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ABSTRACT: Among the μ-conotoxins that block vertebrate
voltage-gated sodium channels (VGSCs), some have been
shown to be potent analgesics following systemic admin-
istration in mice. We have determined the solution structure of
a new representative of this family, μ-BuIIIB, and established
its disulfide connectivities by direct mass spectrometric
collision induced dissociation fragmentation of the peptide
with disulfides intact. The major oxidative folding product adopts a 1−4/2−5/3−6 pattern with the following disulfide bridges:
Cys5-Cys17, Cys6-Cys23, and Cys13-Cys24. The solution structure reveals that the unique N-terminal extension in μ-BuIIIB,
which is also present in μ-BuIIIA and μ-BuIIIC but absent in other μ-conotoxins, forms part of a short α-helix encompassing
Glu3 to Asn8. This helix is packed against the rest of the toxin and stabilized by the Cys5-Cys17 and Cys6-Cys23 disulfide bonds.
As such, the side chain of Val1 is located close to the aromatic rings of Trp16 and His20, which are located on the canonical helix
that displays several residues found to be essential for VGSC blockade in related μ-conotoxins. Mutations of residues 2 and 3 in
the N-terminal extension enhanced the potency of μ-BuIIIB for NaV1.3. One analogue, [D-Ala2]BuIIIB, showed a 40-fold
increase, making it the most potent peptide blocker of this channel characterized to date and thus a useful new tool with which to
characterize this channel. On the basis of previous results for related μ-conotoxins, the dramatic effects of mutations at the N-
terminus were unanticipated and suggest that further gains in potency might be achieved by additional modifications of this
region.

Cone snails elaborate a variety of peptide toxins that have
proven to be valuable probes of ion channel function.1−3

In particular, the μ-conotoxin family targets voltage-gated
sodium channels (VGSCs), binding to the extracellular side of
the pore (site 1) and preventing the passage of sodium ions.4,5

In mammals, nine different VGSC subtypes of the α-subunit
(NaV1.1−1.9) have been identified, each with different
distributions in the body.4 Of particular interest are the
neuronal subtypes implicated in the perception of pain6,7 as
modulators of these subtypes may have potential therapeutic
use as analgesics.7,8

Of the nine α-subunits found in mammals, six bind
tetrodotoxin (TTX) with high affinity (IC50 in the nanomolar
range), and three, NaV1.5, NaV1.8, and NaV1.9, are classified as
TTX-resistant (IC50 > 1 μM). The first μ-conotoxin
characterized, μ-GIIIA from Conus geographus, targets mainly
the TTX-sensitive skeletal muscle subtype NaV1.4.

9,10 μ-PIIIA
also has a strong preference for NaV1.4 but can block other

TTX-sensitive subtypes as well, albeit with lower affinities.11−13

More recently, a group of μ-conotoxins was discovered that
targets neuronal sodium channels with greater selectivity and
potency than μ-GIIIA or μ-PIIIA.14−18 This group includes μ-
SmIIIA, which irreversibly inhibited TTX-resistant sodium
currents in amphibian sympathetic and dorsal root ganglion
(DRG) neurons,14 as well as μ-KIIIA and μ-SIIIA.16,19 The
selectivity of these and several other μ-conotoxins for NaV1.1
through NaV1.8 has recently been described in detail, and
combinations of these peptides could be used to define NaV1
contributions to action potentials in sciatic nerve.20

The μ-conotoxins also have potential in the treatment of
chronic pain. Micromolar concentrations of μ-SIIIA slowly
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blocked TTX-sensitive currents in mouse DRG neurons, and 1
μM concentration of the peptide almost completely blocked A-
compound action potentials in mouse sciatic nerve preparations
after exposure for 1 h.21 Moreover, μ-SIIIA significantly
reduced the acute and the inflammatory pain responses in
the formalin assay in mice at doses <1 mg/kg following
intraperitoneal administration.21 μ-KIIIA blocked several
subtypes of mammalian neuronal VGSCs and displayed potent
analgesic activity following its systemic administration in
mice.17 Studies of structure−activity relationships in μ-
KIIIA17,22 identified key residues important for its activity on
the mammalian neuronal NaV1.2 and skeletal muscle NaV1.4
subtypes and demonstrated that the engineering of μ-KIIIA

could provide subtype-selective therapeutics against mamma-
lian VGSCs for the potential treatment of pain.
Much of the focus on VGSCs as analgesic targets has been on

