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’ INTRODUCTION

μ-Conotoxin KIIIA (μ-KIIIA), a neuroactive peptide from the
marine cone snail Conus kinoshitai, contains 16 amino acid residues
and is stabilized by three disulfide bonds.1 In common with
previously characterized μ-conotoxins, it blocks voltage-gated so-
dium channels (VGSCs) by occluding the pore of the channel.2�4

Nine different subtypes of theα-subunit of VGSCs, NaV1.1 through
1.9, have been identified inmammals.NaV1.4 and 1.5 are the skeletal
and cardiacmuscle-specific subtypes, respectively, while the remain-
ing NaV1 channels are neuronal subtypes. Several of the neuronal
subtypes have been implicated in pain perception and identified as
potential targets for the treatment of pain because of their involve-
ment in the generation and propagation of action potentials in
peripheral pain pathways.5,6 μ-KIIIA has been shown to possess
potent analgesic activity following its systemic administration in
mice.7 Previous structure�activity studies examining the block of
NaV1.2 and 1.4 by μ-KIIIA7 indicated that five of the six residues
important for functional activity (K7,W8, R10,D11,H12) occurred
in anα-helical region of the peptide, and the sixth (R14) was located

immediately C-terminal to the helix (Figure 1); moreover, the first
disulfide bond could be removed without significant loss of
activity.8,9 These findings suggested that theVGSC-blocking activity
of μ-KIIIA could be captured in truncated peptides corresponding
to the helical region of μ-KIIIA, provided their conformations were
stabilized to maintain the helical structure.6

Several peptides (ANP, NPY) have been shortened success-
fully while retaining high potency,10�12 and there are many
advantages to such an approach. Smaller peptides are not only
less expensive to synthesize but also more amenable to modifica-
tion, which can be useful for improving specific characteristics to
make them more viable as therapeutic leads. In the process of
truncating peptides, it is also desirable to remove disulfide bonds as
they are susceptible to degradation in some extracellular environ-
ments.13,14 In addition, froma synthetic perspective, oxidative folding
of multiple-disulfide-bonded peptides can be a time-consuming
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ABSTRACT: μ-Conotoxin KIIIA (μ-KIIIA) blocks mamma-
lian voltage-gated sodium channels (VGSCs) and is a potent
analgesic following systemic administration in mice. Previous
structure�activity studies of μ-KIIIA identified a helical phar-
macophore for VGSC blockade. This suggested a route for
designing truncated analogues of μ-KIIIA by incorporating the
key residues into an α-helical scaffold. As (i, i+4) lactam bridges
constitute a proven approach for stabilizing α-helices, we
designed and synthesized six truncated analogues of μ-KIIIA
containing single lactam bridges at various locations. The
helicity of these lactam analogues was analyzed by NMR spectroscopy, and their activities were tested against mammalian VGSC
subtypes NaV1.1 through 1.7. Two of the analogues, Ac-cyclo9/13[Asp9,Lys13]KIIIA7�14 and Ac-cyclo9/13[Lys9,As-
p13]KIIIA7�14, displayed μM activity against VGSC subtypes NaV1.2 and NaV1.6; importantly, the subtype selectivity profile
for these peptides matched that of μ-KIIIA. Our study highlights structure�activity relationships within these helical mimetics and
provides a basis for the design of additional truncated peptides as potential analgesics.
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and inefficient process. Once disulfide bridges are removed,
however, it is often necessary to introduce other means of
structural stabilization to maintain the bioactive conformation.

In stabilizing α-helices, the use of (i, i+4) lactam bridges has
proven to be a successful approach.11,15�18 Side-chain carboxyl
groups of Asp or Glu are linked via an amide bond with side-chain
ammonium groups of Lys or Orn (ornithine) four residues apart,
thereby stabilizing the typical 3.6-residue turn of an α-helix. In a
study undertaken on helix-stabilizing effects of (i, i+4) side-chain
lactambridges, itwas found that a Lys(i)�Asp(i+4) linkage resulted
in maximum helicity.19 For a mimetic of μ-KIIIA, the result that
Cys9 can be replacedwith no significant loss in activity8,9 identifies a
position in the helix that can be substituted to form a helix-stabilizing
(i, i+4) lactam bridge to either residue 5 or 13, both of which are
also nonessential residues.7,8 Alternatively, a bridge can be created
between existing Lys7 andAsp11 residues, although the results from
a previous alanine walk imply that modifying residues in positions
7 and 11 would reduce activity against the skeletal muscle subtype
NaV1.4 more than the neuronal subtype NaV1.2.

