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Abstract: The voltage-gated sodium channel Nav1.8 is linked to neuropathic and inflammatory pain,
highlighting the potential to serve as a drug target. However, the biophysical mechanisms that
regulate Nav1.8 activation and inactivation gating are not completely understood. Progress has been
hindered by a lack of biochemical tools for examining Nav1.8 gating mechanisms. Arizona bark
scorpion (Centruroides sculpturatus) venom proteins inhibit Nav1.8 and block pain in grasshopper
mice (Onychomys torridus). These proteins provide tools for examining Nav1.8 structure–activity
relationships. To identify proteins that inhibit Nav1.8 activity, venom samples were fractioned
using liquid chromatography (reversed-phase and ion exchange). A recombinant Nav1.8 clone
expressed in ND7/23 cells was used to identify subfractions that inhibited Nav1.8 Na+ current.
Mass-spectrometry-based bottom-up proteomic analyses identified unique peptides from inhibitory
subfractions. A search of the peptides against the AZ bark scorpion venom gland transcriptome
revealed four novel proteins between 40 and 60% conserved with venom proteins from scorpions in
four genera (Centruroides, Parabuthus, Androctonus, and Tityus). Ranging from 63 to 82 amino acids,
each primary structure includes eight cysteines and a “CXCE” motif, where X = an aromatic residue
(tryptophan, tyrosine, or phenylalanine). Electrophysiology data demonstrated that the inhibitory
effects of bioactive subfractions can be removed by hyperpolarizing the channels, suggesting that
proteins may function as gating modifiers as opposed to pore blockers.

Keywords: voltage-gated sodium channel; Nav1.8; hyperpolarization; pain signaling; scorpion
venom; neurotoxin; bioactive proteins; drug discovery; Onychomys torridus; Centruroides sculpturatus

Key Contribution: Few venom proteins have been identified that modify Nav1.8 gating to inhibit
activity. Novel AZ bark scorpion venom proteins provide tools for investigating the biophysical
mechanisms underlying Nav1.8 activation and inactivation gating—the first step toward engineering
proteins that inhibit Nav1.8 activity in humans to block pain.
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1. Introduction

Primary sensory nociceptive neurons, whose cell bodies reside in the dorsal root
ganglia (DRG) of the body and limbs or in the trigeminal ganglia (TG) of the head and face,
transmit pain signals to the central nervous system (CNS) [1–4]. Tissue damage due to
injury, aging, or disease causes biochemical changes in nociceptive neurons that activate
the voltage-gated sodium channel (VGSC) Nav1.7, which then recruits Nav1.8 [1,5–8]. Acti-
vation of Nav1.8 generates the majority of the Na+ current underlying the action potentials
that carry pain signals to the brain; inactivation terminates the action-potential-driven pain
signals [5–8]. Chronic pain results from prolonged activation or failed inactivation [1,9].
Nav1.8 activity is linked to mechanical, neuropathic, and inflammatory pain, highlighting
the potential for Nav1.8 to serve as a drug target [7,8,10–18]. However, the biophysical
mechanisms that regulate Nav1.8 gating are not completely understood, particularly the
mechanisms that regulate Nav1.8 inactivation [9].

The function of a VGSC is to open briefly, allowing an influx of Na+ ions to depolarize
cell membranes and generating the action potentials that underlie neuronal signaling and
muscle contraction [19–21]. VGSC alpha subunits have four domains, DI–DIV (Figure 1).
Each domain has six membrane-spanning helices (S1–S6) and re-entrant loops that connect
S5 and S6 (Pore). The domains are organized such that the re-entrant loops face each other
to form an ion-permeating pore with an activation gate. When a cell is at rest, the activation
gate is closed. The S4 segments of each domain have alternating positively charged amino
acids that function as voltage sensors. Biochemical changes in damaged tissues depolarize
membranes, imposing electrostatic forces on these positive charges. The voltage sensors
move outward and open the channel (activated) [20,22]. The outward movements of S4 in
DI–DIII initiate channel activation (opening); the S4 in the fourth domain detects channel
opening and initiates fast inactivation. During fast inactivation, part of the DIII–DIV
intracellular loop forms a “hinged lid” inactivation gate that moves into the mouth of the
channel to block the pore. A second type of inactivation, slow inactivation, occurs when the
pore loops change conformation to block the flow of ions [23]. Failed inactivation prolongs
the action potentials that carry pain signals to the brain.
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gate. When the cell is at rest, the activation gate is closed. When the channel is activated, the gate is 
open (the ball-and-chain inactivation gate is disengaged). During fast inactivation, the “hinged-lid” 
gate occludes the intracellular side of the pore. During slow inactivation, the pore loops change 
conformation to block the pore. Created with BioRender.com. 

Nav1.8 generates the action potentials that carry pain signals to the brain. Character-
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engineer drugs that inhibit Nav1.8 activity and block the transmission of pain signals to 
the brain. Animal venoms are a rich source of proteins that bind and modulate nociceptive 

Figure 1. Structure of a voltage-gated sodium channel (VGSC). The channel consists of four repeating
domains (DI–DIV), each having six transmembrane helices (S1–S6). Helix 4 (S4) in each domain
serves as the voltage sensor. The S5–S6 re-entrant loops from the four domains join to form the pore.
Re-entrant loops connecting S5 to S6 line the pore and form the Na+ selectivity filter and activation
gate. When the cell is at rest, the activation gate is closed. When the channel is activated, the gate is
open (the ball-and-chain inactivation gate is disengaged). During fast inactivation, the “hinged-lid”
gate occludes the intracellular side of the pore. During slow inactivation, the pore loops change
conformation to block the pore. Created with BioRender.com.

Nav1.8 generates the action potentials that carry pain signals to the brain. Characteri-
zation of mechanisms that regulate Nav1.8 inactivation gating would advance efforts to
engineer drugs that inhibit Nav1.8 activity and block the transmission of pain signals to
the brain. Animal venoms are a rich source of proteins that bind and modulate nociceptive
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neurons [24–30]. Venoms from diverse animal taxa evolved to effectively subdue prey
and deter predators. The venoms are composed of pharmacologically active cocktails
containing salts, enzymatic and non-enzymatic proteins, and small molecules [31]. The
development of new drugs is one of the most challenging activities in the pharmaceutical
industry. Since the first animal-venom-derived drug, captopril, 10 other approved venom-
derived drugs have been marketed commercially [31–33]. Five drugs were identified from
snake venoms, including enalapril, tirofiban, eptifibatide, batroxobin, and cobratide [31,34].
Exenatide and lixisenatide are derivatives isolated from lizards. Bivalirudin and desirudin
are derivatives from leeches. Ziconotide, a non-opioid analgesic drug, is a synthetic version
ofω-conotoxin MVIIA obtained from the venom of Conus magus [35]. Several other animal
venom components are now involved in various clinical trials as new therapeutic molecules
for medical purposes [32,36].

Proteins that modulate VGSC activity can serve as templates for structure-guided
engineering of drugs that block pain [37–40]. Venom proteins bind the extracellular linkers
adjacent to the voltage sensors that control channel activation and inactivation. Beta
sodium channel toxin (β-NaTx) proteins trap the DII voltage sensor in the outward position,
modifying channel activation. Alpha sodium channel toxin (α-NaTx) proteins trap the
DIV voltage sensor in the inward position, preventing the fast inactivation hinged lid
from docking with the pore. Because these proteins modify activation and fast inactivation
gating, they are used as tools to examine VGSC structure–activity relationships [20,24,41,42].
For example, computational modeling of scorpion venom proteins bound to the DII voltage
sensor was used to map the voltage sensor structure and regulation of activation gating in
Nav1.2, a brain VGSC [43–45]. Cryo-electron microscopy (cryo-EM) studies using scorpion
venom proteins bound to Nav1.7, a channel responsible for spontaneous pain disorders,
revealed the structural basis of fast inactivation [46]. Venom proteins that target Nav1.7
have also provided templates for structure-guided mutagenesis to engineer new pain drugs.
For example, mutagenesis of a spider venom protein changed the native protein from a
Nav1.7 channel activator to a channel inhibitor [39]. While Nav1.8 activity is linked to
mechanical, neuropathic, and inflammatory pain, highlighting the potential for Nav1.8 to
serve as an alternative drug target to Nav1.7 [7,8,10–18], the biophysical mechanisms that
regulate Nav1.8 gating are not completely understood, particularly regarding inactivation.
Progress has been hindered by a lack of venom proteins that modify Nav1.8 gating. In
an effort to use gating modifier toxins to study Nav1.8 gating properties, Gilchrist and
Bosmans exchanged Nav1.8 voltage sensors with Nav1.2, a toxin-sensitive channel [47].
Arizona (AZ) bark scorpion (Centruroides sculpturatus) venom proteins inhibit Nav1.8
activity and block pain in natural populations of predatory mice (Grasshopper mice,
Onychomys torridus) that feed on scorpions [48]. Bark scorpions produce venom proteins
that reversibly bind VGSCs [49–55]. Grasshopper mice show little response when either
stung by scorpions or injected with venom [48,56,57]. Electrophysiological data showed
that venom inhibited Nav1.8 currents and blocked action potentials in nociceptive neurons
from mice [48]. Moreover, injections of venom into the hind paw of mice blocked pain-
related behavior (paw licking) in response to subsequent injections of formalin, a chemical
that induces pain. Thus, grasshopper mice provide a system for characterizing proteins
that inhibit Nav1.8 activity and block pain signal transmission.

