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’ INTRODUCTION

The venoms of marine snails provide a plethora of conotoxins
that have promising potential as drug leads based on their
selectivity and potency toward therapeutically relevant mem-
brane receptors and ion channels.1�5 Several conotoxins are at
various stages of preclinical or clinical development, with one
example, ω-conotoxin MVIIA, approved since 2004 for the
treatment of neuropathic pain.6 However, owing to their peptidic
nature, conotoxins potentially are susceptible to the general
disadvantages of peptide-based drug leads in vivo, including poor
stability, low oral bioavailability, and short biological half-life.7 In
one approach to overcoming these limitations, synthetic back-
bone cyclization of conotoxins, with appropriately sized linkers
spanning the N- and the C-termini, has been used to engineer
improved stability against a proteolytic attack and associateddegrada-
tion in human serum, while maintaining biological activity. This
approach has been successfully demonstrated for several con-
otoxins, including MII, MrIA, and Vc1.1,8�10 and potentially is
applicable to other conotoxins. Here, we aimed to apply cycliza-
tion technology to a conotoxin with a different Cys framework
from these to test the generality of the approach and herein
report studies on conotoxin RgIA. This peptide is of potential
interest as a lead for the development of new treatments for
chronic pain.11,12

RgIA is a member of the 4/3 subfamily of α-conotoxins, with
the numerals 4/3 referring to the number of residues in the first

and second cysteine loops,13,14 respectively (Figure 1). This 4/3
spacing contrasts with the 4/7 spacing of α-conotoxins MII and
Vc1.1, although all three peptides share a common disulfide
connectivity characteristic of α-conotoxins, referred to as the
globular connectivity. By contrast, χ-conotoxin MrIA has a di-
sulfide connectivity different from that of the α-conotoxins,
referred to as the ribbon form. Thus, RgIA differs either in Cys
spacing or disulfide connectivity from other conotoxins that have
been artificially cyclized, with the exception of a recent study on
ImI, which also has a 4/3 framework.15 However, the ImI study
focused on short linkers (of three or fewer residues), which
generally resulted in non-native disulfide isomers that were not
tested for biological activity. Here, we focused on longer linkers
of RgIA to favor the bioactive fold.

The sequence of RgIA was discovered using PCR amplifica-
tion of a DNA template from Conus regius.16 However, when the
native peptide, reg1e, was isolated from the venom duct of
C. regius, two major differences to RgIA were observed: (a) the
putative C-terminal residue, Arg,13 in RgIA was not present,
and the peptide instead had an amidated C-terminus, a post-
translational modification common to many other α-conotoxins,
and (b) a hydroxyproline was present at position 6 instead of a
proline.17 The C-terminal Arg13 has been reported not to play a
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ABSTRACT: α-Conotoxin RgIA is of interest as a lead in the
development of drugs for neuropathic pain. It modulates the
α9α10 nicotinic acetylcholine receptor (nAChR) and theGABAB

receptor, both of which are implicated in antinociception. How-
ever, because of its peptidic nature, RgIA is potentially suscep-
tible to generic problems encountered by peptide-based drugs of
poor oral bioavailability, short biological half-life, and low stabi-
lity.Here, we improved the biopharmaceutical properties of RgIA
by backbone cyclization using 3�7 residue peptidic linkers.
Cyclization with a six-residue linker does not perturb the overall
structure of RgIA, improves selectivity for the GABAB receptor
over the α9α10 nAChR, and improves stability in human serum. The results provide insights to further improve the therapeutic
properties of RgIA and other conotoxins being considered as drug leads and confirm that cyclization is a readily applicable strategy to
improve the stability of peptides with proximate N- and C-termini.
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significant role in the binding or activity of RgIA at the α9α10
nicotinic acetylcholine receptor (nAChR).18 Consequently, the
cyclic analogues of RgIA described in the current study do not
contain the C-terminal Arg13 and are generically referred to as
cRgIA-(n) analogues, where n refers to the number of residues in
the linker.

