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ABSTRACT
JZTX-V is a toxin isolated from the venom of the Chinese spider Chilobrachys jingzhao. Previous 
studies had shown that JZTX-V could inhibit the transient outward potassium current of Kv4.2 and 
Kv4.3 expressed in Xenopus oocytes but had no effects on Kv1.2–1.4. However, the underlying 
action mechanism of JZTX-V on Kv4.3 remains unclear. In our study, JZTX-V could inhibit not only 
transient outward potassium currents evoked in small-sized DRG neurons but also Kv4.3-encoded 
currents expressed in HEK293T cells in the concentration and voltage dependence. The half 
maximal inhibitory concentration of JZTX-V on Kv4.3 was 9.6 ± 1.2 nM. In addition, the time 
course for JZTX-V inhibition and release of inhibition after washout were 15.8 ± 1.54 s and 
58.8 ± 4.35 s. Electrophysiological assays indicated that 25 nM JZTX-V could shift significantly 
the voltage dependence of steady-state activation and steady-state inactivation to depolarization. 
Meanwhile, 25 nM JZTX-V decreased markedly the time constant of activation and inactivation but 
had no effect on the time constant of recovery from inactivation. To study the molecular 
determinants of Kv4.3, we performed alanine scanning on a conserved motif of Kv4.3 and assayed 
the affinity between mutants and JZTX-V. The results not only showed that I273, L275, V283, and 
F287 were molecular determinants in the conserved motif of Kv4.3 for interacting with JZTX-V but 
also speculated the underlying action mechanism that the hydrophobic interaction and steric 
effects played key roles in the binding of JZTX-V with Kv4.3. In summary, our studies have laid 
a scientific theoretical foundation for further research on the interaction mechanism between 
JZTX-V and Kv4.3.
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Introduction
Potassium ion (K+) channels are important to many 
biological processes and functions, for instance, 
action potential, neurotransmitters release, nerve 
conduction, blood pressure regulation, and so on 
[1,2]. Among the studied ion channels, K+ channels 
are one of the most abundant ion channels. 
According to the spatial structure and physiological 
function of K+ channels, they are mainly divided into 
five subfamilies, including the potassium channel 
with the pore-forming domain only (KcsA), voltage- 
gated, inwardly rectifying, tandem pore domain, and 
ligand-gated ones [3]. Voltage-gated potassium (Kv) 
channels are a kind of widely studied ion channels, 
which are composed of four α subunits and four β 
subunits. Each α subunit contains voltage-sensing 
domain and pore domain, in which transmembrane 
segments (S1-S4) and linkers between them 

constitute voltage-sensing domain, while the pore 
domain includes S5, S6, P-loop ion selectivity filters 
and linkers [4]. Of the voltage-sensing domains, only 
S4 contains positively charged arginine or lysine resi-
dues. Therefore, when the membrane potential depo-
larizes, the positively charged S4 moves through the 
gating canal and mediates the actual opening of the 
channels [4,5]. According to the properties of Kv 
channels, they are divided into 12 subtypes, of which 
the Kv4 subtype is encoded by the KCND gene family 
[6]. Kv4.1, Kv4.2, and Kv4.3 belong to Kv4 subtype, 
which are highly conserved in the transmembrane 
region while different at the amino terminal and 
carboxyl terminal [7]. Kv4.3 widely distributes in 
central neurons, peripheral neurons, and myocardial 
cells. It can be activated by the low voltage to produce 
the current, which is referred to as fast transient out-
ward potassium current (IA,fast or IA,f) due to 
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characteristics of fast activation and fast time- 
dependently inactivation [7]. According to related 
studies, the current produced by Kv4.3 is the main 
component of myocardial potassium current (Ito) and 
small-sized dorsal root ganglion (DRG) neurons 
A-type potassium current (IA) [8–10], of which 
abnormal performance will mainly lead to neurologi-
cal and cardiovascular diseases [11]. Therefore, the 
research and development on related target drugs of 
Kv4, including Kv4.1–3, have positive significance for 
the treatment of various ion channelopathies caused 
by them.