Our goal was to determine the molecular mechanisms underlying the venom-mediated
inhibition of grasshopper mice Nav1.8. AZ bark scorpion venom comprises multiple pro-
teins. In order to isolate and identify proteins that inhibit grasshopper mice Nav1.8 activity,
we used complementary methods including reversed-phase (RPLC) and ion exchange
(IEC) liquid chromatography, a recombinant Nav1.8 bioactivity assay, and proteomic analy-
ses. Here, we report the validated mass and primary structure of four candidate proteins
isolated from venom subfractions that inhibit grasshopper mice Nav1.8 Na+ current. In
addition, we report that the Nav1.8-inhibiting effects of venom are voltage-dependent
and can be removed by hyperpolarizing the channels. Similar to the electrophysiological
properties of venom, the Nav1.8-inhibiting effects of subfractions isolated from venom are
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voltage-dependent and can be removed by hyperpolarizing the channels. These findings
are significant because few toxin proteins have been identified that modify Nav1.8 activity,
particularly the inhibition of activity [58]. Moreover, these findings provide a clue as to
the biophysical mechanism by which bark scorpion venom inhibits grasshopper mice
Nav1.8. Voltage-dependent effects suggest that venom proteins do not function as pore
blockers but instead act as gating modifiers. These proteins potentially provide new tools
for investigating the biophysical mechanisms underlying Nav1.8 activity, the first step
toward engineering proteins that inhibit Nav1.8 activity in humans to block pain.

2. Results
2.1. RPLC Fractionation of AZ Bark Scorpion Venom

Reversed-phase liquid chromatography (RPLC) was used to separate AZ bark scor-
pion venom into different fractions. Lyophilized AZ bark scorpion venom samples were
hydrated in 0.1% trifluoroacetic acid in water and fractionated by reversed-phase liquid
chromatography using a C18 stationary phase. Samples were fractionated using a linear
gradient (mobile phase A: 0.1% trifluoroacetic acid; mobile phase B: acetonitrile) and elu-
tion was monitored by absorbance measured at three wavelengths (214, 260, and 280 nm).
Analyte peaks were grouped into 17 fractions defined by elution time (Figure 2). The
fractions were lyophilized, resuspended in bath solution (the extracellular bath solution
contained (in mM) 140 NaCl, 3 KCl, 1 MgCl2, 1 CaCl2, and 10 HEPES; pH was adjusted
to 7.3 with NaOH), and tested for inhibitory activity against a recombinant Nav1.8 clone
from grasshopper mice (Onychomys torridus, OtNav1.8).
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Figure 2. Chromatogram from reversed-phase liquid chromatography (RPLC) fractionation of AZ bark scorpion venom.
The inset shows the complete chromatogram. The main figure shows a magnification of the region indicated by the red box
in the inset. The dashed line represents the % mobile phase B gradient. The peaks were divided into 17 fractions.

2.2. Identification of Inhibitory Fractions from AZ Bark Scorpion Venom

Whole-cell patch clamp electrophysiology was used to measure the effects of venom
and venom fractions on tetrodotoxin (TTX)-resistant Na+ current recorded from OtNav1.8
expressed in a rodent neuroblastoma cell line (ND7/23 cells). Currents were elicited by a
100-millisecond depolarization to +20 mV from a holding potential of −80 mV before and
after application of venom (1.2 µg/mL) and venom fractions. Pre- and post-current traces
were compared to detect inhibition of Na+ current. While the venom inhibits OtNav1.8
activity completely, low concentrations (0.1–0.3 µg/mL) of fractions 7, 11, 12, 13, and
16 partially inhibited Nav1.8 TTX-resistant Na+ current (Figure 3A–L). As shown in the
summary graph in Figure 3, venom, F7, F11, F12, F13, and F16 significantly (* p < 0.05)
inhibited OtNav1.8 Na+ current measured in pA/pF (venom: from 168.6 ± 10.187 to
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5.084 ± 0.575, n = 6; F7: from 147.448 ± 18.149 to 80.770 ± 20.430, n = 5; F11: from
251.699 ± 18.683 to 98.224 ± 20.718, n = 6; F12: from 216.320 ± 34.260 to 120.493 ± 19.443,
n = 6; F13: from 92.243 ± 20.231 to 37.364 ± 7.774, n = 5; and F16: from 129.713 ± 20.386 to
84.763 ± 18.208, n = 6). Fractions 1–6, 8–10, 14, 15, and 17 had no effect on OtNav1.8 Na+

current (Figure S1). Notably, with the exception of fraction 7, which eluted between 22 and
23 min, the majority of the inhibitory fractions eluted between 30 and 37 min (Figure 2).

Toxins 2021, 13, x FOR PEER REVIEW 5 of 21 
 

 

partially inhibited Nav1.8 TTX-resistant Na+ current (Figure 3A–L). As shown in the sum-
mary graph in Figure 3, venom, F7, F11, F12, F13, and F16 significantly (* p < 0.05) inhibited 
OtNav1.8 Na+ current measured in pA/pF (venom: from 168.6 ± 10.187 to 5.084 ± 0.575, n 
= 6; F7: from 147.448 ± 18.149 to 80.770 ± 20.430, n = 5; F11: from 251.699 ± 18.683 to 98.224 
± 20.718, n = 6; F12: from 216.320 ± 34.260 to 120.493 ± 19.443, n = 6; F13: from 92.243 ± 
20.231 to 37.364 ± 7.774, n = 5; and F16: from 129.713 ± 20.386 to 84.763 ± 18.208, n = 6). 
Fractions 1–6, 8–10, 14, 15, and 17 had no effect on OtNav1.8 Na+ current (Figure S1). No-
tably, with the exception of fraction 7, which eluted between 22 and 23 min, the majority 
of the inhibitory fractions eluted between 30 and 37 min (Figure 2). 

 
Figure 3. Effects of the venom and RPLC fractions on grasshopper mice recombinant OtNav1.8 Na+ current. (A) Repre-
sentative OtNav1.8 currents before (black trace) and after (red trace) application of venom (1.2 µg/mL). The currents were 
elicited by a 100-millisecond depolarization to +20 mV from a holding potential of -80 mV before and after application of 
venom. (B) Summary graph of Na+ currents quantified in whole-cell voltage-clamped ND7/23 cells transfected with 
OtNav1.8 before (black circles, gray bar) and after (red squares, red bar) application of venom. Summary data from exper-
iments (n = 6 cells) identical to those shown in (A). * p < 0.05 vs. before application of venom. (C,E,G,I,K) Representative 
OtNav1.8 currents before (black traces) and after application of fractions 7 (blue trace), 11 (green trace), 12 (orange trace), 
13 (light brown trace), and 16 (violet trace). The currents were elicited by a 100-millisecond depolarization to +20 mV from 
a holding potential of -80 mV before and after application of fractions (0.1–0.3 µg/mL) 7, 11, 12, 13, and 16. (D,F,H,J,L) 
Summary graphs of Na+ currents quantified in whole-cell voltage-clamped ND7/23 cells transfected with OtNav1.8 before 
(black circles, gray bars) and after application of fractions 7 (blue triangles, light blue bar), 11 (green diamonds, light green 
bar), 12 (orange triangles, light orange bar), 13 (brown squares, light brown bar), and 16 (violet and white circles, pink 
bar). Summary data from experiments (n = 5–6 cells) identical to those shown in (C,E,G,I,K). * p < 0.05 vs. before application 
of fractions 7, 11, 12, 13, and 16. 

