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u-TRTX-Cala: a novel neurotoxin from Cyriopagopus
albostriatus with analgesic effects

Yun-xiao Zhang', De-zheng Peng’', Qing-feng Zhang', Biao Huang’, Qiu-chu Yang', Dong-fang Tang', Min-zhi Chen',

Ming-giang Rong' and Zhong-hua Liu'

Human genetic and pharmacological studies have demonstrated that voltage-gated sodium channels (VGSCs) are promising
therapeutic targets for the treatment of pain. Spider venom contains many toxins that modulate the activity of VGSCs. To date, only
0.01% of such spider toxins has been explored, and thus there is a great potential for discovery of novel VGSC modulators as useful
pharmacological tools or potential therapeutics. In the current study, we identified a novel peptide, p-TRTX-Cala (Cala), in the
venom of the tarantula Cyriopagopus albostriatus. This peptide consisted of 38 residues, including 6 cysteines, i.e.
IFECSISCEIEKEGNGKKCKPKKCKGGWKCKFNICVKV. In HEK293T or ND7/23 cells expressing mammalian VGSCs, this peptide exhibited
the strongest inhibitory activity on Na, 1.7 (ICso 378 nM), followed by Na,1.6 (ICso 547 nM), Na, 1.2 (ICso 728 nM), Na, 1.3 (ICso 2.2 pM)
and Na, 1.4 (IC5o 3.2 uM), and produced negligible inhibitory effect on Na, 1.5, Na, 1.8, and Na, 1.9, even at high concentrations of up
to 10 puM. Furthermore, this peptide did not significantly affect the activation and inactivation of Na,1.7. Using site-directed
mutagenesis of Na,1.7 and Na, 1.4, we revealed that its binding site was localized to the DIIS3-S4 linker region involving the D816

and E818 residues. In three different mouse models of pain, pretreatment with Cala (100, 200, 500 pug/kg) dose-dependently
suppressed the nociceptive responses induced by formalin, acetic acid or heat. These results suggest that Cala is a novel
neurotoxin against VGSCs and has a potential to be developed as a novel analgesic.
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INTRODUCTION
Chronic pain is pervasive. It has been estimated that 20% of adults
worldwide suffer from pain, and 10% are newly diagnosed with
chronic pain each year [1]. The prevalence of pain has generated a
heavy global economic burden, and thus pain is a significant public
health problem [2, 3]. However, the currently available drugs have
limited efficacy and undesirable side effects. Accordingly, there is an
unmet clinical need for novel analgesics to treat pain [4].

Voltage-gated sodium channels (VGSCs) play a vital role in the
generation and propagation of action potentials. VGSCs consist of
a pore-forming a subunit associated with one or more regulatory
B subunits. The a subunit is organized into four homologous
domains (DI-DIV), each containing six transmembrane segments
(S1-S6). The S3-54 segments form a voltage sensor domain, while
the pore domain consists of the S5-S6 segments [5]. In mammals,
nine distinct a subunits (Na,1.1-Na,1.9) have been cloned [6]. The
Na,1.1-Na, 1.3 subtypes are mainly expressed in the central
nervous system, while the Na,1.6 subtype is found both centrally
and peripherally. In contrast, the Na,1.7-Na,1.9 subtypes are
predominantly located in the peripheral nervous system [7].
Na, 1.4 is present in the skeletal muscle, while Na, 1.5 is present in
the cardiac muscle [8].

Na, 1.1 has been implicated in mechanical pain [9], while Na, 1.3,
Na,1.7, Na,1.8, and Na,1.9 are strongly associated with chronic

pain [10]. Na,1.6 is the predominant sodium channel distributed at
the axon initial segment and mature nodes of Ranvier in
myelinated fibers [11, 12]. Na,1.6 mediates the tetrodotoxin-
sensitive (TTX-S) transient current, persistent current, and resur-
gent current [13]. Recent studies have revealed that Na,1.6
participates in chemically mediated pain pathways and that the
knockdown of Na, 1.6 relieves mechanical pain behavior in models
of local inflammation and neuropathic pain [14-16]. These results
suggest that Na, 1.6 may be a valuable therapeutic target for the
management of chronic pain. Additionally, compelling genetic
studies have demonstrated that human Na,1.7 (hNa,1.7) is an
analgesic target. Loss-of-function mutations in the human SNC9A
gene, encoding hNa, 1.7, result in congenital insensitivity to pain
and anosmia [17-19], while human gain-of-function mutations
lead to painful neuropathies, including erythromelalgia, small fiber
neuropathy, and paroxysmal extreme pain disorder [20-22]. These
studies indicate that inhibitors targeting hNa, 1.7 may be powerful
analgesics. Because hNa, 1.7 is one of the most promising targets
for alleviating chronic pain, peptide toxins targeting pain-related
hNa, 1.7 continue to be developed.

