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ABSTRACT
Nine different voltage-gated sodium channel isoforms are responsible for inducing and propagating
action potentials in the mammalian nervous system. The Nav1.7 channel isoform plays an important
role in conducting nociceptive signals. Specific mutations of this isoform may impair gating behavior of
the channel resulting in several pain syndromes. In addition to channel mutations, similar or opposite
changes in gating may be produced by spider and scorpion toxins binding to different parts of the
voltage-gated sodium channel. In the present study, we analyzed the effects of the a-scorpion toxin
OD1 and 2 synthetic toxin analogs on the gating properties of the Nav1.7 sodium channel. All toxins
potently inhibited channel inactivation, however, both toxin analogs showed substantially increased
potency by more than one order of magnitude when compared with that of wild-type OD1. The decay
phase of the whole-cell NaC current was substantially slower in the presence of toxins than in their
absence. Single-channel recordings in the presence of the toxins revealed that NaC current inactivation
slowed due to prolonged flickering of the channel between open and closed states. Our findings
support the voltage-sensor trapping model of a-scorpion toxin action, in which the toxin prevents a
conformational change in the domain IV voltage sensor that normally leads to fast channel inactivation.
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Introduction

The Nav1.7 voltage-gated sodium channel (VGSC) is
encoded by SCN9A; expressed in sensory and sympa-
thetic neurons, Schwann and endocrine cells; and
plays a key role in generating and propagating action
potentials in the central and peripheral nervous sys-
tems.1,2 Nav1.7 channel mutations may result in gain-
or loss-of-function, creating pathological conditions
such as over-sensitivity or loss of sensitivity to pain,
respectively. For example, the S241T and A1746G
mutations, which have been linked to inherited or pri-
mary erythromelalgia, result in a shift in voltage-
dependence of activation to more negative potentials
that makes cells hyper-excitable.3,4

Certain toxins from animal venoms can cause
similar effects to those caused by mutations. For
instance, some VGSC-targeting spider and scorpion
b-toxins frequently bind to receptor site 4 (on
domain II), where they can shift voltage-dependence

of activation to more negative potentials (‘activa-
tors’) or more positive potentials (‘inhibitors’).5-7

Toxins targeting site 3 (on domain IV), such as spi-
der toxins, d-conotoxins and a-scorpion toxins, typ-
ically slow inactivation, which prolongs the decay
phase of the whole-cell NaC current.8-11 Interest-
ingly, some toxins appear to target sites 3 and 4
simultaneously, affecting fast inactivation and
steady-state activation. A classical example is spider
toxin ProTx-II, which has been shown to interact
with DII and DIV on Nav1.7, although the affinities
are substantially different.12-13 Another example is
the recently characterized scorpion a-toxin OD1,
which potently inhibits mammalian Nav1.4, Nav1.6
and Nav1.7 inactivation and results in a hyperpola-
rizing shift in the steady-state voltage-dependence
of Nav1.4 and Nav1.6 activation.14-16

Using a high-throughput fluorescence-based assay,
we recently identified OD1 analogs with altered Nav1.4,
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Nav1.6 and Nav1.7 selectivity, and significantly
improved potency at Nav1.7.

16 This assay relies on
membrane potential-sensitive dyes to monitor Nav acti-
vation in the presence of sub-threshold concentrations
of the site 2-targeting alkaloid veratridine, and facilitates
rapid, qualitative and quantitative analysis of VGSC
modulators. However, the lack of control over the mem-
brane potential in this assay precludes any detailed,
mechanistic VGSC studies at the molecular level.

Here, we report a detailed analysis of how muta-
tions of OD1 affect the toxin’s interaction with the
Nav1.7 VGSC.

Results

Concentration-dependent effect of OD1 and analogs
on sodium current inactivation

Step depolarization of CHO cells stably expressing
human Nav1.7 channels from ¡100 mV to 0 mV in

the absence of toxins elicited the whole-cell inward
NaC current with fast onset, followed by an exponen-
tial decay with time constants t1 D 0.77 § 0.03 ms
and t2 D 6.0 § 0.4 ms (n D 6). Applying OD1 and its
analogs remarkably prolonged the current decay phase
in a concentration-dependent manner (Fig. 1A). This
effect was quantified by the ratio of the current mea-
sured at an interval of 1.5 ms from the current peak to
the peak value (Fig. 1B).