Spiders are ancient creatures on the earth. In 
the long process of evolution, they have gradually 
acquired venom as a powerful weapon in order to 
catch prey and guard against natural enemies. 
Spider venom produced by its poisonous glands 
is a cocktail-like solution, mainly including low 
molecular weight organic matter (<1 kDa), small 
molecular disulfide-rich polypeptide (generally 
containing 3–6 pairs of disulfide bonds, with 
a molecular weight of about 1–10 kDa), nucleo-
tides (such as ATP, ADP, and AMP), various free 
amino acids, and proteins (including various 
enzymes, with a molecular weight of about 10– 
120 kDa) [12]. Because it is complex and rich in 
various substances, spider venom has become 
a treasure trove for exploring bioactive substances, 
such as pharmacological research tools, drug lead 
molecules, biological pesticides, and so on [13,14]. 
A variety of spider venoms have been explored by 
various experimental techniques, and a large num-
ber of proteins or peptide toxins with biological 
activity have been isolated from the venom, 
including the toxins that act on Kv channels and 
regulate their gating properties. Spider toxins can 
be divided into two categories according to the 

different regions they act on in Kv channels. The 
one is pore-blocking toxins, which bind to the 
outer vestibule of Kv channels and inhibit the ion 
flow, such as Agitoxin2 and charybdotoxin [15,16]. 
The other one is gating-modifier toxins that interact 
with the voltage-sensing domain and modify vol-
tage-dependent gating, including HaTx2, SgTx1, 
PaTx1, HpTx2, HmTx2, and so on [17]. JZTX-V 
is a spider toxin isolated from the venom of the 
Chinese rare spider Chilobrachys jingzhao [18]. It 
consists of 29 amino acid residues with a relative 
molecular weight of 3605.73 Da. The mature pep-
tide of JZTX-V contains three pairs of disulfide 
bonds to form the inhibitor cystine knot (ICK) 
motif, of which sequence has different degrees of 
similarity with the gating-modifier toxins of Kv 
channels, especially highest similarity with PaTx1 
to 83% (Figure 1). Previous studies had shown that 
JZTX-V could inhibit the transient outward potas-
sium current of Kv4.2 and Kv4.3 expressed in 
Xenopus oocytes but had no effects on Kv1.2–1.4 
[18–20]. In addition, of the two toxins with high 
similarity with JZTX-V, PaTx1 inhibits Kv4.2 and 
Kv4.3 currents, while HpTX2 plays effects by reg-
ulating a conserved motif of Kv4.3, consisting of 
transmembrane segment S3b and S3-S4 loop 
[21,22]. As a result, it may be reasonable to spec-
ulate that JZTX-V acts as a gating modifier by 
interacting with the conserved motif of Kv4.3.

To date, the mechanism of interaction between 
JZTX-V and Kv4.3 has not been deeply studied. In 
this study, we have characterized the mechanism 
of JZTX-V binding to the Kv4.3 expressed in 
HEK293T, and performed alanine scanning on 
the S3b-S4 voltage-sensing domain of Kv4.3 to 
study the interaction between JZTX-V and 
mutants. Our results will collectively support the 

Figure 1. Alignment of JZTX-V with five gating-modifier toxins of Kv channels. Strictly conserved cysteines are indicated by deep 
blue and other less conserved amino acids are marked using different colors. PaTx1(UniProtKB ID = P61230), HpTx2(UniProtKB 
ID = P58426), HmTx2(UniProtKB ID = P60993), HaTx2(UniProtKB ID = P56853) and SgTx1(UniProtKB ID = P56855) were from 
Phrixotrichus auratus, Heteropoda venatoria, Heteroscodra maculate, Grammostola spatulate and Scodra griseipes, respectively.
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utility of JZTX-V as a potential novel tool for 
studying Kv4, including Kv4.1–3, and ion channe-
lopathies caused by them.

Materials and methods

Chemical synthesis of JZTX-V

The solid-phase synthesis of JZTX-V was carried 
out by referring to the methods of Zeng et al. [23], 
of which steps are briefly described as follows. First, 
according to the primary sequence of JZTX-V, the 
Fmoc-protected amino acids were used to synthe-
size the liner JZTX-V on the PS3™ automated pep-
tide synthesizer (Protein Technologies, USA). 
Second, the synthetic linear peptide was oxidatively 
refolded. Finally, the end product was purified by 
HPLC (Waters, USA) to 99% purity.