Spider venom contains many toxins that modulate the activity
of VGSCs in order to subdue prey and deter predators. To date,
only 0.01% of such spider toxins has been explored, and thus
there is potential for the discovery of novel VGSC modulators as
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useful pharmacological tools or potential therapeutics [23].
Disulfide-rich peptides account for the vast majority of the
sodium channel toxins that have already been discovered [24,
25]. The p-TRTX-Hs2a (HWTX-IV), u-TRTX-Hhn2a (HNTX-IIl), and p-
TRTX-Hhn1b (HNTX-IV) peptides, isolated from tarantula spiders,
have been shown to have excellent affinity and specificity for
hNa,1.7. HWTX-IV, isolated from the venom of Ornithoctonus
huwena, is a 35-residue peptide that displays robust inhibitory
activity against hNa, 1.7 (ICso ~ 26 nM) [26], while HNTX-III, isolated
from the venom of Ornithoctonus hainana, is a potent and specific
antagonist of neuronal TTX-S VGSCs with high affinity for hNa, 1.7
(IC50 ~ 232 nM) [27]. HNTX-IV was also isolated from the venom of
O. hainana and preferentially inhibits hNa,1.7 (ICsq ~ 21 nM) [28].
All three of these toxins possess a classical inhibitor cystine knot
motif with high stability and protease resistance. All three toxins
interact with hNa, 1.7 by binding to the DIIS3-54 linker and impede
movement of the DIl voltage sensor, leading to the inhibition of
hNa, 1.7 activation by trapping the voltage sensor in a closed state
[26-28].

Cyriopagopus albostriatus, a species belonging to the family
Theraphosidae, is usually found in Myanmar, Thailand, and
Cambodia. It is also known as the edible spider or the Thai zebra
tarantula. The venom of C. albostriatus has not previously been
investigated. Here we describe a novel peptide toxin p-TRTX-Cala
(Ca1a), isolated from the venom of C. albostriatus, showing potent
inhibition of hNa,1.7 with dose-dependent analgesic activity in
three rodent models of pain.

MATERIALS AND METHODS

Venom collection and toxin purification

The crude venom of C. albostriatus was collected by electro-
stimulation as previously described [29]. Lyophilized crude venom
was dissolved in ddH,O to a final concentration of 1 mg/mL and
subjected to a first round of semipreparative reversed-phase high-
performance liquid chromatography (RP-HPLC) purification (Cig
column, 10 mm X 250 mm, 5 um, Welch Materials Inc., Shanghai,
China) with an acetonitrile gradient ranging from 10% to 55% at
an increasing rate of 1% per minute (Waters 2695 Separations
Module, Waters, CA, USA). The fraction containing Cala was
collected, lyophilized, and subjected to a second round of RP-
HPLC purification (C;g column, 4.6 mm x 250 mm, 5 um, Welch
Materials Inc.) with acetonitrile ranging from 20% to 40% at an
increasing rate of 0.5% per minute (Waters 2795 Separations
Module, Waters). The purified peptide was lyophilized and stored
at —20 °C until further use.

cDNA library construction

Total RNA of C. albostriatus was extracted from the venom glands
of the spider using a TRIzol Reagent Kit (Invitrogen, CA, USA) as
previously described [30]. A cDNA library was constructed by
using the SMART cDNA Library Construction Kit (Clontech, CA,
USA) according to the instructions. PCR was performed using the
M13 forward and reverse primers in the kit to rapidly screen
recombinant clones. The clones from the original ¢cDNA library
were separated onto Luria-Bertani agar plates. The resulting
colonies were randomly picked and sequenced with standard M13
reverse primers on an ABI 3730 automatic DNA sequencer (ABI,
Waltham, MA, USA) according to the manufacturer’s instructions.
The sequences of the expressed sequence tags were translated
into amino acid sequences using the ExPASy program (https://
web.expasy.org/translate/). The signal peptide was predicted with
the SignalP 4.1 program online (http://www.cbs.dtu.dk/services/
SignalP/).

