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μ-Conotoxins are components of cone snail venom, well-
known for their analgesic activity through potent inhibition
of voltage-gated sodium channel (NaV) subtypes, including
NaV1.7. These small, disulfide-rich peptides are typically
stabilized by three disulfide bonds arranged in a ‘native’ CysI-
CysIV, CysII-CysV, CysIII-CysVI pattern of disulfide connec-
tivity. However, μ-conotoxin KIIIA, the smallest and most
studied μ-conotoxin with inhibitory activity at NaV1.7, forms
two distinct disulfide bond isomers during thermodynamic
oxidative folding, including Isomer 1 (CysI-CysV, CysII-CysIV,
CysIII-CysVI) and Isomer 2 (CysI-CysVI, CysII-CysIV, CysIII-
CysV), but not the native μ-conotoxin arrangement. To date,
there has been no study on the structure and activity of KIIIA
comprising the native μ-conotoxin disulfide bond arrangement.
Here, we evaluated the synthesis, potency, sodium channel
subtype selectivity, and 3D structure of the three isomers of
KIIIA. Using a regioselective disulfide bond-forming strategy,
we synthetically produced the three μ-conotoxin KIIIA isomers
displaying distinct bioactivity and NaV subtype selectivity
across human NaV channel subtypes 1.2, 1.4, and 1.7. We show
that Isomer 1 inhibits NaV subtypes with a rank order of po-
tency of NaV1.4 > 1.2 > 1.7 and Isomer 2 in the order of
NaV1.4≈1.2 > 1.7, while the native isomer inhibited NaV1.4 >

1.7≈1.2. The three KIIIA isomers were further evaluated by
NMR solution structure analysis and molecular docking with
hNaV1.2. Our study highlights the importance of investigating
alternate disulfide isomers, as disulfide connectivity affects not
only the overall structure of the peptides but also the potency
and subtype selectivity of μ-conotoxins targeting therapeuti-
cally relevant NaV subtypes.

Pain, in particular neuropathic and inflammatory, is of
major medical concern worldwide. Voltage-gated sodium
channels (NaVs) have been proven to play an essential role in
many different pain states in animal and human models (1–7).
There are nine sodium channel subtypes (NaV1.1–NaV1.9)
currently described, all sharing a common overall structural
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motif (8). Most neurons express multiple sodium channel
isoforms with NaV1.1 (9), NaV1.2 (10), NaV1.3 (11, 12) and
NaV1.6 (13) being expressed in the central nervous system,
while NaV1.4 and NaV1.5 are expressed in skeletal (14) and
cardiac muscles (15), respectively. NaV1.7 (16), NaV1.8 (17),
and NaV1.9 (3) subtypes are preferentially expressed in the
peripheral nervous system. These peripheral sodium channels
have been genetically validated to be modulating neuronal
excitability associated with different types of pain, including
nociception (17, 18), neuropathic pain (3, 5, 18, 19) and acute
inflammation (8, 16, 20, 21). Thus, peripheral NaV subtypes,
such as NaV1.7, are potential targets for the development of
novel analgesics.

Conotoxins from the venom of marine cone snails are
considered prospective drug leads because of their potency,
NaV subtype selectivity, and analgesic efficacy in animal and
human trials (1, 22). μ-Conotoxins are 14 to 26 amino acid
residue peptides that share a specific cysteine framework of
CCXnCXnCXnCC (23–25). The μ-conotoxin super family
comprises five branches, termed M-1 to M-5, based on the
number of residues in the third cystine loop between the
fourth and fifth cysteine residues (25). With a framework
including six cysteine residues, the μ-conotoxins can theoret-
ically form 15 different disulfide bond isomers. However,
μ-conotoxins isolated directly from cone snail venom are
typically found to adopt a CysI-CysIV, CysII-CysV, CysIII-
CysVI conformation, which has accordingly been accepted as
the ‘native’ fold of the μ-conotoxin family (25). However, if
isolated peptide material is not available for coelution with
synthetic material, for example, when peptide sequences are
identified from cDNA venom duct libraries, using proteomics
or transcriptomics, or when the peptide is not present, or
expressed at very low levels in the venom, it can be challenging
to ascertain the native fold of the peptide. Accordingly, some
recent reports have shown that it is not always the ‘native’
conotoxin peptide fold that is the more potent biologically
active peptide, and conotoxins with non-native disulfide bond
connectivity can outperform the presumed ‘native’ counterpart
(26–28). For example, synthetic μ-PIIIA, a μ-conotoxin iden-
tified from the cDNA of the venom duct of the cone Conus
purpurascens (26), formed three active isomers under
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Inhibition of NaV channels by KIIIA disulfide isomers
thermodynamic oxidative folding conditions with the non-
native isomer of PIIIA (CysI-CysV, CysII-CysVI, CysIII-
CysIV) being slightly more potent than the PIIIA isomer
comprising the native μ-conotoxin disulfide-bond arrange-
ment (27). A similar peculiarity has been observed within the
α-conotoxin family, where a non-native disulfide bond isomer
of the 15-residue α-conotoxin AuIB (comprising two disulfide
bonds) was 10-fold more potent than the native fold of the
peptide (28). Discoveries such as these emphasize the impor-
tance, but also the potential, of further investigation into the
activity of different disulfide bond connectivities of these small,
highly disulfide-rich peptides and how different disulfide
connectivities of the same peptide can influence not only po-
tency but also receptor subtype selectivity. Herein, we focus
our investigation on three different disulfide-bond isomers of
μ-KIIIA, one of the most extensively investigated μ-conotoxins
targeting NaV1.7 (29, 30).

