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ABSTRACT: Animal venoms contain a fascinating array of
gating modifier ‘

divergent peptide toxins that have cross-activities on different
types of voltage-gated ion channels. However, the underlying JZTX-lI-Nav1.5 JZTXAI-Kv2.1

mechanism remains poorly understood. Jingzhaotoxin-III = , -
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(JZTX-II), a 36-residue peptide from the tarantula Chilo-
brachys jingzhao, is specific for Nav1.5 and Kv2.1 channels over
the majority of other ion channel subtypes. JZTX-III traps the
Navl.5 DII voltage sensor at closed state by binding to the
DIIS3-54 linker. In this study, electrophysiological experiments
showed that JZTX-III had no effect on five voltage-gated
potassium channel subtypes (Kv1.4, Kv3.1, and Kv4.1—4.3),
whereas it significantly inhibited Kv2.1 with an ICy, of 0.71 + 0.01 M. Mutagenesis and modeling data suggested that JZTX-III
docks at the Kv2.1 voltage-sensor paddle. Alanine replacement of Phe274, Lys280, Ser281, Leu283, GIn284, and Val288 could
decrease JZTX-III affinity by 7-, 9-, 34-, 12-, 9-, and 7-fold, respectively. Among them, S281 is the most crucial determinant, and
the substitution with Thr only slightly reduced toxin sensitivity. In contrast, a single conversion of Ser281 to Ala, Phe, Ile, Val, or
Glu increased the ICy, value by >34-fold. Alanine-scanning mutagenesis experiments indicated that the functional surface of
JZTX-III bound to the Kv2.1 channel is composed of four hydrophobic residues (Trp8, Trp28, Trp30, and Val33) and three
charged residues (Argl3, Lys1S, and Glu34). The bioactive surfaces of JZTX-III interacting with Kv2.1 and Navl.5 are only
partially overlapping. These results strongly supported the hypothesis that animal toxins might use partially overlapping bioactive
surfaces to target the voltage-sensor paddles of two different types of ion channels. Increasing our understanding of the molecular
mechanisms of toxins interacting with voltage-gated sodium and potassium channels may provide new molecular insights into the
design of more potent ion channel inhibitors.

Voltage—gated potassium channels (VGPCs) are tetrameric Studying the mechanisms of action of Kv inhibitors leads to a
membrane proteins that respond to changes in the better understanding of the structure, function, and pharmacol-
transmembrane potential with conformational alterations that ogy of specific ion channels. By far, external pore block, internal
lead to the opening or closing of voltage-gated K* channels."” cavity block, and voltage sensor trapping are three well-known
Each subunit contains six transmembrane segments (S1—S6). mechanisms of blocking VGPCs.'™" In contrast to the
On the basis of distinct functional behaviors during channel scorpion toxin BmPO1 that inhibits the hKv1.3 channel by
activity, the six transmembrane segments are generally docking onto the channel turret,"> Hanatoxinl (HaTxl) alters
separated into the central pore domain and the voltage-sensing Kv2.1 channel gating by a voltage sensor trapping mechanism
domains (VSDs) that are formed by the Sl through S4 through binding to residues in the C-terminal portion of
segments.””” VGPCs regulate many fundamental physiological $3(S3b) of Kv2.1'*7'¢ and stabilizes the voltage sensor in the
processes, including action potential repolarization, hormone

secretion, and neurotransmitter release, making them attractive Received: May 21, 2013
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resting state.'” The voltage-sensor paddle is a region of Kv
channels that is widely targeted by gating modifier toxins."'
However, although another Kv2.1 gating modifier toxin,
Guangxitoxin-1E (GxTX-1E), also targets the Kv2.1 S3b-S4
paddle through an interaction mechanism similar to that of
HaTx1,'”'® it fails to share the major determinant with
HaTx1.">" Moreover, the positions of determinants respon-
sible for the binding of these gating modifier toxins do not
completely overlap either."*'>""!® Therefore, the structure
determinants of the receptors and the molecular basis for gating
modifier toxins interacting with Kv2.1 remain to be further
defined.

Previous studies indicated that the S3—S4 linker of the
voltage-gated ion channel is an important “hot spot” for the
binding of gating modifier toxins.”® The selectivity of many of
the gating modifier toxins is promiscuous because of conserved
three-dimensional structures existing within or across the ion
channel families.*'™* However, although the toxin-binding
motifs are structurally conserved, the composition and
arrangement of crucial receptor residues at corresponding
positions in the voltage sensor are quite divergent. Thus,
searching for the subtle differences in toxin-binding motifs that
contribute to altered modes of action may be useful for a better
understanding of the molecular details regarding toxin—channel
interactions.