Figure 3. Effects of the venom and RPLC fractions on grasshopper mice recombinant OtNav1.8 Na+ current. (A) Representa-
tive OtNav1.8 currents before (black trace) and after (red trace) application of venom (1.2 µg/mL). The currents were elicited
by a 100-millisecond depolarization to +20 mV from a holding potential of −80 mV before and after application of venom.
(B) Summary graph of Na+ currents quantified in whole-cell voltage-clamped ND7/23 cells transfected with OtNav1.8
before (black circles, gray bar) and after (red squares, red bar) application of venom. Summary data from experiments
(n = 6 cells) identical to those shown in (A). * p < 0.05 vs. before application of venom. (C,E,G,I,K) Representative OtNav1.8
currents before (black traces) and after application of fractions 7 (blue trace), 11 (green trace), 12 (orange trace), 13 (light
brown trace), and 16 (violet trace). The currents were elicited by a 100-millisecond depolarization to +20 mV from a holding
potential of −80 mV before and after application of fractions (0.1–0.3 µg/mL) 7, 11, 12, 13, and 16. (D,F,H,J,L) Summary
graphs of Na+ currents quantified in whole-cell voltage-clamped ND7/23 cells transfected with OtNav1.8 before (black
circles, gray bars) and after application of fractions 7 (blue triangles, light blue bar), 11 (green diamonds, light green bar),
12 (orange triangles, light orange bar), 13 (brown squares, light brown bar), and 16 (violet and white circles, pink bar).
Summary data from experiments (n = 5–6 cells) identical to those shown in (C,E,G,I,K). * p < 0.05 vs. before application of
fractions 7, 11, 12, 13, and 16.
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2.3. Ion Exchange Chromatography of Inhibitory Fractions 7, 11, 12, and 13 and Identification of
Inhibitory Subfractions

Samples of inhibitory fractions 7, 11, 12, and 13 were further fractionated into subfrac-
tions using ion exchange chromatography (IEC) and a linear increase in ionic strength using
KCl (only data from fractions 7 and 11 are shown). Fraction 7 separated into 14 subfractions,
designated A–N (Figure 4). After desalting, samples of each subfraction were screened
for inhibition of OtNav1.8 TTX-R Na+ current. Whole-cell patch clamp electrophysiology
was used to measure the effects of venom subfractions on TTX-R Na+ current recorded
from OtNav1.8 expressed in ND7/23 cells. Samples of subfractions were diluted in bath
solution (0.1–0.3 µg/mL). Currents were elicited by a 100-millisecond depolarization to
+20 mV from a holding potential of −80 mV before and after application of the venom or
subfractions. Pre- and post-current traces were compared to detect inhibition of current.
Subfractions 7A, 7C, 7E, 7F, 7M, and 7N inhibited OtNav1.8 Na+ current (Figure 5A–L).
As shown in the summary graph in Figure 5, subfractions 7A, 7C, 7E, 7F, 7M, and 7N
significantly (* p < 0.05) inhibited OtNav1.8 Na+ current measured in pA/pF (7A: from
105.559 ± 14.358 to 24.918 ± 4.720, n = 5; 7C: from 112.855 ± 11.219 to 59.633 ± 7.176,
n = 7; 7E: from 236.654 ± 39.063 to 105.479 ± 22.385, n = 6; 7F: from 302.570 ± 22.213 to
22.956 ± 2.780, n = 7; 7M: from 208.440 ± 46.256 to 33.073 ± 9.577, n = 4; and 7N: from
426.745 ± 55.432 to 8.404 ± 1.536, n = 6).
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OtNav1.8 clone for inhibitory activity. Subfractions A, C, E, F, M, and N (highlighted in the chro-
matogram with gray columns) inhibited TTX-R Na+ current recorded from OtNav1.8 expressed in 
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20% acetonitrile, pH 2.7–3.0). Absorbance shown at wavelength 214 nm. 

Figure 4. Ion exchange chromatography (IEC) sub-fractionation profile of fraction 7. Venom fraction
7 was further separated using an IEC column and a linear gradient of KCl buffer. Fraction 7 separated
into 14 subfractions, designated as A–N. Subfractions were tested against the recombinant OtNav1.8
clone for inhibitory activity. Subfractions A, C, E, F, M, and N (highlighted in the chromatogram with
gray columns) inhibited TTX-R Na+ current recorded from OtNav1.8 expressed in ND7/23 cells. The
dashed line shows the % gradient for mobile phase B (10 mM KH2PO4, 0.5M KCl, 20% acetonitrile,
pH 2.7–3.0). Absorbance shown at wavelength 214 nm.
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Figure 5. Effects of F7 subfractions on recombinant OtNav1.8 Na+ current. (A,C,E,G,I,K) Representative OtNav1.8 currents 
before (black traces) and after application of 0.1–0.3 µg/mL of subfractions 7A (blue trace), 7C (orange trace), 7E (green 
trace), 7F (violet trace), 7M (cumin color trace), and 7N (brown trace). The currents were elicited by a 100-millisecond 
depolarization to +20 mV from a holding potential of -80 mV before and after application of subfractions 7A, 7C, 7E, 7F, 
7M, and 7N. (B,D,F,H,J,L) Summary graphs of Na+ currents quantified in whole-cell voltage-clamped ND7/23 cells trans-
fected with OtNav1.8 before (black circles, gray bars) and after application of subfractions 7A (blue squares, light blue 
bar), 7C (orange squares, light orange bar), 7E (green squares, light green bar), 7F (violet squares, light violet bar), 7M 
(cumin color squares, light cumin color bar), and 7N (red squares, red bar). Summary data from experiments (n = 4–7 cells) 
identical to those shown in (A,C,E,G,I,K). * p < 0.05 vs. before application of subfractions 7A, 7C, 7E, 7F, 7M, and 7N. 
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the summary graph in Figure 6, subfractions 11E, 11I, and 11J significantly (* p < 0.05) 
inhibited OtNav1.8 Na+ current measured in pA/pF (11E: from 82.530 ± 18.799 to 6.911 ± 
0.919, n = 5; 11I: from 205.128 ± 30.427 to 89.581 ± 13.328, n = 7; and 11J: from 181.488 ± 
25.314 to 63.843 ± 12.313, n = 6). Notably, none of the principal peaks from either fraction 
7 or 11 inhibited OtNav1.8 Na+ current (Figures S2 and S3). Instead, the inhibitory sub-
fractions consisted of minor peaks in both the fraction 7 and 11 profiles (highlighted in the 
chromatograms with gray columns) ( Figure 4;  Figure 6A). This suggests that inhibitory 
peptides are expressed in low quantity compared to other peptides and may not represent 
venom components that are key for prey capture and predator defense. A comparison of 
venom fractions with subfractions also suggests that the inhibitory effects are concentra-
tion-dependent. For example, low concentrations (0.1–0.3 µg/mL) of fractions 7 and 11 did 
not inhibit OtNav1.8 activity completely (Figure 3C,E). However, similar concentrations 

Figure 5. Effects of F7 subfractions on recombinant OtNav1.8 Na+ current. (A,C,E,G,I,K) Representative OtNav1.8 currents
before (black traces) and after application of 0.1–0.3 µg/mL of subfractions 7A (blue trace), 7C (orange trace), 7E (green
trace), 7F (violet trace), 7M (cumin color trace), and 7N (brown trace). The currents were elicited by a 100-millisecond
depolarization to +20 mV from a holding potential of −80 mV before and after application of subfractions 7A, 7C, 7E, 7F, 7M,
and 7N. (B,D,F,H,J,L) Summary graphs of Na+ currents quantified in whole-cell voltage-clamped ND7/23 cells transfected
with OtNav1.8 before (black circles, gray bars) and after application of subfractions 7A (blue squares, light blue bar), 7C
(orange squares, light orange bar), 7E (green squares, light green bar), 7F (violet squares, light violet bar), 7M (cumin color
squares, light cumin color bar), and 7N (red squares, red bar). Summary data from experiments (n = 4–7 cells) identical to
those shown in (A,C,E,G,I,K). * p < 0.05 vs. before application of subfractions 7A, 7C, 7E, 7F, 7M, and 7N.