KIIIA is a 16-residue μ-conotoxin, identified from a cDNA
venom duct library of Conus kinoshitai that acts by blocking
the pore of NaVs (20, 31–33). KIIIA is the smallest μ-con-
otoxin identified to date (34), comprising only one residue in
loop 1 of the peptide, compared to 4 to 6 for other μ-con-
otoxins (Table 1). Like other μ-conotoxins in the family, KIIIA
has been reported to most potently inhibit rat NaV1.2 and rat
NaV1.4 (29, 30, 35). However, unlike most μ-conotoxins, KIIIA
also inhibits the peripheral analgesic target NaV1.7 with
nanomolar affinity (29, 30). Upon initial synthetic production,
KIIIA was reported to form one major isomer during ther-
modynamic folding (31), which was assumed to comprise the
native μ-conotoxin disulfide connectivity (CysI-CysIV, CysII-
CysV, CysIII-CysVI). A later study by Khoo et al. (35) re-
ported two isomers during thermodynamic folding, and by
carrying out direct mass spectrometric collision-induced
dissociation fragmentation, it was identified that in fact
neither of the two isomers observed during thermodynamic
folding were KIIIA comprising the native μ-conotoxin fold
(35). Instead, the two synthetically produced KIIIA isomers
comprised CysI-CysV, CysII-CysIV, CysIII-CysVI connectivity
(thermodynamic Isomer 1, referred to as Isomer 1-T) as the
Table 1
Sequences of peptides belonging to the μ-conotoxin family

μ-conotoxins Seque

*, C-terminal amidation; Z, pyroglutamate; O, hydroxyproline; KIIIA highlighted in gray;
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primary peak and CysI-CysVI, CysII-CysIV, CysIII-CysV
connectivity (thermodynamic Isomer 2, referred to as Isomer
2-T) as the minor peak, with the minor isomer reported to be
five times less potent than Isomer 1 against rNaV1.2 (35).
Indeed, as of yet, there has been no studies on KIIIA
comprising the native μ-conotoxin disulfide connectivity of
CysI-CysIV, CysII-CysV, CysIII-CysVI.

KIIIA and other small μ-conotoxins have been shown to
exhibit analgesic properties in mouse inflammatory pain assays
(20, 29, 36) and it is believed that the size and framework of μ-
conotoxins, coupled with their high affinity and unique NaV
channels selectivity, make them prospective therapeutic agents
suitable for the development of novel analgesic drugs (22, 25,
29, 37–44). To better understand the structure and activity of
KIIIA isomers and the influence of different disulfide con-
nectivity on NaV affinity and subtype selectivity, we chemically
produced three isomers of KIIIA including Native, Isomer 1,
and Isomer 2 using a regioselective oxidation strategy. Our
results revealed differences in NaV subtype selectivity and
potency between the three disulfide isomers that could
partially, albeit not wholly, be explained by structural studies
and molecular modeling.
Results

Synthesis

KIIIA and analogs were assembled using 9-fluo-
renylmethoxycarbonyl (Fmoc) solid phase peptide chemistry.
Unprotected KIIIA was thermodynamically oxidized in 0.1 M
NH4HCO3, pH 8, 100 eq GSH, and 10 eq GSSG producing two
distinct isomers (Isomer 1-T and Isomer 2-T, where T stands
for thermodynamic) (Fig. 1A) that showed similar relative
retention times and peak height ratios as those observed by
Khoo et al. (35) The two thermodynamically folded isomers,
Isomer 1-T and Isomer 2-T, were readily isolated by reverse-
phase HPLC (RP-HPLC). To ensure correct disulfide bond-
formation, regioselective synthesis of each isomer producing
the desired connectivity was carried out (Isomer 1-R and
Isomer 2-R, where R stands for regioselective). However,
nces References

(31)
(31, 35)

(31, 92, 93)
(93)
(76)
(94)
(94)
(94)
(93)

(26, 27)
(95)
(95)
(95)
(96)
(96)
(96)
(96)
(53)

Cys residues highlighted in yellow.



Figure 1. Analytical RP-HPLC traces showing disulfide bond isomers of KIIIA obtained through thermodynamic oxidation and isomers obtained
through step-wise directed folding conditions. A, Isomer 1-T and Isomer 2-T formed in thermodynamic condition (black), directed Isomer 1-R (blue),
Isomer 2-R (green), and Native (red) conformation. B, Isomer 1-T (black) coeluted with Isomer 1-R (CysI-CysV, CysII-CysIV, CysIII-CysVI) (blue). C, Isomer 2-T
coeluted with both directed Isomer 2-R (CysI-CysVI, CysII-CysIV, CysIII-CysV) (green) and Native (CysI-CysIV, CysII-CysV, CysIII-CysVI) isomer (red) and was
ultimately assigned as Isomer 2-R based on NMR. RP-HPLC, reverse-phase HPLC.

