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Voltage-gated sodium channels (VGSCs) play a key role in
the electrical activity of neurons and of other excitable cells.[1]

Certain VGSC subtypes (NaV1.3, 1.7, 1.8, and 1.9) are
expressed in the peripheral nervous system and mediate the
transmission of signals leading to the sensation of different
kinds of pain, such as nociception (NaV1.8), acute inflamma-
tory (NaV1.7), and neuropathic (NaV1.3) pain.[2] Therefore,
VGSCs are potential targets for novel analgesics, ideally those
with strong channel specificity. Among sodium channel
antagonists, m- and mO-conotoxins from the venoms of
marine cone snails have attracted considerable attention
because of their analgesic potency.[2a, 3] m-Conotoxins are 14-
to 26-mer peptides with six cysteine residues (Supporting
Information, Table S1).[4] They inhibit muscle and/or neuro-
nal VGSCs by occluding the ion channel pore.[5] A specific
cysteine framework, that is, CCXnCXnCXnCC, confers con-
formational restriction to their three-dimensional structure
upon formation of three disulfide bonds. It is generally
accepted that the native fold of the toxins carries the disulfide
connectivities Cys1–Cys4, Cys2–Cys5, and Cys3–Cys6 (num-
bered in the order of occurrence in the amino acid sequen-
ce).[3, 5b] However, three-dimensional structures are available
only for a limited subset of m-conotoxins, that is, PIIIA,[6]

GIIIA,[7] GIIIB,[8] TIIIA,[2c] SmIIIA,[9] SIIIA,[10] and KIIIA[11]

(see also Table S1).
Concerning synthetic preparation of disulfide-bridged

conopeptides, the most critical step certainly remains the
oxidation to the correctly folded isomer, a process that usually
becomes even more difficult with an increasing number of
cysteine residues. For m-conotoxins, which contain six cysteine
residues, fifteen different disulfide-bridged isomers may be
formed upon oxidation, even though certain conformations
are suggested to be energetically favored.[12] Biological
activity and structure of non-natively folded m-conotoxin
isomers has not been described to date, and the role of the
disulfide connectivity pattern for activity is not yet clear. In
contrast, the non-natively folded isomer of 15-mer a-con-
otoxin AuIB (two disulfide bonds) has been reported to have
a nearly 10-fold greater potency than the native peptide.[13]

This finding together with the greater complexity of con-
otoxins with three disulfide-bridges focused our attention on
the representative m-PIIIA from the cone snail Conus
purpurascens (Figure 1).[5d, 6, 14]

We have elucidated the NMR solution structure of
m-PIIIA isomers obtained from synthetic material by oxida-
tive folding in aqueous solution.[15] The reproducible forma-
tion of several disulfide-bridged peptide isomers was
observed (Figure 1a–c, Supporting Information, Figure S1).
The three major components of the crude product, termed m-
PIIIA-1, -2, and -3 (1–3), were purified and subjected to
further analysis (Supporting Information, Figure S2 and
Tables S2–S5). The occurrence of different m-PIIIA isomers
in a mixture obtained from oxidative folding has been
reported elsewhere, but structural analysis was not performed
for these peptides.[14a,c]

Also, the solution structure of a synthetically produced
m-PIIIA has already been determined,[6] and the presence of
a major and a minor conformation was discussed based on the
occurrence of a cis/trans isomerization at the Phe7–Hyp8 and/
or Lys17–Hyp18 peptide bond. However, the three-dimen-
sional structure was only determined for the major isomer
(protein data bank (PDB) code: 1R9I), while it was modeled
for the minor isomer.[6]

The solution structure of m-PIIIA isomers 1 and 2
(Figure 1c) was determined by standard 1H-based NMR
spectroscopy. The good chemical shift dispersion of the
backbone 1H resonances for m-PIIIA-1 and m-PIIIA-2 allowed
the unambiguous resonance assignment and provided a first
indication of the well-defined structure of these peptides.
Three of the four X-Hyp-peptide bonds in m-PIIIA-1 and -2
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were assigned as trans based on a strong nuclear Overhauser
effect (NOE) observed between the Ha

i–Hd
i+1 and absence of

Ha
i–Ha

i+1 cross peaks for both Phe7–Hyp8 and Lys17–Hyp18
peptide bonds, respectively. For m-PIIIA-2, this assignment is
consistent with the report of Nielsen and co-workers.[6] The
solution structure of m-PIIIA isomers 1 and 2 was calculated
based on NOE data (Supporting Information, Table S5). The
structure of either m-PIIIA isomer is characterized by a rather
compact global fold (Supporting Information, Figure S3a,b)
and their amino acids carrying long side chains (Leu, Arg) are
pointing �outwards� into the solvent (Figure 1c). The overall
structure is dissimilar (overall root mean squared deviation
(r.m.s.d) 5.68 �), however both share a a-helical element
between Phe7 and Arg12, which superimpose with a backbone
r.m.s.d. of 0.46 �.