cDNA sequence determination and mass spectrometric analysis

A portion of the amino acid sequence of Cala was determined by
Edman degradation on an Applied Biosystems/PerkinElmer Life
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Science Procise 491-A protein sequencer (Applied Biosystems, CA,
USA). The cDNA of this toxin was obtained by using BLAST to align
the Edman degradation-determined amino acid sequence of Cala
against the local cDNA library database of the spider C. albostriatus
(unpublished data). The molecular mass of the peptide was
determined using an AB SCIEX-TOF/TOF 5800 mass spectrometer
(Applied Biosystems). The matrix used was a-cyano-4-hydroxy-
cinnamic acid (saturated solution in 50% ACN:0.1% TFA, 1:1), and
mass spectra were acquired in positive reflector mode. Mass
spectra were recorded under the control of TOF/TOF Series
Explorer Software (Applied Biosystems).

Plasmid construction and transient transfection

cDNAs encoding rat Na,1.2 and mouse Na,1.6 were subcloned
into the vector pcDNA3.1. cDNAs encoding rat Na,1.3 and rat
Na,1.4 were subcloned into the vectors pcDNA3.1 and pRGB4,
respectively. cDNAs encoding hNa,1.5 and hNa,1.7 were sub-
cloned into the vectors pcDNA3.1 and pcDNA3.1-mod, respec-
tively. cDNAs encoding rNa, 1.8 and hNa, 1.9 were subcloned into
the vectors pCMV-HA and pEGFP-N1, respectively. Mutations of
rNa, 1.4 (N655D, Q657E, and N655D/Q657E) and hNa, 1.7 (D816N,
E818Q, and D816N/E818Q) were generated using the Gene Tailor
Site-Directed Mutagenesis System (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions. Wild-type (WT)
rNa,1.2, rNa,1.3, rNa, 1.4, mNa,1.6, hNa,1.5, and hNa,1.7 and the
abovementioned mutant plasmids were transiently transfected
into HEK293T cells together with enhanced green fluorescent
protein (eGFP), while rNa, 1.8 was transiently transfected into ND7/
23 cells together with eGFP using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
Additionally, B1- and (32-eGFP plasmids, encoding the sodium
channel B1 and 32 subunits, were cotransfected with those
encoding hNa,1.7. hNa,1.9 was transfected into ND7/23 cells
according to a recent report from our laboratory [31].
HEK293T cells and ND7/23 cells were grown under standard
tissue culture conditions (5% CO,, 37 °C) in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS).

Acute isolation of dorsal root ganglion neurons

Dorsal root ganglion (DRG) neurons were acutely dissociated from
18 to 20 g adult C57BL/6 mice according to the method reported
previously [32]. Briefly, DRGs were transferred into ice-cold DMEM
and minced with scissors. They were digested in oxygenated
DMEM containing collagenase (1 mg/mL, type IA, Sigma) and
trypsin (0.5 mg/mlL, type lll, Sigma) for 30 min with gentle agitation
at 37°C. Dissociated DRG cells were plated onto poly-D-lysine-
coated glass coverslips in DMEM supplemented with 100 U/mL
penicillin, 0.1 mg/mL streptomycin, and 10% FBS. The DRG cells
were incubated for 2-4 h before patch clamp experiments.

Acute isolation of dorsal unpaired median (DUM) neurons

According to a previous report [33], adult cockroaches
(P. americana) were desheathed, and their abdominal ganglia
were removed and incubated in insect physiological solution (in
mM): 90 NaCl, 6 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES, and 140 glucose
at pH 6.6 containing 1 mg/mL trypsin for 5 min. After this, the
ganglia were removed and stored in physiological solution for 1 h
to recover. Thin silver needles were used to separate the large
DUM cells situated in the dorsal midline of the ganglia. Cells that
were bright under phase contrast microscopy were considered to
be viable cells and were used for further experimental procedures.