Jingzhaotoxin-IIl (JZTX-III), or p-theraphotoxin-Cjla (f-
TRTX-Cjla), is isolated from the Chinese tarantula Chilo-
brachys jingzhao.”* The toxin is a gating modifier of Kv2.1 and
Navl.5 channels without affecting the majority of other channel
subtypes,”*™® and electrophysiological studies showed that
JZTX-II docked at the Nav1.5 DII $3—84 linker.”” JZTX-III is
distinct from other voltage sensor toxins in its binding
specificity and special molecular mechanism, making it a
perspective molecular tool for better understanding the toxin—
channel interaction. In this study, we investigated the molecular
determinants and mode of action of JZTX-III targeting Kv2.1.
Our data indicated that the binding of JZTX-III differs in that it
shares only overlapping determinants on the voltage sensor
with other Kv2.1 gating modifier toxins, with S281 being a
major binding determinant. Interestingly, we also determined
that JZTX-III interacts with Nav1.5 and Kv2.1 through distinct
toxin—paddle interfaces, although the binding motifs and
molecular mechanisms of the toxin targeting these two different
types of ion channels are very similar. Our results provided new
insights into conserved toxin-binding motifs that allow voltage
sensor toxins to recognize ion channels with almost similar
mechanisms of action but with partially overlapping bioactive
surfaces.

B EXPERIMENTAL PROCEDURES

Native JZTX-IIl Preparation. Spider venom was collected
from the male and female spiders of Chilobrachys jingzhao by
using an electro-pulse stimulator. Native JZTX-III was purified
from the crude venom of the Chinese tarantula Chilobrachys
jingzhao as described by Xiao et al.** Toxin was purified by a
combination of ion-exchange high-pressure liquid chromatog-
raphy (HPLC) and reverse-phase HPLC (RP-HPLC). The
molecular mass of toxin was determined by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry. When the purity of the toxin was determined
to be >99%, the peptide of interest (JZTX-III) was collected,
lyophilized, and stored at —20 °C until further use.
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Functional Expression, Purification, and Identity of
Toxins. Recombinant JZTX-III (xJZTX-III) and all JZTX-III
mutations have been successfully produced as previously
described by Rong et al.”” The cDNA sequence was retrieved
from a venom gland ¢DNA library of the tarantula C.
jingzhao”® Mutations in the cDNAs encoding JZTX-III
mutants were generated by PCR with corresponding synthetic
primers bearing the appropriate ¢cDNA clone as template.
Sequences of the mutated cDNAs were verified prior to
expression by sequencing. Then, the cDNAs were connected
into the yeast expression vector pVT102U/a for recombinant
plasmid construction and expressed in Saccharomyces cerevisiae
S-78 (Leu2, Ura3, and Rep4). After fermentation, the
supernatant of the culture was adjusted to pH 4.2 with acetic
acid. The active toxins in the supernatant were purified using a
combination method of ion-exchange and reverse-phase high
performance liquid chromatography. Finally, the expressed
samples were examined by mass spectrometry to confirm their
molecular masses and by CD analysis to estimate their
secondary structures. These mutations do not alter the general
structure of JZTX-III.

Site-Directed Mutagenesis of Kv2.1. All of the Kv2.1
mutations were constructed using the GeneTailor Site-Directed
Mutagenesis System (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. Site-directed mutations
were produced by PCR with corresponding primers. Before
mutagenesis reactions, the template plasmids were produced
using the plasmid mini kit (OMEGA, USA) and then
methylated for 1 h. Each 50 yL reaction mixture contained
0.5 uL of platinum Tagq high fidelity (S U/uL), S uL of 10 X
high fidelity PCR buffer, 1.5 yL of ANTP (10 mM), 1.5 uL of
primer mix (10 #M each), and 20 ng of methylated DNA. The
PCR conditions were preincubation at 94 °C for 2 min,
followed by 20 cycles of 94 °C for 30 s, 55 °C for 30 s, and 68
°C for 10 min, and then a final extension step of 72 °C for 10
min. The PCR products were digested with 1 uL of Dpnl for 1
h. All mutations were sequenced to confirm that the
appropriate mutations were made.

Electrophysiological Recordings. For the expression in
Xenopus oocytes, capped RNAs encoding ion channels were
synthesized after linearizing the plasmids and performing the
transcription by a standard protocol.** For in vitro tran-
scription, the plasmids pCI containing the genes for Kv4.1,
Kv2.1, and mutant Kv2.1 channels were linearized with NotI;
the plasmid PcDNA3.1 containing the gene for Kv4.2 was
linearized with Smal; the plasmids pSP64 containing the genes
for Kvl.4 and Kv3.1 were linearized with EcoRI; and the
plasmid pcDNA3.1 containing the gene for Kv4.3 was
linearized with PstI. Then, the linearized products were resolved
by agarose gel electrophoresis and purified following the
instructions in the gel extraction mini kit (OMEGA, USA).
Using the linearized plasmids as templates, cRNAs were
synthesized in vitro using the large-scale T7 or SP6
mMESSAGE-mMACHINE transcription kit (Ambion, USA)
and then purified using the RNA clean up kit (OMEGA, USA).