Site-directed mutagenesis of wild-type Kv4.3

Professor David Mckinnon of New York State 
University of the USA kindly provided rat wild- 
type Kv4.3 (NCBI accession number Q62897.2) 
that subcloned into pcDNA3.1 vector. The alanine 
scanning on the S3b-S4 voltage sensing domain of 
Kv4.3 was constructed by GeneTailor™ Site- 
Directed Mutagenesis System: For standard and 
high-throughput in vitro site-directed mutagenesis 
(Invitrogen, USA) and confirmed by sequencing 
(Beijing Genomics Institute, China).

Isolation, culture, and transient transfection of 
cells

DRG neurons were acutely dissociated from 
Sprague–Dawley (SD) rats as previously described 
[24]. DRG neurons with diameters of less than 
10 mm were selected to study K+ channels, since 
small-sized DRG neurons tend to express Kv4.3 
[8]. SD rats (Hunan SJA Laboratory Animal Co., 
Ltd., China) were used according to the guidelines 
of the National Institutes of Health for Care and 
Use of Laboratory Animals. The experiments were 
approved by the Animal Care and Use Committee 
of Hunan Normal University.

The human embryonic kidney 293 T cell line 
(HEK293T) was obtained from Shanghai Institute 
of Cell Biology (Chinese Academy of Sciences, 

China) and maintained in DMEM (Invitrogen, 
USA) supplemented with 10% heat-inactivated 
fetal calf serum (GibcoTM, USA), penicillin 
(100 U/ml, Sangon biotech, China), and strepto-
mycin (100 μg/ml, Sangon biotech, China). Wild- 
type Kv4.3 or all of the mutants were transiently 
co-transfected into HEK293T cells, with eGFP 
using the LipfectamineTM2000 Reagent 
(Invitrogen, USA). The cells that had green fluor-
escence were selected to electrophysiological 
assays.

Electrophysiological assays

Voltage-clamp recording was performed with 
whole-cell patch clamp techniques using an EPC- 
9 patch clamp amplifier (HEKA Electronics, 
Germany), and all measurements were carried 
out at room temperature (25°C). The resistance 
of microelectrodes filled with internal solution 
was 2–3 MΩ. Series resistance compensation was 
set at 80%. The isolated DRG neurons were plated 
on 35 mm Petri dishes (Sigma, USA) and incu-
bated in CO2 incubator for 3 h before the patch 
clamp experiments. The transfected HEK293T 
cells were transferred into 35 mm Petri dishes 
1 day before electrophysiological assays. The exter-
nal solution and internal solution for DRG and 
HEK293T were used as follows.

For DRG, the internal solution contained (in 
mM): 120 KF, 20 N-methyl-D-glucamine, 10 
HEPES, 11 EGTA, 2 Mg-ATP, 0.5 GTP-2Li 
(pH = 7.2, Sangon biotech, China). The external 
solution contained (in mM): 130 Choline chloride, 
5 KOH, 10 HEPES, 12 Glucose, 2 MgCl2, 2 CaCl2 
(pH = 7.2, Sangon Biotech, China).

For HEK293T, micropipettes were filled with an 
internal solution containing KF 140 mM, ATP- 
2Na 5 mM, EGTA 1 mM, HEPEs 10 mM 
(pH = 7.4, Sangon biotech, China). The external 
solution contained NaCl 137 mM, KCl 5.9 mM, 
CaCl2 2.2 mM, MgCl2 1.2 mM, glucose 14 mM, 
HEPEs 10 mM (pH = 7.4, Sangon biotech, China).

In the study, the stock solution concentration of 
JZTX-V was 1 mM and could be diluted to the 
needed concentration with the external solution. 
4-Aminopyridine (4-AP, Sangon biotech, China) 
was prepared at a concentration of 10 mM with 
the external solution.
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Data analysis and three-dimensional structure 
construction

The data analysis was performed using Pulsefit 
(HEKA Electronics) and Origin 7.5. All data are 
presented as means ± SD, and n is the number of 
independent experimental cells. Significant differ-
ence was compared by Student’s t-test. The 3D 
structure information of the toxin peptides was 
obtained from the PDB database, and their 3D 
structures were constructed using VMD software 
(version 1.9.2).