7

In this study, we have designed and synthesized six truncated
analogues of μ-KIIIA (peptides 1�6 in Table 1), each lacking
residues at both the N- and C-termini of the native peptide and
having the remaining sequence stabilized by a lactam bridge. Both
Lys�Asp and Asp�Lys lactam bridges were used to link residues
5�9, 9�13, and 7�11 (using the residue numbering of native μ-
KIIIA). The structures of the six lactam analogues were analyzed by
NMRspectroscopy, and their activitieswere tested against a range of
VGSC subtypes. In addition, two analogues lacking a lactam bridge
(peptides 7 and 8 in Table 1) were synthesized to explore the effects
of lactam bridge stabilization on the activity against VGSCs.

’RESULTS

Synthesis. Peptides 1�6 were synthesized by the Boc
strategy and cleaved by HF. Purification was accomplished by
preparative RP-HPLC. Peptides 1�6were characterized bymass

Figure 1. (A) Amino acid sequence of μ-KIIIA with the disulfide
connectivities indicated. Asterisk (*) denotes C-terminal amidation.
Key residues important for NaV1.2 and 1.4 blockade are highlighted in
red. (B) Closest-to-average solution structure of μ-KIIIA with side chain
heavy atoms of the key residues displayed and labeled. Disulfide bonds
are shown in gold. Side chains are colored as follows; Arg in blue, Lys in
cyan, Asp in red, Trp in green, and His in magenta. The two views are
related by a 90� counter-clockwise rotation about the vertical axis.

Table 1. Amino Acid Sequences of Lactam-Bridged and
Linear Analogues of μ-KIIIAa

peptide no. sequence lactam position peptide name

1 Ac-KSKWDRDHSR-NH2 Lys5-Asp9 K5D9

2 Ac-DSKWKRDHSR-NH2 Asp5-Lys9 D5K9

3 Ac-KWARDHSR-NH2 Lys7-Asp11 K7D11

4 Ac-DWARKHSR-NH2 Asp7-Lys11 D7K11

5 Ac-KWKRDHDR-NH2 Lys9-Asp13 K9D13

6 Ac-KWDRDHKR-NH2 Asp9-Lys13 D9K13

7 Ac-KWKRDHDR-NH2 K9D13 linear

8 Ac-KWDRDHKR-NH2 D9K13 linear
aResidues involved in lactam bridge formation are highlighted in bold.
Residue numbering follows native μ-KIIIA.

Figure 2. Comparison of 3JNHCαH coupling constants of (A) 5�9 lactam-
bridged peptides, (B) 7�11 lactam-bridged peptides, and (C) 9�13 lactam-
bridged and linear peptides. Coupling constants weremeasured from 1D and
DQF-COSY spectra. Location of lactam bridge is indicated by the black bar.
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spectrometry, analytical RP-HPLC, and capillary electrophoresis
(see Supporting Information).

NMR Evidence for α-Helicity.Good quality 1H NMR spectra
were obtained for all six lactam analogues. No evidence of

Figure 3. Deviation of backbone amide andCαHchemical shifts from random coil values at 5 �C41 for peptides 1�8 (blue) compared with that of native
μ-KIIIA (green). Respective peptide names are given at the bottom of each graph.
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multiple conformations was observed, implying that the side-
chain lactam bridges were conformationally constrained in all
peptides. Interchain NOEs observed between the Lys NζH and
Asp CβH resonances of the lactam-bridged residues confirmed
the presence of the lactam bridge. Sequence-specific resonance
assignments for each residue were made using 2D TOCSY and
NOESY spectra at 5 �C for lactam analogues 1�6. Analysis of
measurable temperature coefficients for backbone amide reso-
nances indicated that Arg10 and Asp11 had low values (<4.5
ppb/K) in all lactam analogues except D7K11 (peptide 4). Ser13
in peptides 1 and 3, Asp13 in peptide 5, and Arg14 in peptides 5
and 6 also had small temperature coefficients (<4.0 ppb/K). The
low temperature dependence for the amideNH chemical shifts of
these residues suggests their possible involvement in hydrogen
bonds characterizing an α-helix. Small temperature coefficients
(<4.0 ppb/K) were observed for the amide NH chemical shifts of
Arg10, Asp11, and Ser13 in the native toxin. Several other
spectral features pointed to an α-helical structure in these
peptides. 3JNHCHα coupling constants <6 Hz are indicative of
α-helical backbone dihedral angles.20 With the exception of the
D7K11 lactam analogue, 3JNHCHα coupling constants obtained
from 1D and DQF-COSY spectra were <6 Hz for amide
resonances from Lys7�Arg10 (Figure 2), indicative of α-helix
in this region. Indeed, small coupling constants in this region
were comparable to those observed in the corresponding region
of the native toxin.8 Coupling constants were also <6 Hz for
residues 5 and 6 in both 5�9 lactam analogues, although in this
case the corresponding residues in native μ-KIIIA had large
coupling constants (>7 Hz). In addition, the backbone NH and
Hα chemical shifts of the lactam analogues indicate a general
upfield shift relative to random coil values, which is characteristic
of a helical conformation (Figure 3).21,22 However, the Hα