There are, however, significant differences between iso-
forms m-PIIIA-1 and -2. The disulfide bond connectivities of
the peptides were confirmed by examination of the NOEs
between the cysteine residues. The disulfide bonds were
between Cys4–Cys21, Cys5–Cys22, and Cys11–Cys16 for
m-PIIIA-1 as reflected by the intensity of the respective
diagnostic NOE cross peaks Cys11Ha–Cys16Hb (medium),

Cys11Ha–Cys16HN (weak), and Cys5Ha–Cys22Hb (medium),
whereas a rather different disulfide connectivity pattern
(Cys4–Cys16, Cys5–Cys21, and Cys11–Cys22) was identified
for m-PIIIA-2 indicated by NOE cross peaks involving
Cys4Hb–Cys16Hb (strong), Cys5Hb–Cys22Hb (weak), and
Cys11Hb–Cys22Hb (strong). In contrast, the third isomer
m-PIIIA-3 appeared to be too flexible for structure determi-
nation as evident from the lower dispersion of proton
resonances (Supporting Information, Figure S4). This greater
flexibility is caused by a Cys4–Cys5, Cys11–Cys16, Cys21–
Cys22 disulfide connectivity as determined by trypsin pro-
teolysis and MALDI-TOF MS/MS (Supporting Information,
Methods and Figure S5).

A closer look at the three isomer structures revealed that
only m-PIIIA-2 contains the cysteine framework described as
typical for native m-conotoxins. Thus, we assessed the
biological activity of the m-PIIIA isomers 1–3 (Figure 2,
Supporting Information Figure S6) by measuring their
potency of blocking skeletal muscle NaV1.4 channels,
expressed in HEK293 cells. Surprisingly, all three differently
folded isomers blocked NaV1.4-mediated ion currents mea-
sured electrophysiologically in the whole-cell patch-clamp

Figure 1. Studies of m-PIIIA oxidation products. a) RP-HPLC chromatogram of m-PIIIA obtained by oxidative folding in buffer with addition of
GSH/GSSG at 4 8C under argon atmosphere.[14c, 15a,b] Elution carried out on a C18 Vydac column (250 � 4.6 mm) using solvents A (water/0.1%
TFA) and B (acetonitrile/0.1% TFA), and the linear gradient: 10–40% of eluent B for elution. MALDI-TOF mass spectra of peptides 1 (m-PIIIA-1),
2 (m-PIIIA-2), and 3 (m-PIIIA-3) and the linear precursor peptide 4. The protonated [M + H]+ peaks are marked at m/z 2610.20 Da for the reduced
precursor and 2604.10 Da for the oxidized products. b) Three (1–3) out of 15 possible disulfide-bond connectivities representing the sequence of
m-PIIIA and numbering of cysteine residues within the sequence. Amino acid spacing between cysteine residues are assigned as loop regions.
c) NMR solution structures of m-PIIIA-1 (left) and m-PIIIA-2 (center), and structural model for the extended m-PIIIA-3 (right).
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configuration. The inhibitory activity, determined from
experiments involving various toxin concentrations (Support-
ing Information Figure S6), decreased in the following order:
m-PIIIA-1> m-PIIIA-2> m-PIIIA-3. The mean IC50 values
were 46.7� 6.5 nm for m-PIIIA-1, 103.2� 9.9 nm for
m-PIIIA-2, and 203.7� 25.7 nm for m-PIIIA-3, while fully
reduced m-PIIIA was not active (not shown). This result also
correlates with the circular dichroism (CD) data (Supporting
Information, Figure S2) showing a decrease in folded con-
formation in the order m-PIIIA-1> m-PIIIA-2>m-PIIIA-3>
reduced m-PIIIA. These results clearly show that the unfolded
m-PIIIA precursor peptide cannot adopt an appropriate
conformation to block the NaV channel and that the fold of
isomer 1 is preferred over the suggested native fold of isomer
2. This situation indicates that m-PIIIA-1 is more potent than
the m-PIIIA-2 isomer, which was proposed to represent the
native fold.[6]