Fraction 11 separated into 10 subfractions, designated as A–J (Figure 6A), and only
subfractions 11E, 11I, and 11J inhibited OtNav1.8 Na+ current (Figure 6B–G). As shown in
the summary graph in Figure 6, subfractions 11E, 11I, and 11J significantly (* p < 0.05) inhib-
ited OtNav1.8 Na+ current measured in pA/pF (11E: from 82.530 ± 18.799 to 6.911 ± 0.919,
n = 5; 11I: from 205.128 ± 30.427 to 89.581 ± 13.328, n = 7; and 11J: from 181.488 ± 25.314
to 63.843 ± 12.313, n = 6). Notably, none of the principal peaks from either fraction 7 or
11 inhibited OtNav1.8 Na+ current (Figures S2 and S3). Instead, the inhibitory subfrac-
tions consisted of minor peaks in both the fraction 7 and 11 profiles (highlighted in the
chromatograms with gray columns) (Figure 4; Figure 6A). This suggests that inhibitory
peptides are expressed in low quantity compared to other peptides and may not represent
venom components that are key for prey capture and predator defense. A comparison of
venom fractions with subfractions also suggests that the inhibitory effects are concentration-
dependent. For example, low concentrations (0.1–0.3 µg/mL) of fractions 7 and 11 did
not inhibit OtNav1.8 activity completely (Figure 3C,E). However, similar concentrations
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(0.1–0.3 µg/mL) of subfractions 7F, 7M, 7N, and 11E completely blocked OtNav1.8 activity
(Figures 5 and 6).
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flux. Sodium ion channels are gated (opened, inactivated, closed) by changes in voltage 
across the cell membrane. Membrane voltage has no effect on inhibition induced by pro-
teins or small molecules that occlude the pore. We reasoned that if proteins inhibit 
OtNav1.8 by blocking the pore, the inhibitory effect would be independent of voltage. 
Alternatively, proteins could bind extracellular channel loops and inhibit Nav1.8 through 
voltage-dependent mechanisms. To address this, we tested the effects of venom (1.2 
µg/mL) on OtNav1.8 held at different membrane potentials and found that the inhibitory 
effect of venom is voltage-dependent. Hyperpolarized membrane potentials (e.g., -120 
mV) reduced the inhibitory effects of the AZ bark scorpion venom on the channels (Figure 
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Figure 6. Effects of F11 subfractions on recombinant OtNav1.8 Na+ current. (A) Ion exchange chromatography (IEC) sub-
fractionation profile of fraction 11. Venom fraction 11 was further separated using an IEC column and a linear gradient of
KCl buffer. Fraction 11 separated into 10 subfractions, designated as A–J. Subfractions were tested against the recombinant
OtNav1.8 clone for inhibitory activity. Subfractions E, I, and J (highlighted in the chromatogram with gray columns)
inhibited TTX-R Na+ current recorded from OtNav1.8 expressed in ND7/23 cells. The dashed line shows the KCl gradient
used for elution of the compounds. Absorbance shown at wavelength 214 nm. (B,D,F) Representative OtNav1.8 currents
before (black traces) and after application of subfractions 11E (green trace), 11I (orange trace), and 11J (blue trace). The
currents were elicited by a 100-millisecond depolarization to +20 mV from a holding potential of −80 mV before and after
application of 0.1–0.3 µg/mL of subfractions 11E, 11I, and 11J. (C,E,G) Summary graphs of Na+ currents quantified in
whole-cell voltage-clamped ND7/23 cells transfected with OtNav1.8 before (black circles, gray bars) and after application of
subfractions 11E (green squares, light green bar), 11I (orange squares, light orange bar), and 11J (blue squares, light blue
bar). Summary data from experiments (n = 5–7 cells) identical to those shown in (B,D,F). * p < 0.05 vs. before application of
subfractions 11E, 11I, and 11J.

2.4. Electrophysiological Characterization of Voltage-Dependent Effects of AZ Bark Scorpion
Venom and Inhibitory Subfractions

We previously showed that AZ bark scorpion venom has no effect on grasshopper
mice OtNav1.8 channel fast inactivation [48]. Therefore, we hypothesized that proteins
may inhibit OtNav1.8 by binding to the extracellular side of the pore and blocking Na+ ion
flux. Sodium ion channels are gated (opened, inactivated, closed) by changes in voltage
across the cell membrane. Membrane voltage has no effect on inhibition induced by
proteins or small molecules that occlude the pore. We reasoned that if proteins inhibit
OtNav1.8 by blocking the pore, the inhibitory effect would be independent of voltage.
Alternatively, proteins could bind extracellular channel loops and inhibit Nav1.8 through
voltage-dependent mechanisms. To address this, we tested the effects of venom (1.2 µg/mL)
on OtNav1.8 held at different membrane potentials and found that the inhibitory effect
of venom is voltage-dependent. Hyperpolarized membrane potentials (e.g., −120 mV)
reduced the inhibitory effects of the AZ bark scorpion venom on the channels (Figure 7).
A comparison of the Na+ current (Figure 7A–C) with the corresponding current–voltage
(I–V) relationship (Figure 7D) showed a decrease in Na+ currents after application of the
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AZ bark scorpion venom, followed by an increase in current after hyperpolarizing the cell
membrane to −120 mV (i.e., reduction in the inhibitory effect of the venom). The total Na+

current at 10 mV decreased from −564.52 ± 74.21 pA/pF (control, n = 5) to −78.86 ± 61.57
(application of venom, n = 5). Hyperpolarization of the cell membrane to −120 mV for
30 s induced a negative shift in the voltage dependence of activation from 10 (control) to
−20 mV (hyperpolarization) (Figure 7D). The peak Na+ amplitude at −20 mV increased
from −56.73 ± 29.18 pA/pF (application of venom, n = 5) to −295.89 ± 39.31 pA/pF
(hyperpolarization).
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We also tested the F7 subfractions (7A, 7E, 7F, 7M, and 7N) that inhibited OtNav1.8 
current and found that the inhibitory effects of the subfractions could be reduced by hy-
perpolarizing the cell membranes (Figure 8; data shown for subfraction 7A only, while 
those for subfractions 7F, 7M, and 7N are shown in Figures S4–S6). A comparison of the 
Na+ current (Figure 8A–C) with the corresponding current–voltage (I–V) relationship (Fig-
ure 8D) showed a decrease in Na+ currents after the application of subfraction 7A, fol-
lowed by an increase in current after hyperpolarizing the cell membrane to -120 mV. The 
total Na+ current at 10 mV decreased from -982.05 ± 130.12 pA/pF (control, n = 4) to -315.52 
± 70.08 (application of subfraction 7A, n = 4). Hyperpolarization of the cell membrane to -
120 mV for 30 s induced a negative shift in the voltage dependence of inactivation from 
10 (control) to -15 mV (hyperpolarization) (Figure 8D). The peak Na+ amplitude at -15 mV 
increased from -239.65 ± 31.81 pA/pF (application of subfraction 7A, n = 4) to -786.28 ± 

Figure 7. Inhibitory effects of AZ bark scorpion venom on OtNav1.8 channels are voltage-dependent. (A,B) Representative
activation current traces of OtNav1.8 channel expressed in ND7/23 cells in the absence (control, A) and presence (B)
of venom (1.2 µg/mL). The protocol is shown in the inset. Total currents were elicited by a series of 100-millisecond
depolarizations from −80 to +60 mV in 5-millivolt increments. (C) Representative activation current traces of OtNav1.8 in
the presence of the venom after hyperpolarizing the cell membranes (the protocol is shown in the inset). The current–voltage
curve was generated by voltage-clamp protocols consisting of holding potential of −120 mV for 30 s followed by a series of
100-millisecond depolarizations from −80 to +60 mV in 5-millivolt increments. (D) I–V curves of the total Na+ currents
in the absence (control, black circles) and presence of the venom (red circles) and after hyperpolarization (green circles)
at a holding potential of −120 mV for 30 s followed by a series of 100-millisecond depolarizations from −80 to +60 mV
in 5-millivolt increments. The inhibitory effects of venom on Na+ current were reduced when ND7/23 cells (expressing
OtNav1.8) were hyperpolarized to a holding potential of −120 mV compared to −80 mV. Summary data from experiments
(n = 3–5 cells) identical to those shown in (A–C).