Inhibition of NaV channels by KIIIA disulfide isomers
directing the disulfide connectivity of KIIIA proved chal-
lenging (Table S1 and Figs. S1–S3) and after trialing a variety
of regioselective protecting group strategies including
4-methyltrityl/dimethylphosphinyl/S-acetamidomethyl (Acm),
S-triphenylmethyl (Trt)/p-methoxybenzyl (Mob)/Acm, Trt/
Acm/4-methylbenzyl (Mebzl), and Trt/Acm/Mob, we found
that only the combination of using Cys with protecting groups
Trt to form the first disulfide bond, Acm to form the second
disulfide bond followed by 4,40-dimethylsulfinylbenzhydryl
(Msbh) to form the final third disulfide bond, successfully
produced Native KIIIA (Table S1 and Fig. 2). Using this
Figure 2. Regioselective synthesis of Native KIIIA (CysI-CysIV, CysII-CysV, C
CysV, and CysI-CysIV. A, synthetic regioselective oxidation scheme showing r
to the product obtained by each step of the synthesis including the linear starti
C, observed mass fragmentation corresponding to each folding step acquired
orthogonal cysteine-protecting group strategy, we were sub-
sequently able to produce Isomer 1-R (CysI-CysV, CysII-
CysIV, CysIII-CysVI), Isomer 2-R (CysI-CysVI, CysII-CysIV,
CysIII-CysV), and Native (CysI-CysIV, CysII-CysV, CysIII-
CysVI) KIIIA with �10% yield from crude peptides (Table S2
and Fig. S4).

Assignment of disulfide bond connectivity by coelution

Linear KIIIA formed two isomers during thermodynamic
oxidation, as shown by analytical HPLC (Fig. 1A). The major
peak, Isomer 1-T, coeluted with regioselectively synthesized
ysIII-CysVI), forming disulfide bonds in the order of CysIII-CysVI, CysII-
eaction conditions for each step. B, analytical RP-HPLC traces corresponding
ng peptide, following the formation of first, second, and third disulfide bond.
by LC-MS. * denotes peptides of interest. RP-HPLC, reverse-phase HPLC.
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Inhibition of NaV channels by KIIIA disulfide isomers
Isomer 1-R (CysI-CysV, CysII-CysIV, CysIII-CysVI) KIIIA,
confirming the results obtained by RP-HPLC and NMR
(Figs. 1B and S5). In addition, the secondary Hα chemical
shifts of Isomer 1-R superimposed well with chemical shifts
from the structure of KIIIA published by Khoo et al. (Fig. S5B)
(34), confirming that Isomer 1-T corresponds to the previously
described structure with connectivity of CysI-CysV, CysII-
CysIV, CysIII-CysVI.

In our hands, the minor peak obtained from thermodynamic
folding, Isomer 2-T, coeluted with both Isomer 2-R
(CysI-CysVI, CysII-CysIV, CysIII-CysV) and Native KIIIA
(CysI-CysIV, CysII-CysV, CysIII-CysVI) produced regiose-
lectively (Fig. 1C). However, using NMR, we could delineate
the differences in their structures via 1D 1H NMR spectra and
secondary Hα chemical shifts (Fig. S5). 1D 1H NMR spectra
showed good dispersion of peaks in the order of Isomer 1 >
Isomer 2 > Native. Isomer 1 was found to produce the highest
quality spectrum with sharp peaks. Compared to Isomer 2, the
Native isomer NMR spectra were not of similar sharpness and
dispersion (Fig. S5A).

Activity and selectivity of KIIIA isomers at human NaV
channels

Evaluation of inhibitory activity and subtype selectivity of
the three KIIIA isomers across hNaV1.2, hNaV1.4, and hNaV1.7
by automated whole-cell patch-clamp electrophysiology
(Fig. 3) provided insights into differences in activity displayed
by the three different peptides. All three isomers inhibited
hNaV1.2, hNaV1.4, and hNaV1.7 with distinct potency and
subtype selectivity (Fig. 3). Across hNaV channels tested, Iso-
mer 1 was the most potent inhibitor overall, followed by
Native KIIIA and Isomer 2 (Table 2). However, the selectivity
profiles of the three isomers showed preferential inhibition of
NaV1.4 over NaV1.2 and NaV1.7 by Isomer 1 (NaV1.4 > NaV1.2
> NaV1.7), the Native isomer displayed selectivity for NaV1.4
> NaV1.7 ≈ NaV1.2, and Isomer 2 was approximately equi-
potent at NaV1.4 and NaV1.2 displaying diminished activity at
NaV1.7 (NaV1.4 ≈ NaV1.2 > NaV1.7).

Compared to Isomer 1, KIIIA Isomer 2 was more than 10-
fold less active on NaV1.2 (p < 0.0002), 31-fold less potent
on NaV1.4 (p < 0.0002), and 13-fold less active on hNaV1.7
(p < 0.0001) (Table 2 and Fig. 3). On the other hand, Native
KIIIA was more than 7-fold less active on NaV1.2 and 10-fold
less potent on NaV1.4 while only being 2-fold less active on
hNaV1.7 compared to Isomer 1 (Table 2 and Fig. 3). These
results demonstrate that disulfide connectivity can affect both
potency and subtype selectivity and that the presumed native
fold may not always be the most potent isoform at nonprey-
specific pharmacological targets, or display the most desir-
able selectivity profile at human NaV channels.

