to that observed with scorpion and anemone toxins,
known to slow Na, channel inactivation (Benoit and
Gordon, 2001; Abbas et al., 2013).

Consistent with the previously reported actions of the
structurally related compound ICA-121431 (McCormack
etal., 2013), both PF-05661014 and PF-06526290 were found
to preferentially inhibit Nay1.3 versus Nay1.7 channels via
an interaction with inactivated state(s) of the channel. Simi-
larly, the switching of Na,1.3 to Na,1.7 selectivity via the
mutation of the M123 motif suggests that this effect is

Slowing of Inactivation
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Mutation of Domain 4 VSD M123 motif modulates inhibition but not slowing of inactivation by PF-06526290. (A) Introduction of M123 (S1510Y/
R1511W/E1559D) residues into Na,1.7 increases sensitivity to inhibition by PF-06526290, whereas introduction of M123 (Y1537S/W1538R/
D1586E) residues into Na, 1.3 reduces its sensitivity to inhibition by PF-06526209 [ICso: 5 + 2 uM (n = 6) for Na,1.3, 30 £ 5 pM (n = 3) for
Na,1.3 M123, >100 uM (n = 6) for Na,1.7 and 35 + 4 uM (n = 3) for Na,1.7 M123]. (B) Mutation of M123 residues have no effect on
PF-06526290 induced slowing of inactivation in either Na,1.3 or Na,1.7 [ECso: 1.1 £ 0.1 uM (n = 5) for Na,1.3, 1.1 + 0.4 uM (n = 4) for
Na,1.3 M123, 0.27 £ 0.08 uM (n = 6) for Na, 1.7 and 0.39 £ 0.13 uM (n = 3) for Na,1.7 M123].
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PF-06526290-mediated slowing of Na, 1.7 inactivation is enhanced by site 3 targeting scorpion toxin, Lgh 3. (A) Na, 1.7 current traces recorded in
the presence of 300 nM Lgh 3, T uM PF-06526290 (PF-290), or a mixture of 300 nM Lgh 3 + 1 uM PF-06526290. Currents were elicited by a 5 s
voltage step from —120 to 0 mV (traces show first 20 and 500 ms). (B) Plot of inactivation time constants (tinact) in the absence and presence of
300 nM Lgh3, 1 uM PF-06526290 (PF-290), or a mixture of 300 nM Lgh 3 + 1 uM PF-06526290. tih,c Was determined from a fit of a single

exponential equation.

mediated via an interaction with the homologous Domain 4
voltage sensor. Although the magnitude of M123 motif
mutation induced modulation of the inhibitory effects of
PF-06526290 is noticeably less than PF-05661014, this may
reflect the involvement of other residues for interaction
when the methyl moiety is present. McCormack ef al.
(2013) implicated the involvement of other residues beyond
M123 motif for aryl sulfonamide Na,1.7 inhibitors. The ad-
ditional Na, channel subtype independent slowed inactiva-
tion observed with PF-06526290 appears to result from a
distinct interaction because it appears to be mediated via
an interaction with resting closed state(s) (and possibly open
states). Although inactivation of Na, channels is slowed in
the presence of PF-06526290, prolonged depolarization
(>500 ms) eventually results in inactivation, and the rate at
which this is achieved is independent of concentration ap-
plied. This finding can be interpreted as PF-06526290 interac-
tion leads to inhibition of fast inactivation to expose a slower
inactivation process that is not affected by it. Our observation
that PF-06526290 does not produce a concentration depen-
dent shift in the voltage dependence of inactivation, rather
that it increases the proportion of channels that inactivate
with a more depolarized midpoint potential (—32 vs. —70 mV
for unmodified channels), is consistent with this hypothe-
sis. We also found that the establishment of slowed
inactivation results in the functional displacement of PF-
06526290 from the channel despite its continued presence
and re-interaction only occurs after the channels return to
the resting closed state.

While the functional displacement of PF-06526290 was
most evident with Na,1.7 (due to the absence of an inhibitory
effect), it was also observed with the non-inhibited component
of Nay1.3, suggesting that resting state dependent slowing of
inactivation and inactivated state dependent inhibition are
functionally distinct processes. Further evidence for this comes
from the finding that PF-05661014, which only exhibits inhib-
itor effects, had no effect on the ability of PF-06526290 to slow
inactivation when administered in combination. This suggests
that there is no ‘silent’ non-functional mutual exclusivity
between the two agents with resting closed channels. Finally,
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while the inhibitory actions of PF-06526290 and PF-
05661014 are modulated by M123 motif mutation of Domain
4 VSD, these mutations had no effect on slowing of inactiva-
tion of either Nay1.3 or Nay1.7 by PF-06526290. It can be noted
that the absence of effect of M123 motif mutation on PF-
06526290 induced slowing of inactivation does not exclude
the possibility that this effect is still mediated via an interac-
tion with the Domain 4 VSD, because the mutations swapped
Na, 1.3 for Na, 1.7 residues or vice versa, and both channel sub-
types exhibit a similar slowed inactivation in the presence of
this modulator.