We also tested the F7 subfractions (7A, 7E, 7F, 7M, and 7N) that inhibited OtNav1.8
current and found that the inhibitory effects of the subfractions could be reduced by
hyperpolarizing the cell membranes (Figure 8; data shown for subfraction 7A only, while
those for subfractions 7F, 7M, and 7N are shown in Figures S4–S6). A comparison of
the Na+ current (Figure 8A–C) with the corresponding current–voltage (I–V) relationship
(Figure 8D) showed a decrease in Na+ currents after the application of subfraction 7A,
followed by an increase in current after hyperpolarizing the cell membrane to −120 mV.
The total Na+ current at 10 mV decreased from −982.05 ± 130.12 pA/pF (control, n = 4)
to −315.52 ± 70.08 (application of subfraction 7A, n = 4). Hyperpolarization of the cell
membrane to −120 mV for 30 s induced a negative shift in the voltage dependence of
inactivation from 10 (control) to −15 mV (hyperpolarization) (Figure 8D). The peak Na+

amplitude at −15 mV increased from −239.65 ± 31.81 pA/pF (application of subfraction
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7A, n = 4) to −786.28 ± 92.07 pA/pF (hyperpolarization). These results suggest that bark
scorpion venom proteins may inhibit grasshopper mice Nav1.8 Na+ currents by modulating
voltage-dependent gating mechanisms.
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Mass-spectrometry-based bottom-up proteomic analyses were used to determine the 
primary structure of the proteins from inhibitory subfractions of F7 and F11. Due to in-
sufficient protein in a number of subfractions, only F7C and F11E and -I provided prote-
omic results. In total, nine proteins were identified using multiple database search engines 
from the subfractions that showed bioactivity against OtNav1.8; four of these proteins 
were unique to the bioactive subfractions F11E (Table 1). The proteomic analysis also led 
to the identification of 18 proteins belonging to subfractions that did not show bioactivity, 
of which 13 were exclusively found in non-bioactive subfractions (summary of results 
provided in Table S1). Interestingly, each analyzed subfraction contained multiple pro-
teins active against sodium and potassium channels along with other venom proteins, 
such as enzymes. Typically, the proteins within a single subfraction demonstrated some 
degree of similarity in their sequences and could be grouped accordingly. As an example, 
Table 1 provides the sequence comparison between four of the six identified proteins from 

Figure 8. Inhibitory effects of subfraction 7A on OtNav1.8 channels are voltage-dependent. (A,B) Rep-
resentative activation current traces of OtNav1.8 channel expressed in ND7/23 cells in the absence
(control, (A)) and presence (B) of subfraction 7A (0.1–0.3 µg/mL). The protocol is shown in the inset.
Total currents were elicited by a series of 100-millisecond depolarizations from −80 to +60 mV in
5-millivolt increments. (C) Representative activation current traces of OtNav1.8 in the presence of
subfraction 7A after hyperpolarizing the cell membranes (the protocol is shown in the inset). The
current–voltage curve was generated by voltage-clamp protocols consisting of a holding potential
of −120 mV for 30 s followed by a series of 100-millisecond depolarizations from −80 to +60 mV
in 5-millivolt increments. (D) I–V curves of the total Na+ currents in the absence (control, black
circles) and presence of subfraction 7A (blue circles) and after hyperpolarization (green circles) at a
holding potential of −120 mV for 30 s followed by a series of 100-millisecond depolarizations from
−80 to +60 mV in 5-millivolt increments. The inhibitory effects of subfraction 7A on Na+ current
were reduced when ND7/23 cells (expressing OtNav1.8) were hyperpolarized to a holding potential
of −120 mV compared to −80 mV. Summary data from experiments (n = 3–5 cells) identical to those
shown in (A–C).

2.5. Proteomic Analyses of AZ Bark Scorpion Venom Subfractions That Inhibit OtNav1.8
Na+ Current

Mass-spectrometry-based bottom-up proteomic analyses were used to determine
the primary structure of the proteins from inhibitory subfractions of F7 and F11. Due
to insufficient protein in a number of subfractions, only F7C and F11E and -I provided
proteomic results. In total, nine proteins were identified using multiple database search
engines from the subfractions that showed bioactivity against OtNav1.8; four of these
proteins were unique to the bioactive subfractions F11E (Table 1). The proteomic analysis
also led to the identification of 18 proteins belonging to subfractions that did not show
bioactivity, of which 13 were exclusively found in non-bioactive subfractions (summary of
results provided in Table S1). Interestingly, each analyzed subfraction contained multiple
proteins active against sodium and potassium channels along with other venom proteins,
such as enzymes. Typically, the proteins within a single subfraction demonstrated some
degree of similarity in their sequences and could be grouped accordingly. As an example,
Table 1 provides the sequence comparison between four of the six identified proteins from
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subfraction 11E. The sequences of the four proteins, namely NaTx-22, NaTx-4, NATx-36,
and NaTx-13, were identified by searching bottom-up proteomic data against a transcrip-
tome database of the venom glands of Arizona bark scorpion (provided by D.R. Rokyta,
Florida State University). The portions of the sequences of NaTx-22, NaTx-4, NaTx-36, and
NaTx-13 that correspond to mass-spectrometry-identified tryptic peptides are underlined
in black (Table 1). All four proteins exhibited the presence of multiple cysteine and lysine
residues characteristic of scorpion venom toxins that bind voltage-gated sodium channels.
The four proteins also have a “CXCE” motif, where X = an aromatic residue (tryptophan,
tyrosine, or phenylalanine). Three of the toxins have multiple prolines in the C-terminal
end. Additionally, two of the toxins exhibit a “PTXPIP” motif, where X = tyrosine or
phenylalanine. The other proteins identified in subfraction 11E are bNaTx-7 and VP-16.
While bNaTx-7 shares a similar abundance of lysines and prolines along with the “CXCE”
motif of the four toxins in Table 1, it was also identified in a non-bioactive subfraction
and thus removed from consideration. VP-16 is a larger protein than the others (10.7 kDa
compared to approximately 7 kDa for the other four). It has a similar abundance of prolines
and lysines but lacks either the “CXCE” or “PTXPIP” found in the others. Like bNaTx-7,
VP-16 was also identified in a non-bioactive subfraction and removed from consideration.

Table 1. Primary structure of toxin proteins identified from subfraction 11E that inhibited OtNav1.8 activity.

Toxin ID Full Sequence

NaTx-22 KDGYPVIKTTGCKLICVGISDNKSCDRFCKKQGGSHGYCHAFG C W C E GLSGST P TYPIP GKTCKK

NaTx-4 KEGYLVNKETGCKLACVTTGENKNCKLDCKNQGGSKGYCLLFR C F C E GLSEST P TFPIP GKTCSGK

NaTx-36 KDGYPMRSDGCTIACLFDNDFCNRKCVEQKGKSGYCYFWKQS C Y C E GLPDDKVYDSATSKCRA

NaTx-13 SKKEIPGGYPVNQFKCTYECAHADTDHIRCKNLCKKLGGSWGYCYWNT C Y C E YLPDSVPQKNSIEVFSCGATIVGVPDTEQQ

Yellow highlight: “CXCE” motif, where X = an aromatic residue (tryptophan (W), tyrosine (Y), or phenylalanine (F)). “PTXPIP” motif,
where X = tyrosine (Y) or phenylalanine (F). Underlined in black: portions of sequences of NaTx-22, NaTx-4, NaTx-36, and NaTx-13 that
correspond to mass-spectrometry-identified peptides. Cysteines (C, red), Lysines (L, purple), Prolines (P, blue).

2.6. Structural Characterization of NaTx-22 from Subfraction 11E That Inhibits OtNav1.8

Proteomic analyses of AZ bark scorpion venom subfractions that inhibited grasshop-
per mice Nav1.8 Na+ current identified four novel toxin proteins with a mass and primary
sequence between 40% and 65% conserved with toxins previously isolated from scor-
pion venoms. Importantly, the toxin proteins were unambiguously characterized through
the identification of unique tryptic peptides, as shown in Figure 9A for NaTx-22 and in
Figures S7A, S8A, and S9A for the other three proteins presented in Table 1. In order
to determine the possible presence of similar proteins in other related scorpion species,
the sequences from the four proteins were searched against other proteins using the Na-
tional Center for Biotechnology Information Protein Basic Local Alignment Search Tool,
which produced a match with other scorpion toxins (NCBI Protein BLAST, Figure 9B,
Figures S7B, S8B, and S9B). NaTx-22 has a sequence identity of 65% compared to Cex5,
a toxin cloned from Centruroides exilicauda venom gland (Centruroides exilicauda is now
renamed as Centruroides sculpturatus; UniProtKB/Swiss-Prot: Q68PH0.1). In addition,
NaTx-22 is between 62 and 63% conserved with two toxins identified from C. noxius venom.
NaTx-22 is predicted to be a β-toxin based on its primary structure. The proposed disulfide
bridge arrangement of NaTx-22 is C1–C8, C2–C5, C3–C6, and C4–C7 (based on homology
with Cex5, UniProtKB/Swiss-Prot: Q68PH0.1, Figure 9C) [59]. NaTx-22 has a theoretical
molecular weight of 6962.08 Da (ExPASy ProtParam, http://web.expasy.org/protparam,
accessed date: May and June 2021). SWISS-MODEL (http://swissmodel.expasy.org/,
accessed date: May and June 2021) was used to propose the 3D structure of NaTx-22 and
the other three toxins presented in Table 1 (Figure 9D, Figures S7D, S8D, and S9D).