chemical shifts of the lactam analogues did not deviate as much
from random coil values as the Hα chemical shifts in the
corresponding helical region (residues 7�12) of native μ-KIIIA
(Figure 3).
The Hα shifts of the K9D13 lactam analogue displayed the

most significant deviations from random coil values, with reso-
nances from residues 7�12 all showing upfield shifts of >0.2

ppm. With the exception of the terminal residues 7 and 14, the
chemical shift deviation pattern of the K9D13 analogue was
similar to the corresponding region of native μ-KIIIA. A similar
pattern was also observed for the D9K13 analogue, with the
exception of the NH chemical shift of residue 9 and the Hα

chemical shift of residue 13, both of which are involved in lactam
bridge formation. In the D7K11 analogue, the Hα chemical shifts
of residues 8�14 all showed upfield deviations <0.2 ppm, and the
NH chemical shift of Trp8 had a relatively large downfield
deviation of 1.3 ppm. In the 5�9 lactam analogues, upfield Hα

chemical shift deviations of >0.1 ppm were observed for residues
6�12, with the exception of residue 9 of K5D9. Ser6, encom-
passed by a lactam bridge in both K5D9 and D5K9, experienced
upfield Hα chemical shift deviations, in contrast to Ser6 in the
native μ-KIIIA, which experienced a downfield shift. The NH
chemical shifts of Trp8 in both K5D9 and D5K9 also showed
upfield chemical shift deviations, differing from the downfield
chemical shift deviations observed for Trp8 in native μ-KIIIA as
well as the other lactam analogues.
NOE patterns were analyzed for the D9K13 lactam analogue.

The presence of dαN(i,i+3) and dαβ(i,i+3) NOEs was consistent
with helical structure (Supporting Information Figure SI-1).
Possible dαβ(i,i+3) NOEs between residues 9 and 12 and 10
and 13, respectively, could not be assigned unambiguously owing
to overlap. On the basis of the observed NOE pattern in D9K13,
it seems that the helix is located toward the N-terminus, not
necessarily coincident with the position of the lactam bridge.
This correlates well with the 3JNHCHα coupling constants ob-
served for this analogue, in which Lys7 and Trp8, which precede
the lactam bridge, both had coupling constants <6 Hz, whereas
Asp11 and His12 within the lactam constraint had coupling
constants of 6.7 and 7.7 Hz, respectively.
Coupling constants and chemical shift deviations from ran-

dom coil values were also determined for the linear analogues of
D9K13 and K9D13 (peptides 7 and 8). Measurable coupling
constants of the K9D13 linear analogue fromTrp8 toHis12 were
all >6 Hz. The coupling constant for Trp8 of the D9K13 linear
analogue was also >6 Hz, but those for Asp9 to His12 could not
be measured owing to overlap. Comparing Hα chemical shift

Figure 4. Block of NaV1.1 through 1.7 by the lactam-stabilized analogues at a concentration of 100 μM. Functional activities were tested on voltage-
clamped Xenopus oocytes expressing the indicated NaV1 subtypes as described in Experimental Procedures. NaV1.1, 1.2, 1.3, 1.6, and 1.7 are neuronal
subtypes, while NaV1.4 andNaV1.5 are themajor isoforms found in skeletal and cardiacmuscles, respectively. Themost active peptides (K9D13, D9K13,
and D5K9) favored the block of NaV1.2, 1.4, and 1.6, while NaV1.4 was preferentially blocked by the remaining peptides. Values represent mean( SEM
(N g 3 oocytes).
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deviations from random coil values, both linear analogues had
smaller deviations than their lactam-stabilized analogues, with
several residues within the 7�11 region showing deviations of
<0.1 ppm. In addition, the amide resonances of the D9K13 linear
analogue were not particularly well dispersed, with overlap
occurring at 8.28 ppm for residues 9�12, consistent with a lack
of helical secondary structure.
VGSC-Blocking Activity.The ability of the truncated μ-KIIIA