Homologous Domain 4 VSD has been shown to be the site
of interaction for scorpion and anemone peptide toxins,
which, like PF-06526290, cause slowing of inactivation of
Na, channels (Rogers et al., 1996; Leipold et al., 2004;
Billen et al., 2008; Wang et al., 2011; Gilchrist et al., 2014;
Martin-Eauclaire et al., 2015). Interestingly, site 3 scorpion a
and anemone toxins achieve their modulation of inactiva-
tion via an interaction with amino acid residues that include
the third residue of the M123 motif (E1559 on Na,1.3 and
D1586 on Nay1.7) (Rogers et al., 1996; Leipold et al., 2004;
Wang et al., 2011; Gurevitz, 2012; Gilchrist et al., 2014).
Given the similar mode of channel modulation and prefer-
ence for resting state channels, as well as the overlap of D4
VSD regions important for toxin action and the inhibitory ef-
fects of PF-06526290, we explored possible interaction of the
a-like toxin Lgh3 with PF-06526290. If the two agents inter-
act with a common site, we would expect that the time course
of slowing of inactivation when the Lgh3 and PF-06526290
are applied together would be somewhere between the time
courses observed with each agent applied individually. In
contrast to this expectation, inactivation was slowed a
further 10-fold, suggesting synergism between Lgh3 and
PF-06526290. This implies that Lgh3 and PF-06526290 have
functionally coupled but distinct interactions with the
channel. However, as with the M123 mutations, these find-
ings do not exclude the possibility that the slowed inactiva-
tion still results from an interaction with the D4 VSD.

We did explore the possibility that PF-06526290 might
interact with the local anaesthetic binding site within the
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PF-06526290 slows inactivation of endogenous Na, currents and increases neuronal excitability in mouse sensory neurons. (A) Sodium current
traces showing the slowing of inactivation by 10 uM PF-06526290 in the absence or presence of 200 nM TTX to isolate the TTX-resistant compo-
nent. Sodium currents were elicited by a single pulse test to 0 mV for 20 ms from a holding potential of —120 mV. (B) Plot of the /5 s / Jpeak Current
amplitude ratio in the presence of 10 uM PF-06526290. (C) Effect of 0.3 uM PF-06526290 on stimulus intensity (current injection in pA) required to
initiate action potential. (D) Plot of current injection threshold for initiation of action potential in presence and absence of 0.3 uM PF-06526290. (E)
Time-dependent change in action potential firing elicited by a 500 ms 150 pA supramaximal stimulus at 0.1 Hz in absence or following administration
of 0.3 uM PF-06526290. Plot time course of action potential frequency (F) or duration at 50% repolarization (G), in absence or following administra-

tion 0.3 uM PF-06526290 using the same stimulus protocol as in (E).

pore because a number of Na, channel activators like veratri-
dine are reported to interact with or near this region of the
channel (Son et al.,, 2004; Tikhonov and Zhorov, 200S5;
Yoshinaka-Niitsu et al., 2012). However, we found that muta-
tion of the local anaesthetic binding site on Na,1.7 site did

not prevent PF-06526290 mediated slowing of inactivation,
suggesting that this region is probably not involved in the
interaction producing this effect.