Electrophysiological assays

Whole-cell patch clamp recordings were performed using an EPC
10 USB Patch Clamp Amplifier (HEKA Elektronik, Ludwigshafen,
Germany). The recording pipettes were made from borosilicate
glass capillary tubes (VWR micropipettes; VWR Co., West Chester,
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PA, USA) using a PC-10 puller (Narishige, Tokyo, Japan). The pipet
resistance was controlled at 2.0-3.0 MQ by adjusting the pulling
temperature. The standard pipet solution for HEK293T cells
contained (in mM): 140 CsCl, 10 NaCl, 1 EGTA, and 10 HEPES
(pH 7.4). The bath solution for HEK293T cells contained (in mM):
140 NaCl, 2 CaCl,, 1 MgCl,, 5 KClI, 20 HEPES (pH 7.4), and 10
glucose. The external solution for mouse DRG neurons contained
(in mM): 30 NaCl, 1 MgCl,, 1.8 CaCl,, 5 CsCl, 5 KCI, 25 D-glucose, 5
HEPES, and TEA-CI (pH 7.4), and the micropipette internal solution
for mouse DRG neurons contained 135 mM CsCl, 10 mM NacCl, and
5mM HEPES (pH 7.4). The external solution for insect DUM
neurons contained 80 mM NaCl, 30 mM TEA-CI, 2 mM CaCl,, 4 mM
KCl, 10 mM HEPES, 10 mM glucose, 50 mM choline-Cl, and 1 mM 4-
AP (pH 6.8), and the micropipette internal solution for insect DUM
neurons contained 140 mM CsF, 2 mM MgCl,, 10 mM EGTA, and
10 MM HEPES (pH 6.8). All the chemicals were purchased from
Sigma Aldrich (St. Louis, MO, USA). All the experiments were
conducted at room temperature (20-25 °C). Data were acquired by
the PatchMaster software (HEKA Elektronik, Ludwigshafen,
Germany). Membrane currents were filtered at 5 kHz and sampled
at 20 kHz. Cells with GFP fluorescence were selected for whole-cell
patch clamp recordings 24 h after transfection. HEK293T cells were
maintained at —100mV for all the parameters examined, and
80%-90% series resistance compensation was applied. Voltage-
clamp recordings were acquired 5 min after establishing whole-
cell configuration to allow adequate equilibration between
the micropipette solution and the cell interior.

The Na,1.2-Na,1.7 channel current was elicited by 50ms
depolarization potential to —10 mV from the holding voltage of
—100 mV. The depolarization potential for Na,1.8 was + 20 mV.
The Na,1.9 current was elicited by 50 ms depolarization potential
to —40 mV from the holding voltage of —120 mV in the presence
of 1uM TTX. To measure current-voltage (/-V) relationships, a
range of potential from —100 mV to +100 mV in 5 mV increments
were applied from the holding potential (—100 mV) for 50 ms at 5 s
intervals. Peak values at each potential were plotted to form /-V
curves. Steady-state inactivation was assessed with a 20-ms
depolarizing test potential of —10 mV following a 500-ms prepulse
at potentials that ranged from —130 to —10mV with a 10-mV
increment.

Animals

Healthy C57BL/6 mice (weight 18-20g) and ICR mice (weight
18-22 g) were obtained from the Experimental Animal Center of
SLac-kinda (Changsha, China), kept at 20-25 °C under a 12-h light/
dark cycle, and fed with standard rodent chow and water ad
libitum. All the experimental protocols were approved by the
Animal Care and Use Committee (ACUC) at the Hunan Province
Animal Management Office.

Abdominal writhing induced by acetic acid

Abdominal writhing responses were induced by intraperitoneal
(i.p.) injection of 200 uL of 0.8% (v/v) acetic acid according
to a previous report [34]. Briefly, mice were pretreated with
Cala (100, 200, and 500 pg/kg) while control mice received
an equal volume of saline (i.p.) for 15min prior to acetic
acid injection. After the challenge, mice were individually
placed into open polyvinyl cages (30x40x30cm?), and
the abdominal writhing responses were counted for 30 min
cumulatively.