lactam analogues to block cloned α-subunits of rodent sodium
channels expressed in oocytes was assessed by voltage-clamp
protocols on seven VGSC subtypes, NaV1.1 through 1.7, as
described in Experimental Procedures. On the basis of percen-
tage block at a fixed peptide concentration, the 9�13 lactam
analogues were the most active (Figure 4). At 100 μM, K9D13
displayed strong activity against neuronal subtypes NaV1.2 (66.2
( 4.7% block) and NaV1.6 (61.5 ( 5.7% block) and modest
activity against the skeletal muscle subtype NaV1.4 (29.4( 1.6%
block). The D9K13 peptide had strong activity against NaV1.2
(87.7 ( 1.0% block), NaV1.4 (67.5 ( 2.1% block), and NaV1.6
(76.7( 4.6% block), and relatively strong activity against NaV1.3
(29.1 ( 5.9% block) compared to that of the other peptides.
Only the 9�13 lactam peptides showed measurable activity
against NaV1.5 and NaV1.7, albeit <25%. All lactam-stabilized
peptides displayed at least 20% block of NaV1.4. The D5K9
lactam peptide also hadmoderate activity against NaV1.2 (33.1(
0.9% block) and NaV1.6 (36.0 ( 0.7% block). In all cases
blockade of VGSC subtypes was reversible (koff values are given
in Figure 5).

Of the 9�13 lactam analogues, D9K13 was the more potent,
with an IC50 of 13.3 ( 0.2 μM against NaV1.2 (Figure 5). The
K9D13 lactam analogue had an IC50 of 52.3 ( 2.8 μM against
this subtype. Comparing IC50 values across the VGSC subtypes,
the K9D13 analogue seems to be selective for the neuronal
subtypes NaV1.2 (IC50 = 52.3 ( 2.8 μM) and NaV1.6 (IC50 =
54.3 ( 9.0 μM).
Linear peptides of the 9�13 lactam analogues were also

assayed. At a concentration of 300 μM, the D9K13 linear
analogue had little, if any, activity against NaV1.1 through 1.7.
In contrast, the K9D13 linear peptide, when tested at 100 and
300 μM, blocked NaV1.2 by 35.9 ( 4.1% and 73.1 ( 3.3%,
respectively, with an IC50 of 144 ( 1.1 μM.
Molecular Dynamics. Molecular dynamics simulations on

each of the truncated analogues of μ-KIIIA, with and without
lactam bridges, were conducted to assess the utility of this
approach as a probe of conformation and flexibility. Snapshot
trajectories of the truncated analogues at 10 ns intervals reflect
the flexibility of each peptide during the MD simulation
(Supporting Information Figure SI-2). The helical content of
each peptide was analyzed throughout the MD simulation, and
the percentage of time during which the residue was helical was
plotted as a function of residue number (Supporting Information
Figure SI-3). These analyses suggest that the 5�9 lactam
analogues were the most helical throughout the simulation,
adopting a helical conformation over residues 7�11 for >50%
of the time of the simulation. The helix across these residues was
similarly stable in the 5�9 analogues without the lactam bridge.

Figure 5. Dose�response curves for K9D13 (left) and D9K13 (right) tested against NaV1.1 through 1.7 expressed in Xenopus oocytes. Curves
represent fits of data to the Hill equation, % Block = 100 � 1/(1 + (IC50/[peptide])

n
H), where % Block was measured by voltage-clamp protocols

described in Experimental Procedures. Data could not be fit for K9D13 with NaV1.1, 1.3, and 1.7; instead, their IC50 values (“>300 μM”) were estimated
by visual inspection. koffwas determined from single-exponential fits of the time course of recovery from block following toxin washout. Values represent
mean( SEM (Ng 3 oocytes). In those instances where the kinetics of peptide washout were too fast to be accurately measured, an estimated lower limit
for koff (>3.0 min

�1) is indicated.
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Of the 9�13 analogues, the K9D13 analogue without the lactam
was highly flexible, with <10% helicity throughout the simulation.
Addition of the lactam bridge improved helix stability slightly. On
the other hand, the results of MD simulations on the D9K13
analogue suggested that the analogue without the lactam bridge
had higher helix stability compared to that with the lactam.
In cases where a helix was evident in the MD simulations, that

helix generally formed between residues 7�11 regardless of the
position of the lactam bridge, although the 5�9 lactam analogues
were observed to have a slightly more N-terminally extended
helix compared to the other analogues. These observations are
reflected in the NMR data, where small coupling constants (<6
Hz) were measured from residues Lys7 to Arg10 in most of the
lactam analogues regardless of where the lactam bridge was
positioned. Small coupling constants were also observed in
residues 5 and 6 of the 5�9 lactam analogues, indicative of an
extended helix as predicted by MD simulations.
Overall, however, the results of MD simulations for these

truncated peptides did not correlate well with the helical content
observed by NMR. The D9K13 lactam analogue was predicted
by MD simulations not to have a stable helical structure, whereas
NMR data (coupling constants, NOE patterns) suggested other-
wise. NMR data also suggest a lack of helical structure in both of
the 9�13 linear analogues, even though a helix was predicted by
MD simulations in the K9D13 linear analogue.