NaV1.7, although other subtypes such as NaV1.3 and NaV1.8 are
also potentially important targets.7,8 In this context, a recently
isolated μ-conotoxin, μ-BuIIIB,23 is of interest as it is one of the
more potent blockers of NaV1.3 among the 11 tested by Wilson
et al.20 As a basis for understanding this potency, we have
determined the solution structure of μ-BuIIIB and compared it
with those of other μ-conotoxins. We also mapped the disulfide
connectivities by direct mass spectrometric collision induced
dissociation (CID) fragmentation. Unexpectedly, the N-
terminal region of μ-BuIIIB (Figure 1) adopts an ordered
structure that, moreover, interacts with functionally important
residues on the helical C-terminal region. To probe the
importance of the N-terminal region we have constructed a
number of synthetic analogues, one of which, [D-Ala2]BuIIIB,
shows dramatically enhanced NaV1.3 blocking activity and,
aside from the guanidinium alkaloids tetrodotoxin and
saxitoxin,24 represents the most potent blocker of this channel
described to date.

■ RESULTS AND DISCUSSION

Determination of Disulfide Connectivity in μ-BuIIIB.
The cysteine pairing of μ-BuIIIB was determined through direct
mass spectrometric CID fragmentation of the intact peptide.
This method, described elsewhere,25 relies on the modes of
backbone and disulfide fragmentation under positive ion CID
conditions, a procedure that does not require any prior
chemical steps of partial reductions of disulfide bonds. The
fragmentation data generated under these conditions are
analyzed through a custom built program, DisConnect.26 In
μ-BuIIIB, the presence of a large number of tryptic sites
encourages a proteolysis step to cleave some of the peptide
bonds prior to mass spectrometric fragmentation. Upon trypsin
digestion a peptide fragment with mass of 1423.6 Da was
obtained (inset to Figure 2A), corresponding to a peptide in
which three tetra-peptide segments (VGER, NGKR, and

Figure 1. (A) Amino acid sequences of μ-conotoxins. Disulfide
connectivities are indicated. Z, pyroglutamate; O, 4-hydroxyproline; #,
C-terminal amidation. * for μ-KIIIA indicates that the disulfide pattern
differs from that determined here for μ-BuIIIB, with the major product
from oxidative refolding in vitro adopting a 1−5/2−4/3−6 pattern
rather than the 1−4/2−5/3−6 pattern for μ-BuIIIB.38 ** for μ-SIIIA
and μ-SmIIIA indicates that the disulfide patterns for the major
products from oxidative refolding in vitro have not been determined
experimentally as yet. (B) Amino acid sequences of μ-BuIIIB and [D-
Ala2]BuIIIB for this study. The D-Ala substitution is in bold and
underlined.

