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BACKGROUND AND PURPOSE

Voltage-gated sodium channels are expressed primarily in excitable cells and play a pivotal role in the initiation and
propagation of action potentials. Nine subtypes of the pore-forming a-subunit have been identified, each with a distinct tissue
distribution, biophysical properties and sensitivity to tetrodotoxin (TTX). Na,1.8, a TTX-resistant (TTX-R) subtype, is selectively
expressed in sensory neurons and plays a pathophysiological role in neuropathic pain. In comparison with TTX-sensitive
(TTX-S) Na, o-subtypes in neurons, Na,1.8 is most strongly inhibited by the uO-conotoxin MrVIB from Conus marmoreus. To
determine which domain confers Na,1.8 a-subunit its biophysical properties and MrVIB binding, we constructed various
chimeric channels incorporating sequence from Na,1.8 and the TTX-S Na,1.2 using a domain exchange strategy.

EXPERIMENTAL APPROACH
Wild-type and chimeric Na, channels were expressed in Xenopus oocytes, and depolarization-activated Na* currents were
recorded using the two-electrode voltage clamp technique.

KEY RESULTS

MrVIB (1 uM) reduced Na,1.2 current amplitude to 69 = 12%, whereas Na,1.8 current was reduced to 31 = 39%, confirming
that MrVIB has a binding preference for Na,1.8. A similar reduction in Na* current amplitude was observed when MrVIB was
applied to chimeras containing the region extending from S6 segment of domain | through the $5-S6 linker of domain Il of
Na,1.8. In contrast, MrVIB had only a small effect on Na* current for chimeras containing the corresponding region of Na,1.2.

CONCLUSIONS AND IMPLICATIONS
Taken together, these results suggest that domain Il of Na,1.8 is an important determinant of MrVIB affinity, highlighting a
region of the a-subunit that may allow further nociceptor-specific ligand targeting.

Abbreviations
DRG, dorsal root ganglion; RE, restriction enzyme; TTX, tetrodotoxin; TTX-R, tetrodotoxin-resistant; TTX-S,
tetrodotoxin-sensitive; VGSC, voltage-gated sodium channel

Introduction teins act as molecular pores for Na* ion influx to depolarize

the resting membrane of excitable cells to initiate and propa-
Voltage-gated sodium channels (VGSCs) are expressed in gate action potentials (Hille et al., 1999). VGSCs consist of a
central and peripheral neurons, as well as skeletal, cardiac pore-forming, ion-conducting a-subunit and one or more
and smooth muscle cells. These large transmembrane pro- auxiliary [B-subunits. To date, nine mammalian VGSCs
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o-subunit isoforms (Na,1.1-1.9) and four B-subunits have
been identified (Hartshorne et al., 1982; Hartshorne and Cat-
terall, 1984; Catterall, 2000; Morgan et al., 2000; Yu et al.,
2003). The o-subunit consists of a 260 kDa transmembrane
protein comprising four homologous domains (domains
I-1IV), with each domain containing six transmembrane-
spanning helices (S1-S6). Structure-function studies of the
o-subunit have shown that the S4 segment in each domain
serves as voltage sensor for channel activation (Noda et al.,
1984; Catterall, 2000; Yu and Catterall, 2003), whereas fast
inactivation is mediated by the motif located at the loop
connecting domains III and IV to occlude the channel pore
following activation (Nguyen and Goldin, 2010). The
hairpin-like S5-S6P loops from each domain form the outer
half of the channel pore, whereas S6 transmembrane
domains form the inner half of the channel pore. The
o-subunit isoform is a major determinant of VGSC tissue
distribution, biophysical properties and sensitivity to the
neurotoxin tetrodotoxin (TTX) (Ekberg and Adams, 2006a),
which contributes to their diversity of physiological
functions.

Apart from their physiological role in excitable cells,
VGSC gain-of-function mutations are associated with several
clinical disorders, like epilepsy (Mulley etal.,, 2003;
Gourfinkel-An et al., 2004), myotonia (Jurkat-Rott and
Lehmann-Horn, 2005) and chronic pain (Waxman et al.,
1999; Wood etal., 2004). VGSC Na,1.8, a TTX-resistant
(TTX-R) subtype, is expressed predominately in sensory
neurons (Akopian et al., 1996; 1999; Djouhri et al., 2003), and
is thought to play a major role in pain pathways. Na,1.8
knockout mice display attenuated pain behaviour in response
to noxious stimuli compared with wild-type mice (Akopian
et al., 1999). The TTX-sensitive (TTX-S) VGSC subtype Na,1.2
is predominately expressed in the CNS (Goldin, 2001) and
mutations in this channel are associated with inherited epi-
lepsies, including benign familial neonatal-infantile seizures
(Misra et al., 2008). Given the critical role of VGSCs in various
pathological conditions, there is considerable interest in
finding isoform-specific VGSC antagonists that may have
potential therapeutic benefits for VGSC dysfunction.