Until recently, the presumed main target for RgIA and the
α-conotoxin Vc1.1 was the α9α10 nAChR.16,18,19 However,
a recent study identified another potential target, the GABAB

receptor coupled to the N-type calcium channel, in the anti-
nociceptive effects of RgIA and Vc1.1.11 The α9α10 nAChR is a
ligand-gated ion channel with an important role in the auditory
system, mediating synaptic transmission between efferent olivo-
cochlear fibers and cochlear hair cells20�22 and splanchnic nerve-
chromaffin cell synapses in acute adrenal slices of cold-stressed
rats.23 In contrast, the GABAB receptor is a metabotropic receptor
coupled to a G protein24 and found to exist as a heterodimer of
GABAB1 andGABAB2 subunits.

25�29 GABAB is distributed widely
in the central and peripheral nervous systems and has been linked
to antinociception and antidrug cravings.30�32

In this study, we used backbone cyclization to improve the
serum stability of RgIA, while maintaining activity at the α9α10
nAChR and the GABAB receptor. A range of cyclic and linear
analogues were synthesized, as summarized in Figure 1. The
cyclic analogues were designed with three to seven residues in the
linker region and were tested at the human α9/rat α10 nAChR
hybrid and the GABAB receptor. The cyclic and equivalent linear
analogues were also tested in human serum to examine the effect
of cyclization on the biological half-life of the peptides. The
structure of the most potent analogue was determined using
NMR and provides a basis for understanding the improved
stability and efficacy of the re-engineered native toxin.

’RESULTS

Peptide Synthesis and Oxidative Folding. Peptide chains
were assembled using 9-fluorenylmethyloxycarbonyl or tert-butox-
ycarbonyl chemistry for linear or cyclic peptides, respectively. The
folding of linear RgIA was previously achieved with the addition of
25% propan-2-ol in 0.1 M NH4HCO3 folding buffer to favor the
globular isomer and minimize the yield of unwanted ribbon
isomer.33 In the current study, all cyclic analogues were folded
using a directed folding approach to explicitly form the desired

disulfide bonds. Globular RgIA has two disulfide bonds, with a
CysI-CysIII and CysII-CysIV connectivity, so two acetamidomethyl
(Acm) protected cysteines (CysII and CysIV) were incorporated
into the linear precursors. This ensured that in the first folding
step in 0.1 M NH4HCO3, the Cys

I-CysIII disulfide bond would
form, and after reaction with iodine, the second disulfide bond,
CysII-CysIV, would form. Small yields of the ribbon isomer
were also present (∼5�10%), suggesting minor reshuffling of
the disulfide bonds during the iodine oxidation step. The linear
peptides reg1e and RgIA[ΔR] were folded in 0.1 M NH4HCO3

without the addition of 25% propan-2-ol and yielded two isomers
in a 3:2 globular/ribbon ratio, similar to that found for RgIA in
the presence of 25% propan-2-ol.33 The isomers were identi-
fied by NMR, and the globular isomer was separated and
purified for further studies. The ribbon isomer has previously
been shown to be inactive33 and was therefore not further
examined.
NMR Analysis and Structure Determination. NMR spec-

troscopy was used to assess the structures of the cyclic peptides
relative to the wild-type peptides, RgIA and RgIA[ΔR], and
thereby to confirm the native globular fold. RgIA is reported to
have a type I β-turn from Cys2-Asp5, a 310 helix over residues
Asp5-Arg9, and a type VIII β-turn for Arg9-Cys.12,33 For the cyclic
peptides studied here, αHi-NHi + 1 NOE connectivities from
NOESY spectra were used to guide the sequential assignment of
the individual spin systems determined from TOCSY spectra. As
αH secondary shifts are sensitive to the backbone conforma-
tion,34 they were used to assess if there were any changes in the
secondary structure caused by the head-to-tail cyclization of the
various analogues. Figure 2A shows that the αH secondary shifts
of most analogues superimpose well with those of RgIA and
RgIA[ΔR], confirming that they have a native secondary struc-
ture. The linker region is, as expected, disordered based on small
values for secondary shifts in this region. The secondary shifts of
cRgIA-3 and cRgIA-4 showed some variations relative to RgIA-
[ΔR], suggesting perturbations in their structures. In addition,
there is a small localized variation in αH secondary shift at
position 6 in reg1e, presumably due to the Pro6 at this position
being replaced with hydroxyproline.35

Given the similarity of secondary shifts formost cyclic analogues,
a full three dimensional (3D) structure was determined for only
one example, i.e., cRgIA-6, using simulated annealing based on
NMR-derived restraints. The NMR-derived structural ensemble is