’DISCUSSION

In this study, we have described the design, synthesis, struc-
tural analysis, and VGSC-blocking activity of lactam-stabilized
truncated analogues of μ-KIIIA. Our initial design was based on
previous structure�activity relationship studies,7 which showed
that five of the six residues important for functional activity (K7,
W8, R10, D11, H12) occurred in an α-helical region of the
peptide and that the first disulfide bond could be removed
without significant loss of activity and structure.8 In shortening
μ-KIIIA, we retained key residues on a truncated scaffold and
incorporated helix-stabilizing (i, i+4) lactam bridges across theα-
helical motif of μ-KIIIA.
Activity of 9�13 Lactam Analogues. In previous studies, we

investigated the consequences of removing each of the three
native disulfide bonds of μ-KIIIA and incorporating a backbone
spacer to replace the two nonessential serine residues at positions
5 and 6 in a truncated analogue of μ-KIIIA.8,9 Disulfide-deficient
scaffolds of μ-KIIIA have also been used as a more efficient
strategy in synthesizing derivatives of μ-KIIIA to study their
efficacy and potency in blocking the VGSCs.23 In these studies, at
least two of the three native disulfide bonds were present,
whereas the lactam analogues in the present study represent
the first truncated peptides in which all of the native disulfide
bonds of μ-KIIIA have been eliminated.
On the basis of our electrophysiology experiments, the 9�13

lactam analogues displayed significantly higher potency than the
other tested lactam analogues, with the most potent analogue,
D9K13, achieving an IC50 of 13.3 ( 0.2 μM on the NaV1.2
subtype. This analogue was significantly less potent than wild-
typeμ-KIIIA, for which an IC50 value of 0.061 μMagainst NaV1.2
has been reported recently.24 It is clear that removing the
disulfide bonds and truncating the peptide compromised bioac-
tivity, which was not unexpected because previous analogues
lacking just the Cys4�Cys16 disulfide bond reduced the ability
to block VGSCs dramatically.9 Nonetheless, it is encouraging

that micromolar activity was achievable in the most active lactam
analogue (D9K13). More importantly, the subtype selectivity
profile of the 9�13 lactam-bridged peptides mimicked native
μ-KIIIA well, and we believe that these smaller peptides, which
do not have any requirement for oxidative refolding, represent a
valuable platform for defining the structure�activity relation-
ships associated with NaV1 subtype blockade. For the lactam-
bridged peptides to be useful as therapeutic leads, further modi-
fications will be required to improve their potency and selectivity.
Effect of LactamPosition.Our initial designs explored lactam

bridges across three positions in truncated analogues of μ-KIIIA:
5�9, 7�11, and 9�13. The results indicate that, regardless of the
position of the lactam bridge, residues in the region Lys7�Arg10
in all six lactam-stabilized analogues displayed helical propensity,
similar to that of the parent peptide. Although our NMR studies
suggest that these lactam analogues adopted a helical conforma-
tion, electrophysiology results indicated that only those ana-
logues with a lactam bridge linking residues 9 and 13 retained
significant activity against the VGSCs. It seems that a local
constraint toward the C-terminal end of the peptide is more
effective than stabilizing either the middle or the N-terminal end,
although the NMR data do not suggest any clear evidence of a
shift in the location of the helix.
The lactam bridge linking positions 7 and 11 essentially

replaces two of the key residues (Lys7 and Asp11) identified as
being more important for targeting NaV1.4 than NaV1.2.

7 Our
electrophysiology results indicated that the ability of the 7�11
lactam analogues to block VGSCs was reduced significantly
across all VGSC subtypes, including NaV1.2. It is not known
how Lys7 and Asp11 contribute to VGSC blockade; they may be
involved in electrostatic interactions with the channel or steric
blockade of the channel, or they may form a (i,i+4) salt bridge
involved in stabilizing the helix bearing the other key residues.
Effect of Lactam Orientation. Several studies have investi-