Conotoxins are peptides from the venom of cone snails
and are a rich source of ion channel/transporter modulators.
Some conotoxins have been identified as selective inhibitors
of VGSCs. 8-Conotoxins delay or inhibit fast inactivation of
VGSCs, whereas p-conotoxins block the channel pore (Li
etal.,, 2003; Li and Tomaselli, 2004; Terlau and Olivera,
2004; Leipold et al., 2005). In contrast, conotoxins of the
uO-family inhibit Na* currents in Na,1.4 by hindering
the voltage sensor in domain II from activating and,
hence, the channel from opening (Leipold etal., 2007).
uO-conotoxins are of interest since they block TTX-R Na*
channels, particularly Na,1.8, and have been shown to exert
an anti-nociceptive effect in animal pain models (Bulaj et al.,
2006; Ekberg et al., 2006b). Given this effect, pO-conotoxins
have the potential to serve as a lead in the development of
new analgesics.

To date, two closely related pO-conotoxins, MrVIA and
MrVIB, from the venom of Conus marmoreus, have been iden-
tified that differ in only 3 of their 31 residues (Fainzilber et al.,
1995; McIntosh etal.,, 1995). Both pO-conotoxins block
TTX-R Na* currents in mammalian dorsal root ganglion
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(DRG) neurons (Daly et al., 2004; Bulaj et al., 2006; Ekberg
et al., 2006b). Analysis of their binding site in rat Na,1.4
channels identified the C-terminal pore loop of domain III as
necessary for MrVIA binding (Zorn et al., 2006). In contrast, a
later study using site-directed mutagenesis of Na,1.4 revealed
that the voltage sensor in domain II is the main toxin binding
site (Leipold et al., 2007). Due to the considerable interest in
Na,1.8 channels as potential targets for selective analgesia, we
constructed chimeras from TTX-R Na,1.8 and the TTX-S
Na,1.2 isoform to examine effects of the domains of Na,1.8
o-subunit on channel properties and sensitivity to
nO-conotoxin MrVIB. Here, we use cloned channels exog-
enously expressed in Xenopus oocytes to demonstrate that a
key binding site associated with the high-affinity interactions
of uO-conotoxins with Na,1.8 is located in the region extend-
ing from S6 of domain I through the $5-56 linker of domain
IT of Na,1.8.

Methods

MrVIB synthesis and construction of the
o-subunit chimeras

MrVIB conotoxin was synthesized as described previously
(Daly et al., 2004). Site-directed mutagenesis was performed
on rat Na,1.2/pcDNA3.1 and human Na,1.8/pcDNA3.1 con-
structs using the QuikChange® II XL Site-Directed Mutagen-
esis Kit (Invitrogen, Mulgrave, VIC, Australia). Naturally
occurring restriction enzyme (RE) sites were selected from the
Na,1.8 sequence to generate useful switch points for generat-
ing chimeras. Corresponding RE sites were added and/or
deleted from Na,1.2/pcDNA3.1 and Na,1.8/pcDNA3.1 con-
structs to facilitate digestion and re-ligation of chosen
regions. A Sbf I site was introduced at position 3010 of the
Na,1.2 sequence. The 8822 chimera was constructed by ligat-
ing domain III and domain IV from Na,1.2 with domain I and
domain II of Na,1.8/pcDNA3.1 (Sbf I/Not I digest). The 2288
chimera was constructed by ligating domain III and domain
IV from Na,1.8 with domain I and domain II from Na,1.2/
pcDNA3.1 (Sbf I/Xho I digest). Two Mab I (isoschizomer of Sex
Al) sites were introduced at positions 1250 and 2920 of the
Na,1.2 sequence, and two vector Mab I sites were removed
from Na,1.8/pcDNA3.1. The 8288 chimera was constructed
by ligating the Na,1.2 Mab I fragment into Na,1.8/pCDNA3.1.
An Nde I site was introduced at position 2870 of the Na,1.2
sequence. An Nde I site was also deleted from the vector
sequence for Na,1.2/pcDNA3.1 and Na,1.8/pCDNA3.1. The
8/2288 chimera was constructed by inserting the Na,1.2 Nde
I fragment into Na,1.8/pcDNA3.1. The 2/8822 chimera was
constructed by inserting the Na,1.8 Nde I fragment into
Na,1.2/pcDNA3.1. A Bsr GI site was deleted from position
330, and an additional Bsr GI site was introduced at position
4340 of the Na,1.2 sequence. The 8882 chimera was con-
structed by inserting the Na,1.2 Bsr GI fragment into Na,1.8/
pcDNA3.1.

The resultant ligation reactions from the above combina-
tions were used to transform chemically competent TOP10
E. coli cells (Invitrogen). DNA was prepared from antibiotic
resistant colonies using a QIAprep plasmid miniprep Kkit
(QIAGEN Pty Ltd, Doncaster, VIC, Australia). Chimera
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junctions were checked for correct a-subunit switching by
DNA sequencing.

Oocyte extraction

Stage V-VI oocytes were harvested from sexually mature
female Xenopus laevis anaesthetized with 0.1% tricaine
(3-aminobenzoic acid ethyl ester), following protocols
approved by the RMIT University Animal Ethics Committee.
The oocytes were defolliculated in collagenase (1.5 mg-ml™)
and dissolved in calcium-free solution (in mM: 82.5 NaCl, 2
KCl, 1 MgCl, and 5 HEPES (NaOH) at pH 7.4) before RNA
injection. The results of all studies involving animals are
reported in accordance with the ARRIVE guidelines (Kilkenny
et al., 2010; McGrath et al., 2010).