Results

Inhibition effects of JZTX-V on K+ currents in rat 
small-sized DRG

The small-sized DRG neurons were selected to 
evoke K+ currents, which were recorded in response 
to +30 mV depolarization, preceded by prepulses of 
−80 mV. 10 mM 4-AP and 1 μM JZTX-V were 
applied to the evoked K+ currents, respectively. The 
results showed that both 4-AP and JZTX-V could 
inhibit K+ currents (Figure 2(a,b)), in which the 
inhibition rate of 4-AP was 70 ± 3%, while that of 
JZTX-V was 45 ± 5%. According to these results, 
we point out that JZTX-V can inhibit IA mainly 
encoded by Kv4.3 in small-sized DRG neurons.

Inhibition effects and characteristics of JZTX-V on 
wild-type Kv4.3 expressed in HEK293T cells

Under the −80 mV holding voltage and +10 mV 
stimulation voltage, HEK293T cells containing 
wild-type Kv4.3 plasmids were detected by 
a patch clamp. The results showed that transient 

outward potassium current could be recorded 
(Figure 3(a)), indicating that wild-type Kv4.3 was 
successfully expressed in the HEK293T cell mem-
brane. Then, in order to study the biological effect 
of JZTX-V on Kv4.3, HEK293T cells were treated 
with different concentrations of JZTX-V under the 
same patch clamp conditions. The results showed 
that with the increase of JZTX-V concentration, 
Kv4.3 currents gradually decreased (Figure 3(a)). It 
could be concluded that the inhibition effect of 
JZTX-V on wild-type Kv4.3 currents was concen-
tration-dependent, and its half maximal inhibitory 
concentration (IC50) was 9.6 ± 1.2 nM 
(Figure 3(b)).

As shown in Figure 3(c), 100 nM JZTX-V had 
different inhibition percentages at +10 mV and 
+50 mV (94% at +10 mV and 57% at +50 mV). 
The inhibition percentage of JZTX-V was smaller 
and smaller with the increase of test potential 
from −30 mV to +60 mV (Figure 3(d)), suggest-
ing that the inhibition of wild-type Kv4.3 current 
by JZTX-V was voltage-dependent. We measured 
the time course for JZTX-V inhibition of Kv4.3 
current (τon) and the time course for release of 
inhibition after washout of the toxin (τoff). 
Figure 3(e) shows the time course of inhibition 
during application of 100 nM JZTX-V and after 
washout. The on and off rates were 15.8 ± 1.54 
s and 58.8 ± 4.35 s by fitting with exponential 
functions, respectively.

Effects on activation, inactivation, and recovery 
kinetics of wild-type Kv4.3 by JZTX-V
HEK293T cells were held at −80 mV, and then 
a series of continuous pulses ranging from 
−80 mV to +60 mV was given in +10 mV 

Figure 2. The effects of JZTX-V and 4-AP on the K+ currents in rat small-sized DRG. (a) The inhibition effects of 1 μM JZTX-V. (b) The 
inhibition effects of 10 mM 4-AP.
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increments, which resulted in currents as shown in 
Figure 4(a). The current peak amplitude under 
each depolarizing pulse was normalized by the 
maximal current generated in the absence of 

JZTX-V and at +60 mV pulse. After normaliza-
tion, each dot was plotted against the correspond-
ing depolarizing pulse, and then fitted to form 
steady-state activation curves (Figure 4(b)). As 

Figure 3. The characteristics of JZTX-V to wild-type Kv4.3 expressed in HEK293T cells. (a)The inhibition effect of JZTX-V on Kv4.3 
current. With the increase of JZTX-V concentration, Kv4.3 current gradually decreased. (b) The dose–inhibition curve. It was fitted by 
the Hill logistic equation: Inhibition% = (A1-A2)/ [1 +(x/x0) p] +A2, in which A1, A2, x, x0 and p was the initial value of inhibition, final 
value of inhibition, JZTX-V concentration, IC50 and power, respectively. The IC50 is 9.6 ± 1.2 nM. (c) The effect of 100 nM JZTX-V on 
Kv4.3 current recorded at +10 nM and +50 nM, respectively. The inhibition percentage of 100 nM JZTX-V on wild-type Kv4.3 current 
at +10 mV (94%) is higher than at +50 mV (57%). (d) The Voltage–inhibition curve. At each potential, the peak amplitude of current 
in the presence of JZTX-V was normalized to that in the absence of JZTX-V. The inhibition of Kv4.3 current by JZTX-V was voltage 
dependent (*P < 0.05 or ** P < 0.01 Vs −30 mV). (e) Time course of inhibition of Kv4.3 with 100 nM JZTX-V and recovery from 
inhibition. The two bars indicate the duration of 100 nM JZTX-V application and washout, respectively. The pulse protocol started 
from a holding potential of −80 mV followed by a pulse to 10 mV for 150 ms with a 1 s interpulse interval. The data represent the 
normalized reciprocal current amplitude measured from the maximum of the pulse. The on and off rates were fit with the functions 
ƒon (t) = C× exp(-t/τon) and ƒoff (t) = C×[(1-exp(-t/τoff)]