http://web.expasy.org/protparam
http://swissmodel.expasy.org/
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Figure 9. Primary structure of NaTx-22, identified from AZ bark scorpion venom that inhibits Nav1.8 Na+ current. (A) 
Tandem mass-spectrometry-based identification of a unique peptide from NaTx-22. Experimental fragment ions matched 
against in silico generated fragment ions (using a 0.5 Da mass tolerance) are indicated in red (b-ions, containing the N-
terminus) or blue (y-ions, containing the C-terminus). Identified cleavage sites are recapitulated in the inset showing the 
exact sequence of the peptide. The position of the identified tryptic peptide within the whole sequence of NaTx-22 is 
indicated in brown on the bar representing the full sequence of the toxin protein. This tryptic peptide has a sequence 
unique to this toxin, and the intact mass of the peptide was matched with a 5.3-ppm deviation over the theoretical value. 
(B) Sequence alignment of NaTx-22 with homology toxins from NCBI BLAST. UniProt Knowledgebase (Uni-
ProtKB)/Swiss-Prot accession codes for these retrieved sequences are Q68PH0.1 (Cex5), P45664.1 (CngtIII), and Q94435.2 
(Cn10). Hyphen-minus represents identical amino acid residues, and dots indicate the lack of residue at the position. The 
toxin lengths and percentages of sequence identities are given on the right. (C) Disulfide bridge arrangement (in blue) of 
NaTx-22 proposed by homology with Cex5. Cysteines were numbered by their order of appearance in the sequence. (D) 
SWISS-MODEL (http://swissmodel.expasy.org/, accessed date: May and June 2021) proposed the 3D structure of NaTx-
22. 
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that inactivate or block signals, would advance efforts to develop drugs that block pain 
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potentials. Nav1.8 generates the majority of Na+ currents underlying the action potentials 
that carry pain signals to the brain. Tissue damage due to injury, aging, or disease causes 
biochemical changes in neurons that activate Nav1.8 to initiate action potentials [1,5–8]. 
Nav1.8 has two inactivation mechanisms that prevent the flux of Na+ ions into nociceptive 
neurons, thus blocking the action potentials that carry pain signals to the brain. Fast inac-
tivation blocks Na+ flux for milliseconds, while slow inactivation blocks channels over 
longer timescales. The biophysical mechanisms that govern activation and inactivation 
gating provide a strategy for developing non-addictive pain treatments. 
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mechanisms that inhibit channel activity and block pain signal transmission [61]. Moreo-

Figure 9. Primary structure of NaTx-22, identified from AZ bark scorpion venom that inhibits Nav1.8 Na+ current.
(A) Tandem mass-spectrometry-based identification of a unique peptide from NaTx-22. Experimental fragment ions
matched against in silico generated fragment ions (using a 0.5 Da mass tolerance) are indicated in red (b-ions, containing
the N-terminus) or blue (y-ions, containing the C-terminus). Identified cleavage sites are recapitulated in the inset showing
the exact sequence of the peptide. The position of the identified tryptic peptide within the whole sequence of NaTx-22
is indicated in brown on the bar representing the full sequence of the toxin protein. This tryptic peptide has a sequence
unique to this toxin, and the intact mass of the peptide was matched with a 5.3-ppm deviation over the theoretical value.
(B) Sequence alignment of NaTx-22 with homology toxins from NCBI BLAST. UniProt Knowledgebase (UniProtKB)/Swiss-
Prot accession codes for these retrieved sequences are Q68PH0.1 (Cex5), P45664.1 (CngtIII), and Q94435.2 (Cn10). Hyphen-
minus represents identical amino acid residues, and dots indicate the lack of residue at the position. The toxin lengths and
percentages of sequence identities are given on the right. (C) Disulfide bridge arrangement (in blue) of NaTx-22 proposed
by homology with Cex5. Cysteines were numbered by their order of appearance in the sequence. (D) SWISS-MODEL
(http://swissmodel.expasy.org/, accessed date: May and June 2021) proposed the 3D structure of NaTx-22.

3. Discussion

Chronic pain causes human suffering and a loss of economic productivity. Related
opioid abuse imposes a burden on community health systems. A better understanding
of the mechanisms underlying the transmission of pain signals, particularly mechanisms
that inactivate or block signals, would advance efforts to develop drugs that block pain
without addiction [60]. Pain pathway neurons transmit pain signals to the brain via action
potentials. Nav1.8 generates the majority of Na+ currents underlying the action potentials
that carry pain signals to the brain. Tissue damage due to injury, aging, or disease causes
biochemical changes in neurons that activate Nav1.8 to initiate action potentials [1,5–8].
Nav1.8 has two inactivation mechanisms that prevent the flux of Na+ ions into nociceptive
neurons, thus blocking the action potentials that carry pain signals to the brain. Fast
inactivation blocks Na+ flux for milliseconds, while slow inactivation blocks channels over
longer timescales. The biophysical mechanisms that govern activation and inactivation
gating provide a strategy for developing non-addictive pain treatments.

Animal venoms are a rich source of proteins that target pain-pathway neurons [24–30].
Venom proteins modulate the voltage-gated sodium channels that regulate the transmis-
sion of pain signals to the brain, thus providing a toolkit for examining the biophysical
mechanisms that inhibit channel activity and block pain signal transmission [61]. Moreover,
proteins that modulate VGSC activity can serve as templates for structure-guided engineer-

http://swissmodel.expasy.org/
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ing of drugs that block pain [37–40]. However, examining Nav1.8 inactivation mechanisms
has been challenging. While Nav1.8 is preferentially expressed in nociceptive neurons
where it plays a role in neuropathic and inflammatory pain, highlighting the potential for
Nav1.8 to serve as an alternative drug target to Nav1.7, the biophysical mechanisms that
regulate Nav1.8 inactivation are not completely understood [7,8,10–18]. Progress has been
hindered by a lack of venom proteins that modulate Nav1.8 inactivation. Zhang et al. [58]
screened venoms from multiple species and identified only one protein from snake venom
that inhibits Nav1.8 currents expressed in rat DRG. The three-finger protein µ-EPTX-Na1a,
isolated from the Chinese cobra (Naja atra), inhibits Nav1.8 through a depolarizing shift of
activation and a repolarizing shift of inactivation [58].

AZ bark scorpions (Centruroides sculpturatus) produce venom proteins that reversibly
bind VGSCs [49–55]. Grasshopper mice (Onychomys torridus) feed on AZ bark scorpions but
show little response when stung by scorpions [48,56,57]. When mice are stung by scorpions,
the venom inhibits Nav1.8 activity, blocking the compound action potentials that carry
pain signals to the brain—the venom acts as an analgesic to block pain in these mice
(Figure 10) [48]. Whole-cell patch clamp recordings showed that venom inhibited Nav1.8
currents and blocked action potentials in nociceptive neurons in mice [48]. Injections of
venom into the hind paw of mice blocked paw-licking behavior in response to injections
of the pain-inducing chemical formalin. Thus, grasshopper mice provide a system for
characterizing peptides that inhibit Nav1.8 activity and block pain signal transmission.
If we could determine how venom proteins bind mouse Nav1.8 and block pain signal
transmission, we could apply that knowledge to develop proteins that would block pain
in humans.
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Figure 10. AZ bark scorpion venom blocks the transmission of pain signals in grasshopper mice. When grasshopper mice
are stung by AZ bark scorpions, the venom proteins inhibit Na+ ion flux through Nav1.8. Inhibition of Nav1.8 Na+ current
blocks the generation of action potentials in the nociceptive neurons that carry pain signals to the brain. Figure modified
from Rowe et al. [48]. Created with BioRender.com, accessed date: May and June 2021.

Using a bidimensional (RPLC, IEC) fractionation/sub-fractionation and bioassay
pipeline, we isolated several venom subfractions from AZ bark scorpions that inhibit
grasshopper mice Nav1.8 TTX-resistant Na+ current. While the venom completely blocked
TTX-resistant Na+ current in our recombinant OtNav1.8 bioassay, many of the venom
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fractions only partially inhibited the Na+ current at low concentrations (0.1–0.3 µg/mL).
However, similar concentrations (0.1–0.3 µg/mL) of more pure venom subfractions almost
completely inhibited OtNav1.8. These results suggest the inhibitory effects of venom
proteins are concentration-dependent. It is also possible that individual toxin proteins
vary in their inhibitory efficacy. Alternatively, less pure fractions may contain proteins that
enhance Na+ current and oppose the effects of inhibitory proteins. Current work is focused
on isolating and testing individual toxin proteins to determine the EC50 for each toxin.