RNA preparation and injection in

Xenopus oocytes

Constructs encoding human Na,1.8 (cloned into pcDNA3.1),
rat Na,1.2 (cloned into pcDNA3.1) and chimeras (pcDNA3.1)
were linearized, and cRNA was synthesized using a T7 RNA
polymerase in vitro transcription kit (mMESSAGE mMachine;
Ambion, Austin, TX, USA). All cRNAs were produced in par-
allel under the same protocol to maximize consistency in
concentration and purity. cCRNA concentration was measured
spectrophotometrically and adjusted to 5 ng for injection in
Xenopus laevis oocytes, with the exception of Na,1.2 and
chimera 8822, where oocytes were injected with 0.25 ng and
0.5 ng cRNA, respectively, to obtain currents of similar ampli-
tude. All constructs were expressed in the absence of § sub-
units. Injected oocytes were incubated for 2-5 days at 18°C in
ND98 solution containing 96 mM NaCl, 2 mM KCI, 1.8 mM
CaCl,, 1 mM MgCl, and 5 mM HEPES(NaOH) at pH 7.4,
supplemented with pyruvate (5 mM) and gentamycin
(50 ug-mL™).

Oocyte electrophysiology

Oocytes were transferred to a 50 uL volume recording
chamber and gravity perfused at 1.5-2.5 mL-min' with ND96
solution (96 mM NaCl, 2 mM KCI, 1.8 mM CaCl,, 1 mM
MgCl, and S mM HEPES(NaOH) at pH 7.4). Two-electrode
(virtual ground circuit) voltage clamp experiments were per-
formed at room temperature (21-23°C) with a GeneClamp
500B amplifier (Molecular Devices Corp., Sunnyvale, CA,
USA) and pCLAMP 8 software (Molecular Devices). Micropi-
pettes pulled from glass capillaries (3-000-203 GX, Drum-
mond Scientific Co., Broomall, PA, USA) and filled with 3 M
KCl had tip resistances of 0.3 to 1.5 MQ. Whole-cell Na*
currents were low-pass filtered at 2 kHz, digitized at 10 kHz,
and leak currents subtracted online using a —P/6 protocol.
MrVIB and TTX (Sigma-Aldrich Pty Ltd, Sydney, Australia)
were diluted to the appropriate final concentrations by apply-
ing the toxins directly to the bath solution. Peak current
amplitude was measured before and after a 2 min incubation
of the toxins.

Data analysis

All data were analyzed offline using Clampfit 10 software
(Molecular Devices). Mathematical formulas are described
below. The voltage-dependence of activation was determined
by measuring the amplitude of the Na* current elicited by
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depolarization to various membrane potentials. Voltage-
dependent Na* conductance (G) was determined from trans-
formations of current-voltage relationship (I-V) curves using
the formula

G=U/(V-V,) (1)

where [ is the peak current amplitude, V the test membrane
potential and V; the measured or extrapolated reversal poten-
tial. Current activation curves were fitted with a sigmoidal
Boltzmann function that identifies the voltage at which the
VGSC is half-maximally activated:

G/GO :[1/(1+exp(V1/2act _V)/KVact)] (2)

where G represents the conductance at various membrane
potentials, G, the peak conductance, V..« the voltage where
VGSCs are half-maximally activated, V is the depolarized
membrane potential and Ky, the slope constant.

Steady-state inactivation at various membrane potentials
was determined using a two-pulse protocol in which oocytes
were depolarized from a holding potential of -110 mV to
various conditioning prepulse potentials ranging from
-110 mV to +50 mV for 550 ms, immediately followed by a
test pulse to +10 mV. Current amplitudes elicited during the
test pulse were normalized to the amplitude elicited after a
prepulse from -110 mV, where steady-state inactivation is
minimal. Inactivation curves were fitted with a single Boltz-
mann function:

I/IO = [1/(1 + eXP(V - Vl/Zinact)/KVmact)] (3)

where I/, represents the fraction of current available, V;,, the
voltage where the VGSCs are half-maximally inactivated, V
the depolarized membrane potential and K, the slope con-
stant. All data are presented as mean + SEM with n represent-
ing the number of oocytes tested.

Statistical analysis
Results are shown as the mean = SEM. The statistical signifi-
cance among groups was evaluated by using ANOVA, followed
by Holm-Sidiak’s post hoc test. The level of significance was
set at P < 0.05. All statistical analyses were performed using
SigmaPlot 11.0 (Systat Software Inc., San Jose, CA, USA).

All drug/target nomenclature conforms to the British
Journal of Pharmacology’s Guide to Receptors and Channels
(Alexander et al., 2011).