Figure 1. Covalent structure and sequences of RgIA and analogues. The cyclization strategy applied to RgIA is shown for different size linkers spanning
theN- andC-termini of the peptide structure. The sequences of the analogues are shownwith the cysteinesmarked with black bars. The black lines above
the sequences indicate the native (globular)50 disulfide connectivity of CysI-CysIII and CysII-CysIV. The black lines below the sequence show the
ribbon50 disulfide connectivity of CysI-CysIV and CysII-CysIII.
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shown in Figure 2B, and the corresponding structural statistics
are in Table 1. PROMOTIF36 and PROCHECK37 were used to
analyze the ensemble of structures. Consistent with the linear
wild-type peptide, a 310 helix between residues 2�8 and a type IV
β-turn between residues 9�12 were identified. The backbone
rmsd for residues 2�11 is 0.88 Å, whereas the rmsd over only
loop 1 (residues 2�7) is 0.34 Å, showing that loop 2 is somewhat
disordered compared to the rest of the structure. By contrast,
loop 2 is not disordered in RgIA (shown for comparison in
Figure 2B). This minor difference between the linear and cyclic
structures appears to be related to broadening of some peaks near
Tyr10 in the cRgIA-6 NMR spectra leading to fewer NOEs. For
example, no cross-peaks involving the amide protons of Arg9

and Tyr10 were observed, and the HN-Hα cross-peak for Arg11 was
broadened compared to other cross-peaks in the spectra.

Potency of the RgIA Analogues at the Human α9/Rat α10
nAChR (hα9rα10). RgIA and all analogues were tested on the
α9α10 (human α9/rat α10) nAChR. The EC50 for ACh
activation of the hα9rα10 hybrid was ∼50 μM, and the IC50

for inhibition of ACh-evoked currents by RgIA was∼50 nM (see
Figure 3). The analogues were initially tested at a concentration
of 50 nM, and the results statistically analyzed using a two-sample
t test at p = 0.05 (assuming equal variances). This initial screen
confirmed that RgIA and RgIA[ΔR] had no significant difference
(60( 3.9% and 55( 5%, respectively) in their inhibitory activity
at 50 nM. However, reg1e, cRgIA-3, cRgIA-4, cRgIA-5, and
cRgIA-6 had significantly reduced inhibitory activities of 41 (
14.7%, 8 ( 8.6%, 12 ( 7.2%, 25 ( 5.3%, and 39 ( 3.7%,
respectively, relative to RgIA. Of the five cyclic analogues tested,
cRgIA-7 was equally potent to RgIA[ΔR], causing 60 ( 5.7%
inhibition of ACh-evoked currents. The IC50 was determined
(Figure 3B) for the analogues that retained activity comparable
to that of RgIA (RgIA[ΔR] and cRgIA-7), as they were of most
interest for further study.

Figure 2. αH secondary shifts of RgIA and analogues with structures
for RgIA and cRgIA-6. (A) αH secondary shifts for all the peptides
synthesized in this study. There is a precise superimposition of the
peptide backbone (residues 2�12) for most of the analogues relative
to RgIA. Some structural perturbations are apparent for cRgIA-3
and -4. The linker region is indicated. (B) Ensembles of the NMR-
derived structure are shown for RgIA and its cyclic analogue cRgIA-6.
The peptide backbone is shown in black and the disulfide bonds in
gray. The 20 lowest energy structures for RgIA are from Clark et al.,33

and the 20 lowest energy structures of cRgIA-6 were determined in
this study.

Table 1. NMR Statistics for cRgIA-6a

experimental data for cRglA-6

NMR Distance and Dihedral Constraints

total NOE 47

sequential (|i � j| = 1) 26

medium-range (|i � j| e 4) 13

long-range (|i � j g 5) 8

j restraints 3

Structure Statistics

maximum dihedral angle violation (deg) 3

maximum distance constraint violation (Å) 0.3

Mean Energies (kJ/mol)