gated the effects of lactam ring size, orientation, and location on
stabilizing an α-helical conformation in short peptides, although
the results of optimal bridge size and orientation have been
inconclusive.18,19,25 Our initial designs investigated the effects of
lactam bridge orientation by evaluating both Lys�Asp and
Asp�Lys orientations. Analogues with Asp�Lys lactam bridges
in the 9�13 and 5�9 lactam analogues were more potent than
their oppositely oriented counterparts. The fact that potency is
affected simply by reversing the orientation of the lactam bridge
implies that the binding site in the VGSC pore is quite sensitive
to changes in the binding peptide. It is possible that the carbonyl
group in the lactam bridge interferes with interactions between
the key residues and the channel in one orientationmore than the
other owing to the different lengths of Asp and Lys of the lactam
bridge. This could reflect a direct steric interference or an indirect
interference that prevents the proper orientation of key side
chains interacting with the receptor.
Linear Analogues. Linear homologues of the active 9�13

lactam analogues were synthesized to establish whether the
lactam bridge indeed stabilizes the helix and is essential for
retaining biological activity. While the D9K13 linear peptide had
little activity, the K9D13 linear peptide, somewhat surprisingly,
displayed significant activity against NaV1.2. This could be
explained by the possible formation of a salt bridge between
K9 and D13 to stabilize a helical conformation, although this
orientation may have resulted in a destabilizing interaction
between the charged side chains and the helix dipole.26

Measurable 3JNHCHα coupling constants from Trp8 to Asp11 of
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the K9D13 linear analogue, however, were slightly larger than
6 Hz. It remains to be investigated if eliminating the possibility of
salt bridge formation would give a different result. This could be
carried out by acetylating the amino group of Lys9 and replacing
Asp13 with an Asn residue to neutralize the charge.
Helical Conformation andBinding.The design of the lactam

analogues described here was based on the helical pharmaco-
phore predicted by previous structure�activity relationship
studies of μ-KIIIA.7,8 However, it must be borne in mind that
the helical region of the toxin may experience some distortion in
the bound state.27 For the active 9�13 lactam analogues,
measured koff values were much higher than those for native μ-
KIIIA. The shorter peptides presumably make fewer key binding
interactions with the channel, and their greater flexibility may
also contribute to the weaker binding and increased dissociation
rate. For these truncated peptides, a helix spanning residues
7�11 and a constraint stabilizing the C-terminal end seemed to
be the most effective in retaining activity against the VGSCs.
Such a constraint clearly stabilizes a helical conformation, as
evident from comparing NMR results of the 9�13 lactam
analogues and their linear counterparts. However, it is possible
that a canonical α-helix is not required for activity.

’CONCLUSIONS AND FURTHER WORK

Both the NaV1.3 and NaV1.7 subtypes have been implicated in
transmitting pain signals to the spinal cord. NaV1.3, normally
expressed in embryonic neurons, is up-regulated following nerve
injury and inflammation as well as in painful disorders such as
trigeminal neuralgia.28,29 The role of NaV1.7 in pain perception
has been well studied in families with mutations in this subtype
who are unable to perceive pain.30 Analogues that target these
subtypes selectively could be ideal therapeutics to treat pain,
although loss of the sense of smell could be a significant side
effect from targeting NaV1.7.

31

The lactam-stabilized peptide D9K13 exhibited the greatest
activity against NaV1.2, 1.4 and 1.6 as well as NaV1.3 and 1.7. The
peptides containing 5�9 and 7�11 lactam bridges showed no
activity against NaV1.7, and those containing 5�9 bridges also
showed none against NaV1.3. Further work is now needed to
modify the sequence of D9K13 in order to reduce activity against
NaV1.2, 1.4, and 1.6 and enhance activity against NaV1.3 and 1.7.
Alternatively, peptides with little activity against NaV1.2, 1.4, and
1.6 could be modified to target the NaV1.3 and NaV1.7 subtypes.
As the original Ala scan analogues of μ-KIIIA were tested against
only NaV1.2 and 1.4,

7 we do not have an ideal basis for creating
analogues selective for NaV1.3 and/or 1.7, so this will have to be
pursued by creating a limited library of analogues of D9K13 and
perhaps K9D13. Recently, an R14A substitution was demon-
strated to improve the subtype selectivity for NaV1.7 over NaV1.2
and NaV1.4.

32 Other studies have also shown that single residue
mutations of positions 7 or 8 can lead to more selective blockers
for the neuronal sodium channels.23,24 Our finding that activity
was retained in the 9�13 lactam-stabilized analogues establishes
this as a possible truncated scaffold to explore subtype selectivity,
as compared to the disulfide-containing full-length peptide,
which needs to be refolded. In addition to their potential as
therapeutics, subtype-selective lactam analogues should be valu-
able experimental tools in probing the role of VGSCs in pain and
other physiological conditions.