Members of the m-family of conotoxins discriminate
between NaV channel subtypes, for example, m-PIIIA is
known to inhibit tetrodotoxin (TTX)-sensitive NaV channels
(NaV1.2, NaV1.4), displaying preference for skeletal muscle
over nerve, moreover demonstrating a negligible effect on
TTX-resistant NaV channels (NaV1.5).[2c,6, 14b,c] Hence, under-
standing the molecular basis of m-conotoxin channel selectiv-
ity is essential for the development of specific probes for
VGSCs. In the context of recognition of ligand binding sites
on the channel and in turn, elucidation of the mode of
conotoxin action, investigations employing structures of
voltage-gated potassium channels (VGPC) very recently

attracted attention. For example, the complex of
caribdotoxin (38-mer peptide with 6 cysteine residues)
with the ion channel pore of KcsA (residues 1–132)
investigated by NMR spectroscopy revealed a number
of sites on the surface of the channel protein that were
suggested to interact with the toxin in a lock-and-key
fashion.[16] Another example is the kalitoxin (38-mer
peptide with 6 cysteine residues)—KcsA channel KV1.3
complex determined by solid-state NMR spectroscopy
experiments.[17] Interestingly, these studies demon-
strated that the rather long side chain of lysine-27
(K27) enters the channel pore, and that other amino
acids (R24, N30) with long side chains additionally
block the channel through interactions with specific
residues on the extracellular side of the protein. This
result led us to hypothesize about the activity of the
different isomers of m-PIIIA because m-conotoxins all
contain a conserved basic residue, lysine or arginine
(R14 in m-PIIIA), which is related to K27 in kalitoxin. A
comparison of the structures of m-PIIIA-1 and -2
indicated a higher similarity in the backbone region
comprising amino acids 7–15, evident by an r.m.s.d. of
1.13 � (Supporting Information, Figures S3, S7), where
R14 (loop 2) is located. m-PIIIA-2 shows high similarity
to the NMR solution structure of m-PIIIA[7b] (PDB ID:
1R9I, see Supporting Information, Figures S3, S7), in
particular for the N-terminal residues 1–13. It exhibits
an elongated and more regular a-helix when compared
to m-PIIIA1R9I and superimposes with a backbone
r.m.s.d. of 1.13 � for residues 4–13. In contrast, for the

same stretch, m-PIIIA-1 shows a backbone r.m.s.d. of 2.35 �.
Despite different disulfide bond connectivities, the three
m-PIIIA isomer structures reveal a comparable flexibility and
a solvent-exposed side chain for R14. This finding may
explain their general ability to block VGSC NaV1.4.

To better understand the results obtained herein we
additionally performed molecular dynamic simulations for
the three isomers when bound to NaV1.4 (Supporting
Information Figures S8–S12) based on the recently reported
crystal structure of VGSC NaVAB[18] (Supporting Information
Figure S9). In accordance with the electrophysiological
experiments, all three isomers blocked the NaV1.4 channel
pore during simulations (Figure 3, Supporting Information
Figures S10–S12) and, more precisely, residue R14 of
m-PIIIA-1 binds much deeper in the pore than m-PIIIA-2 and
m-PIIIA-3. Thus a deeper insertion of the toxin in the pore
may be a key requirement for high affinity binding. Similarly,
isomer-specific toxin binding to NaV1.4 may explain the
higher IC50 value of m-PIIIA-1 compared to isomers 2 and 3.

In any case, because the active m-PIIIA isomers differ in
fold only, and not by both primary amino acid sequence and
conformation, these compounds represent exciting new tools
for structure elucidation and investigation of the mode of
action and function of voltage-gated ion channels. Since our
findings represent unexpected and novel insights into the
action of m-conotoxins without modifying the chemical
composition of these ligands, the results provide a strong
incentive to intensify research focused on members of other
conotoxin families as well.

Figure 2. Blocking of sodium channels by m-PIIIA isomers. NaV1.4 sodium
channels were transiently expressed in HEK293 cells and sodium currents
were elicited with repetitive depolarizations to �10 mV. a) Representative
current traces of before (control, black) and 90 s after application of 1 mm of
the indicated m-PIIIA isomers (red). b) Time course of normalized peak
current reduction with toxin application at time zero. The continuous lines
are single exponential data fits and the filled symbols indicate data points
from the current traces shown in (a). c) Mean on-rate (kon, top) and estimated
IC50 values (bottom) for the indicated toxin isomers from experiments involv-
ing several different toxin concentrations (Supporting Information, Figure S6).
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Figure 3. MD simulation of bound m-PIIIA isomers: a) m-PIIIA-1,
b) m-PIIIA-2, and c) m-PIIIA-3 bound to the pore vestibule of NaV1.4
(homology model based on VGSC NaVAB[18]). For clarity, S5–S6 of DI–
DIV are hidden. P-loops are shown in gray, with DEKA selective filter
Asp400 (orange), Glu755 (magenta), Lys1237 (yellow), Ala1529 (red).
Peptide structures (blue) represent conformations after MD simulation
and initial structures (cyan) for m-PIIIA-1, m-PIIIA-2 (energy minimized
NMR structures of these peptides), and for m-PIIIA-3 (MD equilibrated
structure after 5.85 ns of simulation). The r.m.s.d. of the correspond-
ing structures is 5.26 � (a), 2.89 � (b), and 3.34 � (c), respectively.
Alignments were performed according to a multiple structure align-
ment algorithm (MUSTANG[19]) with YASARA.[20]
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