Results

Biophysical characterization of Na,1.2

and Na,1.8

Initial experiments characterized the biophysical properties
of the parent Na,1.2 and Na,1.8 channel isoforms function-
ally expressed in Xenopus oocytes to demonstrate isoform-
specific differences in Kkinetic and activation-inactivation
properties. Figure 1A shows representative whole-cell current
traces for Na,1.2 and Na,1.8 in response to depolarization
voltage steps from -80 mV to +40 mV in increments of
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Figure 1

Depolarization-activated Na* currents elicited in Xenopus oocytes expressing Na,1.2 and Na,1.8. (A) Representative normalized depolarization-
activated Na* currents in oocytes expressing Na,1.2 and Na,1.8. Oocytes were held at =80 mV and depolarized to membrane potentials ranging
from —80 to +40 mV in 10 mV increments. (B) Current-voltage relationships obtained for Na,1.2 and Na,1.8. Oocytes were depolarized to
voltages ranging from —80 to +40 mV in 10 mV increments, from a holding potential of —-80 mV. Normalized peak currents (//Inax) of Na,1.2
(n=15) and Na,1.8 (n = 23) plotted as a function of membrane voltage. (C) Voltage-dependence of inactivation. Oocytes were held at =110 mV
before a 550 ms conditioning pre-pulse was applied to potentials ranging from —110 to +50 mV, followed immediately by a depolarizing pulse
to +10 mV. Data are represented as the Na* current amplitude recorded after a pre-pulse to different voltages (/) relative to the Na* current
amplitude recorded after a pre-pulse from —110 mV. Voltage-dependence of activation was determined by applying depolarizing pulses from a
holding potential of -80 mV to potentials ranging from —80 mV to +40 mV in 10 mV increments. Voltage-dependent Na* conductance (G) was
determined from transformations of current-voltage relationship (/-V) curves. Data obtained for Na,1.2 (n = 20); Na,1.8 (n = 27) are represented
as mean *= SEM.

10 mV. Na,1.8 produced a slowly inactivating Na* current Normalized peak currents (I/l..) of each channel were
that persisted in the presence of 1 uM TTX, whereas the plotted as a function of membrane voltage. Figure 1B illus-
current mediated by Na,1.2 exhibited fast activation and trates the I-V curves of both channels. Peak Na* current was
inactivation kinetics, and was completely inhibited by 1 pM activated at a command potential of +10 mV for the TTX-R
TTX (Figure 1A, Figure SA). Na,1.8 and —20 mV for TTX-S Na,1.2. To quantify the kinetics
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between Na,1.2 and Na,1.8, inactivation time constants
(tinac) Were fitted by a single exponential equation. The
voltage used for fitting T, and Tinae Was usually =10 mV before
peak current was reached. The T and T, for Na,1.2 was 2.5
+*0.1ms (n=7)and 0.7 = 0.04 ms (n = 12), respectively, both
of which were considerably faster than the values for Na,1.8
(Tinact = 6.6 = 0.1 mS; Toe = 1.4 = 0.04 ms; n = 15).

There were also clear differences between Na,1.2 and
Na,1.8 voltage-dependence of inactivation and activation.
The voltage-dependence of steady-state inactivation was
determined by applying a 550 ms conditioning prepulse of
varying magnitude, then a test pulse to +10 mV. Steady-state
voltage-dependence of activation was found by applying a
series of depolarizing voltage steps between —80 and +40 mV
in 10 mV steps. Conductance (G) was calculated from peak
currents and G-V activation and inactivation curves fitted by
a single Boltzmann function (Figure 1C; Table 1). Both the
half-maximal voltage-dependence of inactivation (Vinact)
and activation (Vi) were more positive for Na,1.8 than
Na,1.2 (Table 1). Together, the voltage-dependent properties
and kinetics for Na,1.8 and Na,1.2 demonstrate isoform-
specific differences that are comparable with previously pub-
lished data (Sangameswaran et al., 1997; Smith and Goldin,
1998; Smith et al., 1998; Fahmi et al., 2001).

Biophysical characterization of
Na,1.2/Na,1.8 chimeras

Chimeras were constructed by substituting regions of Na,1.8
with the same regions from Na,1.2 (Figure 2A). Each domain
of the chimera was designated by a number that indicated the
parent channel making the major contribution to each of the
four domains. For example, chimera 8288 was constructed by
substituting S6 segment of domain I and domain II of Na,1.8
with the corresponding regions of Na,1.2. Chimera 8/2288
was constructed by substituting the region from segment S3
of domain I to the linker of segment S5-S6 of domain II with
the corresponding region of Na,1.2 (Figure 2A). The chimera
2/8822 construct was the reverse of 8/2288. Segment S6 of
domain III and domain IV of Na,1.8 were replaced with the
corresponding regions from Na,1.2 to produce chimera 8882
(Figure 2A). Chimeric channels 8822 and 2288 were con-
structed by exchanging half of each isoform (Figure 2A). The
biophysical properties of the six chimeras were characterized
in two-electrode voltage clamp experiments in Xenopus
oocytes and compared with the parent channels, Na,1.2 and
Na,1.8.