Figure 2. (A) CID MS2 spectra of the doubly charged species (712.8, (M + 2H)2+) of the tryptic peptide of μ-BuIIIB. Inset shows the MS of the
precursor ion. (B) CID MS3 spectra of 645.5. (C) CID MS3 spectra of 995.5. (D) Assignments of the key MSn fragment ions of tryptic μ-Bu-IIIB.
The m/z values of each of the ions are indicated against the respective structures and correspond to the singly charged values, unless otherwise
specified. For every structure, Cys residues with indeterminate connectivity are indicated with the wavy lines. Subsequently, for the structures from
which a particular Cys connectivity is evident, the connected Cys residues are joined through a line. In this case, while the C13−C24 connectivity is
established by the MS3 ion 510.2, the ion 860.3 confirms the C6−C23 connectivity.
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DHSR) have been excised by trypsin cleavage at the R-C5, K-
N, R-G, R-D, and R-C23 peptide bonds. In addition, a
proteolytic cleavage at the R-W bond was also observed. This
meant that the tryptic peptide consisted of four individual
peptide chains held together by three disulfide bonds, as shown
in Figure 2D. Figure 2A shows the MS2 CID fragmentation
spectrum of the doubly charged species of this tryptic peptide.
All the structures were obtained by directly querying the m/z
and assigned charge state values against the native sequence of
μ-BuIIIB, through DisConnect. The structures of the key ions,
as obtained by DisConnect, are shown in Figure 2D. All
experimental masses, rounded off to first decimal place, are
within 0.1 Da of the theoretical values of the obtained
structures; indeed, in determining the structures of the
experimentally obtained ions through DisConnect, even with
a window range as high as 0.5 Da, the assigned structures were
the unique hits for each of the experimental values. Direct
determination of the connectivity pattern was achieved by the
MS3 fragmentation of two MS2 ions. Figure 2B shows the CID
MS3 fragmentation spectrum of 645.3. The structures of the
obtained product ions are shown in Figure 2D. Among these
product ions, the structure of 510.2 directly establishes the
C13−C24 connectivity. To resolve the remaining connectivity
patterns we turned to the CID MS3 spectrum of 995.3, as
shown in Figure 2C. The structures of the obtained MS3

product ions, as derived through DisConnect, are shown in
Figure 2D. The structure of 860.3 contains three peptides
chains held by two disulfide bonds between four cysteine
residues (C6, C13, C23, and C24). Since a connectivity
between C13−C24 is already established, the other disulfide
bond in 860.3 must be between C6−C23. Thus the overall
connectivity of μ-BuIIIB is C5−C17/C6−C23/C13−C24.
NMR Spectroscopy. Good quality spectra were obtained

for both μ-BuIIIB and [D-Ala2]BuIIIB. Broad NH chemical
shift dispersion for both peptides indicated that they were well
structured and adopted a single major conformation in solution.
The amide and aromatic regions of 1D spectra of μ-BuIIIB at
different temperatures are shown in Supplementary Figure S2A,
and complete 1D spectra of [Ala2]BuIIIB and [D-Ala2]BuIIIB
are shown in Supplementary Figure S2B−D. Chemical shift
assignments and structural constraints have been deposited in
the BioMagResBank27 with accession numbers 18203 and
18206 for μ-BuIIIB and [D-Ala2]BuIIIB, respectively. Distance
constraints were obtained from the intensities of the NOE
cross-peaks at 5 °C and pH 5.5 for both μ-BuIIIB and [D-
Ala2]BuIIIB, with a NOESY spectrum of μ-BuIIIB at 15 °C
being used to resolve peak overlap. NOE statistics and
connectivities plotted as a function of residue number are
shown in Supplementary Figure S3.
Solution Structures. Table 1 summarizes the experimental

constraints and structural statistics for μ-BuIIIB and [D-
Ala2]BuIIIB. The structures fit well with experimentally derived
distance and angle constraints and are well-defined over the
entire length of the peptide. The angular order parameters for
φ and ψ angles in the final ensemble of 20 structures for μ-
BuIIIB were >0.8 except for the φ angle of Gly2
(Supplementary Figure S4), indicating that backbone dihedral
angles are well-defined across the family of structures. The
mean pairwise RMSD values of backbone heavy atoms over all
residues for the families of μ-BuIIIB and [D-Ala2]BuIIIB were
0.54 and 0.59 Å, respectively. The ensemble of the μ-BuIIIB
structures is shown in Figure 3A, and the closest-to-average
structure is shown in Figure 3B. The final structures have been

deposited in the Protein Data Bank (PDB)28 under ID codes
2LO9 and 2LOC for μ-BuIIIB and [D-Ala2]BuIIIB, respec-
tively.
The unique N-terminal extension in μ-BuIIIB, which is also