Formalin-induced paw licking

Cala (100, 200, and 500 pg/kg) was administered 30 min prior to
intraplantar formalin injection. A volume of 20 pL formalin (5%)
solution was used as previously described [35] and injected into
the plantar surface of right hind paw. The time spent licking the
injected paw was counted every 5min. Phase | was defined as
0-10 min, and phase Il was defined as 15-40 min.
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Hot plate

Mice preadministered with Cala (100, 200, and 500 pg/kg) were
placed on a hot plate apparatus (model YLS-21A, Jinan, China) set
at 55+0.1°C, and the time taken to observe a nociceptive
response (hind paw licking or jumping) was recorded according to
a previous report [36]. Latency time was determined using a
stopwatch.

Data analysis
The data were analyzed with the Fit-Master (HEKA, Elektronik,
Ludwigshafen, Germany), Igor Pro software (WaveMetrics, Lake
Oswego, OR, USA), SigmaPlot 10 software (Sigma, St. Louis, MO,
USA), and Prism 5 (GraphPad Software, San Diego, CA, USA).
Concentration-response curves were fitted by the SigmaPlot
sigmoidal equation as follows: y=a/(1 + exp(—(x — ICs¢)/b)), in
which 1Cs is the concentration of toxin at half-maximal efficacy,
and a and b are the constants. The conductance-voltage (G-V)
curves were obtained by calculating the conductance (G) at each
voltage (V) using the equation G =1/(V — V,,), with Ve, being the
reversal potential determined for each cell individually. G-V curves
were fitted using a Boltzmann equation: y = 1/(1 + expl(V, — W/K]),
in which V,, V, and «k represent the midpoint voltage of kinetics,
test potential, and slope factor, respectively. Peak inward currents
at the test pulse were normalized to the maximal inward current
and fitted with Boltzmann functions: I/lax=A + (1 — A)/{1 + exp
[(V—W)/K, where V represents the inactivating prepulse
potential, V, is the midpoint of the steady-state inactivation, A is
the minimal channel availability, and « is the slope factor.
Animals were randomly assigned to each treatment group. Data
points are presented as the mean + SEM, and n is presented as the
number of separate experimental units. Statistical significance was
assessed with GraphPad Prism using the paired Student’s t test or
one-way analysis of variance with Tukey’'s multiple comparison
test. Statistical significance was accepted at P < 0.05.

RESULTS

Purification and sequence analysis of Cala

Venom from C. albostriatus was collected by electrostimulation
and then lyophilized for further use. The lyophilized crude venom
was purified by RP-HPLC with solvent B (0.1% trifluoroacetic acid
in acetonitrile) ranging from 10% to 55% over the course of
45 min. Comprehensive screening of each eluted fraction against
hNa, 1.7, heterologously expressed in HEK293T cells, indicated that
the fraction denoted with a red star possessed inhibitory activity
(Fig. 1a). This fraction was further isolated using analytical RP-
HPLC, and the purified toxin was named p-TRTX-Cala (Cala)
according to the standard nomenclature [37] (Fig. 1b). The
molecular mass of this naturally occurring toxin was determined
to be 4289.31Da (M +H") by matrix-assisted laser desorption/
ionization time of flight mass spectrometry (Fig. 1c and 1c inset). A
portion of the amino acid sequence of Cala was determined by N-
terminal Edman degradation. The full-length amino acid sequence
of the peptide was determined by combining Edman degradation
and cDNA sequencing. Finally, the complete amino acid sequence
of the toxin was determined to consist of 38 residues, including
six  cysteines:  IFECSISCEIEKEGNGKKCKPKKCKGGWKCKFNICVKV
(Fig. 1d). The theoretical molecular mass calculated from the
sequence was 4294.21 Da, in good agreement with mass spectro-
metric data. BLAST results showed that the purified toxin shared
82% identity to a previously reported spider peptide toxin, HNTX-
I, which was shown to be an insecticidal peptide [38] (Fig. 1e).

