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fide bond on the structure and
activity of m-conotoxin PIIIA in the inhibition of
NaV1.4†

Xiaoxiao Xu,ab Qingliang Xu,ab Fangling Chen,ab Juan Shi,ab Yuntian Liu, ab
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m-Conotoxin PIIIA, a peptide toxin isolated from Conus purpurascens, blocks the skeletal muscle

voltage-gated sodium channel NaV1.4 with significant potency. PIIIA has three disulfide bonds, which

contribute largely to its highly constrained and stable structure. In this study, a combination of

experimental studies and computational modeling were performed to assess the effects of deletion of

the disulfide bonds on the structure and activity of PIIIA. The final results indicate that the three

disulfide bonds of PIIIA are required to produce the effective inhibition of NaV1.4, and the removal of

any one of the disulfide bonds significantly reduces its binding affinity owing to secondary structure

variation, among which the Cys11–Cys22 is the most important for sustaining the structure and

activity of PIIIA.
1. Introduction

Voltage-gated sodium channels (VGSCs) are responsible for the
initiation and propagation of action potentials in many organs
from the nervous system to the heart and muscles.1–3 m-Con-
otoxins, members of the M superfamily,4,5 contain 16 to 25
residues with six Cys residues arranged in a class III framework
(–C1C2–C3–C4–C5C6–)6 and are considered to be specic
antagonists of voltage-gated Na+ channels.7 The m-conotoxin
PIIIA was isolated from Conus purpurascens, an eastern Pacic
sh hunting species of cone snails.8 It is a 22-amino acid
peptide, consisting of six cysteines and forming three pairs of
disulde bonds.9 The m-conotoxins PIIIA and GIIIA are both
high-affinity antagonists with skeletal muscle Na channel
subtypes from a variety of vertebrate system, and PIIIA is also an
irreversible inhibitor in the amphibian system.10 PIIIA selec-
tively inhibits the skeletal muscle channel NaV1.4 with a half-
maximal inhibitory concentration (IC50) value in the nano-
molar range (36 nM),8 and can also block rNaV1.2 and rNaV1.7 at
IC50 values of 690 nM and 6.2 mm, respectively (Fig. 1).11 Hence,
it is valuable for use as a probe to enable different subtypes to be
distinguished when used in conjunction with other selective
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tion (ESI) available. See DOI:
toxins.11,12 In addition, PIIIA can also inhibit the KV1.1 and
KV1.6 channels in the nanomolar range.13

Related studies have shown that the disulde connectivity
alters the global fold of a toxin.14 Disulde bonds in the peptide
sequence give rise to a well-dened and constrained framework
and generally play an important role in their biological action,15

but this also present challenges. The most critical step for the
preparation of disulde-bridged conopeptides is the oxidation
to the correctly folded isomer16 and a related study has shown
that the disulde-bridges are susceptible to reduction in certain
extracellular environments such as the blood.17 Thus, simpli-
fying the disulde bonds in peptides is of paramount impor-
tance for the application of peptides in pharmacy and other
elds. Indeed, growing evidence suggests that many disulde-
rich peptides do not require all their native disulde bonds to
retain their biological activity.18,19 For instance, removal of the
Cys1–Cys16 bridge in u-conotoxin MVIIA does not abolish its
calcium channel binding affinity.20 Some results have also
shown that the key residues of KIIIA for voltage-gated sodium
channel (VGSC) binding lie mostly on the alpha-helix and that
the rst disulde bond can be removed without signicantly
affecting the structure of this helix, and its biological activity.21

This is not only isolate to the native peptide, removal of one of
the disulde bonds in the backbone cyclized Vc1.1 (cVc1.1)
produced hcVc1.1, whichmaintained the secondary structure of
the cVc1.1 and showed only a threefold decrease in the
activity.22 Thus, it is possible to maintain the structure and
activity of the peptide by the deletion of one of the disulde
bonds.