4, respectively. All data were presented as means ±SD, and came from 4 ~ 6 
independent cell experiments.
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shown in Figure 4(b), 25 nM JZTX-V shift signifi-
cantly the half-maximal active potential (V0.5 act.) 
to depolarization, of which detailed change data 
are shown in Table 1.

The double-pulse protocol was employed to 
further study the effects of JZTX-V on the steady- 
state inactivation curves of wild-type Kv4.3. 
HEK293T cells were held by a series of 

Figure 4. The effects of JZTX-V on activation, inactivation and recovery kinetics of wild-type Kv4.3 current. (a)Current diagram of 
steady-state activation. In the absence of JZTX-V, K+ current was elicited by depolarization ranging from −80 mV to +60 mV in 
+10 mV increments. (b)Steady-state activation curves. It was fitted by the equation: I/Imax = 1/ [1+ exp (V0.5-V)/k], in which V0.5 was 
half-maximal active potential, k was the slope factor and Imax was the maximal current generated in the absence of JZTX-V and at 
+60 mV pulse. (c)Current graph of steady-state inactivation. In the absence of JZTX-V, double-currents were evoked by double-pulses 
including conditioning prepulse ranging from −120 mV to +60 mV and depolarizing pulse at +60 mV. (d) Steady-state inactivation 
curves. It was fitted by the equation: I/Imax = 1/ [1+ exp -(V0.5-V)/k], in which V0.5 is half-maximal inactive potential, k is the slope 
factor and Imax is the maximal current evoked by P2. (e) τa in absence and presence of JZTX-V at different potential ranging from 
+10 mV to +60 mV. The rising phase of the wild-type Kv4.3 current was fitted by the equation: I(t) = I0+ A1[1-exp(-t/τa)], in which τa 

was the activation time constant (*P < 0.05 or ** P < 0.01 Vs absence of JZTX-V at each potential). The inset shows the effect of 
JZTX-V at +20 mV. (f) τi in absence and presence of JZTX-V at different potential ranging from +10 mV to +60 mV. The decay phase 
of the wild-type Kv4.3 current was fitted by the equation: I(t) = I0+ A1exp [-(t-t0)/τi], in which τi was the inactivation time constant 
(*P < 0.05 or ** P < 0.01 Vs absence of JZTX-V at each potential). (g) Current traces of Kv4.3 recovery from inactivation recorded by 
the single cell. The HEK293T cell was depolarized by double-pulse (P1 to +10 mV, with holding potential = −80 mV, followed by P2 
to +10 mV), while interpulse interval between them was allowed to vary from 0 to 500 ms in 20 ms increments. (h) τr in absence and 
presence of JZTX-V at different recovery intervals. Peak currents elicited by test pulse(P2) were plotted as a function of time and data 
points were fitted by equation: I(t) = I0+ A1[1-exp(-t/τr)], in which τr was the recovery time constant. All data(b, d~f, and h) were 
presented as means ±SD, and came from 6 independent cell experiments.

Table 1. Effects of JZTX-V on kinetic parameters of Kv4.3 channels.