Eoverall �522.29 ( 19.07

Ebonds 3.16 ( 0.82

Eangles 16.04 ( 4.78

Eimproper 3.04 ( 1.18

EVDW �6.39 ( 7.95

ENOE 3.89 ( 1.82

EcDIH 0 ( 0

Edihedral 57.21 ( 7.41

Eelectrostatic �599.25 ( 22.78

rmsd

bonds (Å) 0.0037 ( 0.0005

angles (deg) 0.51 ( 0.07

improper (deg) 0.39 ( 0.07

NOE 0.032 ( 0.008

cDIH 0 ( 0

mean global backbone atoms (residues 2�11) 0.88 ( 0.38

mean global heavy atoms (residues 2�11) 2.40 ( 0.57

Ramachandran Statistics (%)

residues in most favored regions 77

residues in additional allowed regions 23

residues in generously allowed regions 0

residue in disallowed regions 0
a Pairwise rmsd was calculated among 20 refined structures.
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Effects of RgIA and Cyclic Analogues on GABAB Receptor-
Mediated Inhibition of High Voltage-Activated (HVA) Ca2+

Channels. On the basis of recent reports11,38 implicating the
GABAB receptor as a target for Vc1.1 and RgIA, the linear and
cyclic analogues were tested for GABAB receptor-dependent
inhibition of HVACa2+ channel currents in rat DRG neurons. As
shown in Figure 4, the six-residue linker analogue was the most
potent of the cyclic RgIA peptides. The IC50 for the obtained
inhibition of HVA Ca2+ channel currents by RgIA, reg1e, RgIA-
[ΔR], cRgIA-3, cRgIA-4, cRgIA-5, cRgIA-6, and cRgIA-7 was 40.7
( 13.7 nM (n = 3), 20.5( 7.5 nM (n = 3), 4.4( 2.3 nM (n = 4),

82.5 ( 17.5 nM (n = 3), 70.1( 12.0 nM (n = 3), 11.5( 4.6 nM
(n = 4), 4.3 ( 1.4 nM (n = 4), and 36.3 ( 18.3 nM (n = 5),
respectively. For convenience, comparative data for the α9α10
nAChR and GABAB receptors are summarized in Table 2.
Serum Stability Assay. RgIA[ΔR] and the cyclic analogues

were tested in human serum todetermine the effects of cyclizationon
stability. Figure 5 shows that the cyclic peptides are more stable than
the corresponding linear peptide, with the six- and seven-residue
linkers most effective. At 5 h, 92 ( 1.08% of the linear RgIA[ΔR]
analogue had degraded, but only 43( 0.3% and 54( 4% (n = 3),
respectively, of the cRgIA-6 and -7 linker analogues had degraded.

Figure 3. Inhibitory activity of RgIA analogues at the human α9/rat α10 nAChR expressed in Xenopus oocytes. (A) RgIA, RgIA[ΔR], and cRgIA-7 at a
single dose of 50 nM exhibits comparable activity. Asterisks indicate analogues with significant reductions in their inhibition of ACh-evoked currents
relative to RgIA. (B) Concentration�response curves and IC50s obtained for RgIA, RgIA[ΔR], and cRgIA-7 (95% confidence intervals are indicated).

Figure 4. Effects of cyclic RgIA analogues at GABAB receptor-coupled HVA calcium channels in rat DRG neurons. Superimposed depolariza-
tion-activated whole cell Ba2+ currents elicited by voltage steps from a holding potential of �80 to �10 mV in the absence (control) and presence of
(A) 10 nM and 300 nM cRgIA-7 and (B) 10 nM cRgIA-6, respectively. Concentration�response relationship for the inhibition of HVA Ca2+ channel
currents in DRG neurons by (C) RgIA and linear analogues and (D) RgIA[ΔR] and cyclic RgIA analogues with 3�7 linkers (n = 2�5 cells per data
point). Data points represent the mean ( SEM of normalized peak current amplitude.
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’DISCUSSION

In this study, we designed and synthesized a range of cyclic
RgIA analogues with linkers ranging from three to seven residues
to span the peptide termini of a native conotoxin sequence. The
aim was to produce an analogue that maintained activity relative
to RgIA but had improved biological half-life in human serum.
NMR chemical shift analysis confirmed the structural conserva-
tion of the five- to seven-residue linker analogues relative to the
linear peptide. The cyclic peptides were tested at the α9α10
nAChR and the GABAB receptor, and their stability in human
serum was measured. The 3D structure of the most potent cyclic
analogue, i.e., that containing a six-residue linker spanning
the termini of the native peptide, was determined. Overall, the
structure�activity data confirmed that the six- and seven-residue
linker analoguesmaintain native structure and activity at the GABAB

receptor and are significantly more stable than the linear peptide
in human serum. The results highlight the value of cyclization for
improving the biopharmaceutical properties of 4/3 α-conotoxin
RgIA and more broadly provide guidance for cyclization strate-
gies for other disulfide-rich proteins.