The harvesting of oocytes from anesthetized female Xenopus
laevis frogs was as described previously.”> The oocytes were
defolliculated by treatment with 1 mg/mL collagenase for 0.5—
1 h in calcium-free ND96 solution (pH 7.43) containing (in
mM) NaCl 96, KCl 2, MgCl, 1, and HEPES 10. The isolated
oocytes were incubated in OR, solution at 18 °C for
microinjection. Then, the oocytes were injected with 18—36
nL of 100—500 ng/uL purified cRNAs using a microprocessor-
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controlled nanoliter injector (WP, USA) and incubated in OR,
solution (pH 7.43) at 16 °C for 1—4 days. The OR, solution
contains (in mM) NaCl 82.5, KCI 2.5, CaCl, 1, Na,HPO, 1,
MgCl, 1, and HEPES S, supplemented with 50 mg/L
gentamycin sulfate (only for incubation).

Whole-cell currents from oocytes were recorded using the
two-microelectrode voltage clamp (TURBO TEC-03X, NPI
Electronic, Germany). Voltage and current electrodes (0.1—1
MQ) were filled with 3 M KCL. Oocytes were studied in a 100
uL recording chamber that was perfused with OR, solution or
RbCl solution. RbCl solution contains (in mM) RbCl 50, NaCl
50, MgCl, 1, CaCl, 0.3, and HEPES S at pH 7.43 with NaOH.
Currents were sampled at 20 kHz after low pass filtering at 2
kHz. Linear components of capacity and leak currents were not
subtracted. All experiments were performed at room temper-
ature (19 —23 °C).

Data Analysis. Data analysis was performed using the
Sigmaplot10.0 (Sigma, St. Louis, MO, USA) software program.
All data points are shown as the mean =+ standard error (S.E.),
and n is the number of independent experiments. Concen-
tration—response curves to determine ICs, values were fitted
using the Hill logistic equation as follows:

y=1-(1 _fmax)/(l + ([Tx]/ICy,)") (1)

where IC, is half-maximal inhibitory concentration, n is an
empirical Hill coefficient, and f,,, is the fraction of current
resistant to inhibition at high toxin concentration [Tx].
Voltage—activation relationship (I-V) curves were fitted
using the Boltzmann equation as follows:

I/Ly = 1/[1 + exp((V = V,)/K)] (2

in which V is the test potential, V), is the potential for half-
maximum activation, and k is the slope factor.

Molecular Modeling. The Kv2.1 homology model was
constructed using a method similar to that described in the
recently published paper by Panpan Hou et al.** The Navl.5
homology model was generated using MODELER®" with the
refined crystal structure of bacterial voltage-gated sodium
channel NaChBac (PDB ID: 4DXW)>* as the template. Then,
the course model was optimized in bilayer POPC lipid
membrane by the DESMOND molecular dynamics suite.*®
The dockings of the optimized JZTX-III to the Kv2.1 and
Navl.5 homology models were performed using Rosetta.”*
First, a calibration run of 5000 was conducted, which served as
a reference set for the whole 20K run. In the following SOK run,
the “smart scorefilter 0.04” flag was used to generate 2000
decoys. Then, the structure was extracted for these 2000
decoys, and cluster analysis was done after that. There were 150
clusters from the docking process of JZTX-III/Kv2.1 with the
largest cluster containing 92 poses and 108 clusters from JZTX-
III/Navl.5 docking with the largest cluster containing 78 poses.
Again molecular dynamics simulations were performed with
DESMOND based on a standard Dynamics Cascade pipeline
for the simulation of macromolecular systems. The detailed
structural conformations of Kv2.1/JZTX-III and Nav1.5/JZTX-
III complexes were prepared and rendered by the latest
PyMOL Suite (The PyMOL Molecular Graphics System,
Version 1.5.0.4 Schrédinger, LLC.).

B RESULTS

Functional Characterization of Recombinant JZTX-III.
Recombinant JZTX-III (xJZTX-III) was successfully expressed
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in yeast S.cerevisiae S-78 (Supporting Information, Table S1).
Compared to native JZTX-III (nJZTX-III), fJZTX-III not only
exhibited the same three-dimensional structure but also the
same binding affinity for voltage-gated sodium channel
Navl.5.>” Using the two-microelectrode voltage clamp
technique, we first measured the effects of JZTX-III on
Kv2.1 channels. Kv2.1 currents were elicited by a 300-ms
depolarization of —10 mV from a holding potential of —80 mV
every S s. Figure 1A shows the blocking effect of tJZTX-III on
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Figure 1. (A) Currents were recorded before and after the application
of § uM tJZTX-IIL (B) Concentration dependence for the inhibition
of Kv2.1 currents by both fJZTX-1II (O; n = 3) and nJZTX-1II (@; n =
3). (C) Dose—response curves of JZTX-III and JZTX-III mutants
inhibiting Kv2.1.
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Table 1. Interactions between JZTX-III Mutants and Kv2.1%