In this study, the contribution for each of the disulde bonds
to the structure and activity of the PIIIA was investigated by
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Electronmicroscopy structure of the NaV1.4 of eukaryotic (PDB ID: 5XSY). The NaV a subunits have the same topological structure, and the
single polypeptide chain folds into four repeats represented in blue, gray, yellow and green, each containing six transmembrane segments (TMs)
(S1–S6). This NaV1.4 consists of the extracellular domain and the VSD (voltage sensing domain).
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a combination of experimental studies and computational
modeling. The produced results could be used as guidance for
further engineering of the structure of PIIIA in future studies.
2. Materials and methods
2.1 Chemical synthesis of the peptides

The peptides were synthesized using a 9-uorenylmethox-
ycarbonyl (Fmoc) solid phase peptide synthesis (SPPS) as
described previously.23 The substitution of pyroglutamic with
alanine does not affect the inhibitory activity as illustrated by
the fact that the pyroglutamic acid plays a minor role in the
binding between the PIIIA and NaV1.4.24 Thus, it is feasible to
replace the pyroglutamic acid with another amino acid. In
consideration of the structural similarity between pyroglutamic
acid and proline, proline was used to replace the pyroglutamic
acid to give minimal structure perturbation. The four cysteine
residues in the disulde deleted analogues were protected by
using trityl and Acm groups for the selective oxidation. A two-
step oxidation protocol was used to selectively fold the
peptides. The rst disulde bond was oxidized in 0.1 M
NH4HCO3 (pH 8–8.5) at a peptide concentration of 0.3 mg mL�1

with stirring for 24 h at room temperature. Aerward, the
products were puried using reversed-phase high performance
liquid chromatography (RP-HPLC) on a Phenomenex C18

column (250 � 10 mm, 10 mm).
Formation of the second disulde bond was performed by

dissolving 10 mg peptide in 10 mL (c ¼ 0.42 mM) buffer A/B
(Table S1†), and adding 0.2 mL I2 solution dropwise (5 mg I2
dissolved in 1 mL CH3CN) with stirring for 30 min, then
quenching with ascorbic acid (5 mg ascorbic acid dissolved in
1 mLH2O). Aer the oxidation, the products were puried using
RP-HPLC. Aer conrming the product peak using mass spec-
trometry, the solid peptide was obtained by lyophilization.
Analytical RP-HPLC with a gradient of 0–80% buffer B (the
specic concentration ratio is shown in Table S1†) and a ow
rate of 1 mL min�1 in 40 min and electrospray-mass
This journal is © The Royal Society of Chemistry 2019
spectroscopy was used to conrm the purity and molecular
mass of the synthesized peptides (Fig. S1 and Table S4†).
2.2 Circular dichroism spectra

The circular dichroism (CD) spectra of PIIIA* and its analogues
were performed on a Jasco J-810 spectropolarimeter over the
wavelength range of 250–190 nm using a 1.0 mm path length
cell, a bandwidth of 1.0 nm, a response time of 2 s, and the
results were averaged over three scans. The spectra were
recorded at room temperature under a nitrogen atmosphere. A
blank scan was performed before the analysis of the samples
was performed. The peptides were dissolved with buffer A or B
(Table S1†), reaching a concentration of 0.1 mmol L�1. The
quality of each peptide can be found in Table S2.† The molar
ellipticity [q] were tted with linear regression using the
following equation:

[q] ¼ 1000mdeg/(l � C)

In which mdeg represents the raw CD data, C represents the
peptide molar concentration (mM), and l represents the cell
path length (mm).
2.3 Electrophysiology

Whole-cell patch-clamp recordings from HEK293 cells were
performed using an Axon digidata 1550A amplier. The
a subunit of the NaV1.4 oocytes was prepared and a double
electrode voltage clamp was used for recording. Similar to
previous studies,25–31 the cells were perfused with extracellular
solution containing 137 mM NaCl, 4 mM KCl, 1.8 mM CaCl2,
1 mMMgCl2, 10 mMHEPES, and 10 mM glucose. The pH of the
solution was adjusted to 7.4 using NaOH. The oocytes were
placed in a vial containing 30 mL ND96 and two electrodes
voltage clamped in the �80 mV holding potential chamber,
repeating every 10 seconds, each time with 10 millisecond
RSC Adv., 2019, 9, 668–674 | 669
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square wave membrane potential depolarized to �10 mV, to
activate the NaV1.4 ion channel current. The maximum current
caused by the voltage-clamp square wave was detected and the
compound was tested by perfusion aer being stabilized. The
compounds were dissolved in extracellular uid and perfused
using a self-gravity perfusion system. Extracellular uid con-
taining 130 mM Cs aspartate, 5 mMMgCl2, 5 mM EGTA, 10 mM
HEPES and 4 mM Tris-ATP was used with the pH adjusted to 7.2
by addition of CsOH. The test concentrations of the peptides
were set at 0.1, 0.3, 1, 1, 3, and 10 mm (Table S3†), respectively. At
least two cells were tested at each concentration. Aer the
current caused by the voltage clamp square wave was stabilized,
the changes in the current size before and aer the use of the
peptide were compared and the blocking effects of the peptide
on the NaV1.4 channels was calculated.