The cyclic RgIA peptides were designed taking into account
the distance between the N- and C-termini of the native peptide,
which is∼11.6Å. Fromprevious studies on otherα-conotoxins,10,39

we deduced that a linker of six residues or more would be
appropriate to span this distance. Although it was anticipated that
smaller linkers (2�4 residues) might induce strain in the
molecule, it was of interest to verify this experimentally. Thus,

we synthesized a suite of cyclic RgIA[ΔR] analogues incorporat-
ing linkers of various lengths, including some shorter ones. The
linkers were composed of mixtures of Gly and Ala residues,
appropriately ordered to facilitate NMR spectral assignments.
We reasoned that with no more than two consecutive residues of
the same type present in the linker, there would be minimal
overlap in the NMR spectra but that three or more consecutive
residues of the same type might lead to chemical shift degen-
eracy, making structure determinationmore difficult. Gly and Ala
were chosen as linker constituents primarily because they are
small and do not have side chains capable of hydrogen bonding,
and so are not likely to disrupt the native structure of RgIA or to
form new secondary structural elements in the linker region.

As cyclization of the backbone could lead to structural
perturbations, it was important to check the structures of the
cyclic analogues prior to interpreting the biological activity data.
Secondary αH NMR chemical shifts are sensitive to peptide
conformations and were used to provide comparative informa-
tion on the structural folds. The secondary αH shifts of the core
regions of most of the cyclic analogues were very similar to those
of RgIA, suggesting no change in the overall global fold of the
peptides. Notable exceptions were cRgIA-3 and cRgIA-4, which
exhibited significant variations in the secondary αH chemical
shifts of core residues, suggesting perturbations in their overall
backbone fold. Thus, the hypothesis that a linker of three or four
residues is likely to force the N- and the C-termini together,
putting strain on the peptide conformation, proved to be
experimentally verified. Consistent with their perturbed confor-
mations, these analogues had substantially decreased activities at
both the α9α10 nAChR and the GABAB receptor. Overall, it is
clear that linkers of five residues or more introduce minimal
strain into the cyclic peptides, and we thus focused on these
analogues.

The NMR αH chemical shifts of the linkers themselves were
all close to random coil values, suggesting that the linkers do not
have a defined conformation, a suggestion that was verified from
the full 3D structure determination of cRgIA-6 (Figure 2B). This
finding is consistent with the original design hypothesis that the
Gly/Ala linkers would not adopt a well-defined structure, but its
validation provides guidance for the optimization of the design of
new cyclic peptides. Now that the principles governing linker
length have been established and the chemical means of making
cyclic conotoxins has been developed, it might be useful in future
studies to consider more complex linkers. Most α-conotoxins
should be tolerant to a wide range of linker types as their
bioactive regions are all confined within the Cys-rich core, and
the vast majority of α-conotoxins contain at most one N- or
C-terminal residue outside that core.40 They are thus not biased
by pre-existing sequences in what will become the linker region.
Conotoxin GID is a rare exception to this trend and has an
extended N-terminal tail that appears to be important for
activity.41 In cases like GID, the existing residues in the N- or
C-terminal tails could be incorporated within a cyclizing linker.
More generally, linkers could be used to modify biopharmaceu-
tical properties in a number of ways, including increasing mem-
brane permeability by incorporating hydrophobic amino acids or
by attaching glycolipids to linker residues.42,43 Nonpeptidic
linkers have also been contemplated.44,45 The findings of the
current study should assist in such future linker engineering
studies since they provide a baseline of information about linker
lengths appropriate for a 4/3 conotoxin. They are complemen-
tary to a recent study on the 4/3 conotoxin, ImI,15 which showed

Table 2. Comparison of IC50s (nM) Determined for Inhibi-
tion of α9α10 nAChRs and GABAB/N-type Ca

2+ Channels by
RgIA and Analogues, RgIA[ΔR], cRgIA-6, and cRgIA-7a

peptide α9α10 nAChR (n) GABAB/N-type Ca
2+ channel (n)

RgIA 40 (28�59) (3) 40.7 ( 13.7 (3)

RgIA[ΔR] 34 (14�83) (3) 4.4 ( 2.3 (4)

cRgIA-6 >50 (3) 4.3 ( 1.4 (4)

cRgIA-7 19 (10�39) (3) 36.3 ( 18.3 (5)
aConfidence intervals (95%) are indicated for α9α10 nAChR and
mean ( SEM for GABAB/N-type Ca

2+.