Effect of Cala on DRG VGSCs

The biological function of Cala was determined using adult
mouse DRG neurons. Currents were elicited by a 50 ms depolariz-
ing potential of —10 mV from a holding potential of —80 mV every
5s. As shown in Fig. 2a, 0.5 uM Cala inhibited 50% DRG VGSC
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Fig. 1

p-TRTX-Cala IFECSISCEIEKEGNGKKCKPKKCKGGWKCKFNICVKV
U4-TRTX-Hhn1a
U1-TRTX-Hs1a LFECSISCEIEKKGES. . CKPKECKGGWKCKFNMCVKV

100%
84%
79%

LFECSVSCEIEKEGNKD. CKKKKCKGGWKCKFNMCVKV

Purification and cDNA sequence of p-TRTX-Cala. a RP-HPLC profile of the venom from the spider C. albostriatus. The red asterisk

indicates the fraction containing Cala. b Further purification by analytical RP-HPLC of the fraction of interest. ¢ MALDI-TOF MS analysis of
purified Cala and inset showing an enlarged view of the peak. d The full cDNA sequence of Cala. The sequence of the mature peptide is
highlighted in yellow. e Sequence alignment of Cala with related spider toxins

currents with an 1Cso value of 565 nM (Fig. 2b). The -V curve of
DRG VGSCs showed that Cala did not alter the initial activation
voltage or the reversal potential (Fig. 2c). In addition, the G-V
curves of DRG VGSCs did not change in the presence of 0.5 uM
Cala. The half-activation voltages of the G-V curve before and
after toxin treatment were —21.9 mV and —22.0 mV, respectively
(Fig. 2d).

Effect of Cala on mammalian VGSCs and insect DUM neurons
Cala exhibited high sequence similarity with HNTX-II, a peptide
isolated from the Chinese bird spider (Haplopelma hainanum).
HNTX-II exhibited higher insecticidal activity but lower lethality
in mammals, and so we wondered whether Cala would also
have an effect on insect VGSCs. Accordingly, we tested the
activity of Cala on acutely isolated cockroach DUM neurons.
Sodium currents were elicited by a 50 ms depolarization to —10 mV
from a holding potential of —100 mV. Cala at 10 uM showed little
inhibition on VGSCs in DUM neurons (Fig. 3a). We then tested its
effect on mammalian VGSCs. Na,1.2—Na,1.7 channels were
transiently expressed in HEK293T cells, while Na,1.8 and Na,1.9
channels were transiently expressed in ND723 cells. As shown in
Fig. 3c—j, treatment with 1 uM Ca1la resulted in 86.5% inhibition of
Na,1.7 current and decreased the Na,1.2 and Na,1.6 current
amplitude by 63.7% and 68.1%, respectively. However, only 23.1%
and 11.2% of the current was inhibited in cells expressing Na, 1.3
and Na,1.4, respectively. No significant activity was observed
against Na,1.5, Na,1.8, or Na,1.9 at concentrations up to 10 uM.
Cala had the highest potency for hNa,1.7 (ICso 378 nM), followed
by Na,1.6 (ICso 547 nM)<Na,1.2 (ICs, 728 nM)<Na,1.3 (ICso
2.2 uM) ~ Na, 1.4 (ICs¢ 3.2 uM) (Fig. 3b). Thus hNa, 1.7 was used to
investigate the mechanism of Cala in VGSC activation and
inactivation.

Effect of Cala on activation and inactivation of hNa,1.7

The I-V curve, steady-state activation, and steady-state inactiva-
tion were analyzed in the presence and absence of Cala. Here
0.5 uM Cala inhibited 61.8% hNa,1.7 current (Fig. 4a), and the
toxin did not change the initial activation voltage or the reversal
potential in the /-V curve (Fig. 4b). The half-activation voltages
were —19.9 and —18.1 mV for hNa, 1.7 before and after treatment
with 0.5 pM Ca1la, respectively (Fig. 4c), and the half-inactivation
voltages were —67.3 and —69.6 mV for hNa,1.7 before and after
treatment with 0.5 uM Cala, respectively (Fig. 4d). These results
indicate that Cala causes no obvious changes in the activation
and inactivation of hNa,1.7.
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Fig. 2 Effects of y-TRTX-Cala on VGSCs in mice DRG neurons. a
Inhibition of 0.5 yM Cala on DRG VGSC currents. b Dose-dependent
inhibition of Cala on DRG VGSC currents. ¢ Current-voltage (/-V)
curve for the DRG Na, channel before (black) and after (red)
application of 0.5uM Cala (n=8). d Conductance-voltage (G-V)
curve for the Na,1.7 channel before (black) and after (red)
application of 0.5 uM Cala (n = 8). Means + SEM