toxin ICy, (uM)® Mut IC4o/WT ICq, inhibition (%) M
RJZTXI (n = 3) 0.54 + 0.12 88.51 + 0.02 5% 107¢
D1A(n = 4) 0.95 + 0.13 1.75 7023 + 0.02 5% 107
E3A(n = 4) 4.07 + 0.07 7.52 61.01 + 0.03 5% 107¢
WS8A(n = 4) 27.73 + 0.09 51.25 72.54 + 0.07 1x107*
W9A(n = 4) 0.45 + 0.18 0.82 83.82 + 0.04 5% 107¢
K10A(n = 4) 9.76 + 0.05 18.04 51.67 + 0.09 1x107°
R13A(n = 3) 94.75 + 0.01 175.13 53.92 + 0.12 1x107*
RI3E(n = 4) 22.87 + 0.38 4227 37.29 + 0.07 1% 107°
K15A(n = 3) >100 >200 0.01 + 0.01 1x10™*
K20A (n =3) 6.97 + 0.04 12.88 77.48 + 0.02 1x 1078
K26A(n = 3) 6.87 + 0.01 12.69 69.31 + 0.05 1x10°°
W28A(n = 3) >100 >200 2.88 + 0.03 1x10™*
W30A(n = 4) >100 >200 12.43 + 0.05 1% 107*
V33A(n = 3) >100 >200 16.4S + 0.10 1x10™*
E34A(n = 3) >100 >200 13.75 + 0.002 1x107*
E34S(n = 3) >100 >200 1.17 + 0.01 1x107*

“Activity analysis of JZTX-III mutants on Kv2.1 currents expressed in Xenopus laevis oocytes. “The ICq, values were estimated by fitting the data
points to the Hill logistic equation. The mutants with high ICs, and Mut ICs,/WT ICs, values show low affinity for Kv2.1. The data on the right
show the probability of current inhibition at corresponding toxin concentration (M).

Kv2.1. At 5 uM concentration, tJZTX-III obviously depressed
Kv2.1’s current amplitude by 88.51 + 2%. The ICs, value for
tJZTX-III was determined to be 0.54 + 0.12 uM (n = 3), which
is close to the value of nJZTX-III (ICs, = 0.71 + 0.01 uM; n =
3) (Table 1 and Figure 1B). Therefore, our data indicated that
the recombinant toxin has the same biological function on
Kv2.1 as nJZTX-IIL

Mutational Analysis of JZTX-IIl. In our previous work,
mutation of all amino acid residues in JZTX-III except Cys, Ala,
and Gly to Ala did not exhibit a significant change in the three-
dimensional structure.”” In order to map the active surface of
JZTX-II binding to Kv2.1, we successfully expressed 15 JZTX-
III mutants in yeast S. cerevisiae S-78 (Supporting Information,
Table S1) and measured the effects of these mutations on the
WT Kv2.1 channel. All mutations were tested at concentrations
ranging from 10 nM to 100 M. The concentration-dependent
curves are shown in Figure 1C, and the estimated ICs, values
are summarized in Table 1. The IC;, values of DIA and W9A
were close to the value of nJZTX-III, suggesting that Aspl and
Trp9 might not be involved in the JZTX-III interactions with
Kv2.1 (n = 4). However, alanine replacement of four charged
residues (Glu3, Lys10, Lys20, and Lys26) reduced toxin
binding affinity by 8-, 18-, 13-, and 13-fold, respectively (Table
1 and Figure 1C). Compared to these four residues, the
residues Trp8 and Argl3 played more important roles in JZTX-
III binding to Kv2.1 because the mutations W8A and R13A
increased the IC;, value by 51- and 175-fold, respectively
(Table 1 and Figure 1C). Although R13A mutation did not
significantly affect the ability of JZTX-III to bind to Navl.5, the
substitution of Argl3 with Glu could potentiate toxin sensitivity
up to 10-fold.*” Surprisingly, our findings demonstrated that
both R13A and RI13E reduced toxin binding affinity toward
Kv2.1 by >42-fold (Table 1). Each of the five mutations (K15A,
W28A, W304, V334, and E34A) almost abolished the ability of
JZTX-II to block Kv2.1. Even when the concentration of these
mutant toxins was increased up to 100 yM, less than 16.5% of
Kv2.1 currents were depressed (Table 1 and Figure 1C).
Conversion of LyslS, Trp28, Trp30, Val33, and Glu34 to
alanine was roughly estimated to reduce toxin binding affinity

by <200-fold. Like the mutant E34A, the E34S mutation failed
to evidently block Kv2.1.