The potency of the OD1 analogs was substantially
higher than that of wild-type OD1, exceeding it
approximately 30 times for OD1-KPH and approxi-
mately 16 times for OD1-KPH-E55A (Fig. 1B). Effects
of the toxins on inactivation kinetics were completely
eliminated by toxin washout or upon applying strong
depolarizing pre-pulses (up to C190 mV) in the pres-
ence of OD1-KPH (Fig. 2). The degree of current
recovery depended on the amplitude of depolariza-
tion, and was estimated by fitting the experimental

Figure 1. Wild-type OD1 and its analogs KPH and KPH-E55 slow the decay phase of whole-cell NaC current in a concentration-depen-
dent manner. (A) Three sets of normalized current traces represent responses to step depolarization from a holding potential of
¡100 mV to 0 mV. Each set consists of a trace in the absence of the toxin (upper fast declining current), at approximately EC50 concen-
tration (middle trace) and saturating concentration. The concentrations were as follows: OD1: 0, 10 nM, 300 nM; KPH: 0, 300 pM, 10 nM;
and KPH-E55A: 0, 300 pM, 10 nM. (B) Concentration–dependence of change in inactivation rate of whole-cell NaC currents. The ratio of
whole-cell value taken at 1.5 ms after the peak occurrence to the peak current was taken as an estimate of inactivation rate. Experimen-
tal points were fitted with a logistic equation with the following parameters: OD1: EC50 D 12 § 3 nM, n D 0.7 § 0.2; KPH: EC50 D 0.4 §
0.1 nM, n D 1.0 § 0.3; and KPH-E55A: EC50 D 0.77 § 0.08 nM, n D 1.0 § 0.1.
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data to a logistic function yielding a midpoint value of
C127 § 1 mV (n D 4) (Fig. 2B). Pre-pulses to poten-
tials more positive than C190 mV were detrimental to
the cell membrane and were not examined.

Effects of OD1 and analogs on Nav1.7 channel
gating

We analyzed the effects of OD1 and its analogs on
Nav1.7 voltage-dependence of activation and

inactivation. Current–voltage (I–V) relationships in
the absence and presence of toxins are shown in
Figure 3A. Half-activation voltage (V0.5) for Nav1.7
was ¡29.3 § 0.3 mV (n D 14) in the absence
of toxin, and leftward shifted to more negative
potentials in the presence of 10 nM wild-type OD1
(V0.5 D ¡35.8 § 0.3 mV, n D 7), 500 pM OD1-
KPH (V0.5 D ¡37.9 § 0.2 mV, n D 5) or 1 nM
OD1-KPH-E55A (V0.5 D ¡39.7 § 0.2 mV, n D 7),
respectively. The minor, but statistically significant,
shift caused by wild-type OD1 is in agreement with
earlier observations by Maertens et al.,15 who
observed a ¡3 mV shift.

Along with I–V changes, the toxins caused simi-
lar shifts in the voltage-dependence of activation
(Fig. 3B, Table 1). The resulting V0.5 shifts are
minor and, at least for wild-type OD1, substantially
smaller than the negative shifts observed on Nav1.4
(¡13 mV) and Nav1.6 (¡ 20 mV).16 In contrast
with their effect on steady-state activation, neither

Table 1. Parameters of Nav1.7 activation and steady-state fast
inactivation.

G/Gmax I/Imax

V0.5 (mV) n p V0.5 (mV) n p

Control ¡29.1 § 0.2 14 — ¡72.2 § 0.4 14 —
OD1 (10 nM) ¡35.2 § 0.3 7 0.004 ¡66.7 § 0.4 5 0.1
KPH (0.5 nM) ¡35.3 § 0.1 5 0.005 ¡69.9 § 0.2 5 0.3
KPH-E55A (1 nM) ¡39.1 § 0.3 7 0.0001 ¡69.5 § 0.4 7 0.3

P values calculated with Student t test against control.