2.4 Homology modeling

The NMR structure of PIIIA (PDB code: 1R9I) was obtained from
the protein data bank (http://www.rcsb.org/). PIIIA* and its
three analogues, each with one different pair of disulde-
bonded cysteine residues replaced with alanine, were con-
structed as shown in Table 1. The three disulde bonds (Cys4–
Cys16, Cys5–Cys21, and Cys11–Cys22) of PIIIA* were numbered
as 1, 2 and 3, respectively, and the corresponding disulde
deleted analogues were named as PIIIA*-x (x ¼ 1, 2, 3), in which
each number represents that the corresponding disulde bond
that was removed. PIIIA*-1, PIIIA*-2, and PIIIA*-3 were con-
structed in MODELLER (version 9v16),32,33 as described previ-
ously.34 PIIIA* and its analogues was subjected to further
renement of the molecular dynamics (MD) simulations.

2.5 Molecular dynamics simulation

By modifying the model we built and validated previously,35 we
obtained the complexes: NaV1.4/PIIIA*-1, NaV1.4/PIIIA*-2, and
Table 1 Sequence of m-conotoxins PIIIA and its analoguesa

Peptide Name Sequence

PIIIA PIIIA

PIIIA* PIIIA*

PIIIA*-1 PIIIA*[C4A,C16A]

PIIIA*-2 PIIIA*[C5A,C21A]

PIIIA*-3 PIIIA*[C11A,C22A]

a PIIIA* is an analogue of PIIIA in which the rst amino acid is replaced
using Pro. PIIIA*-1, 2, 3 represents the analogue missing the rst (Cys4–
Cys16), second (Cys5–Cys21) and third (Cys11–Cys22) disulde bond,
respectively.

670 | RSC Adv., 2019, 9, 668–674
NaV1.4/PIIIA*-3. These complexes were subjected to MD simu-
lations for renement of the PIIIA* binding mode in AMBER
16.36 Aer building the whole system in LEaP, a module of
AMBER16, minimization was performed to remove the van der
Waals clashes between PIIIA* and NaV1.4. Other details
regarding the methods used for MD simulation are described in
our previous study.37 PIIIA* and its analogues were rened
using 100 ns MD simulations, while the complexes were rened
using 20 ns MD simulations. The last conformation was
extracted from the MD trajectory.
2.6 Binding energy calculations using MMGB/SA

A molecular mechanics generalized Born surface area (MMGB/
SA)38 was applied to calculate the energy contributed by the key
amino acids of the peptide. For efficient conformation
sampling, the binding energy calculation was performed on the
ve MD trajectories using MMGB/SA and the averaged values
were used as the nal result. The parameters used for setting up
were the same as those previously described.34
3. Results and discussion
3.1 Chemical synthesis of peptides