Figure 5. Serum stability of cyclic RgIA analogues. Cyclic and selected
linear analogues were incubated in human serum over 24 h and their
degradation monitored. The linear analogue, RgIA[ΔR], was the least
stable, and as linker size of the cyclic analogue increased, so too did the
stability of the peptides. The six-residue and seven-residue linker
peptides are the most stable in human serum. Error bars represent the
mean ( SEM.
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that short linkers tended to favor a non-native ribbon disulfide
connectivity. Here, we show that longer linkers favor the native
globular connectivity.

The systematic studies of linker length reported here show
that differential effects are seen at the two main targets for RgIA,
thus providing opportunities for tailoring selectivity. As the size
of the linker increased, so too did the ability of the cyclic RgIA
peptides to inhibit ACh-evoked currents at the α9α10 nAChR,
with the most potent inhibitor at the α9α10 nAChR being
cRgIA-7. This trend might be a consequence of longer linkers
having greater flexibility and therefore reducing any residual
strain on the main chain of the peptide. By contrast, the most
potent cyclic analogue for GABAB receptor-dependent inhibition
of HVA Ca2+ channel currents in rat DRG neurons was cRgIA-6,
and increasing to a seven-residue linker had a detrimental effect
on potency, increasing the IC50 nearly 10-fold from 4 nM to
36 nM. It appears that entropic effects contribute more to
GABAB receptor-mediated Ca

2+ channel current inhibition than
to α9α10 nAChR-mediated binding and that excess flexibility in
the ligand is, accordingly, energetically more costly. Thus, further
improvements in GABAB targeting might be achieved by a more
rigid six-residue linker, perhaps incorporating Pro as a confor-
mationally constrained residue.

Interestingly, the linear peptide RgIA[ΔR] has potency similar
to that of cRgIA-6 at the GABAB receptor, raising the possibility
that removal of the terminal arginine might be responsible for the
enhanced activity relative to the native peptide. However, cRgIA-
7, which also lacks the arginine residue, has lower activity at the
GABAB receptor, indicating that deletion of the arginine residue
alone does not enhance potency. The negative charge of the
C-terminal carboxyl is masked in RgIA[ΔR] since this peptide is
amidated; therefore, comparisons between cyclic and linear
molecules are not complicated by this factor. However, it would
be interesting in future studies to deconvolute the role (if any) of
terminal charge neutralization in the improved activity of cyclic
derivatives.

Cyclization has been demonstrated to improve the stability of
several conotoxin peptides;8�10,15,39 therefore, the peptides
examined here were tested in human serum to see if they had
enhanced stability against degradation. There was an improve-
ment in the stability of the cRgIA-6 and cRgIA-7 analogues
relative to RgIA[ΔR], further supporting what has been found
with other conotoxins and suggesting that cyclization should be a
widely applicable approach to conotoxin stabilization. The im-
provement in stability brought about by cyclization appears to be
a general phenomenon and is reflected in the exceptional stability
of a large number of naturally occurring disulfide-rich macro-
cyclic peptides from bacteria, plants, and animals,46 best exem-
plified by the disulfide-rich cyclotides.47 Indeed, it was the natural
head-to-tail cyclic backbone of these molecules that originally
inspired the strategy to artificially cyclize conotoxins. The ap-
plication of cyclization to other peptide toxins being explored for
therapeutic benefits, such as toxins from snakes or scorpions,
might also help in improving their stability. A recent study
showed, for example, improvements in the serum stability of
the scorpion toxin chlorotoxin, which when conjugated to a dye
has been proposed as an imaging agent for defining the margins
of brain tumors during surgery.48 The cyclization approach is
complementary to a range of other approaches that have been
applied for optimizing conotoxin-based drug leads.45 Finally,
the in vivo effects of improving the stability of conotoxins via
cyclization have not been widely studied, but cyclization of Vc1.1

was associated with the induction of orally delivered activity in an
animal pain model,10 so there is promise that improvements in
oral activity might also be achieved for other peptides via
cyclization. Further studies are required to establish if cyclization
facilitates oral analgesic activity of RgIA, as it did for Vc1.1.
We also note that additional studies on human receptors, rather
than rat (or hybrid rat/human) receptors as studied here, will be
necessary before a complete assessment of cyclic RgIA as a
potential therapeutic can be made.