’EXPERIMENTAL PROCEDURES

Synthesis . Peptides 1�6 were synthesized manually by Boc solid
phase utilizing MBHA resin (0.5 g). Amino acid derivatives, Boc-Ala-
OH, Boc-Asp(OFm)-OH, Boc-Arg(Tos)-OH, Boc-His(DNP)-OH,
Boc-Lys(Fmoc)-OH, Boc-Ser(Bzl)-OH, and Boc-Trp-OH, were ob-
tained from Bachem Inc. (Torrance, CA), Chem-Impex International
(Wood Dale, IL), Novabiochem (San Diego, CA), Reanal (Budapest,
Hungary), and AApptec (Louisville, KY). All solvents were reagent
grade or better.

Four equivalents of Boc-amino acid (0.8 mmol) based on the original
substitution of the MBHA resin (0.4 mmol/g) were used for each
coupling. Peptide couplings were mediated by N,N0-diisopropylcarbo-
diimide/1-hydroxy-benzotriazole (DIC/HOBt) (0.8 mmol/1.6 mmol)
in NMP (4 mL) for 1 h. Boc removal was achieved with neat
trifluoroacetic acid (TFA containing 0.5% m-cresol, 15 mL) for
20 min. A methanol wash followed the TFA treatment, and then suc-
cessive washes (23 mL) with triethylamine (TEA) solution (10% in
DCM), methanol, and DCM completed the neutralization sequence.
After completion of the synthesis, the Boc group of the terminal amino
acid was removed with neat TFA for 20 min and then N-terminal
acetylation was accomplished by addition of neat acetic anhydride
(10 mL) and pyridine (5 drops) for 10 min. Removal of the DNP group
of the side chain of His was achieved using thiophenol (10% in NMP,
15mL) for 2�3 h. Removal of the Fmoc andOFm side chains of Lys and
Asp was accomplished by piperidine (20% in NMP) for 20 min. The
lactam bridge was formed by treatment with PyBOP/HOBt/DIEA (0.8
mmol/1.6 mmol/2.4 mmol) in NMP for 1.5 h. Peptide resin (0.75 g)
was deprotected and cleaved from the resin by anhydrous HF (10 mL)
containing the scavengers anisole (10% v/v) and methyl sulfide (5% v/
v) for 60 min at 0 �C. The cold diethyl ether-precipitated crude peptide
was dissolved in TEAP buffer at pH 2.25 and purified using a preparative
Shimadzu RP-HPLC system (two Shimadzu LC 8A pumps, an SCL-10A
controller, and an SDP 10A UV detector), a Waters PrepPak cartridge
(4.7 cm � 30 cm) packed with Grace Vydac C4 (15�20 μm particle
size), and the TEAP solvent system (eluent A =TEAP at pH 2.25; eluent
B = 60% CH3CN, 40% A). A linear gradient of 0.5% B/min increased
from 0% B with a flow rate of 100 mL/min; detection was at 220 nm.
Analytical HPLC screening was performed on a Grace Vydac C18

column (0.46 cm � 25 cm, 5 μm particle size, 300 Å pore size) using
a Shimadzu analytical HPLC system (two Shimadzu LC 10AT pumps,
an SCL-10A controller, and an SDP 10AUV detector). A linear gradient
of 1% B/min increased from 0%B to 50%B (eluent A = 0.05% TFA/
H2O; eluent B = 0.05% TFA/CH3CN) at a flow rate of 1.2 mL/min,
with detection at 210 nm. Fractions containing the desired product were
pooled and desalted in a second purification step on the same column
using a linear gradient of 0.5% B/minwhich increased from 0%B (eluent
A = 0.1% TFA; eluent B = 60% CH3CN, 40% A). The desired product
was lyophilized. See Supporting Information Table SI-2 for yields.

Peptides 7 and 8 were purchased from GLBiochem (Shanghai,
China) and were synthesized with purities of 98.6% and 98.9%,
respectively. Identities were confirmed by mass spectrometry. All
peptides were determined to be g95% pure by analytical RP-HPLC.
NMR Spectroscopy. NMR samples were prepared by dissolving

5�10mg of peptide in 550 μL of 94%H2O/6%
2H2O. For each peptide,

a series of one-dimensional spectra at 5 �C intervals was collected over
the temperature range of 5�25 �C. Two-dimensional homonuclear total
correlation (TOCSY) spectra with a spin-lock time of 70 ms, nuclear
Overhauser enhancement (NOESY) spectra withmixing times of 50 and
250 ms, and double quantum filtered correlation (DQF-COSY) spectra
were acquired at 600 MHz on a Bruker DRX-600 spectrometer. The
water resonance was suppressed using the WATERGATE pulse
sequence.33 All spectra were acquired at 5 �C and pH 3.0 unless
otherwise stated and were referenced via the water resonance. Spectra
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were processed using TOPSPIN (Version 1.3, Bruker Biospin) and
analyzed using XEASY (Version 1.3.13).34