Aer the solid phase reaction had nished, half of the resin
peptide was partially deprotected and cleaved from the resin
with TFA. For PIIIA*-1, the protecting group of Cys5 and Cys21
is trityl (trt), while the protecting group of Cys11 and Cys22 is
acetamidomethyl (Acm). The trt protection group of Cys5 and
Cys21 can be deprotected in a mixture of TFA/TIS/H2O
(90 : 5 : 5), whereas the Acm protection group can only be
removed in I2 solvent. Thus, in the rst round oxidation in
NH4HCO3, only the disulde bond Cys5–Cys21 was formed,
whereas the second disulde bond Cys11–Cys22 was formed
during the oxidation using I2 solvent. The product of each step
was obtained by purication using RP-HPLC. The nal product
was obtained by freeze-drying and was puried and validated
using RP-HPLC and MS (Fig. S1†).
Fig. 2 The CD spectrum of PIIIA* and its analogues. The CD spectra of
PIIIA*, PIIIA*-1, PIIIA*-2, and PIIIA*-3 are shown in black, red, blue and
green, respectively.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Structure and stability comparison between PIIIA* and its
disulfide deleted analogues. (A), (B), and (C) show the overlapped
structures of PIIIA*-1, 2, and 3 with PIIIA*, respectively. Black repre-
sents PIIIA, and red, blue and green are PIIIA*-1, PIIIA*-2, and PIIIA*-3,
respectively. (D) Shows an RMSD superposition diagram of PIIIA-1, 2,
and 3. In (D) black, red, blue and green represent PIIIA*, PIIIA*-1,
PIIIA*-2 and PIIIA*-3, respectively. The RMSD value was averaged for
two MD trajectories.
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3.2 Structural changes of PIIIA and its analogues

Deletion of the disulde bond resulted in different CD spectra
for PIIIA*-1, 2, and 3 (Fig. 2). In previous studies,39,40 an a-helix
structure exhibited a strong negative band around 208 nm, and
a strong positive band around 190 nm. It was observed from the
CD spectra (Fig. 2) that PIIIA* has strong negative and positive
Fig. 4 Inhibition activity of the PIIIA* disulfide deleted analogues at NaV
concentrations. (B) The inhibition rate of PIIIA*-1, 2, and 3 on hNaV1.4 a

This journal is © The Royal Society of Chemistry 2019
bands close to 208 and 190 nm, respectively, indicating that
PIIIA* contains the a-helix component. Similarly, PIIIA*-2
strongly absorbs at 209 and 190 nm, and thus it was deduced
that it contain an a-helix secondary structure. In addition,
PIIIA*-2 has a negative absorption around 198 nm and a small
and wide positive absorption at 220 nm indicating that PIIIA*-2
also contains part of a random coil.39,40 In contrast, PIIIA*-1,3
only has a negative absorption at 198 nm and a small and wide
positive absorption at 220 nm, indicating that most of the
secondary structure of PIIIA*-1,3 is the random coil. Indeed,
aer the 100 ns MD simulation of PIIIA* and its analogues, we
found that the structure of PIIIA*-1,3 contains a large number of
random coils compared with PIIIA* (Fig. 3A and C). However,
the structure of PIIIA*-2 is similar to that of PIIIA* and both
contain an a-helix (Fig. 3B). This result is in line with our CD
results. The a-helix in PIIIA*-2 enables a better stability than
PIIIA*-1,3, which may lead to the inhibition activity of PIIIA*-2
being superior to that of PIIIA*-1,3. From the root mean square
deviation (RMSD) analysis (Fig. 3D), the RMSD of PIIIA*-3 is
greater than that of PIIIA*-1,2, suggesting that the conforma-
tion of PIIIA*-3 is themost signicantly deviated from the initial
conformation of the PIIIA* and its inhibitory activity is also the
least active.
3.3 Electrophysiology

The biological activity of the four peptides (PIIIA*, PIIIA*-1,
PIIIA*-2, and PIIIA*-3) on the hNaV1.4 channels were measured
by conventional patch clamp protocols. Control experiments
were performed on the PIIIA* blocking to hNaV1.4. Based on the
percentage of blocking in a xed peptide concentration, it was
found that PIIIA*-2 had the best blocking effect on NaV1.4 at
three different concentrations among the three disuldes
deleted analogues, but is still less potent than PIIIA* (Fig. 4A
and B). At a concentration of 10 mM (Fig. 4B), PIIIA* exhibits
a much stronger blocking effect on the hNaV1.4 channel than
1.4. (A) Represents the inhibition rate of PIIIA* on hNaV1.4 at different
t different concentrations.