’EXPERIMENTAL PROCEDURES

Synthesis and Cleavage of Mutants. Linear and cyclic peptide
mutants were assembled on a rink amide MBHA resin (Novabiochem)
and phenylacetamidomethyl resin, respectively, using manual solid-
phase peptide synthesis with an in situ neutralization/2-(1H-benzotria-
zol-1-yl)-1,1,3,3,-tetramethyluronium hexafluorophosphate (HBTU)
activation procedure for 9-fluorenylmethyloxycarbonyl and tert-butox-
ycarbonyl chemistry. All cyclic peptides were synthesized using acet-
amidomethyl (Acm) protection on CysII and CysIV to direct the folding
into the correct globular conformation. The linkers were composed of
small amino acids (Ala and Gly) arranged to avoid spectral degeneracy.
Cleavage of the peptide from the resin was achieved by treatment with
trifluoroacetic acid (TFA), triisopropylsilane (TIPS), and water as
scavengers (9:0.5:0.5 TFA/TIPS/water). The reaction was allowed to
proceed at room temperature (20�23 �C) for 2.5 h. The TFA was then
evaporated, and the peptide was precipitated with ice-cold ether, filtered,
dissolved in 50% solvent A/B (Solvent A: H2O/0.05% TFA. Solvent B:
90% CH3CN/10%H2O/0.045% TFA), and lyophilized. tert-Butoxycar-
bonyl peptides were cleaved using hydrogen fluoride (HF) with p-cresol
and p-thiocresol as scavengers [9:0.8:0.2 (vol/vol) HF/p-cresol/
p-thiocresol] at �5 to 0 �C for 1.5 h. After cleavage, the peptide was
precipitated with ether and then dissolved in 50% acetonitrile containing
0.05% trifluoroacetic acid (TFA) and lyophilized.

Crude peptides were purified by RP-HPLC on a Phenomenex C18
column using a gradient of 0�80% B in 80 min, with the eluent
monitored at 215 and 280 nm. These conditions were used in
subsequent purification steps unless stated otherwise. ES-MS confirmed
the molecular mass of the fractions collected, and those displaying the
correct mass were pooled and lyophilized for oxidation. All peptides
were oxidized by dissolution in 0.1 M NH4HCO3 (pH 8.2) at a
concentration of 0.3 mg/mL with stirring overnight at room tempera-
ture. For RgIA, 25% of propan-2-ol was added to the buffer. The
peptides typically folded into one predominant form, which was
apparent by RP-HPLC, and were purified using a gradient of 0�80%
solvent B over 160 min. The 9-fluorenylmethyloxycarbonyl synthesized
peptides were analyzed on analytical RP-HPLC and ES-MS to confirm
the purity and molecular mass, and the disulfide connectivity was
confirmed by NMR spectroscopy. For the tert-butoxycarbonyl synthe-
sized Cys-Acm protected cyclic peptides, the Acm protecting group had
to be removed to allow the second disulfide bond to form. For this step,
the cyclic peptides were dissolved in 50% acetic acid (0.5 mg/mL) in the
presence of 1 M HCl (0.1 mL/mg) and 0.1 M I2 (in 50% acetic acid).
The flask was flushed with nitrogen, and the reaction was left to proceed
for 24 h. Ascorbic acid (1 M) was used to quench the reaction before
another purification step on a 0�80% solvent B gradient over 160min. If
isomers could not be separated at this gradient, the samples were
repurified on a 0�40% solvent B gradient over 160 min. All peptides
were assessed to be of >95% purity using HPLC.
NMR Spectroscopy. NMR data for all peptides were recorded on