Figure 2. Recovery of NaC current from toxin action by strong depolarization and washout. (A) Whole-cell NaC current elicited by mem-
brane depolarization to 0 mV in the presence of 500 pM KPH (black traces). Strong depolarizing pre-pulse to C190 mV restores inactiva-
tion rate (red trace on top inset). NaC currents showed fast and complete recovery from toxin action within 5 min of washout (red trace
on the bottom inset). Similar results were obtained for OD1 and KPH-E55A. (B) Voltage-dependence of toxin displacement by depolariz-
ing pre-pulse in the presence of 500 pM KPH (n D 4).
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OD1-KPH nor OD1-KPH-E55A have a statistically
significant effect on the Nav1.7 voltage-dependence
of fast inactivation (Fig. 3B).

Recovery from fast inactivation

OD1 and its analogs KPH and KPH-E55A enhance
Nav1.7 recovery from fast inactivation (Fig. 4). The
recovery rate was estimated from the ratio of peak cur-
rent evoked by a 40 ms test pulse to 0 mV, and peak
current recorded during the preceding 40 ms pre-
pulse to 0 mV, as a function of time interval between
these 2 pulses. Data obtained in the absence of the
toxin could be successfully fit by a single exponential
function with a time constant of t D 15 § 2 ms (n D
14).

In contrast, applying all toxins resulted in pro-
nounced biphasic recovery from inactivation kinetics,
with both kinetically distinct phases having approxi-
mately equal amplitudes. Experimental points were fit
by a double exponential function. Parameters of the
fits are given in Table 2.

Single NaC channel recordings

It is well established that the observed whole-cell cur-
rent waveform may be realized by substantially differ-
ent molecular mechanisms of gating.17 To get a deeper
insight into these mechanisms, we investigated the
action of OD1 at the microscopic level using single-
channel patch clamp recording.18 Representative
examples of single-channel Nav1.7 currents from out-
side-out patches are shown in Figure 5A. Applying
wild-type OD1 (100 nM) did not affect the current
amplitude, which was 1.4 § 0.2 pA and 1.36 § 0.09
pA (n D 3) in the absence and presence of OD1,
respectively. Surprisingly, the mean open time of the
channels also was not substantially changed by the
toxin (Fig. 5B). In contrast, Na channels exhibited
flickering behavior in the presence of the toxin, which

Figure 3. (A) Current-voltage relationships for OD1 and its analogs cause shifts in the current–voltage relationship for Nav1.7-mediated
conductance to more negative potentials. (B) Voltage-dependence of steady-state fast inactivation and activation of Nav1.7 channels in
the presence of OD1 and its analogs (closed shapes). Fast inactivation was induced by 200 ms pre-pulses followed by a 50 ms test pulse
to 0 mV. Open circles represent experimental values obtained in the absence of a toxin. Solid lines are fits of experimental points with
Boltzmann functions. Parameters of fitting are given in the Table 1. Toxin concentrations were as follows: OD1, 10 nM; KPH, 500 pM;
and KPH-E55A, 1 nM.

Figure 4. Recovery from fast inactivation in control conditions
(open circles) and in the presence of 10 nM OD1, 500 pM KPH
and 1 nM KPH-E55A.

Table 2. Amplitudes (A) and time constants (t) of recovery from
fast inactivation state.

As ts (ms) Af tf (ms) n

Control 0.94§ 0.02 15 § 2 — — 14
OD1 0.48§ 0.03 15 § 2 0.48§ 0.04 2.8 § 0.5 12
KPH 0.46§ 0.04 13 § 2 0.50§ 0.05 2.8 § 0.4 5
KPH-E55A 0.53 § 0.05 15 § 2 0.48§ 0.09 2.5 § 0.3 8
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in some sweeps lasted for the duration of the depola-
rizing voltage step (Fig. 5A).

Kinetic models

We attempted to find an appropriate kinetic model
of channel conformational states in terms of Mar-
kov’s formalism, and define the toxin’s action
through the transition rates changes. As a base
model (i.e. without toxin), we chose a minimal
model that contained one open state, 2 closed19,20

and 2 inactivated states (Fig. 6A). Rate constants
were considered stationary and not dependent on
membrane potential.