3D NMR structure of KIIIA isomers

To better understand factors driving the distinct potency
and selectivity of the three KIIIA isomers, we investigated the
3D structures of Isomer 1, Isomer 2, and Native KIIIA (Fig. 4,
A–C) using homonuclear 1H NMR. TOCSY and NOESY
spectra were used to assign individual spin systems and the
4 J. Biol. Chem. (2022) 298(3) 101728
sequential walk (45) in Ccpnmr (46). Intra-, inter-, and long-
range NOEs were assigned for individual peptides, and an
initial 20 structures were calculated using the AUTO function
in Cyana followed by refinement in a watershell in CNS (47).
Structural statistics for the three isomers were evaluated using
Molmol (48) and MolProbity (49) and a family of 20 structures
with the lowest energy and best MolProbity scores were cho-
sen to represent each of the peptides (Table S3). The solution
structures of Native KIIIA and KIIIA Isomer 2 have been
submitted to the Protein Data Bank (KIIIA Native PDB ID:
7SAV and KIIIA Isomer 2 PDB ID: 7SAW) and the Bio-
Magnetic Resonance Bank (KIIIA Native BMRB: 30953 and
KIIIA Isomer 2 BMRB: 30954). All three isomers maintained
the characteristic α-helix in the central loop of the peptide.
Isomer 1 exhibited a very compact structure for μ-conotoxins,
with a typical α-helical turn from Ser6 to Ser13 (34, 35). Native
KIIIA also produced a very tight structure though its α-helix
was observed to be shorter compared to Isomer 1, stretching
from Ser6 to His12 (Fig. 4). Across the α-helical segment, the
3D structures of Isomer 1 and Native KIIIA were well struc-
tured with RMDS0 of 0.35 ± 0.1 Å and 0.4 ± 0.13 Å, respec-
tively. The main difference between the two structures is noted
in the N- and C-termini, which are oriented in different di-
rections due to the constraint brought about by the cystine
connectivity. Isomer 2 also displays an α-helical turn stretch-
ing from residue Ser6 to His12, though this helix (RMSD
0.54 ± 0.23 Å) exhibits more flexibility than Isomer 1 or
Native, corresponding with fewer hydrogen bonds being
observed across this stretch of amino acids for Isomer 2
(Table S3). Sidechain orientations residues which are respon-
sible for interaction with the channels (36), such as Arg14,
Ser13, His12, Asp11, Arg10 in Isomer 1 and Native KIIIA are
similar, though these sidechains are orientated differently in
Isomer 2 (Fig. 4, A–C). Overall, these structural differences, in
particular, the shorter and more flexible helical structure of
Isomer 2 (four hydrogen bonds in region Ser5–His12)
compared to the compact α-helical structure of Isomer 1 and
Native KIIIA (six hydrogen bonds each in the Ser6–His12
region), and the resultant changes in structural flexibility and
sidechain positioning, could explain the relative decrease in
potency observed for Isomer 2 in this study.

KIIIA isomers docking with hNaV1.2

To begin to understand how these relatively minor struc-
tural differences might contribute to the observed functional
differences, we further investigated the interactions of Isomer
1, Isomer 2, and Native KIIIA with hNaV1.2 using the structure
of hNaV1.2 solved in combination with KIIIA, displaying a
CysI-CysV, CysII-CysIV, CysIII-CysVI disulfide bond con-
nectivity (Isomer 1-T), published by Pan et al. (PDB 6J8E) (50).
The three isomers from this study were docked onto hNaV1.2
containing a β2-subunit using Autodock VINA (51) and
docking models with the lowest energy were chosen for further
analysis. These docking studies confirmed that our Isomer 1-R
and Native KIIIA (Fig. 4D), but not Isomer 2 (Fig. 4E),
superimposed well with KIIIA in the hNaV1.2 cryo-EM com-
plex. Possible interactions between the residues of KIIIA



Figure 3. Pharmacology of KIIIA isomers at hNaV channels. A, representative current trace before and after the addition of Isomer 1 (blue), Isomer 2
(green), and Native KIIIA (red) at hNaV1.2, hNaV1.4, and hNaV1.7. B–D, concentration-response curve showing inhibitory activity of KIIIA isomers at hNav1.2,
hNaV1.4, and hNaV1.7 respectively, the data are presented as mean ± SEM. E, selectivity profile of KIIIA Isomer, Isomer 2, and Native acquired using
automated whole-cell patch-clamp electrophysiology on HEK293 cells overexpressing hNaV1.2, hNaV1.4, or hNaV1.7 in combination with β1-subunits. The
data are presented as mean ± SD, with n = 5 cells per data point. 2-way ANOVA significance * p value < 0.0332, ** p value < 0.0021, *** p value < 0.0002,
**** p value < 0.0001. NaV, voltage-gated sodium channel.

Inhibition of NaV channels by KIIIA disulfide isomers
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Table 2
Activity of KIIIA isomers on hNaV1.2, hNaV1.4, and hNaV1.7 evaluated using automated electrophysiology

Sodium channel subtypes Isomer 1 Isomer 2 Native KIIIA

hNaV1.2 124 ± 34 nM 1371 ± 403 nM 875 ± 129 nM
hNaV1.4 65 ± 15 nM 2051 ± 482 nM 472 ± 94 nM
hNaV1.7 413 ± 71 nM 5388 ± 547 nM 887 ± 295 nM

The data are presented as mean ± SD, with n = 5 cells per data point.