Alanine-Scanning Mutagenesis of the S1-S2 Linker
and the Voltage-Sensor Paddle (S3b-S4). As a gating
modifier of Kv2.1 channel, JZTX-III could shift channel
activation to more positive voltages and accelerate the
transition rate from the open to the closed state.”> However,
in comparison with HaTx1 (K; &~ 100 nM)"” and GxTX-1E
(ICsy & 4 nM),* the toxin exhibited much lower binding
affinity for Kv2.1. In order to elucidate the molecular
mechanism of JZTX-III binding to the voltage-sensing domain
of Kv2.1, we mutated each residue in the S1—S2 linker and the
voltage-sensor paddle (S3b-S4) in Kv2.1 using the alanine-
scanning technique (Figure 2). As shown in Figure 2B and C,
the mutagenesis results for JZTX-III interacting with Kv2.1
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Figure 2. (A) Amino acid residues in the S1—S4 segments of the
Kv2.1 channel. Alanine scanning of the S1—S2 linker (B) and the
paddle-motif (S3b-S4) (C) in Kv2.1. Changes in apparent toxin
affinity (Mut IC4,/WT ICs,) were plotted for individual mutants. The
mutated residues are marked with dotted lines. Six crucial
determinants of JZTX-III binding to Kv2.1 are shade in gray. The
most crucial residue S281 is marked with *. The dotted line marks a
value of 6.
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identified six residues in the voltage-sensor paddle that were
critical for JZTX-III binding, including F274, K280, S281, L283,
Q284, and V288, and alanine mutations of these six residues
reduced toxin sensitivity by 7-, 9-, 34-, 12-, 9-, and 7-fold,
respectively. However, all other mutants decreased toxin
binding affinity by <6-fold. These findings suggested that
JZTX-III docks at the voltage-sensor paddle of Kv2.1. The
action of JZTX-III on mutant Kv2.1 channels was in a
concentration-dependent manner. As can be seen in Figure 3A

A 10}

Normalized current
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Figure 3. Concentration dependence for the inhibition of three Kv2.1

mutants (F274A, Q284A, and V288A) in A and three Kv2.1 mutants
(K280A, S281A, and L283A) in B by JZTX-IIL

and B, fitting the data points with a Hill logistic equation
determined that the ICj, values were 5.16 & 0.01 (n = 4), 6.16
+0.18 (n=5),24.19 + 0.14 (n = 5), 840 + 0.12 (n = 5), 6.25
+0.02 (n = 3), and 4.78 + 0.05 (1 = 4) uM for F274A, K280A,
S281A, 1283A, Q284A, and V288A, respectively. Five micro-
molar JZTX-III inhibited 94.8 + 0.5% of the WT Kv2.1
currents (Figure 4A), whereas it only inhibited the mutant
S281A currents by 4.4 + 2.0% (Figure 4B). Effects of S yM
JZTX-III on the current—voltage (I-V) curves of WT Kv2.1
and mutant S281A were shown in Figure 4C and D,
respectively. From the curves, it can be seen that no shift was
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Figure 4. Currents through WT Kv2.1 (A) and mutant S281A (B)
were recorded before and after the application of S yM JZTX-IIL
Normalized current—voltage (I—V) relationships for WT Kv2.1(C)
and S281A mutation (D) before (@) and after the addition of S yM
JZTX-I (O). (E) Concentration dependence for the inhibition of
seven Kv2.1 mutants by JZTX-IIL. (F) Normalized ICy, values for
seven substitutions at position 281.

observed for the mutation S281A (n = 5), although a positive
shift of +57 mV was detected on WT Kv2.1 (n = 3).

Effects of Multiple Substitutions at Position 281. To
better understand the molecular mechanism of inhibition of
Kv2.1 by JZTX-III, we replaced the residue Ser at position 281
by a Phe, Ile, Val, Glu, Arg, and Thr, and the effects of these
mutations on JZTX-III binding affinity for Kv2.1 were further
investigated. As can be seen in Figure 4E, the ICs, values were
estimated to be 27.63 + 0.19 (S281F; n = 3), 45.86 + 0.20
(S2815; n = 3), 53.28 + 0.15 (S281V; n = 3), 30.57 + 0.11
(S281E; n = 4), 9.16 + 0.01 uM (S281R; n = 4), and 1.59 +
0.04 uM (S281T; n = 4), respectively, suggesting that
compared to WT Kv2.1, toxin binding affinity was reduced
by 39-, 65-, 75-, 43-, 13-, and 2-fold, respectively (Figure 4F).
Taken together with our electrophysiological analysis on S281A
mutation, the order for the IC, values was S & T < R<A < F <
E < I < V (Figure 4F). These results indicated that the
hydrogen-bonded side chain of S281 may be an important
determinant for JZTX-III binding affinity.