present in μ-BuIIIA and μ-BuIIIC but absent in other μ-
conotoxins (Figure 1), forms part of a short α-helix in μ-BuIIIB
(residues Glu3 to Asn8). The presence of medium-range NOEs
[dαN(i, i+3), dαβ(i, i+3), and dαN(i, i+4)] in this region supports
the helix observed (Supplementary Figure S3). This helix is
packed against the remaining part of the toxin and is stabilized
by the Cys5-Cys17 and Cys6-Cys23 disulfide bonds. As such,
the side chain of Val1 is located at the outer edge of a π−π
stacking formed by the aromatic rings of Trp16 and His20
(Figure 3B). Methyl NOEs of Val1 and Cα proton NOEs of
Gly2 to the Trp16 ring protons were observed. In the final 20
structures, the φ angle of Gly2 has a broad range distribution
(140 ± 42°) and is predominantly (16 structures) positive
(Supplementary Figure S5). This indicates that the N-terminal
residues Val1 and Gly2 have a preferred conformation but still
retain a degree of flexibility. In the surface model of μ-BuIIIB
(Figure 3C), Val1 and the aromatic rings of Trp16 and His20
form a prominent solvent-exposed hydrophobic patch that is
adjacent to charged residues Arg15, Arg18, Asp19, and Arg22,
equivalent residues of which were found to be critical in VGSC
blocking of μ-KIIIA.17 Superimposition of the μ-BuIIIB
structure with structures determined previously for μ-KIIIA,
μ-SIIIA, μ-SmIIIA, and μ-TIIIA reveals that none of these
toxins has structural equivalents of Val1 and Gly2 in μ-BuIIIB
(Figure 4). Both μ-SIIIA and μ-SmIIIA have two residues N-
terminal to the first Cys, and Arg2 of μ-SmIIIA corresponds to
Arg4 of μ-BuIIIB (Figure 1); the structure of the N-terminal

Table 1. Structural Statistics for μ-BuIIIB and [D-
Ala2]BuIIIB

μ-BuIIIB [D-Ala2]BuIIIB

no. of distance constraints 446 422
intraresidue (i = j) 210 203
sequential (|i − j| = 1) 115 108
short (1 < |i − j| < 6) 77 70
long 44 41

no. of dihedral constraints 34 30
energy (kcal/mol)a

ENOE 13.5 ± 1.1 12.4 ± 0.7
deviations from ideal geometryb

bonds (Å) 0.0048 ± 0.0002 0.0049 ± 0.0002
angles (deg) 0.6955 ± 0.0205 0.7201 ± 0.0372
impropers (deg) 0.5855 ± 0.0410 0.6005 ± 0.0549

mean global RMSD (Å)c

backbone heavy atoms (N,
Cα, C′)

0.54 ± 0.10 0.59 ± 0.13

all heavy atoms 1.62 ± 0.24 1.48 ± 0.22
Ramachandran plotd

most favored (%) 85.6 88.6
allowed (%) 14.4 11.4
additionally allowed (%) 0 0
disallowed (%) 0 0

aThe values for ENOE are calculated from a square well potential with
force constants of 50 kcal mol−1 Å2. bThe values for the bonds, angles,
and impropers show the deviations from ideal values based on perfect
stereochemistry. cMean pairwise RMSD over all residues calculated in
MOLMOL. dAs determined by the program PROCHECK-NMR for
all residues except Gly in μ-BuIIIB and D-Ala2 and Gly in [D-
Ala2]BuIIIB.
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residues in μ-SIIIA shows no similarity to that of μ-BuIIIB
(Figure 4B), although the structure of μ-SmIIIA is more similar
(Figure 4C). While μ-TIIIA has three residues in its N-
terminus before the first cysteine, only one residue less than μ-
BuIIIB (Figure 1), it has large structural differences in the N-
terminal region and the C-terminal α-helix region compared to
μ-BuIIIB (Figure 4D).
μ-BuIIIB residues Gly9 to Gly12 form the second helical