Parameters
Control 

(test pulse in mV) 25 nM JZTX-V P

V0.5 act. in mV ± SD 
n = 6

18.3 ± 1.5 42.3 ± 0.9** 0.0003

V0.5 inact. in mV ± SD 
n = 6

−40 ± 3.2 −22 ± 2** 0.003

τa in ms ± SD 
n = 6

1.4 ± 0.2(40 mV) 5 ± 0.4** 0.002

τi in ms ± SD 
n = 6

30.3 ± 2.7(40 mV) 72 ± 3.2** 0.001

τr in ms ± SD 
n = 6

141 ± 18 116 ± 16 0.34

**P < 0.01 Vs control

All data are presented as means ± SD, and n was the number of independent experiments. V0.5 act. was half-maximal active potential. V0.5 inact was 
half-maximal inactive potential. τa was the activation time constant. τi was the inactivation time constant. τr was the recovery time constant. 
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conditioning prepulses ranging from −120 mV to 
+60 mV in 10 mV increments (P1) and then tested 
at +60 mV (P2)(Figure 4(c)). The current peak 
amplitude under each P2 was normalized by the 
maximal current at P2. After normalization, each 
dot was plotted against the corresponding P1, and 
then fitted to form steady-state inactivation curves 
(Figure 4(d)). As illustrated in Figure 4(d), 25 nM 
JZTX-V shift significantly the half-maximal inac-
tive potential (V0.5 inact.) to depolarization, of 
which detailed change data are shown in Table 1.

According to the current data obtained from the 
steady-state activation mode, the rising phase and 
decay phase of the wild-type Kv4.3 current were 
fitted by the corresponding single exponential 
equation to calculate the activation time constant 
(τa) and inactivation time constant (τi). As shown 
in Figure 4(e,f) and Table 1, 25 nM JZTX-V can 
significantly delay the τa and τi of the wild-type 
Kv4.3 current under various voltage stimuli.

A double-pulse protocol, that conditioning 
pulse (P1) and test pulse (P2) were set at 
+10 mV while the interpulse interval between 
them was changed in 10 ms increments, was 
applied to the HEK293T cells expressing wild- 
type Kv4.3 (Figure 4(g)). The current peak 
amplitude under P2 was normalized by the max-
imal current generated in the absence of JZTX-V 
and at P1. After normalization, each dot was 
plotted against the corresponding recovery inter-
val, and then fitted to form inactivation recovery 
curves. As illustrated in Figure 4(h), at least 
500 ms were required for wild-type Kv4.3 to 
recover from inactivation. Compared with con-
trol, recovery time constant (τr) of wild-type 
Kv4.3 channels was not significantly modified 
by 25 nM JZTX-V (Table 1).

Molecular determinants of Kv4.3 for interacting 
with JZTX-V

To study the molecular determinants of Kv4.3 for 
interacting with JZTX-V, the alanine scanning was 
performed on the conserved motif of Kv4.3 con-
sisting of transmembrane segment S3b and S3-S4 
loop (Figure 5(a)). And then, the concentration– 
effect relationship between JZTX-V and mutants 
was assayed. As illustrated in Figure 5(b-d), ala-
nine scanning on the conserved motif of Kv4.3 

nearly had no effects on the concentration–effect 
relationship between JZTX-V and Kv4.3, except 
for I273A, L275A, V283A, and F287A, of which 
V283A and F287A significantly decreased affinity 
for JZTX-V, while I273A and L275A significantly 
increased affinity for JZTX-V. The results indi-
cated that these residues on KV4.3 are involved 
in the binding of JZTX-V.

Discussion
Animal toxins are good tools to study ion chan-
nels, and many toxins have been applied to 
research the regulation mechanism of ion chan-
nels. As a spider-venom toxin, JZTX-V has some 
specificity on Kv channels. According to the 
existing experimental results, the molecule only 
had inhibitory effects on Kv4.2 and Kv4.3 
expressed in Xenopus oocytes, but no effects on 
other Kv channels, such as Kv1.2–1.4 [18–20]. To 
further determine whether JZTX-V acted on the 
Kv4.3-encoded currents in native cells, we chose 
small-sized DRG neurons and 4-AP as the 
research object and research tool to explore this 
problem, respectively. According to the report by 
Matsuyoshi [8], IA in small-sized DRG neurons is 
mainly encoded by Kv4.3. When small-sized 
DRG neurons were depolarized with +30 mV 
under the condition of −80 mV holding poten-
tial, a composite current consisting of IA,f and 
delayed rectified potassium current (IK) could be 
evoked, in which IA,f was specifically inhibited by 
4-AP, while IK was not sensitive to 4-AP [25]. On 
this basis, we detected the effect of JZTX-V on 
K+ current in small-diameter DRG neurons using 
the whole-cell patch-clamp detection. As shown 
in Figure 2, JZTX-V inhibited IA,f as well as 
4-AP, which proved that JZTX-V could inhibit 
the Kv4.3-encoded currents in native cells. In 
this study, the effects of JZTX-V on the wild- 
type Kv4.3 current expressed in HEK293T cells 
were studied. The results showed that the IC50 
(9.6 ± 1.2 nM) of Kv4.3 inhibited by JZTX-V was 
smaller than the IC50 (13 ± 1.7 nM) of Kv4.2 
[19]. Moreover, under the same detection condi-
tions, it was also lower than other animal toxins 
that inhibited Kv4.3, such as Ctri9577 (IC50 
= 1.34 ± 0.03 μM) [26]. In addition, the inhibitory 
effect of JZTX-V on Kv4.3 was voltage-dependent, 
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which also existed in other studies of spider tox-
ins, for instance the interactions between HaTx1 
and Kv2.1, PaTx1 and Kv4.3, HpTx2 and Kv4.2, 
respectively [21,27,28]. The auxiliary subunit 
(KChIP2b) is often co-expressed with the native 
Kv4.3 channel, which affects the gating behavior 
of toxins. For instance, DeSimone et al. evaluated 
the affinity of HpTx2 for Kv4.3 co-expressed with 
KChIP2b to better understand Kv4.3-based tran-
sient outward currents in natural tissues. The 
results showed that KChIP2b increased affinity 
between the toxin and channel by stabilizing the 
closed state of Kv4.3 [22]. JZTX-V and HpTx2 