Bruker Avance 500 and 600MHz spectrometers, with samples dissolved
in 90% H2O/10% D2O. Two dimensional NMR experiments included
TOCSY and NOESY recorded at 280 K, pH 3.5, with mixing times of
80 and 350 ms, respectively. In preliminary experiments, NOE peak
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intensities at a typically used mixing time for structure determination of
200 ms were found to be very weak. NOE build-up curves were thus
measured (Supporting Information, Figure S1) to determine the optimal
mixing time for obtaining distance information. The build-up curves
indicated that a mixing time of 350 ms provided a good compromise
between signal intensity and spin diffusion. Spin diffusion appeared to be
negligible at this mixing time, which is still on the steep part of the NOE
build-up curve. Spectra were analyzed using Topspin 1.3 (Bruker) and
Sparky software.
Electrophysiological Recordings from nAChRs Expressed

in Xenopus Oocytes. All oocytes were injected with 5 ng of cRNA of
humanα9 and ratα10 nAChR subunits and kept at 18 �C inND96 buffer
(96 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and 5 mM
HEPES, at pH 7.4) supplemented with 50 mg/L gentamicin and 5 mM
pyruvic acid two to five days before recording. The human α9 clone was
sourced from OriGene Technologies Inc. (Rockville, MD), and the rat
α10 clone was a gift from Dr. A.B. Elgoyhen (Buenos Aires, Argentina).
Human α10 clone was not available at the time the experiments were
done. Membrane currents were recorded from Xenopus oocytes using a
GeneClamp 500B amplifier (Molecular Devices, Sunnyvale, CA). Both
the voltage-recording and the current-injecting electrodes were pulled
from borosilicate glass (Harvard Apparatus Ltd., Edenbridge, UK) and had
resistances of 0.3 to 1.5 MΩ when filled with 3 M KCl. All recordings were
conducted at room temperature using a bath solution of ND96, as described
above.During recordings, the oocytes were perfused continuously at a rate of
1.5 mL/min, with 300 s incubation times for the peptide. Acetylcholine
(ACh) was applied for 2 s at 5 mL/min, with 3�5 min washout periods
between applications. RgIA and the analogues were bath applied and
coapplied with the agonist. Oocytes were voltage-clamped at a holding
potential of�80 mV. The peak current amplitude was measured before
and after incubation of the peptide.49

Electrophysiological Recordings fromDorsal Root Ganglia
(DRG) Neurons. DRG neurons were enzymatically dissociated from
ganglia of 7�14 day oldWistar rats as described previously.11 Procedures
for harvesting rat DRG were approved by the RMIT University Animal
Ethics Committee. The external recording solution for rat DRG neurons
contained (in mM) 150 TEACl, 2 BaCl2, 10 D-glucose, and 10 HEPES;
pH 7.3�7.4. Recording electrodes contained an internal solution
consisting of (in mM) 140 CsCl, 1 MgCl2, 5 MgATP, 0.1 NaGTP,
5 BAPTA-Cs4, and 10 HEPES, pH 7.3, with CsOH and had resistances
of 1.0�2.5MΩ. Membrane currents were recorded using the whole-cell
patch clamp recording technique with an Axopatch 200B amplifier
(Molecular Devices). A voltage protocol using step depolarizations
from �80 mV to �10 mV was used when examining high voltage-
activated (HVA) Ca2+ channel currents. Test potentials 150 ms in
duration were applied every 20 s. Leak and capacitative currents were
subtracted using a�P/4 pulse protocol. Currents were generated using
pClamp 9.2 software (Molecular Devices), filtered at 2 kHz, and
sampled at 8 kHz by the Digidata 1322A (Molecular Devices). Sampled
data were stored digitally for further analysis.
Stability Assays. Serum stability assays were carried out on male

AB human serum (Sigma-Aldrich). Serumwas centrifuged at 17,000g for
10 min, and the supernatant was removed and incubated for a further
10 min at 37 �C. Triplicate samples were prepared at a 1:10 dilution of
peptide/serum with a working peptide concentration of 20 μM. Forty
microliters of sample was removed at 0, 3, 5, 8, and 24 h and denatured in
40 μL of 6 M urea for 10 min at 5 �C. Forty microliters of 20%
trichloroacetic acid (TCA) was then added for 10 min to precipitate the
serum proteins at 5 �C. Samples were centrifuged at 14,000g for 10 min
before analysis on a 0.3 mL/min Phenomenex column using a linear
1% gradient of 0�50% solvent B. Triplicate samples of peptide in PBS
were also run for each time point as controls. An aliquot of the sample
was injected, and the amount of intact peptide remaining was deter-
mined by integration at 215 nm.
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