Cala binds to the DIIS3-54 linker of hNa,1.7 expressed in
HEK293T cells

Since Cala had the highest potency for Na,1.7 among TTX-S
VGSCs, we compared the DIIS3-S4 linkers of these subtypes
(Nay1.2-Nay1.7). The acidic residues D816 and E818 are present in
the DIIS3-54 linker of hNa, 1.7, while the corresponding residues in
rNa, 1.4 are N655 and Q657 (Fig. 5a). We next investigated whether
the two different residues in the DIIS3-S4 linker determined the
sensitivity of Cala to hNa,1.7. Mutations in the amino acid
sequences of hNa,1.7 (D816N, E816Q, and D816N/E816Q) and
rNa, 1.4 (N655D, Q657E, and N655D/Q657E) were generated. The 1
UM Cala treatment resulted in the inhibition of rNa,1.4 N655D,
Q657E, and double-mutant N655D-Q657E current by 66.3%, 60.4%,
and 78.0%, respectively (Fig. 5b), compared to 15.8% inhibition of
WT rNa, 1.4. The ICsq values for Cala on N655D, Q657E, and N655D-
Q657E were 666, 831, and 458 nM, respectively (Fig. 5¢), which
were close to the value for the WT hNa,1.7 channel. These data
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Fig. 4 The inhibition of Cala on Na,1.7 expressed in HEK293T cells.
a Inhibition of Na,1.7 currents by 0.5 uM Cala. b Current-voltage
(I-V) curve for the Na,1.7 channel before (black) and after (red)
application of 0.5uM Cala (n=10). ¢ Conductance-voltage (G-V)
curve for the Na,1.7 channel before (black) and after (red)
application of 0.5puM Cala (n=10). d Steady-state inactivation of
the Na,1.7 channel before (black) and after (red) treatment with
0.5 uM Cala (n =10). Means = SEM

indicate that N655 and Q657 in DIIS3-54 of rNa,1.4 confer channel
resistance to Cala. This interpretation is supported by experiments
indicating that 1 uM Cala inhibits hNa,1.7 D816N, E818Q, and
D816N-E818Q current by 3.1%, 37.9%, and 4.4%, respectively

Acta Pharmacologica Sinica (2019) 40:859 - 866

(Fig. 6a). The inhibitory activity of 1puM Cala on these three
mutants was significantly lower than that on WT hNa,1.7. The 1Csq
value of E818Q was 1.218 uM, which was close to the value for the
WT rNa, 1.4 channel (Fig. 6b). These results indicate that D816 and
E818 in the DIIS3-54 linker play a critical role in the action of Cala
on Na,1.7 [26, 27].

Antinociceptive effects of Cala in mouse models of pain

The formalin-induced pain model includes two phases: phase |
(0-10 min) and phase Il (15-40 min). Pain is mediated by direct
activation of nociceptive neurons in phase |, while in phase lI, pain
is attributed to the inflammatory response to tissue damage
[39, 40]. Intraplantar injection of formalin caused nociceptive pain
responses, including shaking and licking in the control group, and
administration of Cala attenuated these pain behaviors (Fig. 7a).
During phase | (0-10 min), the times spent in paw licking in the
control group and in those injected with 100 pug/kg, 200 pg/kg,
and 500 pg/kg Cala were 76.3, 70.1, 71.2, and 68.9 s, respectively.
Morphine (100 ug/kg) reduced paw licking time to 57.2's during
phase | (Fig. 7b). During phase Il (15-35 min), the time spent in
paw licking was 174.9 s for the control group; after treatment with
100 ug/kg Cala, 200 pg/kg Cala, 500 ug/kg Cala, and 100 pg/kg
morphine, the licking times were 91.8, 66.9, 27.0, and 125.1s5,
respectively (Fig. 7c). These results showed that Cala attenuated
the inflammatory pain behaviors caused by formalin during phase
Il in a dose-dependent manner, while no obvious analgesia was
observed in phase I. In the hot plate test, Cala treatment
significantly increased the pain threshold of mice in a dose-
dependent manner (Fig. 7d). As shown in Fig. 7e, the latency of
the control group was 9.6 s. Cala at doses of 100, 200, and 500 pg/kg
increased the latency time to 11.0, 14.7, and 19.1 s, respectively. A
dose of 2 mg/kg morphine was administered as a positive control,
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and it increased the latency to 12.4s. In the acetic acid-induced
writhing test, Cala at doses of 100, 200, and 500 pg/kg reduced
the writhing count from 27 to 17, 11, and 6.5, respectively, while
100 pg/kg morphine caused a reduction to 11.3 (Fig. 7f).