have many similarities in structure and function. 
For instance, JZTX-V is similar to HpTx2 in the 
amino acid sequence (Figure 1). In addition, the 
two toxins act with Kv4.3 in a voltage-dependent 
manner and recovery from inhibition by elution. 
Accordingly, we speculate that the effects of 
JZTX-V on Kv4.3 are the same as HpTx2 to be 
influenced by KChIP2b.

Through sequence alignment, it was found that 
JZTX-V had high sequence similarity with some 
spider toxins previously reported, of which the high-
est similarity with PaTx1, a typical gating-modifier 
toxin for Kv channels. In this research, therefore, the 

Figure 5. Inhibitory Effect of JZTX-V on Alanine mutants of S3b-S4 region in Kv4.3 voltage-sensing domain. (a) Alanine scanning on 
voltage-sensing domains of Kv4.3. Amino acid residues marked in red were replaced by alanine. (b) The dose–inhibition curves of 
V283A and F287A. Mutation of V283A and F287A reduced sensitivity to the JZTX-V by ~10-and~ 6-fold with IC50 of 91.3 ± 7.0 and 
62.2 ± 7.4 nM, respectively. (c) The dose–inhibition curves of I273A and L275A. The IC50 of I273A and L275A were 5.1 ± 1.1 nM and 
6.3 ± 0.2 nM, respectively. (d) Histogram of IC50 value for each mutant. The affinity of mutants, V282A and F286A, to JZTX-V 
decreased significantly, while the affinity of I273A and L275A to JZTX-V increased significantly (*P < 0.05 or ** P < 0.01 Vs wild-type 
Kv4.3). All data were presented as means ±SD, and came from 4 ~ 6 independent cell experiments.
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gating properties of JZTX-V on wild-type Kv4.3 
were studied. The results indicated that JZTX-V 
could change the gating properties of wild-type 
Kv4.3 and made its semi-activation voltage and 
semi-deactivation voltage shift significantly toward 
depolarization. Besides, JZTX-V could significantly 
delay the activation and inactivation time constant of 
the transient outward potassium current of wild-type 
Kv4.3, but has no significant effect on the inactiva-
tion recovery time constant of the currents. The 
above results are similar to the gating properties of 
PaTx1, so it is reasonable to conclude that JZTX-V is 
also a gating-modifier toxin for Kv4.3.