Inhibition of NaV channels by KIIIA disulfide isomers
isomers and hNaV1.2 were identified by PDBsum (52) and are
summarized in Figure 4F and Fig. S6. We first compared in-
teractions in the Lys7–Ser13 region of docked Isomer 1 and
the cryo-EM complex (50). There were multiple similarities
between the two complexes, that is, Lys7 of KIIIA forms a
hydrogen bond with Glu945 on hNaV1.2, Trp8 interacts via
nonbonded interactions with Tyr363, Arg10 interacts with
Arg922 and Asp1426, Asp11 with Arg922, His12 with Ile914,
Ser915, and Asp916, and Ser13 with Asn916, validating our
docking study. Furthermore, when comparing the interactions
of Isomer 1, Isomer 2, and the Native conformation of KIIIA
with hNaV1.2, we observed that Isomer 1 and the Native
conformation KIIIA shared many interactions (Figs. 4F and
S6). In contrast, Isomer 2 only shared two interactions with
Isomer 1 and Native KIIIA, including His12 and Ser13 with
Asn916. These differences and similarities between Native and
Isomer 1/Isomer 2 could explain why Native KIIIA is more
potent than Isomer 2 but less potent than Isomer 1 across the
subtypes evaluated in this study. We also compared the in-
teractions between residues in the termini of Isomer 1 and the
Native KIIIA conformation with hNaV1.2. Compared to the
Native conformation of KIIIA, we noticed that Isomer 1 had
two and three more interactions with the channel at the
N- and C-terminus, respectively. These observations could
explain why Isomer 1 is slightly more active at hNaV1.2 than
Native KIIIA. The results from these docking studies will need
to be experimentally validated through structure-activity
relationship studies of the peptide in combination with cor-
responding channel mutants and docking studies with NaV1.4
and NaV1.7 structures which may identify other important
interactions.

Discussion

μ-Conotoxins, in particular KIIIA, have long been of interest
as leads for novel analgesics due to their small size, chemical
stability, and pharmacological profile (20, 29, 36). Like most μ-
conotoxins, KIIIA displays activity at the neuronal NaV1.2 and
the skeletal muscle isoform NaV1.4, which could be associated
with adverse effects. However, KIIIA is one of only a few
known μ-conotoxins exhibiting nanomolar potency at hNaV1.7
(36, 50, 53–55). The KIIIA sequence was initially identified
from a cDNA venom duct library from C. kinoshitai (31) and
was subsequently chemically synthesized and folded thermo-
dynamically, resulting in the formation of two disulfide bond
isomers (Isomer 1; CysI-CysV, CysII-CysVI, CysIII-CysVI and
Isomer 2; CysI-CysVI, CysII-CysIV, CysIII-CysV) as reported
by Khoo et al. (35) However, it remains unclear which iso-
mer(s) of KIIIA exist in C. kinoshitai venom (if it is present at
all), what the ‘real native’ disulfide connectivity of the venom
6 J. Biol. Chem. (2022) 298(3) 101728
peptide is, and what machinery assists the snail with the
folding of the peptide. Here, we report the regioselective
synthesis of three KIIIA isomers, including for the first time
KIIIA with the ‘native’ μ-conotoxins disulfide connectivity,
their activity, selectivity, and their structure and interactions
with human NaVs.

Synthesis

While the development of an extensive repertoire of Cys-
protecting groups has expanded the toolbox for regiose-
lective oxidation of complex disulfide-rich peptides (56–63),
complete orthogonal production of a peptide like KIIIA,
containing three disulfide bonds (37.5% overall Cys content) is
still not always straightforward. Directed synthesis of up to
four disulfide bonds in a cysteine-rich peptide has been
accomplished by using various protecting-group schemes with
either Boc (tert-butoxycarbonyl) or Fmoc chemistry (63); most
commonly with combinations of Trt, Acm, Mebzl, Mob,
Msbh, tertbutyl, or S-tertbutylthio groups (56–63). Whereas
the robustness of the Trt, Acm, and Mebzl or Mob protecting
groups is established, the removal of tertbutyl groups often
results in the formation of side products and low yields
(64–66), and the removal of S-tertbutylthio groups by reducing
agents has been observed to be sequence dependent (56, 67).

After trialing several different Cys-protecting groups
following the preferential order of disulfide bond formation
previously described (68–70) (Table S1), we successfully pro-
duced the three KIIIA isomers pursued in this study by
regioselective chemical synthesis. By following a process
described by Dekan et al. (63), using a combination of Trt/
Acm/Msbh-protecting groups, we synthesized all three
desired isomers with a yield of �10% calculated from the crude
peptide. In general, regioselective oxidation methods are
highly sequences dependent, meaning they may work for one
peptide, but this may not always be transferable and work for
other similar peptides.

Activity

μ-Conotoxins have previously been reported to mainly
target NaV1.4 and NaV1.2 and only a few peptides, specifically
KIIIA, SxIIIC, and CnIIIC, have been shown to target the
therapeutically relevant isoform hNaV1.7 (36, 50, 53–55, 71).
In this study, we therefore focused our attention on these three
sodium channel subtypes in order to investigate the activity
and selectivity of Isomer 1, Isomer 2, and Native KIIIA. Pre-
vious selectivity and activity of KIIIA (Isomer 1) has been re-
ported mainly for rat (20, 34, 72–74) and mouse NaV subtypes
(29, 72), as well as some human NaV isoforms expressed in
Xenopus laevis oocytes, with or without β subunits (50, 55, 72).



Figure 4. Three-dimensional structure of KIIIA isomers used in this study and docking studies with KIIIA-hNaV1.2 complex (Pan et al. (PDB 6J8E)
(50)). A, KIIIA Isomer 1 (PDB ID: 2XLG) (blue). B, KIIIA Isomer 2 (green) (this study). C, KIIIA Native (red) (this study). D, docked KIIIA Isomer 1 (blue) and Native
KIIIA (red) compared to cryo-EM of KIIIA (Isomer 1, teal) in complex with hNaV1.2. E, docked Isomer 2 (green) of KIIIA compared to cryo-EM of KIIIA (Isomer 1,
teal) in complex with hNaV1.2. F, putative interactions between KIIIA isomers and hNaV1.2 compared to cryo-EM of KIIIA (Isomer 1) in complex with hNaV1.2
(50). NaV, voltage-gated sodium channel.