There are a number of mechanisms that could inhibit VGSC Na+ current: (1) physical
occlusion of the pore; (2) inhibition of activation by trapping the DII voltage sensor in
the deactivated position; (3) fast inactivation via modulation of the DIV voltage sensor
to engage the hinged lid on the intracellular side of the pore; and (4) slow inactivation
via conformational change of the helices that line the pore. Spiders, cone snails, and
scorpions produce venom proteins that reversibly bind Na+ channels [24,41,42]. While
cone snail µ-conotoxins occlude the pore from the extracellular side [62], scorpion and
spider proteins function as gating modifiers by docking to the voltage sensors [29,30,44,63].
Scorpion α-toxins immobilize the DIV voltage sensor in the inward position (resting state)
to impair channel fast inactivation [63]. Immobilization of the DIV voltage sensor prevents
the hinged lid from moving into the intracellular side of the pore. The β-toxins trap the
DII voltage sensor in the outward position to activate (open) the channel [44]. The snake
venom toxin µ-EPTX-Na1a from Chinese cobra inhibits Nav1.8 in rat DRG through a novel
mechanism—the toxin causes a depolarizing shift in the voltage dependence of activation
and a repolarizing shift in the voltage dependence of inactivation. Electrophysiological
data from our previous work showed that AZ bark scorpion venom did not inhibit Nav1.8
Na+ current by engaging the fast inactivation hinged lid [48]. Electrophysiological charac-
terization of the venom subfractions from F7 in this study showed that the inhibitory effects
of F7 subfractions could be reduced or removed by hyperpolarizing the cell membranes.
Moreover, the hyperpolarizing holding potentials revealed that the inhibitory subfractions
from F7 negatively shift the voltage dependence of OtNav1.8 activation. Taken together,
these results suggest two potential mechanisms: (1) venom proteins may trap an OtNav1.8
voltage sensor(s) in the activated position to open channels at or near resting membrane po-
tentials, and (2) proteins may function as gating modifiers to inhibit OtNav1.8 Na+ currents
as opposed to pore blockers. Given that strong hyperpolarization of cell membranes can
cause VGSCs to transition out of a slow inactivated state, the voltage-dependent effects of
the inhibitory F7 subfractions hint that venom proteins may inhibit Nav1.8 by inducing the
channel to transition into a slow inactivated state. Future work should provide a detailed
characterization of the electrophysiological effects of inhibitory toxin proteins from both F7
and F11 on the slow inactivation properties of grasshopper mice Nav1.8.

We identified the primary structure of four toxin proteins from a subfraction (F11E) of
AZ bark scorpion venom that inhibits grasshopper mice Nav1.8. These four proteins have a
primary structure, mass, cysteine–cysteine disulfide binding pattern, and three-dimensional
structure similar to Na+ channel toxins that have been previously described from scorpion
venom (NCBI BLAST, ExPASy ProtParam, SWISS-MODEL). In particular, the four toxin
proteins identified from AZ bark scorpion (Centruroides sculpturatus) venom were similar
to toxins described from other Centruroides species (e.g., C. noxius, C. suffusus suffusus,
C. limpidus, and C. tecomanus). In addition, one toxin protein from C. sculpturatus was
similar to toxin proteins described from Parabuthus transvalicus, Androctonus australis, and
Tityus serrulatus (Figure S9). Interestingly, several of the toxins identified as most similar to
our candidate toxin proteins are either predicted or functionally confirmed to be β-toxins.
In general, β-toxins function by trapping the domain II voltage sensor of VGSCs in the
activated position, causing the channel to open at or near resting membrane potential. The
results from this study suggest that inhibitory subfractions contain proteins that function
as β-toxins. Future work should determine the binding sites between grasshopper mice
Nav1.8 and inhibitory toxin proteins, and whether the toxins trap a voltage sensor in the
activated position.
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Pain is necessary for survival because it warns of potential tissue damage, prompting
individuals to seek medical attention. However, chronic pain due to injury, disease, aging,
or genetic disorders causes human suffering without providing pertinent medical informa-
tion. Current drugs are not always adequate for managing pain and they may be addictive.
Characterizing the structure–activity relationships between inhibitory proteins and Ot-
Nav1.8 will increase our understanding of the structural basis for Nav1.8 activation and
inactivation gating. Moreover, amino acids at the core of structure–activity relationships
are key to using a modified protein mutagenesis and screening approach, similar to what
has been accomplished with engineering spider toxins that inhibit human Nav1.7 [37,39].
A better understanding of the molecular and biophysical mechanisms that regulate pain
signal transmission, particularly mechanisms that inactivate signals, would advance efforts
to develop drugs that block pain without addiction [60].

4. Conclusions

The voltage-gated sodium channel Nav1.8 is a potential target for neuropathic and
inflammatory therapeutics. Yet, the biophysical mechanisms that regulate Nav1.8 gating
are not completely understood. Arizona bark scorpion (Centruroides sculpturatus) venom
proteins inhibit Nav1.8 and block pain in grasshopper mice (Onychomys torridus). Using
liquid chromatography (reversed-phase and ion exchange), a recombinant Nav1.8 bio-
activity assay, and mass-spectrometry-based bottom-up proteomics, we identified the
mass and primary structure of four novel proteins from venom subfractions that inhibit
Nav1.8 Na+ current. The proteins are between 40 and 60% conserved with Na+ channel
toxins described from the venom of scorpions in the genera Centruroides, Parabuthus,
Androctonus, and Tityus. Electrophysiology data showed that the inhibitory effects of
bioactive subfractions can be removed by hyperpolarizing the channels, hinting that these
proteins may function as gating modifiers. These proteins provide a toolkit for investigating
Nav1.8 gating mechanisms.

5. Materials and Methods
5.1. Venom Extraction

AZ bark scorpions were collected from the Santa Rita Experimental Range (University
of Arizona, Santa Rita Mountains, AZ, USA). Crude venom was extracted from the venom
glands using electrical stimulation according to previously published protocols [27,48].
The crude venom samples were hydrated in sterile water, centrifuged, and filtered (0.45 µm
sterile filter) to remove insoluble components. Aliquots of the supernatant (hereafter
referred to as venom) were lyophilized and stored at −80 ◦C.

5.2. Reversed-Phase LC Fractionation of the AZ Bark Scorpion Venom

Lyophilized venom samples were hydrated in trifluoroacetic acid/distilled H2O
(dH2O) 0.1/99.9 (v/v) to a final concentration of 0.0023 g/mL. Aliquots of 200 µL were
injected into an InfinityLab Poroshell 120 Reverse Phase column (3.0 × 150 mm, 2.7 µm)
and fractioned using an Agilent 1260 Infinity II High Performance Liquid Chromatography
(HPLC) system (Agilent, Wilmington, DE, USA). Mobile phases were prepared as follows:
mobile phase A, 0.1% trifluoroacetic (v/v) acid in double-distilled, sterile water; mobile
phase B, LC-MS-grade acetonitrile. The separation was performed at a constant flow rate of
400 µL/min according to the following linear gradient of mobile phase B: 2% for 4 min; 12%
at minute 6; 19.8% at minute 9; 39.2% by minute 34; 56% by minute 40; a ramp to 90% by
minute 46; 1 min of wash; decrease to 2% in 2 min (at minute 49); and full re-equilibration
until minute 53. The fractions were collected according to the following time scheme and
were kept at 4 ◦C: minutes 0–12, no fractions collected; minutes 12–24, one fraction collected
every 1.5 min; minutes 24–26, 1 fraction collected; minutes 26–38, one fraction collected
every 1.5 min; minutes 38–53, no fractions collected. Venom elution was monitored using
three wavelengths (214 nm, 260 nm, and 280 nm). Fractions were lyophilized and stored at
−20 ◦C.
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5.3. Ion Exchange Liquid Chromatography to Isolate Individual Peptides

Inhibitory fractions (F7, F11, F12, and F13) were further separated into subfractions
using ion exchange liquid chromatography (IEC). Pooled samples of fractions were rehy-
drated to 600 µL with LC-grade water and injected into a PolySULFOETHYL A column
(200 × 2.1 mm, 5 µm particle size, 1000 Å pore size, PolyLC Inc., Columbia, MD, USA).
A binary linear gradient (mobile phase A: 10 mM KH2PO4, 20% acetonitrile (v/v), pH
2.7–3.0; mobile phase B: 10 mM KH2PO4, 0.5 M KCl, 20% acetonitrile (v/v), pH 2.7–3.0)
executed at a flow rate of 300 µL/min was used to subfraction samples using the following
method: minutes 0–5, 0% mobile phase B; minutes 5–50, linear ramp to 100% mobile phase
B; minutes 50–55, 100% B; minutes 55–56, mobile phase B decreased to 0%. Re-equilibration
in 100% mobile phase A was performed until minute 71. The subfraction collection was
determined experimentally for each fraction based on the elution profile and locations of
peaks in each fraction. Typically, fractions were collected for 2–3 min. The absorbance was
measured at 214, 230, and 280 nm.