RSC Adv., 2019, 9, 668–674 | 671
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Table 2 Interactions between the key amino acids on PIIIA-1, 2, 3 and NaV1.4

Compounds R12 R14 Q15 K17 O18 R20

PIIIA E758,W761 F401,N404 L408 D1241 N404,D1533 D1541
PIIIA-1 W761 E755,E758 Q407 — N404,D1533,N1536 D1541
PIIIA-2 W761 N404,E755 Q407 — N404,D1533,N1536 N1536,D1541
PIIIA-3 — N404,E755,E758 Q407 — D1533,N1536 D1541
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PIIIA*-1, PIIIA*-2, and PIIIA*-3. The current blocking rates for
PIIIA*-1, PIIIA*-2 and PIIIA*-3 are 51.41%, 66.08%, and 41.08%,
respectively. These results suggest that deletion of any one of
the disulde bonds signicantly decreases the activity of PIIIA*.
The inhibitory activity of PIIIA*-2 is stronger than PIIIA*-1,
while PIIIA*-3 has the worst inhibitory activity, indicating that
the varied disulde bonds play different roles on the activity of
PIIIA*, with the disulde bond Cys11–Cys22 contributing most
to the activity, and the disulde bond Cys5–Cys21 contributing
least to the activity. Indeed, related studies also showed that all
of the three disuldes, especially Cys3–Cys6, were important for
the inhibition of NaV1.4 by GIIIA.41 Deletion of any pair of
disulde bond could have an inuence on the structure of the
PIIIA and the GIIIA, and thus affect their inhibitory activity on
the sodium channels. For BuIIIB, however, the Cys1–Cys4
bridge was more critical for NaV1.3 blocking,42 which indicates
that the disulde bond plays a different role in these three
conotoxins. Exploring the effects of the disulde bonds on the
structure of PIIIA is particularly important to the rational design
of PIIIA analogues.
3.4 Binding modes of NaV1.4 with the PIIIA analogues

In order to determine the bindingmode of PIIIA* at NaV1.4, a 20
ns MD simulation was applied on a NaV1.4/PIIIA*-1, 2, and 3
system, and each system was repeated ve times. PIIIA is rich
with positively charged residues, and is overall complementary
to NaV1.4, leading to the formation of numerous salt-bridges at
the interface between PIIIA and NaV1.4.35 Previous mutagenesis
data indicates that R12, R14, and R20 contribute most to the
binding affinity of PIIIA to NaV1.4.43 Disulde bond deletion
affects the secondary structure of PIIIA*-1, 2, and 3, weakening
their interaction with NaV1.4. The R12 of PIIIA*-1, 2, and 3 only
forms a very weak hydrogen bond interaction with W761, but
the R12 of PIIIA forms salt-bridges with the E758 that is close to
the pore lter.35 Owing to the migration of R14, the R14 of
PIIIA*-1, 2, and 3 forms salt-bridges with E755 that are weaker
Table 3 The energy contribution of the key residues of the peptide

Residues PIIIA*a (kcal mol�1) PIIIA*-1a (k

R12 �3.54(�0.966) �0.61(�0.
R14 �15.16(�0.812) �11.83(�2
R20 �7.46(�0.273) �6.27(�1.
Total energy (kcal mol�1) �51.06(�2.580) �23.30(�1

a The energy contribution was calculated using the MMGB/SA method an

672 | RSC Adv., 2019, 9, 668–674
than that of PIIIA. As suggested by the results from the afore-
mentioned electrophysiological testing, removal of the disulde
bond results in a signicantly decreased binding affinity. In
comparison with PIIIA*-1 and PIIIA*-3, the R20 of PIIIA-2 forms
salt-bridges with D1541 at the periphery of the binding site, but
the R20 of PIIIA*-1,3 is deected, resulting in a deviation from
D1541 and weakening of the salt-bridges. Therefore, the inhi-
bition activity of PIIIA*-2 is stronger than PIIIA*-1 and PIIIA*-3.
The results from the RMSD analysis (Fig. S3†) suggest that the
three complexes reached equilibrium aer a 20 ns MD simu-
lation, with a RMSD of less than 1.2 Å, indicating that the
NaV1.4/PIIIA*-1, 2 and 3 systems were all relatively stable in MD.
3.5 Binding energy calculation and decomposition