Inhibition of NaV channels by KIIIA disulfide isomers
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Inhibition of NaV channels by KIIIA disulfide isomers
The rank order of potency at human NaV subtypes has not
previously been reported, however Khoo et al. (29, 34, 35) and
Wilson et al. (30) observed that Isomer 1 of KIIIA inhibits
NaVs with a rank order of rNaV1.2 > rNaV1.4 > mNaV1.7 ≥
rNaV1.1 > rNaV1.3 > rNaV1.5. Thus, the subtype selectivity
preference for Isomer 1 of KIIIA across the human NaV sub-
types tested in this study is broadly consistent with the activity
reported by these previous works. Although rat and human
NaV α-subunits are >95% identical at the level of amino acid
sequence (75), species-specific activity differences have previ-
ously been reported for μ-conotoxins (29, 76, 77) and may
account for some of the potency differences observed in this
study compared to the literature.

Furthermore, coexpression of different β-subunits in het-
erologous expression systems can significantly affect affinity
and efficacy of toxins, including μ-conotoxins (78, 79). Spe-
cifically, the on-rates (kon) of μ-conotoxins at several NaV
channel isoforms can be increased in the presence of β1 and β3
subunits, while they are decreased by β2 and β4 subunits (80).
In contrast, all four β-subunits increase the kon of μO-con-
otoxin MrVIB (a gating-modifier inhibitor) at NaV1.8 channels
(29). Furthermore, coexpression of β2-or β4-subunits protects
tetrodotoxin-sensitive NaV1.1 to 1.7 subtypes against block by
an analog of μO§-conotoxin GVIIJ (81). For KIIIA, coex-
pression of all rNaV isoform except NaV1.5 with β1 increased
the rate of inactivation of INa (30).

Thus, to permit direct comparison of pharmacological ac-
tivities of the three KIIIA isomers, we performed automated
patch-clamp electrophysiology at human NaV isoforms 1.2,
1.4, and 1.7 co-expressed in HEK cells with the β1-subunit.
Consistent with the principal activity of many μ-conotoxins at
NaV1.4 and NaV1.2, the KIIIA isomers were potent across
these two isoforms. However, Native KIIIA displayed an
improved relative selectivity for NaV1.7 compared with Isomer
1 and Isomer 2 driven by a loss of activity at NaV1.4 and
NaV1.2. As NaV subtypes are characterized by a high degree of
sequence identity (hNaV1.4 cf. hNaV1.7: 60.33% identical;
hNaV1.2 cf. hNaV1.7: 77.11% identical; hNaV1.2 cf. hNaV1.4:
63.02% identical), similar functional characteristics, and a
typical overall structure (5), these subtle shifts in potency and
selectivity, driven by relatively modest shifts in the 3D peptide
structure, remain difficult to explain. Recent advances in our
understanding of the structure of NaV channels, including a
cryo-EM structure of KIIIA bound to human NaV1.2/β2 (50)
are particularly valuable in this regard and were thus used for
docking studies to visualize putative interactions between key
residues of different isomers of KIIIA with NaV channels.

NMR and docking studies

Our experimentally determined Native KIIIA structure was
highly similar across the α-helix part of the peptide compared
to the structure of Isomer 1 (PDB ID: 2LXG) calculated by
Khoo et al. (34, 35), consistent with the high degree of simi-
larity between these two isomers. Due to the small size of
KIIIA, the different disulfide connectivities of the three iso-
mers had minimal effect on backbone of the structure, apart
from across the N- and the C-terminus of KIIIA Isomer 2
8 J. Biol. Chem. (2022) 298(3) 101728
structure (this study). However, the direction of the sidechains
differed greatly, thus likely contributing to the different po-
tency and selectivity profiles we observed.

Our docking studies also confirmed several critical in-
teractions between KIIIA isomers and NaV1.2 that were re-
ported by previous studies (20, 36, 72, 82). Overall, the most
pharmacologically similar isomers (Isomer 1 and Native KIIIA)
had more interactions in common compared to Isomer 2,
which was also considerably less potent across all NaV sub-
types studied. However, it is worth noting that these docking
studies could be associated with some limitations. Firstly, both
peptide NMR and the NaV1.2/β2 cryo-EM structures may not
reflect the full range of physiologically relevant conformations,
which could contribute to subtle differences in activity. For
example, our pharmacological activity studies were conducted
in HEK293 cells coexpressing the β1-subunit, while the KIIIA-
hNaV1.2 cryo-EM structure was obtained in the presence of
the β2-subunit (50). Additionally, the KIIIA-NaV1.2/β2 cryo-
EM structure was obtained with Biotin-(AEEA)2-KIIIA (Iso-
mer 1) at very high peptide concentrations (25 mM) (50).
Interestingly, although several interactions identified in the
cryo-EM structure could explain preferential inhibition of
NaV1.2 over the tetrodotoxin-resistant isoforms NaV1.5,
NaV1.8, and NaV1.9, the even greater potency of KIIIA (Isomer
1) at hNaV1.4, as well as potent activity at hNaV1.7 observed by
us, cannot be fully explained by this structure given that the
majority of critical interacting residues are conserved across
these subtypes.