(310-like) region, containing the side chains of two basic
residues (Lys10 and Arg11). Gly9 has a positive φ value,
whereas that of Gly12 is negative. Interestingly, while the
residue numbers between the second and third cysteines vary
from five to eight among μ-BuIIIA, μ-BuIIIB and μ-BuIIIC,
Lys10 and Arg11 are conserved (Figure 1). These two residues
do not have basic residue counterparts in μ-KIIIA or μ-SIIIA,
which only have one and three residues, respectively, between
the second and third cysteines (Figures 1 and 4). μ-Conotoxins
SmIIIA, GIIIA, PIIIA, and TIIIIA have five residues in this loop
and have one to two basic residues (Figure 1).
From residues Cys13 to Cys24, μ-BuIIIB shares high

sequence conservation with other μ-conotoxins, including μ-
KIIIA, μ-SIIIA, and μ-SmIIIA, but less conservation with μ-
GIIIA, μ-PIIIA, and μ-TIIIA (Figure 1). Structurally this part of
the toxin forms a C-terminal α-helix (residues 15−20). μ-
BuIIIB, as well as μ-BuIIIA and μ-BuIIIC, has three residues but
other μ-conotoxins have four residues between the third and

the fourth cysteine residues (Cys13 and Cys17 in μ-BuIIIB,
Figure 1), resulting in a shorter loop in the μ-BuIIIB structure
preceding the C-terminal α-helix (Figure 4). The large
structural differences in the C-terminal α-helix between μ-
BuIIIB and μ-TIIIA (Figure 4D) are probably due to the fact
that μ-TIIIA lacks the Trp and His residues conserved in μ-
BuIIIB (Trp16 and His20), μ-KIIIA, μ-SIIIA, and μ-SmIIIA and
that the loop between the fourth and fifth cysteines is one
residue shorter (Figure 1). Basic residues Arg15 (the
homologous residue in μ-KIIIA, μ-SIIIA, and μ-SmIIIA is
Lys) and Arg18, as well as the acidic residue Asp19, reside on
the C-terminal α-helix. Another basic residue, Arg22, is nearby.
These charged residues are conserved in μ-conotoxins, and
corresponding residues have been found to be important for
activities against VGSCs.2,4,5,8 μ-BuIIIB is a highly basic
polypeptide as a result of its five Arg and two Lys residues.
Consequently, the surface of μ-BuIIIB is highly positively
charged (Figure 3C).

Comparison of μ-BuIIIB and [D-Ala2]BuIIIB. Backbone
HN and Hα proton chemical shift differences between μ-BuIIIB
and [D-Ala2]BuIIIB (Figure 5A) indicated that the D-Ala
substitution of Gly2 affected predominantly the chemical shifts
of residues 1−6, as well as the HN chemical shift of Ser21,
which is distant from Gly2 in the amino acid sequence but is in
very close proximity in the three-dimensional structure.
Interestingly, the backbone amide proton chemical shifts of
Gly9, Gly12, and Gly14 were all affected, even though these
residues are structurally distant from the substitution site; these
perturbations further emphasize that the N-terminal region is
coupled structurally to the rest of the molecule and that
changes there are sensed throughout the molecule. An overlay
of the fingerprint regions of 2D NOESY spectra of μ-BuIIIB
and [D-Ala2]BuIIIB showed that NOE connections in μ-BuIIIB

Figure 3. μ-BuIIIB structure. (A) Stereo views of the family of 20 final
structures, superimposed over backbone heavy atoms. Disulfide bonds
are colored gold. (B) Stereo ribbon views of the closest-to-average
structure. Disulfide bonds are colored gold. Side chains of selected
residues are shown and labeled. (C) Surface representation of μ-
BuIIIB, with Arg and Lys residues colored blue; Asp and Glu residues
colored red; Cys, His, Trp, and Val residues colored yellow; and all
other residues colored gray. Two views rotated by 90° about the
vertical axis are shown.