So, at this time, the region of the sodium channel respon-
sible for PF-06526290 induced slowing of inactivation
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remains elusive. We have not been able to exclude the possi-
bility that the effect is mediated via an interaction with the
Domain 4 VSD, so future studies directed towards investigat-
ing the potential role of other residues in the region may help
in this regard. Of course, there remains the possibility that
the site of interaction mediating the slowed inactivation is
located elsewhere, including other VSDs. We have shown that
the magnitude of slowing of inactivation of Nayl.4 and
Na, 1.8 is considerably less than that observed with the other
Nay subtypes. It may be possible to exploit these differences
in future studies to construct homologous domain swap
chimeras to home in on potential regions of interaction in a
manner similar to that successfully employed to identify the
D4 VSD interaction site for selective inhibitors (McCormack
etal., 2013). Potential guidance can also come from examining
previously characterized agents where small structural changes
have also been reported to change modulatory effect. For exam-
ple, the dual inhibition and slowing of voltage-dependent so-
dium channel inactivation has also been reported for the
cardiac inotropic agent DPI 201-106 (Romey et al., 1987; Wang
etal., 1990). The (S)-enantiomer of DPI 201-106 slows inactiva-
tion, whereas the (R)-enantiomer inhibits Na, channel func-
tion. The exact location on the channel mediating these
effects remains to be reported, although a detailed study by
Wang et al. (1990) did provide evidence that slowing of inactiva-
tion and inhibition were mediated by separate non-
overlapping interactions with the channel. The enantiomer
dependent effects of DPI 201-106 are reminiscent of the volt-
age dependent calcium channel inhibition/activation elicited
by enantiomers of dihydropyridines (Hockerman et al., 1997;
Natale and Steiger, 2014), which have been reported to result
from interactions with the homologous domains 3 and 4 S5 and
S6 transmembrane helices that form the pore (Peterson et al.,
1996, Hockerman et al., 1997; Schleifer, 1999). Similar
inhibition/activation switching has been reported for modulators
of the Trp channel TRPA1 and potassium channels as well as
agonist/inverse agonists of GABA receptor channels (Ferretti
et al., 2004; Defalco et al., 2010; Banzawa et al., 2014). Interest-
ingly, a recent study has reported that addition of a single methyl
group to the non-selective Kv7.2-7.5 opener (S)-2 converts it to a
subtype selective inhibitor/opener (Blom et al., 2014).

Conclusions

In summary, the current study has demonstrated that addi-
tion of a single methyl group can introduce additional
modes of Na, channel modulation by a class of agents that
have previously been shown to mediate at least one of their
effects via an interaction with the voltage sensor. The ability
of PF-06526290 to interact with distinct gating states to
elicit opposing effects on conduction may make it a useful
tool for further understanding how pharmacological modu-
lation of gating leads to conduction changes.
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Figure $1 PF-05661014 inhibition of human voltage depen-
dent sodium (Na,) channels exhibits subtype selectivity. Plot

shows concentration dependent inhibition of various human
Nay channel subtypes by PF-05661014. Same double-pulse
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recording protocol as introduced in Fig. 1 was used to deter-
mine inhibition. Concentration response curves were fitted
with a Logistic Equation to derive estimated ICsqs (Table S1).
Values are means + SEM, number of experiments were shown
as n in Table S1.

Figure $2 Comparison of amino acid residues making up
Domain 4 voltage sensor of human Na,1.3 and Na,1.7. Residues
labelled M1, 2 and 3, reported to be important for interaction of
aryl sulfonamide inhibitors (McCormack et al 2013) are shown.
For Na, 1.3, M1 is S1510, M2 is R1511, and M3 is E1559 and for
Na,1.7, M1is Y1537, M2 is W1538, and M3 is D1586.

Figure S3 Time course of 10 pM PF-06526290 slowing of
inactivation and washout. Sodium currents at 5 ms time point
were normalised to the I5Sms when the effect of PF-06526290
on slowing of inactivation was stabilised.

Figure $4 PF-06526290 mediated slowing of inactivation of dif-
ferent human Na, channel subtypes. Sodium currents were elic-
ited by voltage steps to 0 mV from a holding potential of -120
mV (current amplitudes are normalized to peak for each trace).
Figure S5 Sodium channel auxiliary subunits 31 and p2 have
no effects on PF-06526290 (PF-290) induced slowing of inactiva-
tion or inhibition. (Black: control; Red: 10 uM PF-06526290) (A)
Representative current traces of Nay1.7 or Na,1.7 + p1/p2 with
and without 10 uM PF-290 induced by a two-pulse test protocol
as shown in Figure 1. (B) Co-expressing of p1/B2 with Na,1.7
had no effect on PF-290 induced slowing of inactivation (Isms/
Ipea)- (C) Co-expressing of p1/B2 with Na,1.7 did not alter the
effect of PF-290 on inhibition of sodium current.

Figure S6 Current traces comparing effect of 10 uM PF-
06526290 on inactivation of Na,1.7 versus the local anesthetic
binding site mutant Na,1.7 F1737A/Y1744A. Left is a plot of
data (Isms/Ipeak current amplitude ratio) obtained from 6-9
separate experiments.

Figure S7 PF-06526290 (PF-290) has no effect on Kv1.1/1.2
channels (heteromultimer) stably expressed in CHO cells.
(A) Representative current traces induced by single pulse test
to +40 mV for 1s, followed by repolarising to -50 mV for 1s
before and after 10 min continuous application of 10 pM
PF-06526290. (B) Effects of 10 uM PF-06526290 on peak
potassium currents at different voltages (n=3).

Table S$1 PF-05661014 inhibition of human voltage dependent
sodium channel subtypes.



