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Conotoxins, disulfide-rich peptides from the venom of cone snails, have created much excitement over
recent years due to their potency and specificity for ion channels and their therapeutic potential. One recently
identified conotoxin, MrIA, a 13-residue member of theø-conotoxin family, inhibits the human norepinephrine
transporter (NET) and has potential applications in the treatment of pain. In the current study, we show that
the â-hairpin structure of native MrIA is retained in a synthetic cyclic version, as is biological activity at
the NET. Furthermore, the cyclic version has increased resistance to trypsin digestion relative to the native
peptide, an intriguing result because the cleavage site for the trypsin is not close to the cyclization site. The
use of peptides as drugs is generally hampered by susceptibility to proteolysis, and so, the increase in
enzymatic stability against trypsin observed in the current study may be useful in improving the therapeutic
potential of MrIA. Furthermore, the structure reported here for cyclic MrIA represents a new topology
among a growing number of circular disulfide-rich peptides.

Introduction

Conotoxins are peptide toxins derived from cone snails that
vary in length from about 10 to 30 residues1-3 and act on a
wide range of ion channels. Cone snail-derived toxins have been
under investigation in recent years for the treatment of many
diseases and conditions, including chronic pain, epilepsy,
cardiovascular disease, psychiatric disorders, Parkinson’s dis-
ease, Alzheimer’s disease, cancer, and stroke.4-8 In addition to
their therapeutic applications, conotoxins have been widely
studied due to their convenient chemical synthesis and have
proved useful as pharmacological probes because of their high
potency and specificity at various ion channels. On the basis of
the large number ofConusspecies and the numerous conotoxins
found in a single species, it has been suggested that there are at
least 50 000 different conotoxins3, making them a rich source
of bioactive molecules.

The disulfide connectivity and pharmacological activities of
conotoxins have been used to divide them into a number of
families (e.g.,R, δ, µ, ø, ω, F, τ, σ, andκ).1,2 Several conotoxins
are currently in clinical trials, and one member of theω-cono-
toxin family, MVIIA (Prialt), is on the market for the treatment
of chronic pain.9,10 In addition, two closely relatedø-conotoxins,
MrIA and MrIB, isolated fromConus marmoreus, are selective
inhibitors of the norepinephrine transporter (NETa),11,12 and a
derivative of MrIA is currently being investigated as an analgesic
agent.13 Drugs that inhibit the NET also have the potential to
treat a number of neurological conditions, including depres-

sion,14 anxiety,15 chronic pain,16,17 and other psychiatric dis-
orders,18 as well as influencing learning, memory, endocrine,
and autonomic functions.19

MrIA 11,20,21is a 13-residue peptide containing two disulfide
bonds arranged in a “ribbon” (i.e., CysI-CysIV, CysII-CysIII )
connectivity in contrast to the “globular” (CysI-CysIII , CysII-
CysIV) connectivity observed inR andF conotoxins,11 as shown
in Figure 1a. The third possible disulfide connectivity, the
“beads” isomer,22 has not been found in native conotoxins. The
three-dimensional structure of MrIA consists primarily of a
â-hairpin, which places the N- and C-termini in close proxim-
ity.23 The residues in the turn connecting the well-defined
â-strands have been implicated as being important for biological
activity, and the C-terminally amidated form, MrIA-NH2, has
been shown to be slightly more active than the native peptide.12

The inherent vulnerability to enzymatic cleavage and poor
stability is one challenge that potentially limits the pharmaceuti-
cal use of peptides. Although most conotoxins are generally
considered to be relatively stable due to their cross-bracing
disulfide bond scaffold, improvements in stability can still be
beneficial, such as in the case of MrIA, where a derivative,
Xen2174, has been developed to overcome the relatively poor
stability of the native peptide.13 An alternative method of
improving stability is by joining the N- and C-termini of the
backbone via peptidic “linkers” to form a cyclic backbone. A
similar approach has been tried on larger proteins, including
â-lactamase,24 the replicative helicase fromE. coli, DnaB,25 and
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a Abbreviations: NET, norepinephrine transporter;1, cyclic MrIA; Dnp,
2,6-dinitrophenyl; HBTU, 2-((1H)-benzotriazol-1-yl)-1,1,3,3,-tetramethyl-
uronium hexafluorophosphate; MESNA, 2-mercaptoethanesulfonic acid
sodium salt; PAM, phenylacetomidomethyl; TOCSY, 2D total correlation
spectroscopy; NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy;
DQF-COSY, double quantum filtered correlation spectroscopy; ECOSY,
exclusive correlation spectroscopy; WATERGATE, water suppression by
gradient-tailored excitation; RMSD, root-mean-square deviation; RP-HPLC,
reverse-phase high performance liquid chromatography; LCMS, liquid
chromatography mass spectrometry; HF, anhydrous hydrogen fluoride; TFA,
trifluoroacetic acid.

Figure 1. Schematic representation of (a) the three possible types of
disulfide connectivities with four cysteines: ribbon, globular, and beads
and (b) the sequence of1 with the ribbon connectivity.
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green fluorescent protein, with increases in stability observed
upon cyclization.26 The use of cyclization for enhanced stability
has also been exemplified for theR-conotoxin MII.27 In the
current study, we show that this approach is also applicable for
the ø-conotoxin, MrIA, despite the vastly different biological
targets and structures of theR- and ø-conotoxins. A cyclic
version of MrIA, with a two-residue linker, as shown in Figure
1b, was synthesized, and its solution structure and biological
activity were determined. The cyclic molecule has substantially
increased resistance to proteolysis relative to the native peptide
but maintains equivalent biological activity.