Figure 4. Comparison of μ-BuIIIB and other μ-conotoxin structures.
The closest-to-average structures of μ-BuIIIB (blue) and (A) μ-KIIIA
(green,38 PDB 2LXG), (B) μ-SIIIA (yellow,19 BMRB 20023), (C) μ-
SmIIIA (orange,15 PDB 1Q2J), (D) μ-TIIIA (cyan,18 BMRB 20024)
are superimposed over backbone heavy atoms (N, Cα, and C′) of
residues 5,6,13,14−24 for μ-BuIIIB (residues 1,2,4,6−16 for μ-KIIIA;
residues 3,4,8,10−20 for μ-SIIIA; residues 3,4,10,12−22 for μ-SmIIIA;
and residues 4,5,11,12−22 for μ-TIIIA). N- and C-termini of the
molecules are labeled.
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are maintained in [D-Ala2]BuIIIB (Supplementary Figure S6).
For example, methyl NOEs of Val1 to the aromatic ring
protons of Trp16 were found in both μ-BuIIIB and [D-
Ala2]BuIIIB, whereas Hα NOEs of Gly2 to Trp16 in μ-BuIIIB
are replaced by the Hα and methyl NOEs of D-Ala2 to Trp16 in
[D-Ala2]BuIIIB. As suggested by the NMR data, super-
imposition of the final families (Figure 5B) or closest-to-
average structures (Figure 5C) of μ-BuIIIB and [D-Ala2]BuIIIB
over backbone heavy atoms showed that the backbones align
very well, with RMSD values of 0.79 Å over all residues and
0.66 Å over residues 3−24 (for the closest-to-average
structures). The two structures have only minor conformational
differences in the region of residues 1−6 and the aromatic side
chains of Trp16 and His20, while the rest of the structures are
essentially identical.
Functional Activities of [D-Ala2]BuIIIB and Other N-

Terminal Analogues in Blocking NaV1.3. Synthetic μ-
BuIIIB and N-terminal analogues thereof were tested for their
ability to inhibit voltage-gated sodium currents of voltage-
clamped Xenopus oocytes expressing NaV1.3, as described in

Supporting Information. Representative control and peptide-
blocked sodium current traces for μ-BuIIIB and [D-Ala2]BuIIIB
are illustrated in Figure 6A and C, and corresponding plots of
the time course of inhibition are shown in Figure 6B and D. For
each peptide, the onset of block was fit to a single exponential
to obtain the observed rate constant, kobs, and kobs values were
determined at different peptide concentrations. The plots of
kobs versus [peptide] are shown in Supplementary Figure S7,
from which the value of kon for each peptide was obtained from
the slope of the line (see Supporting Information), and these
are given in Table 2. The koff values obtained by direct
measurements of the rates of washout of the toxins (see
Supporting Information) are listed in Table 2 along with the
corresponding Kd values. In principle, the y-intercepts in
Supplementary Figure S7 can provide koff values; however,
those obtained were (mean ± SD) −0.084 ± 0.832 and 0.021
± 0.085 min−1 for [D-Ala2]BuIIIB and μ-BuIIIB, respectively,
and are not statistically meaningful.
Block by 3.3 μM [D-Ala2]BuIIIB is incomplete (e.g., Figure

6D), with a block of 94 ± 2% (mean ± SD, N = 6 oocytes).

Figure 5. Comparison of μ-BuIIIB and [D-Ala2]BuIIIB structures. (A) Backbone HN and Hα chemical shift differences between μ-BuIIIB and [D-
Ala2]BuIIIB. (B) Stereo views of 20 final structures of μ-BuIIIB (blue) and [D-Ala2]BuIIIB (pink) superimposed over backbone heavy atoms. (C)
Stereo views of the closest-to-average structures of μ-BuIIIB (blue) and [D-Ala2]BuIIIB (pink) superimposed over backbone heavy atoms. Side
chains of Val1, Trp16, His20, and the D-Ala2 substitution are shown and labeled.
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However, with a Kd of 4.8 nM (Table 2), >99% block is
expected, assuming a dose−response relationship described by
the Langmuir adsorption isotherm: fraction blocked = 1/(1 +
(Kd/[toxin])). This suggests that a ″residual current″ remains
at saturating peptide concentrations; indeed, when tests were
conducted at a 10-fold higher concentration of 33 μM, the
residual current persisted (not shown). At least two possible
explanations may account for such a residual current: (A) there
are two populations of channels, with the majority being
sensitive to the peptide and a small minority being insensitive,
or (B) the blocking efficacy of the peptide is less than 100%,
such as that observed when μ-KIIIA and its derivatives were
tested on NaV1.2 and NaV1.4,

29−31 and when μ-CnIIIA was
tested on NaV1.4.