Despite similar treatment and incubation times of the
oocytes, we observed large differences in peak current ampli-
tude (Figure 2B). Chimera 8822 exhibited whole-cell Na* cur-
rents up to 8 pA in peak amplitude, whereas currents for
chimera 2288 were two orders of magnitude smaller. Figure 3
shows insets representative of whole-cell Na* current record-
ings of the chimera constructs in response to depolarization
voltage steps. Chimera constructs 8288 and 8/2288 exhibited
fast activation and inactivation kinetics, whereas chimeras
8822, 2/8822 and 8882 produced slowly inactivating cur-
rents. The amplitude of currents recorded for chimera 2288
was insufficient for detailed analysis and was not considered
further. The I-V relationships are presented in Figure 3. The
peak Na* current for chimeras 8882 and 2/8822 were positive
and similar to Na,1.8. Peak current for chimeras 8288 and
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8/2288 was between the peak current of Na,1.2 and Na,1.8.
The I-V curve of chimera 2/8822 suggests that this particular
chimera activates at a low voltage, since small currents were
observed from —-50 to —40 mV.

The steady-state voltage-dependence of activation of the
chimeras was determined by applying a series of depolarizing
voltage steps between —80 and +40 mV in 10 mV increments
(Figure 4, Table 1). Vi, for chimera 2/8822 and 8882 was
similar to the parent Na,1.8 isoform, whereas 8288 had a
more negative dependence of activation. Chimeras 8822 and
8/2288 were activated at voltages roughly intermediate to
Na,1.2 and Na,1.8. Fast inactivation was mediated by the
highly conserved intracellular loop that connects domain III
and IV on the cytoplasmic side of the channel (Rogers et al.,
1996; Sheets et al., 1999). The Vijin. Of chimeras 8288 and
8822 inactivated at potentials that closely resembled that of
the parent Na,1.8 isomer (Figure 4, Table 1), whereas the
Vi/2inacte fOr 2/8822 and 8882 occurred at a slightly more depo-
larized voltage. The Vi Of 8/2288 inactivated at a voltage
that was intermediate of the parent channels.

The kinetic properties of the chimeras demonstrated that
T.e fOr chimera 8/2288 (0.8 = 0.01 ms, n = 12) was akin to
Na,1.2 (0.7 = 0.04 ms, n = 12). Similarly, 1. values for chi-
meras 8822 (1.2 = 0.1 ms, n=16), 8288 (1.0 = 0.3 ms, n=10)
and 2/8822 (1.2 = 0.1 ms, n = 18) were comparable with
Na,1.8 (1.4 = 0.04 ms, n = 19). In contrast, the 1 , for 8882
(2.8 = 0.04 ms, n = 19) was dramatically slower than either
parent channel. Again, the kinetics of inactivation could not
be assigned to one domain. The T, of chimera 8822 (6.7 =
0.2ms, n = 16) was virtually identical to parent channel
Na,1.8 (6.6 = 0.1 ms, n=15), whereas the Ti,.« for 8/2288 (3.4
+ 0.2 ms, n=11) was similar to that of Na,1.2 (2.5 = 0.1 ms,
n=7). The Ty.« values for 2/8822 (15.3 + 0.2 ms, n = 10) and
8882 (14.1 = 0.2 ms, n = 5) were significantly slower than
either of the parent channels.

Effects of TTX and MrVIB on
Na,1.2/Na,1.8 chimeras
As previously mentioned, the two parent channels respond
differently to TTX. TTX binds to the extracellular face of the
channel at the four neurotoxin receptor sites 1 and directly
inhibits Na* conductance (Noda etal., 1989; Terlau and
Olivera, 2004). While Na,1.8 was partially inhibited by
100 uM TTX (Figure 5A), the current mediated by Na,1.2 was
completely inhibited by 1 uM TTX (Figure 5A). All chimera
constructs exhibited a reduction in response to 100 uM TTX
— similar to that of Na,1.8. However, given that the concen-
tration tested was approximately the half-maximal inhibitory
concentration for block of TTX-R VGSCs (Akopian et al.,
1996; Sivilotti et al., 1997), further experiments are needed to
quantify the TTX sensitivity of Na,1.2/Na,1.8 chimeras.
Previous studies have shown that the pO-conotoxin
MrVIB selectively inhibits Na,1.8 expressed in Xenopus
oocytes with ~10-fold lower potency than other VGSCs, such
as Nay1.2 (Ekberg et al., 2006b). We used this difference in
toxin affinity to determine which transmembrane domain of
Na,1.8 is involved in MrVIB binding by comparing the MrVIB
binding capabilities of Na,1.2, Na,1.8 and their chimeras.
Figure SA shows the average inhibition of Na* peak current
after the application of 1 uM MrVIB for each channel con-
struct. Bath application of 1 pM MrVIB caused a small reduc-



Table 1

Voltage-dependence and kinetics of Na,1.2, Na,1.8 and chimeras

Chimeras

w
=
€
=
-]
3
2@
3

Na,1.2

Parameters

45.8 + 1.9 (20)
~2.4 + 0.8 (20)
2.8 = 0.04 (19)

47.4 + 2.9 (14)
~35.0 = 0.8 (16)

~17.5 = 1.3 (14)

44.7 + 1.5 (32)

45.6 + 3.7 (13)
12,5 = 2.5 (13)