DISCUSSION

In the current study, we described the identification and
characterization of a novel peptide toxin (U-TRTX-Cala) isolated
from the venom of the spider C. albostriatus. Cala contains 38 amino
acids with three disulfide bonds and shows high affinity to hNa,1.7
but weak inhibition of Na,1.2-1.4 and Na, 1.6 and negligible activity
against Na,1.5, Na, 1.8, and Na,1.9. BLAST results show that Cala
shares moderate sequence homology with some spider toxins such
as HNTX-ll, which was shown to possess insecticidal activity.
However, 10 uM Cala did not show significant inhibition on VGSCs
from Periplaneta americana cockroach DUM neurons. Therefore,
Cala exhibits inhibitory activity only on mammalian VGSCs.

Many VGSC site 4 toxins have been identified in Chinese tarantula
spiders, such as HWTX-IV from O. huwena venom and HNTX-IIl and
HNTX-IV from the venom of O. hainana. Consistent with what has
been reported regarding HNTX-llI, HNTX-IV, and HWTX-IV, Cala did
not significantly change activation and inactivation kinetics at low
depolarization voltages, indicating that Cala was either a pore
blocker or a gating modifier that inhibited the reopening of the
toxin-bound channel. Moreover, site-directed mutagenesis analysis
showed that Cala bound to the DIIS3-S4 linker of hNa,1.7 by
interacting with the D816 and E818 residues, which validated the
hypothesis that the toxin is a gating modifier. Furthermore, as these
two residues are also binding sites for HNTX-ll, HNTX-IV, and HWTX-
IV on Na, 1.7, we were able to infer that Cala is also likely to be a site
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4 toxin and therefore might trap the domain Il voltage sensor of
Na, 1.7 in its resting conformation [26-28].

Morphine has potentially serious side effects, such as low blood
pressure and respiratory depression, and long-term use can lead
to tolerance and dependency with a high potential for addiction
and abuse [41]. In recent years, studies have been undertaken
with the aim of discovering novel analgesics with few side effects
that target hNa, 1.7 [10, 42-45]. To date, several hNa, 1.7 inhibitors
have been shown to have an analgesic effect in animal pain
models [44, 46-48]. In the current study, the analgesic potential of
Cala was measured in rodent models of formalin-, acetic acid-,
and heat-induced pain. HWTX-IV (ICso 26 nM) and HNTX-IV
(ICso 21 nM) have high affinity for hNa,1.7 and showed similar
analgesic efficiency in inflammatory pain and in acetic acid-
induced pain. Similar to HNTX-IV and HWTX-IV, Cala (ICso 378 nM)
exhibited analgesic effects in a dose-dependent manner against
formalin-induced inflammatory pain. Cala at 100 pg/kg showed
an analgesic efficiency similar to that of 100 ug/kg morphine
against formalin-induced inflammatory pain, and Cala was also
effective in reducing the abdominal writhing induced by i.p.
injection of acetic acid. In this model, Cala at 200 pg/kg showed
analgesia comparable to that of 100 ug/kg morphine. The robust
analgesia that our data demonstrate against inflammatory pain
indicates that Cala is an excellent candidate for drug develop-
ment. Moreover, Cala increased the thermal stimulus threshold in
the hot plate test, demonstrating that Cala can improve tolerance
of harmful nociception. Notably, HWTX-IV and HNTX-IV were not
tested against Na, 1.6, but a triple-mutant of HWTX-IV (E1G, E4G,
Y33W, ms-HWTX-IV) was, and it showed high affinity comparable
to that of Na, 1.7 [26, 49]. Therefore, Cala-induced analgesia likely
depends on its activity against the Na,1.6 and Na,1.7 channels,
and thus it could be possible to engineer peptides with increased
affinity and isoform-specific selectivity [50-52]. Taken together,
these data indicate that Cala is a promising candidate molecule
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for future clinical development as a novel therapeutic for the
treatment of pain.
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