32 Further tests, which are beyond the scope
of the present study, are necessary to pinpoint the mechanism
responsible for the small (∼5%) residual current observed with
[D-Ala2]BuIIIB and NaV1.3.

Five additional N-terminal analogues of μ-BuIIIB were
synthesized and tested on NaV1.3. Four of these represent an
alanine scan of the four N-terminal residues of μ-BuIIIB, and
the fifth, [des1-4]BuIIIB, was μ-BuIIIB bereft of its N-terminal
four residues. The activities of these analogues, summarized in
Table 2, show that the rank order of their Kd values in blocking
NaV1.3 was [D-Ala2]BuIIIB < [Ala3]BuIIIB < [Ala2]BuIIIB <
[des1-4]BuIIIB < [Ala4]BuIIIB < BuIIIB < [Ala1]BuIIIB. [D-
Ala2]BuIIIB was the most potent in blocking NaV1.3 and had
the fastest on-rate and slowest off-rate.

Conclusions. The solution structures determined in this
study for μ-BuIIIB and [D-Ala2]BuIIIB show, rather unexpect-
edly, that the N-terminal residues in μ-BuIIIB are in close
proximity to a region of these peptides that has been shown
previously to be important for VGSC-blocking activity. The
functional significance of this close proximity is underscored by
the dramatic effects of modifications of the N-terminal
extension on activity. Mutations in Gly2 or Glu3 significantly
enhance the potency of μ-BuIIIB for NaV1.3, with one
analogue, [D-Ala2]BuIIIB, showing a 40-fold increase. Indeed,
[D-Ala2]BuIIIB appears to be the most potent peptide blocker
of the NaV1.3 channel characterized to date.
The 8-fold difference in Kd between the D-Ala2 and L-Ala2

analogues also highlights the importance of the local
conformation in this region of the molecule in generating
high potency against NaV1.3. The D-Ala2 substitution is more
likely to stabilize a type II β-turn conformation, with D-Ala
mimicking the positive φ-angle of Gly2 in μ-BuIIIB
(Supplementary Figure S5) in a way that L-Ala cannot.33,34

Moreover, this reinforces the view that the N-terminus of μ-
BuIIIB adopts a well-defined structure, as indicated by our
NMR data. The 13-fold enhancement in Kd for NaV1.3
generated by the substitution of Glu3 by Ala is less likely to
have a structural basis and may indicate that Glu3 engages in
unfavorable interactions with NaV1.3, implying that further
manipulation of this position in μ-BuIIIB may have even more
beneficial effects on the potency and perhaps also the selectivity
of this toxin.
Intriguingly, deletion of all four N-terminal residues in μ-

BuIIIB causes a 4-fold improvement in the Kd for NaV1.3. This
implies that some of the other substitutions in μ-BuIIIB relative
to μ-KIIIA, in particular those in the first intercysteine loop
(Figure 1), are favorable for NaV1.3 blockade and suggests that
a combination of those substitutions in μ-BuIIIB with further
manipulation of the N-terminal four residues would be
beneficial in generating an even more potent and selective
NaV1.3 blocker from this peptide.
μ-BuIIIA, μ-BuIIIB, and μ-BuIIIC were shown recently to

block NaV1.4 exogenously expressed in oocytes.23 In more
recent experiments, μ-BuIIIA and μ-BuIIIB were tested on
NaV1.1 through 1.8 expressed in oocytes, where it was observed
that μ-BuIIIA was by and large less potent than μ-BuIIIB, and
the latter’s rank order of affinity (Kd or IC50, prefix ″r″ and ″m″
represent rat and mouse) was rNaV1.4 ≈ rNaV1.2 < rNaV1.3 ≈
rNaV1.1 < mNaV1.6 < rNaV1.5, with no block of rNaV1.7 or
rNaV1.8 observed when tested at a concentration of 100 μM.20

The experiments described here focused on NaV1.3, where the
[Gly2D-Ala] mutation was observed to increase μ-BuIIIB’s kon
by 10-fold and decrease its koff by 4-fold, such that the Kd was
decreased 40-fold by the substitution of D-Ala for Gly at
position 2 of μ-BuIIIB (Table 2). Experiments are underway to
examine how the mutation affects μ-BuIIIB’s affinity for the
other NaV1 isoforms.