39.9 + 1.0 (16)
~17.8 = 1.9 (16)

41.6 + 1.2 (18)
-3.0 + 0.8 (18)

42.0 + 3.6 (7)
-33.0 = 0.7 (7)

Ve (MV)
VO.Sact (mv)

Tact (MS)

49 + 1.2 (32)
1.2 + 0.03 (18)

~37.5 + 0.6 (16)

0.8 = 0.1 (12)
~47.5 + 0.5 (10)

1.0 + 0.03 (10)
-39.0 = 0.7 (11)

1.2 + 0.1 (16)
~39.1 = 1.8 (15)

1.4 = 0.04 (15)

-38.4 = 1.0 (27)

0.7 = 0.04 (12)
~63.0 = 0.9 (20)

VO.Sinact (mv)

Tinact (MS)

6.6 = 0.03 (15) 6.7 = 0.2 (16) 5.7 = 0.04 (10) 15.3 = 0.2 (10) 34 +03(@1) 14.1 = 0.2 (5)

2.5 + 0.03 (7)

Values are presented as mean = SEM. The number of oocytes is given in parentheses. The amplitude of Na* currents recorded for chimera 8822 was insufficient for detailed analysis and

not included.
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tion in Na,1.2 current amplitude, with Na* current reduced to
67 = 12% (n = 7) when compared with control. As described
previously, Na,1.8 had a high binding affinity for MrVIB, but
in contrast with previous studies, 1 uM MrVIB was not suffi-
cient to completely inhibit (Ekberg et al., 2006b). Instead, 31
+ 3% (n = 8) of the current amplitude remained. A similar
effect was seen when MrVIB was applied to chimeras 8822 (21
+ 4%, n=6), 2/8822 (40 = 5%, n =11) and 8882 (41 = 4%,
n = 11). These effects suggest that the region extending from
S6 segment of domain I through the S5-5S6 linker of domain II
of Na,1.8 is a major determinant of MrVIB binding affinity, as
chimeras that retained this domain had similar toxin inhibi-
tory effects to those of the parent Na,1.8 isoform. Moreover,
MrVIB did not change the I-V relationship for chimeras that
contained domain II from the Na,1.8 parent channel
(Figure 5B). In contrast to findings reported by Zorn et al.
(2006), MrVIB application had only a small effect on chime-
ras 8288 and 8/2288 that contained domain III from Na,1.8,
with the remaining current 81 * 6% (n = 5) and 82 * 8%
(n = 6), respectively. Therefore, it appears that domain III is
less important for MrVIB binding than the region extending
from S6 of domain I through the S5-S6 linker of domain II of
Na,1.8.

Discussion and conclusions

In this study, we report on the generation and expression of
chimeras between two VGSC a-subunit isoforms, human
Na,1.8 and rat Na,1.2, and their ability to bind the
nO-conotoxin MrVIB. The key finding was that chimeras with
the region extending from S6 segment of domain I through
the S5-S6 linker of domain II were needed to establish the
Na,1.8 phenotype of MrVIB inhibition.

When expressed in Xenopus oocytes, Na,1.2 mediated
robust TTX-S fast activating and inactivating inward voltage-
dependent Na* currents in response to depolarizing voltage
steps. In contrast, Na,1.8 mediated a TTX-R Na* current with
slow kinetics characteristic of Na,1.8 in native DRG neurons
(Akopian et al., 1996; Djouhri et al., 2003). A 30 mV differ-
ence in the voltage-dependence of activation was apparent
between Na,1.2 and Na,1.8, whereas inactivation curves dif-
fered by 20 mV. Overall Na,1.2- and Na,1.8-mediated cur-
rents were similar to those reported previously for Na,1.2 and
Na,1.8 expressed in Xenopus oocytes, in terms of kinetic and
gating properties (Shah etal., 2000; Vijayaragavan etal.,
2001).

Large differences in peak current amplitude of the Na,
chimeras were observed, despite oocytes having similar treat-
ment and incubation times. Chimera 8822 produced whole-
cell Na* currents up to 8 pA in amplitude, whereas currents
obtained for chimera 2288 were ~100 nA, nearly two orders
of magnitude smaller. Reduced Na* current amplitude may be
attributed to a lower expression level. Expression of Na,1.8 is
known to be controlled by auxiliary  subunits (Isom, 2001;
Vijayaragavan et al., 2001; Zhang etal., 2008); therefore,
co-expression of 2288 with a  subunit might result in a larger
peak current. Apart from the 3 subunit interaction, these
differences in current amplitude of the chimeras may also be
caused by the involvement of regulatory mechanisms,
including modulation of channel opening probability, stabi-
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(A) Schematic diagram of VGSC a-subunits illustrating the chimeras formed from the parent Na,1.8 (shaded) and Na,1.2 (open) subunits. Each
of the four domains and 6 transmembrane segments of the o-subunits are shown. (B) Histogram of peak Na* current amplitudes of Na,1.2, Na,1.8
and chimeras expressed in Xenopus oocytes. Data represent means = SEM of n values indicated on the histogram.

lization of the channel in the plasma membrane, alterations
in trafficking or signalling events leading to increased mRNA
levels. In addition, Na,1.8 can interact with a number of
intracellular proteins, including cytoskeletal proteins,
channel-associated proteins, motor proteins and enzymes,
which may also regulate Na,1.8 membrane density (Malik-
Hall et al., 2003; Vijayaragavan et al., 2004).