Effects of JZTX-IIl on Other Voltage-Gated Potassium
Channels. Previously, we reported that JZTX-III had no effect
on potassium channel isoforms Kv1.1, Kv1.2, and Kv1.3.2* In
this study, the effects of JZTX-III on five other potassium
channel isoforms (Kv1.4, Kv3.1, Kv4.1, Kv4.2, and Kv4.3) were
measured. In the presence of 5 or 10 M JZTX-III, no
significant change was detected, indicating that Kvl1.4, Kv3.1,
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Kv4.1, Kv4.2, and Kv4.3 might be resistant to JZTX-III (Figure
5).

Kv4.1 Kv4.2 Kv4.3
5 uM M 10 uM
A " B C
1pAL_ 1pAl_ 1pAL_
50 ms 50 ms 50 ms
Kv3.1 Kvl.4
D E 0 pM
10 pM
1 pAI__ r 2 uAI_
50 ms 50 ms

Figure 5. Potassium channel currents were evoked by a 200-ms
depolarization from a holding potential of =90 mV to 0 mV for Kv4.1
and Kv4.3, —10 mV for Kv1.4, and +20 mV for Kv4.2. Kv3.1 currents
were elicited by a 300-ms depolarization to +10 mV from a holding
potential of —80 mV. After exposure to 5 uM JZTX-III, no change of
the currents was detected for Kv4.1 (A) and Kv4.2 (B). In the
presence of 10 M JZTX-III, Kv4.3 (C), Kv3.1 (D), and Kvl.4 (E)
current traces were not changed.

Dockings of JZTX-Ill to the Voltage-Sensor Paddles of
Kv2.1 and Nav1.5DIl. In order to further clarify the
underlying interaction mechanisms of JZTX-III with Kv2.1
and Navl.5 channels, we constructed homology models for
Kv2.1 and Navl.5 as described in the methods and performed
docking studies. Obviously, the docking modes were consistent
with our present and previous mutagenesis data (Figure 6). As
can be seen in Figure 6A, an aromatic ring of residue W9 forms
a hydrophobic interaction with residue L804 in Navl.S.
Similarly, residues W8 and W30 in JZTX-III make hydrophobic
contacts with V288 and Q284 in Kv2.1, respectively (Figure
6B). In the JZTX-III-Navl.S interaction model (Figure 6A), the
amino group of R800 is able to interact favorably with the
carboxyl group of E3 by forming a salt brid§e. This result is
quite consistent with our mutational finding”’ that R800 (in
Navl.5) plays the most crucial role in JZTX-III binding.
Interestingly, docking of JZTX-III to Kv2.1 also shows that the
amino group of K280 forms a salt bridge or a hydrogen bond

with the carboxyl group of E34 and that the latter residue might
form a hydrogen bond with F274 (Figure 6B). In addition, our
docking model of JZTX-III to Kv2.1 further suggests that the
most crucial receptor residue $281 can form a good hydrogen
bond with the aromatic ring of residue W28 in JZTX-III
(Figure 6B), consistent with our experimental findings that
multiple $281 mutations significantly altered toxin sensitivity.
Positively charged residues in Kv gating modifiers are recently
reported to bind to phospholipids of the lipid membrane,
therefore increasing toxin binding affinity for ion channels.**~>*
On the basis of our docking model of JZTX-III to Kv2.1 S3—S4
paddle (Figure 6B) and the structural comparison shown in
Figure 7, we therefore propose that two basic residues (R13
and K1S5) in JZTX-III might be primarily important for
facilitating entry into the phospholipid bilayer. Hydrophobic
interactions, hydrogen bonds, and electrostatic interactions
effectively lock the toxin in these positions so that the
substituted residues cannot form favorable interactions within
the toxin—channel complexes. Therefore, these docking results,
together with the data from point mutation experiments,
demonstrated that the mode of action of JZTX-III with Kv2.1 is
similar to that of the toxin with Navl.S.

B DISCUSSION

The present study aimed to investigate the molecular
interactions of JZTX-III with Kv2.1 and clarify the molecular
basis for JZTX-III exhibiting cross-activities on Kv2.1 and
Navl.5 channels. Structural comparison in Figure 7 showed
that a similar bioactive surface is conserved in other Kv
inhibitors. In SGTx1, a hydrophobic patch formed by LS, F6,
and W30 has been shown to be important for the toxin
partitioning into a lipid membrane and targeting its receptor
site on the voltage-sensor paddle.*’~*' Mapping the bioactive
surface of JZTX-III targeting Kv2.1 clearly indicated that four
hydrophobic residues are crucially involved in JZTX-III
binding. Three Trp residues at positions 8, 28, and 30 in
JZTX-III correspond to LS, F6, and W30 in SGTxl,
respectively (Figure 7). These JZTX-III mutations do not
alter the general structure of JZTX-IIL>” Together with our
docking models (Figure 6), it seems likely that membrane
partitioning of JZTX-III might be involved in the Kv2.1
inhibition, a mechanism of action similar to that of SGTx1 and
HaTx1.**