We propose that the peptide N- and C-termini also
contribute to differential interactions with NaV subtypes, in
addition to the helical region of KIIIA that has previously been
identified to hold key residues accounting for μ-conotoxin
activity at NaV channels (20, 36, 72, 82). This is supported by
previous work showing that both termini of KIIIA contribute
to the interaction with NaV1.7 and are sensitive to alterations
(54). Specifically, the amidated C-terminus has proven critical
for Isomer 1 KIIIA activity at hNaV1.7, as both six amino acid
C-terminal extension and deamidation resulted in complete
loss of activity (54). In addition, an extension of the N-ter-
minus of Isomer 1 KIIIA by a poly-Gly tail can either increase
or decrease the potency of the peptide (35, 54). Contribution of
the termini to the biological activity of KIIIA would also be
consistent with the high degree of structural similarity of the
isomers in the α-helical region, although this remains to be
explored in greater detail at the practical level.

Conclusion

We produced three different disulfide bond isomers of
KIIIA using a combination of thermodynamic and step-wise
regioselective protocols evaluating a range of different Cys-
protecting groups and disulfide bond formation order. We
found that the combination and order of Cys(Trt), Cys(Acm),
and Cys(Msbh) was the only strategy employed in this study,
which was able to produce the desired folded peptides. Isomer
1, Isomer 2, and Native KIIIA were distinguishable via NMR,
and although all three isomers share a similar overall 3D
structure, comprising an α-helical turn locating from Lys7 to
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His12, they displayed different potency and selectivity profiles
across hNaV1.2, hNaV1.4, and hNaV1.7. Docking of the 3D
NMR structures revealed a series of interactions between the
different KIIIA isomers and a hNaV1.2/β2 complex that could
provide an explanation for their distinct bioactivity. The
docking study showed that while the α-helical turn and a series
of hydrogen bonds are critical, both the N- and C-termini of
KIIIA also appear to contribute to the interaction with hNaV
subtypes. Further experimental validation of such interactions
may lead to the rational design of potent and selective hNaV1.7
inhibitors with therapeutic potential.

Experimental procedures

Unless otherwise stated, all chemicals, solvents, and re-
agents were purchased from Sigma Aldrich (Sigma Aldrich).
Amino acids were purchased from Iris Biotech GmbH.

Peptide synthesis

Peptides were manually assembled on Fmoc-Rink amide
polystyrene resins on a 0.125 mmol scale (RAPP Polymer,
0.69 mmol/g). 9-fluorenylmethoxycarbonyl-protected amino
acid couplings were performed in dimethylformamide using 4
eq of amino acid/0.5 M HCTU (O-(1H-6-Chlorobenzotriazole-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate)/N,N-
diisopropylamine (1:1:1) relative to resin substitution (2 ×
10 min). 9-fluorenylmethoxycarbonyl removal was accom-
plished by treatment with 30% piperidine/dimethylformamide
(2 × 2 min).

Cleavage from the resin and simultaneous removal of
sidechain-protecting groups was accomplished by treatment
with 95% TFA/2.5% triisopropylsilane/2.5% H2O for 2 h at
room temperature. Following the filtration of cleavage solu-
tion, ice-cold diethyl ether was added to precipitate peptides.
Crude peptides were centrifuged 3 × 5 min at 5000g, washed
with diethyl ether, dissolved in 0.1% TFA/50% acetonitrile
(ACN)/H2O, and lyophilized.

Reverse-phase HPLC

Preparative and analytical RP-HPLC Shimadzu LC-20AT
systems equipped with an SPD-20A Prominence UV/VIS de-
tector and a SIL-20AHT autoinjector were used for purifica-
tion and analysis. An Eclipse XDB–C18 column (Agilent;
7 μm, 21.2 cm × 250 mm, 80 Å, flow rate 8 ml/min) was used
for peptide purification. A Zobrax 300SB–C18 column (Agi-
lent; 5 μm, 2.1 × 150 mm, 300 Å, flow rate 1 ml/min) was used
to monitor oxidation and analyze the peptide purity. All
samples were run from 0 to 60% B in 30 min (solvent A: 0.05%
TFA and solvent B: 90% ACN/0.05% TFA). Absorbance was
recorded at 214 nm and 280 nm.

Peptide oxidative folding

Linear KIIIA was thermodynamically folded as described
previously (54). Briefly, linear unprotected KIIIA was dissolved
in 0.1 M NH4HCO3, pH 8, at a concentration of 0.3 mg/ml
with 100 eq GSH/10 eq GSSG and allowed to stir at room
temperature for 24 h.
General procedures for removing cysteine-protecting
groups and disulfide bond formation have been previously
described by Dekan et al. (Figs. 1A and S1–S3). (63) Briefly,
dithiol-containing peptide was dissolved in AcOH (2 mg/ml)
following by the dropwise addition of 1 eq of aqueous iodine
(I2) in MeOH and kept stirring for 15 min to form the first
disulfide bond. Subsequently, water and HCl were added to the
above solution so that the final volume was 50% AcOH/50%
H2O/0.1% HCl. 8 eq of I2 (dissolved in MeOH) was added to
the peptide solution and stirred for 30 min to remove Acm
group and form the second disulfide bond. The reactions were
monitored by RP-HPLC and mass spectrometry. To stop the
reaction, aqueous ascorbic acid was added to quench the I2
until the solution became colorless. The product was isolated
by RP-HPLC and lyophilized. The lyophilized bis(Cys(Msbh))-
containing peptide was dissolved in TFA (1 mg/ml) and cooled
to 0 �C (in an ice bath). Dimethyl sulfide (1% v/v) was added to
the stirred solution, followed by NaI (5 eq/sulfoxide group).
The solution gradually became yellow. After 15 min, the so-
lution was poured into an ice-cold solution of 10 mM ascorbic
acid in H2O (15 × volume of TFA) and the product was iso-
lated by RP-HPLC.