Despite the often relatively large differences in chimera
channel properties, it is not straightforward to assign mecha-
nisms to distinct domains of VGSCs because of overlapping
functions across the six transmembrane-spanning helices
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within the four domains. For example, each domain contains
structurally and functionally related voltage-gating S4 seg-
ments and pore-forming segments (Catterall et al., 1986; Guy
and Seetharamulu, 1986). In contrast, fast inactivation is
mediated by the highly conserved intracellular loop that con-
nects domains III and IV on the cytoplasmic side of the
channel (Rogers et al., 1996; Sheets et al., 1999). An exchange
of this loop in Na,1.8 for the corresponding loop in Na,1.2
did not result in channels with the Kkinetics of Na,1.2
(Figure 4, Table 1). Instead, Tin.e Was much slower than that of
the two parent channels, confirming that other parts of the
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Current-voltage relationships of Na,1.2/Na,1.8 chimeras expressed in oocytes. Oocytes were depolarized from a holding potential of -80 mV to
voltages ranging from —80 to +40 mV in 10 mV increments. Normalized peak currents (I//n.) of each oocyte were plotted as a function of
membrane potential. Data represent mean = SEM obtained for 8882 (n = 20), 8288 (n=13), 2/8822 (n =32), 8/2288 (n = 14) and 8822 (n =
16). Insets: normalized families of depolarization-activated Na* currents for each chimera. Calibration bars = 10 ms.

VGSC contribute to fast inactivation and suggesting there
may be isoform-specific complementarity of the structural
components of inactivation. Nevertheless, an intrusion in
this structural composition causes biophysical changes
(Figure 4, Table 1).

TTX binds to the extracellular face of the channel at the
neurotoxin receptor site 1 and directly inhibits Na* conduc-
tance. Site 1 is located in the N-terminal portion of S6 trans-
membrane helix in all four domains of the VGSC a-subunit
(Noda etal., 1989; Terlau etal.,, 1991). TTX sensitivity is
largely determined by a single residue in site 1 in the VGSC

o-subunit. In TTX-S VGSCs, a phenylalanine (Na,1.1 and
Na,1.2) or tyrosine (Nay1.3, Na,1.4, Na,1.6 and Na,1.7)
residue is located at this position, whereas in TTX-R VGSCs
(Na,1.8 and Na,1.9), this residue is replaced by a serine (Siv-
ilotti et al., 1997). In Na,1.5, a channel with intermediate
TTX sensitivity, a cysteine is present (Backx et al., 1992; Hei-
nemann et al., 1992; Satin et al., 1992). These findings suggest
that hydrophobic interactions between TTX and aromatic
residues at this position are important for TTX binding, with
mutations to hydrophilic or charged residues reducing TTX
affinity at Na,1.2. Alternatively, Santarelli ef al. (2007) pro-
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Voltage-dependence of activation and inactivation of Na,1.2/Na,1.8 chimeras. Conductance-voltage relationships (G-V) for activation and
steady-state inactivation of the Na* conductance were obtained for chimeras 8822 (A), 8288 (B), 8/288 (C), 8882 (D) and 2/8822 (E).
Voltage-dependence of activation was determined by applying depolarizing pulses from a holding potential of -80 mV to +40 mV in 10 mV
increments. Steady-state inactivation was determined using a two-pulse protocol where oocytes were depolarized with a test pulse to +10 mV
from conditioning pre-pulse potentials (550 ms) ranging from =110 mV to +50 mV. Activation and inactivation curves were fitted with a single
Boltzmann function (see methods). Data represent mean * SEM for 8822 (n = 15), 8288 (n = 11), 8/2288 (n = 10), 8882 (n = 16) and 2/8822
(n = 16) (see Table 1).
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Effects of pO-MrVIB and TTX on maximal Na* current amplitude of Na,1.2, Na,1.8 and their chimeras. (A) Histogram representing the maximal
Na* current amplitude of oocytes expressing Na,1.2, Na,1.8 or their chimeras, in the presence of either 1 uM MrVIB or TTX (1 uM for Na,1.2;
100 uM for Na,1.8 and chimeras) relative to control (absence of MrVIB or TTX). Data are presented as mean = SEM for at least 5 oocytes (*MrVIB
versus control, P < 0.05; TTX inhibition of Na,1.8 and chimeras were all significant compared with Na,1.2, P < 0.001). (B) Current-voltage
relationship of Na,1.2, Na,1.8 and chimera 8288 and 8822 in the absence (open symbols) and presence (solid symbols) of 1 uM MrVIB. Oocytes
were depolarized to voltages from —80 to +40 mV in 10 mV increments from a holding potential of -80 mV. Normalized peak currents (//lo) were
plotted as a function of membrane potential. Data represent mean * SEM obtained for Na,1.8 (n = 9/9), Na,1.2 (n=7/7), 8288 (n=5/5) and
8822 (n=6/6).

vided evidence that the aromatic residue is involved in a Na,1.2 is insufficient to restore high-affinity TTX binding.
cation—r electron interaction, rather than a hydrophobic one. However, the high TTX concentration (100 uM) in our study
Since all chimeras had reduced TTX affinity, it appears that would not distinguish between the TTX sensitivity of the
introducing the S6 segment from only one or two domains of chimeras. Given that TTX concentration-response relation-
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ships were not carried out, chimeras with an intermediate
TTX sensitivity (in relation to Na,1.2 and Na,1.8) were
undetected.