Voltage-sensor trapping is extensively believed to be the
mechanism underlying the modification of animal toxins on
voltage-dependent gating of Kv2.1 channels.'”"" This mecha-

Figure 6. (A) Docking of JZTX-III to the Nav1.5DII voltage sensor with a salt bridge between residues R800 and E3 in JZTX-III and a hydrophobic
interaction between the aromatic ring of residues W9 and L804. (B) Docking is shown for JZTX-III to the voltage-sensor paddle of Kv2.1, with a
hydrogen bond between residue S281 and the aromatic ring of residue W28 in JZTX-III. The amino group of K280 forms a salt bridge or a hydrogen
bond with the carboxyl group of E34. The aromatic rings of W8 and W30 form hydrophobic interactions with residues V288 and Q284 respectively.
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GsMTx4

Figure 7. Comparison of three-dimensional structures of SGTx1 (PDB: 1LA4), HaTx1 (PDB: 1D1H), GsMTx4 (PDB: 1TYK), and JZTX-III
(PDB: 2I1T). Red, blue, and dark red indicate acidic, basic, and hydrophobic residues, respectively.

nism seems to be commonly used by Kv2.1 gating modifier
toxins but does not specify their binding sites. JZTX-III, like
HaTx1 and JZTX-], is a gating modifier toxin of the Kv2.1
channel. Both HaTx1 and JZTX-I bind to Kv2.1 by interacting
with crucial residues in S3b, and F274 is the most crucial
determinant (Figure 8).'"*'**® GxXTX-1E is another Kv2.1

S3a S3b Linker s4
HaTx1 PLNAIDLLAILPYYVTEELTESNKSVLQFONVRRVVQIFRIMRILRIL
JZTX-IIT PLNAIDLLAILPYYVTIELTESNKSVEQFQNVRRVVQIFRIMRILRIL
GXTX-1E PLNAIDLLAILPYYVTIII.Z;ISNK.VLQFQNVRRWQIE’RIMRILRIL
JZTX-T PLNAIDLLAILPYYVTEBLTESNRSVLQFONVRRVVQIFRIMRILRIL
Figure 8. Key molecular determinants for gating modifier toxin

binding to Kv2.1. The most crucial residues are shaded in red. All of
other key molecular determinants are shaded in gray.

inhibitor that has high homology with JZTX-III (Supporting
Information, Figure S1).'8 Interestingly, GxTX-1E is 178-fold
more potent than JZTX-IIL** Previous studies suggested an
important role for four residues in the Kv2.1S3b-S4 paddle in
the high affinity binding of GXTX-1E (Figure 8)."” However,
our data presented here indicate that JZTX-III primarily docks
at the S3—S4 linker with S281 being the major determinant
(Figure 8), leading to the suggestion that the binding of JZTX-
III differs in that it shares only overlapping, but not identical,
determinants on the voltage sensor with these Kv2.1 gating
modifiers. E277 and S281 reduced GxTX-1E affinity by almost
150-fold and 30-fold, respectively.'” Remarkably, although $281
also substantially modulated the interaction of GxTX-1E with
Kv2.1, the most key residue E277 was not involved in JZTX-III
binding (Figure 8). Furthermore, our mutational data and
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docking model (Figure 6B), combined with the fact that
residue S281 is not significantly involved in the channel-lipid
membrane interaction'” indicated that the JZTX-III-Kv2.1
interaction might depend mainly on the hydrogen bonding
ability of S281 by forming a hydrogen bond within the toxin—
channel complexes.

In our previous study, we have shown that the functional
surface of JZTX-III binding to Navl.5 is composed of four
hydrophobic residues (W8, W9, W28, and W30) and two acidic
residues (E3 and D1).”” When compared with the bioactive
surface of JZTX-II targeting Navl.5 (Figure 9B),” the
hydrophobic patch formed by residues W8, W28, and W30 is
also found in the functionally important surface of JZTX-III
interacting with Kv2.1 (Figure 9C). However, interestingly,
residues D1, E3, and W9 at the N-terminal of JZTX-III are only
important for targeting Navl.5, whereas R13 and K15 in the
middle of the toxin and V33 and E34 at the C-terminal are only
crucially involved in the JZTX-III-Kv2.1 interaction (Figure
9A). In Figure 9, the bioactive surface formed by D1, E3 and
W9 is totally separated from those formed by R13 and K15 and
by V33 and E34. Although JZTX-III exhibited cross-activities
on Kv2.1 and Navl.5, these results indicated that the toxin
adopts only partially overlapping bioactive surfaces to target
these two different types of ion channels.