To evaluate this approach, we used whole-cell
experimental traces recorded in the absence of toxin
under voltage-clamp conditions at a holding potential
of ¡100 mV and a depolarizing step to ¡20 mV. This
aimed to make sure that, at the beginning of depolari-
zation, Na channels were mostly in a ‘resting’ state R,
and depolarizations were sufficiently strong to activate
most of the channel populations. Despite a substantial
reduction in the number of free parameters compared
with previous studies,21 our base model adequately
described the experimental data (Fig. 6B, upper panel).

Given our previous observations on toxin effects on
steady-state channel activation (see above), we further

assumed that activation pathways were not signifi-
cantly affected by the toxins22 and placed constraints
on the pathways responsible for transitioning channels
from closed to open states, while leaving the others
that are associated with transitioning channels to inac-
tivated states free floating (Table 3).

The boundaries of constraints were chosen
according to the rule: jK ¡Kb j < s, where Kb is
matrix of rate constants derived from the base model,
and s is deviation that comes from differences
between experimental traces used in base model sim-
ulations. By doing so, we kept constrained rate con-
stants close to those derived from the base model
(Table 3).

To compare the different models (M1–M4) that
describe the toxins’ actions, we used a logarithm error
ratio (LER) used previously.21,23 Based on the LER
value, model M3 best fit the experimental traces. Mod-
els that allowed transition from state C2 to state I4 in
one direction and/or unconstrained transitions from
state O3 to state I4 did not yield realistic values of cor-
responding transition rates.

Discussion

Similar to our previous observations,16 OD1 and its
analogs dramatically slowed the time course of the

Figure 5. (A) Representative example of consecutive single-channel current traces recorded in the absence and presence of 100 nM
OD1. Inward NaC currents were evoked by step depolarization from a holding potential of ¡100 mV to ¡20 mV. The beginning of the
step is indicated by the arrow and dashed lines correspond to the channel closed state (c). (B) Cumulative distribution of channel open
times in control (gray) and the presence of OD1 (red).
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current decay phase. This apparent effect on channel
inactivation is similar to that of a-scorpion toxins and
has been convincingly linked to binding of the
neurotoxin to site 3 on VGSCs, which comprises
extracellular loops of the domain IV voltage sensor.5-7

According to the voltage-sensor trapping model,
a-scorpion toxins trap the S4 transmembrane segment
of the domain IV voltage sensor in the inward position
and obstruct its outward movement, preventing fast
inactivation.24 Single-channel recordings revealed that

in the presence of toxins, channels rapidly fluctuate
between open and closed states for relatively long
intervals of time. On the other hand, the toxin did not
affect the mean open time of the channel. This ‘flicker-
ing’ channel activity may explain the prolonged decay
phase of the whole-cell NaC current. The similar
behavior of macroscopic currents in neuroblastoma
cells affected by the a-scorpion toxin resulted from
an increase in channel open time and channel
reopenings.25

In addition to slowing down whole-cell current
inactivation, OD1 and analogs affected the time course
of the channels’ recovery from fast inactivation. In the
absence of toxins, the time course of recovery followed
a single exponential function, whereas an additional
exponential component emerged in the presence of
toxins. The time constant of the additional component
was almost 5 times smaller than the recovery time
constant in control conditions, and may be due to the
number of channels that did not reach an inactivated
state.

In terms of the Markov model, the trapping mecha-
nism may be caused by an increase in the rate of tran-
sition from state C2 to state I4. On the other hand, the

Figure 6. (A) Kinetic models of the Nav1.7 sodium channel. The top diagram represents a base model that was used to fit experimental
traces in the absence of the toxins. The other models were used in fitting traces obtained in the presence of OD1. Transition rates
derived from the base model were fixed (red arrows). (B) Examples of fit by base model (top traces) and model 4 (bottom). Experimental
whole-cell NaC currents evoked by step depolarization from ¡100 mV to ¡20 mV are in shown red and those calculated from the best
fit model are in black.