There is considerable interest in elucidating the binding
mechanism of the pO-conotoxins MrVIA and MrVIB, since
they were identified as modestly selective inhibitors of TTX-R
voltage-gated Na* currents in rat DRG neurons (Daly et al.,
2004) and effectively inhibited pain behaviours in neuro-
pathic pain (Bulaj etal., 2006; Ekberg etal., 2006b). An
inhibitory effect of MrVIA on the muscle-type VGSC Na,1.4
was described previously (Leipold et al., 2007). These studies
revealed that the voltage sensor of domain II had the stron-
gest effect on MrVIA action (Leipold et al., 2007), whereas
competition experiments with the scorpion toxin p-toxin Ts1
and MrVIA on Na,1.4 indicated pO-conotoxin binding
depended on the pore loop in domain III (Zorn et al., 2006).
Interestingly, Wilson et al. (2011) showed that 1, B2, B3 and
B4 subunits, when individually co-expressed with Na,1.8 in
Xenopus oocytes, increased the ko, of the block produced by
nO-MrVIB and modestly decreased the apparent k,;z However,
neither of the above studies examined the binding site and
mechanism of action of pO-conotoxins on Na,1.8. The amino
acid sequence of Na,1.8 is only about 50% identical to Na,1.2
at the amino acid level and 65% homologous. Therefore,
~880 amino acids differ between Na,1.8 and other VGSCs. To
address the functional and pharmacological significance of
these differences, a domain-swapping strategy between two
VGSC with different binding affinity for MrVIB can be used to
determine which domain makes the greatest contribution to
toxin binding. The same is true for Na,1.9, which has the
most divergent amino acid sequence among all Na, channel
isoforms (Catterall et al., 2005). To study the interaction of
Na,1.9 voltage sensors with scorpion and tarantula toxins,
the voltage sensor paddle motifs were transferred into the
voltage-gated potassium channel K,2.1 (Bosmans etal.,
2011).

Recently, an approach using domain chimeras between
Na,1.4 and Na,1.5 identified the binding site of the pore-
blocking p-conotoxin SIIIA within the first half of the
channel protein, with a major contribution of domain II and
a minor contribution of domain I (Leipold et al., 2011). We
exploited the higher potency of MrVIB for Na,1.8 compared
with Na,1.2 (Ekberg et al., 2006b), and demonstrated that the
region in Na,1.8 extending from S6 of domain I through the
$5-86 linker of domain II was the major determinant of its
high-affinity binding. MrVIB inhibition of Na,1.8 is probably
mediated via an interaction with the voltage sensor of
domain II. However, the possibility that MrVIB interacts with
other channel domains cannot be excluded. Voltage-sensor
toxins, such as those from tarantulas, can interact simulta-
neously with multiple channel domains and their voltage
sensors within one Na, channel (Bosmans etal., 2008;
Bosmans and Swartz, 2010). For example, the tarantula toxin
HWTX-IV is a voltage sensor modifier that interacts with the
domain II voltage sensor. The critical domain II residues for
HWTX-IV interaction also regulate the ability of the domain
IV voltage sensor to interact with HWTX-IV (Xiao et al., 2008;
2011). ProTx-II, another tarantula toxin, can inhibit Na,1.7
activation by interacting with domain II and impair Na,1.7
inactivation by interacting with domain IV (Xiao etal.,
2010). However, mutating equivalent residues in Na,1.2 did

2158 British Journal of Pharmacology (2012) 166 2148-2160

not significantly influence sensitivity to ProTx-II, suggesting
other interaction sites in different regions of the channel. A
significant advance in identification of binding sites within
the VGSC voltage sensors was achieved by identifying S3b-S4
paddle motifs within the four Na, channel voltage sensors
and transplanting them into the fourfold symmetric K, chan-
nels. This enabled the examination of their individual inter-
actions with toxins from tarantulas and scorpions (Bosmans
et al., 2008). This study demonstrated that each of the paddle
motifs can interact with tarantula or scorpion toxins, and
that multiple paddle motifs are often targeted by a single
toxin. Leipold et al. identified the voltage sensor in domain II
as the main binding site for pO-conotoxins in Na,1.4,
whereas interactions with domain III appeared to play a lesser
role (Leipold et al., 2007; cf. Zorn et al., 2006). In the present
study, our complementary results revealed MrVIB also binds
to domain II in Na,1.8. Comprehensive point mutational
studies are now needed to identify the specific binding site
residues in domain II that interact with MrVIB in this region.
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