Molecular Dynamics. Models of the lactam analogues were
generated from the solution structure of μ-KIIIA (BMRB entry
20048) by homology modeling methods using Modeller (8v2)
software.35 The 20 experimental NMR structures of μ-KIIIA were each
used to generate 25 initial models. From each of the 25 initial models, the
model with the lowest Modeller Objective Function was selected as the
representative structure for each of the 20 experimental templates. The
representative structure that was most similar to the other 19 models,
selected based on a principal component analysis of the root-mean-
square deviation of the superimposition of backbone atoms, was used in
further modeling. Lactam bridges were built into the models using
InsightII (Accelrys, 2005). The representative model was subjected to
molecular dynamics simulations using the GROMACS version 3.3.1
package of programs36 and the OPLS-aa force field.37 The peptides were
solvated in a cubic box of water with dimensions of 40 Å. The ionizable
residues Arg, His, and Lys each carried a +1 formal charge, while Asp was
modeled with a �1 charge; the total charge of the system was made
neutral by replacing water molecules with chloride ions. The LINCS
algorithm was used to constrain bond lengths.38 Peptide, water, and ions
were coupled separately to a thermal bath at 300 K using velocity
rescaling39 applied with a coupling time of 0.1 ps, while the pressure was
maintained at a reference pressure of 1 bar through coupling to an
isotropic barostat using a time constant of 0.5 ps and compressibility of
4.5 � 10�5 bar�1. All simulations were performed with a single
nonbonded cutoff of 10 Å, applying a neighbor-list update frequency
of 10 steps (20 fs). The Particle-Mesh Ewald method was applied to deal
with long-range electrostatics with a grid width of 1.2 Å and fourth-order
spline interpolation. All simulations consisted of an initial minimization
to prevent close contacts, followed by 10 ps of positional restrained MD
to equilibrate the water molecules with the polypeptide fixed. The time
step used in all the simulations was 2 fs, and eachMD simulation was run
for a total period of 50 ns. The helical contents of the conformations
sampled throughout the simulation were analyzed using the g_helix
function in GROMACS.
Electrophysiology of Mammalian NaV1 Clones Expressed

in Xenopus laevis Oocytes. Oocytes expressing one of the
α-subunits NaV1.1 through 1.7 (all from rat except NaV1.6, which was
from mouse) were prepared and two-electrode voltage-clamped essen-
tially as described previously.7,40 Briefly, oocytes were placed in a 30 μL
chamber containing ND96 and two-electrode voltage-clamped at a
holding potential of �100 mV. To activate VGSCs, the membrane
potential was stepped to a value between�20 and 0 mV (depending on
NaV1 subtype) for a 50 ms period every 20 s. To apply peptide, the
perfusion was halted, 3 μL of peptide solution (at 10 times the final
concentration) was added to the 30 μL bath, and the bath was manually
stirred for about 5 s by gently aspirating and expelling a few μL of the
bath fluid several times with a pipettor. Peptide exposures were in static
baths to conserve material. All recordings were made at room tempera-
ture (∼21 �C). Steady-state IC50 values were obtained by fitting block
percentage versus [peptide] data to the Hill equation, Y = 100� 1/(1 +
(IC50/[peptide])

n
H), where Y is the % block of the peak of the voltage-

activated sodium current. Values of koff were determined from single-
exponential fits of the time course of recovery from block following toxin
washout. Curve fittings were done with KaleidaGraph (Synergy Soft-
ware), Prism (GraphPad Software), or in-house software written in
LabVIEW (National Instruments).
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Boc, t-butoxycarbonyl; Bzl, benzyl;DCM, dichloromethane;DIC,
N,N0-diisopropylcarbodiimide; DIEA, N,N-diisopropylethy-
lamine; Fmoc, fluorenylmethyloxycarbonyl chloride; HOBt, 1-
hydroxy-benzotriazole; μ-KIIIA, μ-conotoxin KIIIA from Conus
kinoshitai; MBHA, 4-methylbenzhydrylamine;MD, molecular
dynamics; NaV1.1, NaV1.2 etc., α-subunit of the voltage-gated
sodium channel subtype 1.1, 1.2, etc.; NMP, N-methylpyrrolidi-
none;OcHex, cyclohexyl ester;OFm,9-fluorenylmethyl ester; PyBOP,
benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosp-
hate; rms, root-mean-square;TEA, triethylamine; TEAP, triethy-
lammonium phosphate; TFA, trifluoroacetic acid; VGSC, voltage-
gated sodium channel.
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