JZTX-III might inhibit the activation of Kv2.1 and Navl.5
channels through similar mechanisms. Similar to Navl1.5 DII,
JZTX-II trapped the Kv2.1 voltage sensor at the closed
configuration by docking at the voltage-sensor paddle. JZTX-III
could accelerate the decay of Kv2.1 tail currents,” which
reflects the transition from the open to the closed state. In the
DIIS3-54 region of Navl.5, R800 was a major determinant and
formed an electrostatic interaction with an acidic residue in
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Biochemistry

A 5 10 15 20 25 30 35
JZTX-III DGECGGFTITKCGRGKPPCCKGYACSKT G!CAVEAP Navl.5

JZTX-III DGECGGFTWKCGRGKPPCCKGYACSKT!G!CAEAP Kv2.1

180°
B o2,
D1
c

Figure 9. (A) Amino acid sequence of JZTX-IIL The important
residues for JZTX-III binding to Kv2.1 and Nav1.5 are highlighted and
color coded as follows: white (shaded in green), hydrophobic; dark
blue, basic; and red, acidic. Numbers above the amino acid sequences
show the positions of residues in JZTX-IIL (B) Bioactive surface
profile of JZTX-III binding to Nav1.5.”” (C) Bioactive surface profile
of JZTX-III binding to Kv2.1. The left and right structures were
rotated 180° relative to one another about a vertical axis.

JZTX-IILY In the S3b-S4 paddle of Kv2.1, the side chain of
S281 is critical for JZTX-III binding by forming a hydrogen
bond within the JZTX-III-Kv2.1 interaction. Sequence align-
ment in Figure 10 shows that S281 in Kv2.1 corresponds to
R800 in the Navl.5 DII S3—S4 linker. Although the
substitution of S281 with Arg reduced toxin binding affinity
by 13-fold, S281R failed to completely abolish the sensitivity of
Kv2.1 to JZTX-III. K280 and L1283 in Kv2.1 correspond to
§799 and L804 in Navl.5 DII, respectively. The residues at
these two positions were also critical for the inhibition of Kv2.1
and Navl.5 by JZTX-IIL Since gating modifiers can interact
with a conserved structural motif in Nav and Kv channels,*>*
we propose that the JZTX-III-binding motif might be
conserved in the voltage-sensor paddles of both Kv2.1 and
Nav1.5DIL. Furthermore, taken together, our results also have
defined an essential core toxin-binding motif as S/K-R/S-
X(1-3)-L, in which X denotes any amino acid residue. Given the
fact that the core motif does not emerge in the jon channel
subtypes (Navl.1—1.4, Navl.6—Navl.7, Kv1.1—1.4, Kv3.1, and
Kv4.1-4.3) (Figure 10), it is not surprising that these ion
channel subtypes are resistant to JZTX-III. The voltage-sensor
paddle of Kv2.1 is totally identical to that of Kv2.2; we
therefore predict that Kv2.2 will also show sensitivity.

In this study, we first investigated the molecular mechanism
of animal toxins exhibiting cross-activities on different types of
ion channels. JZTX-III selectively inhibited Navl.5 and Kv2.1
perhaps by recognizing a conserved binding motif on the
voltage-sensor paddle. However, unexpectedly, JZTX-III
utilized partially overlapping bioactive surfaces to interact
with Navl.5 and Kv2.1, which might result from the divergent
amino acid composition of the binding motifs in different ion

A

DII-S3 Linker DII-S4

hNavl.l ... VTLSLVELG SVLRSFRL ...
hNavl.2 ... VSLSLMELG E VLRSFRL ...
hNavl.3 .. VSLSLMELG: VLRSFRL ...
hNavl.4 ... VTLSLVELG QGESVLRSFRL ...
hNavl.5 ... VILSLMELG: S VLRSFRL ...
hNavl.6 .. VSLSLMELS VLRSFRL ...
hNavl.7 ... VTLSLVELF VLRSFRL ...

E(vl % IIPYFITLGTEIAE

rKvl. IIPYFITLGTELAE

rKvl. IIPYFITLGTELAE

rKvl. ILPYFITLGTDLA

rKv2. ILPYYVTIFLTESN]

rKv2. ILPYYVTIFLTESN

rKv3. LPFYLEVGLSGLS ARDVLGFLRVVRFV....

rKv3. LPFYLEVGLSGLS ARKDVLGFLRVVRFV......

rKv3. LPFYLEVGLSGLS| ARDVLGFLRVVRFV.....

rKv4. ILPYYIGLFVP--- NDDVSGAFVTLRVF

rKv4. JILPYYIGLVMT--- NEDVSGAFVTLRVF.

rKv4. NEDVSGAFVTLRVF,

IMPYYIGLVM

Figure 10. Three important residues (S799, R800, and L804) for
JZTX-II binding to Nav1.SDII (A) and three crucial determinants
(K280, S281, and L283) for the JZTX-III trapping Kv2.1 voltage
sensor (B) are located at the S3—S4 linker. The positions of these
crucial determinants are shaded in gray.

channels. Therefore, our increased understanding of the
interaction mechanisms of JZTX-III with Kv2.1 and Navl.5
might be valuable to better specify and derive useful peptide
pharmacological properties in the future.
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