Liquid chromatography/mass spectrometry

A Q-Star Pulsar mass spectrometer (SCIEX) equipped with
an auto-injector (Agilent Technologies Inc) was used for high-
resolution mass analysis. A Zobrax 300SB – C18 column
(Agilent; 3.5 μm, 2.1 × 100 mm, 300 Å, flow rate 0.3 ml/min)
was used to run all samples. All runs were conducted in sol-
vent A (0.1 % formic acid in H2O) and solvent B (aqueous
ACN/0.1 % formic acid).

Cell culture and automated patch-clamp electrophysiology

Automated whole-cell patch-clamp electrophysiology
(QPatch-16X; Sophion A/S) was used to examine the activity
of KIIIA isomers at hNaV1.2, hNaV1.4, and hNaV1.7 as previ-
ously described (53). hNaV subtypes 1.2, 1.4, and 1.7 (α and β1-
subunits) were stably overexpressed in HEK293 cells (SB Drug
Discovery). The cells were maintained in Minimum Essential
Medium Eagle supplemented with 10% (v/v) fetal bovine
serum, 1% (v/v) GlutaMAX, 0.004 mg/ml blasticidin, and
0.6 mg/ml geneticin.

The intracellular solution contained (in mM) 140 CsF, 1
EGTA, 5 CsOH, 10 Hepes, 10 NaCl, pH 7.3 and adjusted to
320 mOsm with sucrose. The extracellular solution comprised
(in mM) 2 CaCl2, 1 MgCl2, 10 Hepes, 4 KCl, 145 NaCl, pH 7.4
and adjusted to 305 mOsm with sucrose. Voltage-clamp ex-
periments were performed in a single-hole configuration
mode. KIIIA isomers were diluted in extracellular solution
with 0.1% bovine serum albumin. Na+ currents were sampled
at 25 kHz and filtered at 8 kHz. The same cells were exposed
sequentially to multiples concentrations. Each peptide con-
centration was incubated for 5 min and the peak current was
compared to buffer control. Concentration-response curves
were acquired using a holding potential of −90 mV and a
50 ms pulse to −20 mV every 20 s (0.05 Hz). Peak current
J. Biol. Chem. (2022) 298(3) 101728 9
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postpeptide addition (I) was normalized to buffer control (I0).
IC50s were determined by plotting difference in peak current
(I/I0) and log peptide concentration. Calculated IC50 were
compared across subtypes and statistical differences deter-
mined by ordinary one-way ANOVA. Concentration-response
curves were fitted using the log (inhibitor) versus response-
variable slope (four parameters) and analyzed in Prism 8
(GraphPad Software).

NMR and 3D structure calculation

Peptides were dissolved in 500 μl MilliQ water (MilliPore)
and 50 μl D2O (Cambridge isotopes). A Bruker 600 MHz
Avance III spectrometer equipped with a cryoprobe (Bruker)
was used to acquire NMR spectra, as described by Agwa et al.
(83) 1D 1H, and 2D 1H-1H TOCSY (80 ms mixing time) and
1H-1H NOESY (200 ms mixing time), natural abundance
1H−15N HSQC and D2O exchange 2D 1H-1H TOCSY and
1H−13C HSQC were collected (84, 85). Spectra were processed
using TopSpin 3.5 (Bruker) and CCPNMR Analysis 2.4.1
(CCPN, University of Cambridge) (45, 46). The chemical shift
of water at 4.76 ppm was used as a reference (86).

Dihedral angles were identified using TALOS-N (87), and
initial 3D structures were calculated using the AUTO and
ANNEAL functions in CYANA (88) followed by refinement in
a watershell using CNS (47, 89). Additional H-bond restraints
were included derived from temperature coefficient experi-
ments in combination with D2O exchange data (90). Fifty
structures were calculated and the best 20 structures (based on
energy and MolProbity scores (49)) were kept as the final 3D
structure. Molmol (48) was used for visualization and RMSD
calculations.

Docking and protein–protein interaction analysis

Autodock VINA software (51) assisted by MGLTools (91)
was used for molecular docking of KIIIA isomers in human
NaV1.2 β2 cryo-EM structure (PDB 6J8E) (50). To define the
search space of the hNaV1.2 structure, a grid box with the
following dimensions: center x = 143.432, center y = 136.254,
and center z = 155.036 was used. The size of the grid box for
all the docking in hNaV1.2 was as follows: size x = 30, size y =
30, and size z = 30. The exhaustiveness for the search was set
to 8. The lowest energy models were submitted and analyzed
by PBDSum (52) for protein–protein interactions. PyMol was
used for visualization.

Data availability

Supporting information includes orthogonal peptide
oxidation, statistical analysis of NMR solution structures of
Isomer 2 and Native KIIIA, regioselective oxidation, 1D and
2D 1H NMR on Isomer 1, Isomer 2, and Native KIIIA, and
putative-binding interactions between NaV1.2 and Isomer 1,
Isomer 2 and Native KIIIA can be found online. NMR co-
ordinates for Isomer 2, and Native KIIIA solution structures
have been submitted to the Protein Data Bank (KIIIA Isomer 2
PDB ID: 7SAW and KIIIA Native PDB ID: 7SAV) and the
BioMagnetic Resonance Bank (KIIIA Isomer 2 BMRB: 30954
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and KIIIA Native BMRB: 30953). All other data are included in
the main article.

Supporting information—This article contains supporting informa-
tion (34, 52, 63, 68–70, 86).
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