In order to explore the effects of deletion of the disulde bonds
on the binding affinity of PIIIA* to the NaV1.4 channel, we used
MMGB/SA to calculate the energy contribution provided by both
of these key residues of the binding site (Table 3) and the
residues on PIIIA*-1, 2, and 3 (Fig. S3†). Meanwhile, the inter-
action between these key amino acids and NaV1.4 were analyzed
using the binding modes (Fig. 5). The binding energy calcula-
tions suggest that the binding energy of PIIIA*-2 to NaV1.4 is
lower than PIIIA*-1, 3 but that they are all much lower than
PIIIA* (Table 3), which is consistent with the previously
mentioned electrophysiological testing. It is indicated that
deletion of the disulde bond resulted in a signicantly
decreased affinity of PIIIA*. Mutagenesis studies show that the
major residues that affect the interaction between PIIIA and
NaV1.4 channel are R12, R14, and R20.43 Analyzing the energy
contribution of these key residues in PIIIA*-1, 2, and 3, we
found that the binding energy contributed by R20 of PIIIA*-1, 2
is much lower than PIIIA*-1, 3. This explains why PIIIA*-2 is
better in comparison to PIIIA*-1 and PIIIA*-3. Compared with
the contributions to the binding free energy of R12 of PIIIA*-1,
2, 3 (�0.61 kcal mol�1, �0.49 kcal mol�1 and 0.02 kcal mol�1,
respectively), the R12 of PIIIA* is much lower, about
cal mol�1) PIIIA*-2a (kcal mol�1) PIIIA*-3a (kcal mol�1)

122) �0.49(�0.244) 0.02(�0.175)
.365) �10.88(�0.435) �12.94(�0.375)
254) �8.46(�0.340) �3.84(�0.544)
.093) �25.02(�1.505) �20.25(�1.607)

d was averaged for ve MD trajectories.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The binding modes of NaV1.4 with PIIIA and its analogues. (A), (B) and (C) represent the combination pattern of NaV1.4/PIIIA*-1, NaV1.4/
PIIIA*-2, and NaV1.4/PIIIA*-3, respectively. Red, blue and green represent PIIIA*-1, PIIIA*-2, and PIIIA*-3, respectively.
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�3.54 kcal mol�1. In addition, the binding free energy of the
R14 of PIIIA* is lower than PIIIA*-1, 2, and 3. This further
conrms that deletion of the disulde bond results in the
signicantly decreased affinity of PIIIA*. More detailed pairwise
interactions between PIIIA and NaV1.4 are listed in Table 2.

4. Conclusions and perspectives

The purpose of this experiment was to explore the contribution
of three pairs of disulde bonds on the structure and inhibitory
activity of PIIIA* from the aspects of experimental and
computational modeling studies. Using the method of
homology modeling andMD simulations, the inhibitory activity
of PIIIA*-1, 2, and 3 was found to be signicantly lower than for
PIIIA*, which is in accordance with the experimental results
obtaining using electrophysiological studies. By calculation of
the binding energy and decomposition, we found that the
second disulde bond (Cys5–Cys21) had the minimum inu-
ence on the structure and activity of NaV1.4, which is also in
agreement with the results obtained from experimental studies.
The blocking effects of PIIIA*-2 to NaV1.4 is in the order of
PIIIA*-2 > PIIIA*-3 > PIIIA*-1. The binding energy of NaV1.4/
PIIIA*-1, 2, and 3 also shows that the binding affinity of PIIIA*-2
on NaV1.4 is better compared to PIIIA*-1, and 3 on NaV1.4.

In conclusion, our study clearly shows that all three disulde
bonds in PIIIA are particularly important to maintaining the
stability of the structure and to producing the effective inhibi-
tion of NaV1.4. Furthermore, the results indicate that the
second disulde bond (Cys5–Cys21) connection has the
This journal is © The Royal Society of Chemistry 2019
smallest inuence on the structure and activity of the peptide
with NaV1.4, followed by the rst pair (Cys4–Cys6) and the third
pair (Cys11–Cys22). The results from this study expand our
knowledge of the importance of the three disulde bonds in
PIIIA, and will provide valuable information for the design of
analogues with a better affinity and selectivity for therapeutic
usage.
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