Figure 6. Block of NaV1.3 by μ-BuIIIB and [D-Ala2]BuIIIB. Oocytes
expressing NaV1.3 were voltage clamped at −80 mV, and sodium
channels were activated with a voltage step to −10 mV as described in
Supporting Information. Representative sodium currents before (gray
trace) and during (black trace) exposure to 3.3 μM of μ-BuIIIB (A) or
[D-Ala2]BuIIIB (C). Representative time course of block and recovery,
where the bar above each plot indicates when 3.3 μM of μ-BuIIIB (B)
or [D-Ala2]BuIIIB (C) was present. The traces in the presence of toxin
in panels A and C were obtained at the peak of block in panels B and
D, respectively.

Table 2. Comparison of the Inhibition of NaV1.3 by μ-
BuIIIB and N-Terminal Analoguesa

peptide kon (μM min)−1 koff (min
−1) Kd (μM)

μ-BuIIIB 0.085 ± 0.01 0.017 ± 0.007 0.2 ± 0.086
[Ala1]BuIIIB 0.014 ± 0.004 0.01 ± 0.003 0.71 ± 0.3
[D-Ala2]BuIIIB 0.83 ± 0.05 0.004 ± 0.0017 0.0048 ± 0.002
[Ala2]BuIIIB 0.25 ± 0.03 0.009 ± 0.002 0.036 ± 0.009
[Ala3]BuIIIB 0.46 ± 0.03 0.007 ± 0.0013 0.015 ± 0.003
[Ala4]BuIIIB 0.056 ± 0.008 0.01 ± 0.002 0.18 ± 0.044
[des1-4]BuIIIB 0.47 ± 0.06 0.025 ± 0.005 0.053 ± 0.013

aRate constants were determined as described in Supporting
Information. Kd was determined from koff/kon. Data for μ-BuIIIB are
from Wilson et al.20
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Specific disulfide mapping for μ-BuIIIB, which belongs to the
M5 branch of the μ-conotoxin family (so-called because of the
presence of five residues in the third and final intercysteine
loop, as shown in Figure 1), had not been conducted until now.
A 1−4/2−5/3−6 pattern of disulfide connectivities was
assumed on the basis of sequence alignment with the closely
related μ-conotoxins in the M4 branch, and solution structures
of μ-SmIIIA,15 μ-SIIIA,19 μ-KIIIA,35 and most recently μ-
CnIIIC36 were solved assuming the canonical disulfide
connectivity pattern. In this study we have verified that the
1−4/2−5/3−6 pattern is correct for the major product of in
vitro oxidative refolding. In contrast, recent studies on μ-
KIIIA37,38 showed that the thermodynamically favored product
of oxidative folding in vitro has 1−5/2−4/3−6 disulfide
connectivity. We note that μ-KIIIA has a shorter first loop
compared with other M5 μ-conotoxins, with only one amino
acid residue between the second and third cysteine residues
(Figure 1), and this is likely to influence folding and thus
disulfide bridge formation.
Our observations for μ-BuIIIB also have important

consequences for attempts to recapitulate the activity of the
μ-conotoxins in truncated and stabilized peptide analogues.
Recent attempts along these lines39,40 have focused on
incorporating the residues identified as important for μ-KIIIA
blockade of VGSC17,22 on a helical scaffold as found in the full-
length toxin.35 The significant effects of modifications at the N-
terminus of μ-BuIIIB suggest that elements of this region of the
μ-conotoxins might be incorporated to optimize the blockade
of certain VGSC subtypes such as NaV1.3.
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