5.4. Culture and Transfection of ND7/23 Cells

Venom fractions and subfractions were screened for inhibitory activity against a
recombinant Nav1.8 clone from grasshopper mice. The gene encoding O. torridus Nav1.8
was inserted into a plasmid with a fluorescent marker (pcDNA3.1-EGFP) for expression
in a hybrid cell line (ND7/23). The recombinant Nav1.8 clone is referred to as OtNav1.8.
ND7/23 cells were purchased from ATCC (American Type Culture Collection, ATCC,
Manassas, VA, USA) and cultured under standard culture conditions (37 ◦C in a humidified
incubator supplying 5% CO2) in Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin. For patch clamp recording (see
below), ND7/23 cells were plated on cover glass chips treated with 0.01% Poly-L-lysine
(Sigma, St. Louis, MO, USA). Plated cells were transfected with plasmids encoding α-, β1-,
and β2-OtNav1.8 subunits genetically linked to NH2-terminal eGFP using Lipofectamine
3000 reagent (L3000015, Invitrogen, Carlsbad, CA, USA), as described in the manufacturer’s
protocol. In brief, 60% confluent cells in a 35-mm dish were treated with 14 µg of total
plasmid cDNA for 24–48 h. Cells exhibiting green fluorescence were used for patch
clamp recording.

5.5. Electrophysiology Recording

Whole-cell patch clamp electrophysiology was used to record the effects of venom
fractions on OtNav1.8 Na+ current, expressed in ND7/23 cells. The venom and venom
fractions were diluted in bath solution (the bath (extracellular) solution contained (in mM)
140 NaCl, 3 KCl, 1 MgCl2, 1 CaCl2, and 10 HEPES; pH was adjusted to 7.3 with NaOH)
to the desired final concentration. The whole-cell membrane currents were recorded
using a low noise patch clamp amplifier (Axopatch 200B; Molecular Devices, San Jose,
CA, USA) interfaced via a Digidata 1550B system (Molecular Devices) to a PC running
the pClamp 11 software (Molecular Devices). All currents were filtered at 1 kHz. Patch
pipettes were pulled from borosilicate glass capillaries (World Precision Instruments,
Inc., Sarasota, FL, USA) using a model P-97 Flaming/Brown micropipette puller (Sutter
Instrument, Novato, CA, USA) and fire-polished on a micro-forge (MF-830; Narishige
International USA, Inc., Amityville, NY, USA) to have 3–5 MΩ when backfilled with the
pipette (intracellular) solution. The pipette solution contained (in mM) 140 CsF, 10 NaCl,
1.1 EGTA, and 10 HEPES; pH was adjusted to 7.3 with CsOH. Current traces were evoked by
a 100-millisecond depolarizing potential of +20 mV from the holding potential at −80 mV.
Furthermore, a current–voltage curve was generated by voltage-clamp protocols consisting
of a holding potential of −80 mV followed by a series of 100-millisecond depolarizations
from −80 to +60 mV in 5-millivolt increments. In another set of experiments, a current–
voltage curve was generated by voltage-clamp protocols consisting of a holding potential
of −120 mV for 30 s followed by a series of 100-millisecond depolarizations from −80
to +60 mV in 5-millivolt increments. Tetrodotoxin (TTX; 500 nM) was added to the bath
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solution when recording recombinant OtNav1.8 currents from ND7/23 cells. All peptide
effects were compared to baseline values obtained in vehicle (bath solution) in the same
cell. After control responses were obtained, 1–10 µg/mL of scorpion venom or fraction
peptides was added to the chamber (250 µL total volume) and mixed thoroughly, after
which the current-clamp protocols were repeated. Experimental data were collected and
analyzed with Clampfit 11 software (Molecular Devices).

5.6. Sample Preparation for Proteomic Analyses

Subfractions were desalted using C18 spin columns (Thermo Fisher Scientific, Waltham,
MA, USA), quantified by NanoDrop One (Thermo Fisher Scientific), and vacuum-dried.
The subfractions were then resuspended in 8 M urea buffered to pH 7.5 with 50 mM
Tris-HCl before reduction and alkylation steps (using dithiothreitol and iodoacetamide,
respectively). Trypsin digestion (Sequencing Grade Modified Trypsin, Promega, Madison,
WI, USA) followed at 37 ◦C for 18 h. Proteolytic peptides were purified using C18 ZipTips
(Millipore Sigma, Burlington, MA, USA) and vacuum-dried.

5.7. Proteomic Analyses (Liquid-Chromatography–Mass-Spectrometry)

The primary sequences of peptides from IEC inhibitory subfractions were determined
using liquid-chromatography–mass-spectrometry (LC-MS). Reconstituted subfractions
were separated using reversed-phase LC on an Ultimate 3000 chromatography system
(Thermo Scientific, Sunnyvale, CA, USA). Peptides were loaded onto a C18 trap column
(Thermo Scientific) and separated on a 150 mm PepMap C18 column (150 mm length, 75 µm
i.d., 2 µm particle size, Thermo Scientific) heated to 65 ◦C using a 30-min gradient from 2%
to 35% mobile phase B (95% acetonitrile, 0.2% formic acid) followed by column wash (at
85% mobile phase B) and re-equilibration at 2% mobile phase A (5% acetonitrile (v/v), 0.2%
formic acid (v/v)) for a total run time of 60 min. The outlet of the column was coupled to a
nano electrospray ionization source. All mass spectrometry measurements were performed
on an Orbitrap Eclipse instrument (Thermo Scientific, San Jose, CA, USA). Broadband
spectra were recorded at 120,000 resolving power (at m/z 200). Dynamic exclusion was
enabled for 60 s. A top-speed cycle (duration: 3 s) was used to quadrupole-select precursor
cations (allowed charge states: 2+ to 7+) based on decreasing signal intensity. Tandem
mass spectrometry was performed by higher-energy collisional dissociation (HCD) at
a normalized collision energy (NCE) of 30%, with spectra recorded in the Orbitrap at
7500 resolving power (at m/z 200). Mass spectrometry RAW files were searched in Proteome
Discoverer (Thermo Scientific) using MS Amanda and SEQUEST algorithms, as well as in
MaxQuant, against a database derived from the AZ bark scorpion (C. sculpturatus) venom
gland transcriptome provided by D.R. Rokyta (Florida State University). Transcriptome
sequencing and assembly were performed using methods previously described [64,65].
A 10 ppm and 0.5 Da mass tolerance was applied to the match of intact (i.e., precursor)
and fragment ions, respectively. A 1% false discovery rate cut-off was applied to the
database search results. Peptides that were identified by all three database searches were
subsequently compared based on presence/absence in bioactive (inhibitory) and non-
bioactive (non-inhibitory) subfractions.

5.8. Search of Peptides Analogs

The protein BLAST website (http://blast.ncbi.nlm.nih.gov, accessed date: May and
June 2021) was used for to search for proteins with a similar primary structure to that of
the proteins (peptides) identified in this study. Proteins with high similarity percentages
(at least 60%) were identified from the database and aligned with proteins from this study.
SWISS-MODEL (http://swissmodel.expasy.org/, accessed date: May and June 2021) was
used to propose the 3D structure of peptides.

http://blast.ncbi.nlm.nih.gov
http://swissmodel.expasy.org/
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5.9. Statistics

Data were analyzed and plotted using GraphPad Prism 9 (GraphPad Software, Inc.,
San Diego, CA, USA). Summarized whole-cell current data are reported as the mean ± SEM
of the OtNav1.8 current density. Summarized data were compared using Student’s (two-
tailed) t-test. p < 0.05 was considered significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13070501/s1, Table S1: Thirty-five peptides were identified from 19 subfractions of
F7 and F11. Figure S1: Fractions 1–6, 8–10, 14, 15, and 17 had no effect on OtNav1.8 Na+ current.
Figure S2: Subfractions 7B, 7D, 7G, 7H, 7I, 7J, 7K, and 7L had no significant effect on OtNav1.8 Na+

current. Figure S3: Subfractions 11A, 11B, 11C, 11D, 11F, 11G, and 11H had no significant effect
on OtNav1.8 Na+ current. Figure S4: Inhibitory effects of subfraction 7F on OtNav1.8 channels
are voltage-dependent. Figure S5: Inhibitory effects of subfraction 7M on OtNav1.8 channels are
voltage-dependent. Figure S6: Inhibitory effects of subfraction 7N on OtNav1.8 channels are voltage-
dependent. Figure S7: Primary structure of NaTx-4, identified from AZ bark scorpion venom that
inhibits Nav1.8 Na+ current. Figure S8: Primary structure of NaTx-36, identified from AZ bark
scorpion venom that inhibits Nav1.8 Na+ current. Figure S9: Primary structure of NaTx-13, identified
from AZ bark scorpion venom that inhibits Nav1.8 Na+ current.
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