The voltage sensor trapping mechanism may 
be a common mode of action for polypeptide 
gating-modifier toxins acting on all of Kv chan-
nels [29,30], of which theory can be summarized 
as follows: (1) The sensors in voltage-dependent 
K+ channels are located at the membrane–pro-
tein interface [2,31,32]; (2) The molecular sur-
faces of gating-modifier toxins usually have 
a large hydrophobic patch surrounded with 
charged residues (Figure 6), of which is helpful 
for toxins to be located at the interface between 

polar head groups and the hydrophobic phase of 
the membrane. (3) Through the membrane par-
titioning mechanism, the toxins are distributed 
from the aqueous solution to the cell membrane 
for enrichment, and then diffused laterally until 
they found and directly bound to the sensor in 
voltage-dependent K+ channels [33,34]. Further 
studies showed that some toxins trapped the 
voltage sensor of Kv channels by directly inter-
acting with a conserved motif of Kv channels, 
consisting of transmembrane segment S3b and 
S3-S4 loop [17,35,36]. For example, the affinity 
of HpTx2 and Ctri9577 to Kv4.3 was influenced 
by the transmembrane segment S3b, and VSTx1 
could influence its binding to KvAP through the 
S3-S4 loop [22,26,30]. According to the afore-
mentioned reports, our study used site-directed 
mutation technology to carry out alanine scan-
ning on the transmembrane segment S3b and 
the S3-S4 loop of Kv4.3, and determined the 
IC50 of JZTX-V on Kv4.3 mutants to deduce 
the molecular determinants of the interaction 
between them. As shown in results, the mutation 
of four amino acid residues (I273, L275, V283, 

Figure 6. Three-dimensional structure of JZTX-V, PaTx1 (1V7F) and HpTx2(1EMX). (a), (b) and (c) are JZTX-V (PDB code 6CHC), PaTx1 
(PDB code 1V7F) and HpTx2(PDB code 1EMX), respectively. In (a), (b) and (c), the left is the side containing the hydrophobic patch, 
and the right is the 180° rotation side containing the charged residues and surrounding the hydropathic patch. Residues are colored 
according to their properties. Blue, basic (Arg, Lys, His); Red, acidic (Glu, Asp); Green, Polarity uncharged (Ser, Thr, Tyr, Gln, Asn, Cys 
and Gly); White, hydrophobic (Ala, Ile, Leu, Met, Phe, Pro, Trp and Val).
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and F287), respectively, into alanine could sig-
nificantly affect the affinity of JZTX-V to Kv4.3, 
of which I273 and L275 increased affinity, while 
V283 and F287 decreased it. The above experi-
mental results, on the one hand, further verified 
that the conserved motif of Kv4.3 was a key 
region for toxins to interact with Kv4.3 and 
regulate its gating properties. On the other 
hand, it could also explain some mechanisms 
of affinity between JZTX-V and K4.3. Zeng 
et al. modeled the spatial structure of JZTX-V 
according to the three-dimensional structure of 
PaTx1 [18]. From the constructed structure, it 
could be found that JZTX-V had a large hydro-
phobic patch consisting of three aromatic resi-
dues and two aliphatic residues (Figure 6). The 
hydrophobic patch might interact with the 
hydrophobic residues (V283, and F287) found 
in the conserved motif of Kv4.3 to achieve 
mutual binding between toxins and channels. 
However, if the hydrophobic residues were 
mutated into neutral alanine, the hydrophobic 
interaction would be weakened, which affected 
the mutual binding between toxins and channels. 
Meanwhile, decreasing the side chain volume/ 
size at positions 273 and 275 (A instead of 
I and L) may produce beneficial steric effects for 
toxin binding. In addition, although other toxins 
could also interact with the conserved motif of 
Kv4.3, the molecular determinants were not iden-
tical. For example, the molecular determinants 
targeted by HpTx2 in the conserved motif were 
L275, V276, and N280 [22], while Ctr9577 was 
L275, V276, N280, and V288 [26]. Therefore, it 
could be seen that in regulating the gating proper-
ties of Kv4.3, JZTX-V not only has the conserva-
tion of action region but also has the uniqueness 
of molecular determinants. It is worth noting that 
the effects of alanine mutation on the kinetics of 
the channels, the kinetics of toxin–channel inter-
action and allosteric effects on channel gating are 
not studied in this work. Accordingly, we will 
further explore these issues to deepen our under-
standing of the interaction mechanism between 
JZTX-V and Kv4.3 in our future work.

Conclusion

In conclusion, JZTX-V is a kind of gating-modifier 
toxin for Kv channels with good specificity, which 
may realize gated regulation through hydrophobic 
interaction and steric effects with the conserved 
motif of Kv4.3. Accordingly, JZTX-V is expected 
to be developed as a novel tool for studying the 
normal physiological functions of Kv4, including 
Kv4.1–3, and the ion channelopathies caused by 
their abnormal conditions.
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