Table 3. Transition rates (ms¡1) and logarithm error ratios for dif-
ferent kinetic models. Rate constants for models 1–4 which were
constrained to those of ‘base’ model are given in red.

Model

Rate Base M1 M2 M3 M4

k12 4.76 4.76 4.764 4.75 4.75
k23 4.54 4.54 4.54 4.54 4.54
k24 0.243 0.243 0.243 3.51 –
k32 0 – – – –
k34 4.42 1.17 4.42 4.30 4.30
k42 – – – 0.563 –
k43 0.471 0.472 1.22 0.784 1.24
k45 0.716 0.161 0.173 0.194 0.174
k54 0.0116 0.00663 0.00632 0.00625 0.00634
LER – 0.205 0.0123 0 0.0255
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rate constant for transition from state I4 to state O3
doubles in the presence of the toxin, making transition
back to the open state more favorable. The transition
rate from an open to inactivated state I4 which deter-
mines channel open time was conserved compared to
that in the absence of a toxin. All of the models that
we tested yielded a lower rate for the transition from
the intermediate inactivated state I4 to absorbing state
I5. In agreement with this mechanism, strong depola-
rizing pre-pulses force S4 in the DIV to move into the
activated position. This might also affect the binding
site for the toxin on the S3¡S4 linker and abolish the
toxin’s effect.8 While the importance of DIV in the
channel inactivation process is well established, its
involvement in the channel activation process is less
clear.

The steady-state, current-voltage relationship in the
presence of OD1 and its analogs showed a minor, but
significant, shift to more hyperpolarized potentials.
This effect is less pronounced for Nav1.7 than it is for
Nav1.6 or Nav1.4, which are also affected by OD1 in a
similar manner.16 It could also suggest that the DIV
voltage sensors of the various isoforms are not func-
tionally equivalent and involved in channel activation
to differing degrees. However, at this stage, we cannot
rule out the possibility that additional high-affinity
binding (for example on DII) is responsible for the
dual a/b toxin effect.

In terms of reversibility of the toxin’s action, the
effect of OD1 on Nav1.7 channel inactivation differs
from that of previous studies involving a-scorpion
site 3 toxin Ts3 (Tityus serulatus) on Nav1.4,

9,22 but
with a similar effect on macroscopic current inactiva-
tion. Whereas OD1s effects on Nav1.7 are fully
reversible after washout, Ts3 remains tightly bound
to Nav1.4. These findings for wild-type OD1
prompted us to analyze the mechanism of action of 2
OD1 analogs, OD1-KPH and OD1-KPH-E55A,
which carry 3 or 4 non-conservative amino acid sub-
stitutions, respectively, in a structural region known
as the ‘NC domain’. Both mutant toxins showed sig-
nificantly improved potency in terms of their ability
to inhibit fast inactivation (Fig. 1B), but from a
mechanistic perspective, were otherwise indistin-
guishable from the wild-type toxin. This suggests
that the observed increase in potency is primarily a
result of an increase in binding affinity. The potency
of the OD1 analogs is one order of magnitude higher
than that of wild-type OD1 but there was no

statistically significant difference between the V0.5

values obtained in the presence of OD1 and its
analogs.

Materials and methods

Preparation of OD1 analogs

OD1 and its triple (D9K, D10P, K11H) and quadruple
mutants (D9K, D10P, K11H, E55A) (hereafter
referred to as KPH and KPH-E55A, respectively) were
prepared by chemical synthesis via ligation of 3
unprotected peptide segments, as described recently
with minor modifications.16 One-pot chemical ligation
was used to join the peptide fragments, which yielded
the fully reduced 65-mer peptides. OD-KPH observed
mass was 7219.2 § 1.0 Da, calculated mass (average
isotope composition) 7218.3 Da. OD1-KPH-E55A
observed mass was 7160.1 § 1.0 Da, calculated mass
(average isotope composition) 7160.2 Da.

For in-vitro folding and disulfide bond formation,
10 mg (»1.4 mmol) of the purified and fully reduced
peptides were dissolved in 6 M GdmHCl at a concen-
tration of 4.0 mg/mL. Folding was initiated by rapid
1:20 dilution of the peptide solution with folding
buffer (50 mM sodium phosphate, 8 mM reduced glu-
tathione (GSH), 1mM oxidized glutathione (GSSG),
pH 7.5). The reaction was left stirring at room tem-
perature for 4 hours. The mixture was filtered and
purified by HPLC on a Zorbax C3 column (10x250,
3 mm, 300 A

�
). OD1 KPH observed mass was 7210.5

§ 1.0 Da, calculated mass (average isotope composi-
tion) was 7210.3 Da. Yield 3.9 mg (0.6 mmol, 42%).
OD1-KPH-E55A observed mass was 7153.2 § 1.0 Da,
calculated mass (average isotope composition) was
7152.2 Da. Yield: 3.2 mg (0.4 mmol, 29%).

Electrophysiology

CHO cells stably expressed with human Nav1.7 chan-
nels (Genionics AG, Z€urich, Switzerland) were cultured
as described previously16 and plated on round coverslips
1–4 d before experiments. Whole-cell NaC currents
were recorded and filtered at 10 kHz using Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA)
under voltage clamp conditions. Single-channel currents
were filtered at 5kHz with a 24 dB/octave filter (Ithaco).
The currents were digitized at 100 kHz using a Digidata
1400 interface and analyzed using pCLAMP 10.3 soft-
ware package (Molecular Devices). Recording electrodes
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in whole-cell experiments were pulled from TG150TF
borosilicate glass capillaries (Harvard Apparatus) and
had resistance of 1.2–1.6 MV when filled with a solution
containing (mM): 130 CsF, 10 CsCl, 10 EGTA, 1 MgCl2
and 10 HEPES-CsOH, pH 7.2. The extracellular solu-
tion contained (mM): 140 NaCl, 5 KCl, 1 MgCl2, 2
CaCl2, 10 glucose and 10 HEPES-NaOH, pH 7.3. Mem-
brane potential was corrected for a calculated liquid
junction potential of 6.9 mV. A series resistance of 2.7
§ 0.6 MV was compensated by 85–90%. Capacitive and
leakage currents were digitally subtracted using a P/8
protocol with hyperpolarizing conditioning pulses. Sin-
gle-channel recordings were performed in a outside-out
configuration. Recording electrodes were pulled from
aluminosilicate glass capillaries and had a resistance of
6–10MV when filled with an intracellular solution.

Data analysis

The inactivation rate was estimated by the ratio of the
current measured at 1.5 ms after the peak (I1.5) to the
peak current value (Ip). Toxin concentration–response
relationships were defined as a function of I1.5/Ip
against concentration, and were fitted with a logistic

equation: I1:5
I DR0C R1 ¡R0

1C EC50
Cð Þn, where C is toxin

concentration; R0, R1 are asymptotic values for I1.5/Ip

ratio. Conductance was calculated as: GD Ip
V ¡Vr

,

where Vr is the reversal potential estimated by fitting
current–voltage relationships with the equation:

ID g.V ¡Vr/

1C exp.¡ z.V ¡V1=2//
, where V1/2 is the potential

at which current peak reaches its half-maximum
value. Voltage-dependence of activation and
inactivation data were fitted by a Boltzmann

function:f .V/D 1

1C exp.¡ V ¡V1=2
k /

. Single-channel

amplitude was estimated by fitting the amplitude
histogram of elementary events with Gauss distribu-
tion. All non-linear regression analysis was per-
formed using SigmaPlot 8.0 software. Results are
shown as the mean § standard error of the mean.

Kinetic modeling

To find the parameters of a kinetic model that give the
best fit to whole-cell experimental current traces, we
used a custom-developed application written in a
MATLAB R2007b environment. In this approach, we

resolved the optimization problem for the function

d.K/D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
iD 1

si.K/¡ yið Þ2
s

, where K is the matrix of transi-

tion rates, sif g is a vector of n current samples derived
from model equations and yif gis vector of sampled
experimental whole-cell current. The problem was
resolved by using a genetic algorithm minimizer with
constraints – ga, and/or gradient descent minimizer
with constraints – fmincon (MATLAB). Differential
equations associated with a kinetic model were
numerically solved using ode45 solver (MATLAB).
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