Materials and Methods

Solid-Phase Peptide Synthesis.Boc-glycine-OCH2 phenyl-
acetomidomethyl (PAM) resin was obtained from Applied
Biosystems (Foster City, CA). Boc-L-amino acid derivatives
were purchased from Novabiochem (Laufelfingen, Switzerland).
HBTU was obtained from Fluka (Bu¨chs, Switzerland).S-
Tritylmercaptopropionic acid was purchased from Peptides
International (Louisville, KY). Dichloromethane, dimethylform-
amide, diisopropylethylamine, and trifluoroacetic acid (TFA)
were of peptide synthesis grade and purchased from Auspep
(Melbourne, Australia). Triisopropylsilane,p-cresol, ninhydrin,
and 2-mercaptoethanesulfonic acid sodium salt (MESNA) were
purchased from Aldrich (Milwaukee, WI). Hydrogen fluoride
was from Matheson (La Porte, TX), and all other gases were
purchased from BOC (Brisbane, Australia) and were of high
purity grade. HPLC grade acetonitrile was from Merck (Mel-
bourne, Australia), and HPLC-grade diethyl ether was from
Fluka. Milli-Q distilled and deionized water were used.

Peptides were synthesized on a 0.25 mmol scale using Boc
in situ neutralization protocols, using HBTU-mediated cou-
plings.28 The linear thioester peptide precursors were assembled
manually using aS-tritylmercaptopropyl spacer attached to Boc-
Gly-OCH2 PAM resin. Removal of theS-trityl group was
achieved using 5% triisopropylsilane in TFA (2× 1 min), and
the C-terminal amino acid amino acid was coupled with HBTU.
Cleavage of the peptides from the resin was achieved by
treatment with HF/p-cresol for 2 h at 0°C. Following evapora-
tion of the HF in vacuo, the crude peptides were precipitated
with cold diethyl ether, filtered, washed with additional ether,
then dissolved away from the resin using 50% aqueous
acetonitrile/0.1% TFA, and lyophilized. The crude linear
thioester peptides were purified using preparative RP-HPLC.

Cyclization. Linear thioester precursors were dissolved in
aqueous buffer consisting of 6 M guanidine hydrochloride/0.1
M tris, pH 7.8, containing 1 mg/mL MESNA. The buffer was
degassed with argon prior to the addition of the peptide, and
all operations were performed under a blanket of argon. The
reactions were monitored by analytical RP-HPLC. Reduced
cyclic peptide was isolated by semipreparative RP-HPLC.

Oxidation. Cyclic MrIA, referred to as1, was oxidized by
stirring the cyclic reduced peptide in 0.1 M NH4HCO3/50%
2-propanol, pH 8.0, in an open vessel and monitored by RP-
HPLC and LC-MS. The mixture was acidified to pH 2 using
TFA, the 2-propanol was evaporated in vacuo, and the final
peptide product was isolated using semipreparative RP-HPLC.

Radioligand Binding Assays.Cos-7 cells grown in 150 mm
dishes containing Dulbecco’s modified eagle medium and 10%
serum, were transiently transfected with plasmid DNA encoding
hNET using a metafectene reagent (Biontex). Membrane was
prepared 48 h post-transfection with the membrane stored in
10% glycerol at-80 °C. Tris (20 mM, pH 7.4), containing 75
mM NaCl, 0.2 mM EDTA, 0.2 mM EGTA, and 0.1% BSA,

was used as the buffer for radioligand binding assays. [N-methyl
3H] nisoxetine HCl (Perkin-Elmer Life Sciences, specific activity
70-87 Ci/mmol) was used at a concentration of 4.3 nM
(approximateKD value). The initial concentration of1 was 3×
10-5 M (for a final concentration of 1× 10-5 M). Serial
dilutions of 6 × 1:10 were then performed (50µL top dose
added to 450µL buffer and repeated). Polypropylene 96-well
round-bottom natural assay plates (Medos) were used. An
amount equal to 50µL each of competing compound, radio-
active ligand, and cell membrane were added successively to
give a total assay volume of 150µL, and the assay was
incubated at room temperature for 1 h with shaking. The assay
was harvested onto GF/B filtermats (Perkin-Elmer Life Sciences)
and pretreated with 0.6% PEI, using 3× 0.8 mL/well of 20
mM HEPES pH 7.4; 125 mM NaCl at 4°C. Filtermats were
dried, followed by the addition of 9 mL betaplate scintillant
and dispersed. The bags were then sealed and counted on a
Microbeta counter fitted with six detectors. Each well was
counted for 1 min. Data were analyzed using GraphPad Prism
software.

NMR Spectroscopy.Samples for NMR contained∼2 mM
peptide in either2H2O or 90% H2O/10% 2H2O at pH 3.5.
TOCSY, NOESY, DQF-COSY, and ECOSY spectra were
acquired on a Bruker ARX 500 MHz, Bruker ARX 600 MHz,
or AVANCE 750 MHz spectrometer with a shielded gradient
unit. Spectra were acquired between 281 and 298 K and
referenced to internal sodium 2,2-dimethyl-2-silapentane-5-
sulfonate. The temperature was maintained within( 0.1 K,
using a BT V2000 control unit and a Bruker BCU refrigeration
unit. NOESY spectra were acquired with 200, 250, and 350 ms
mixing times, and TOCSY were acquired with an 80 ms mixing
time. Water suppression was achieved using a modified
WATERGATE29 sequence. Spectra were acquired with 4096
data points in the F2 dimension and 512 in the F1 dimension
and multiplied with squared sine bell functions shifted by 90°.
The data t1 dimension was zero-filled to 1024 real data points.

Information on slowly exchanging amide protons was ob-
tained by acquisition of a series of 1D spectra upon dissolution
of a fully protonated peptide in2H2O. 3JHN-HR coupling
constants were measured from the DQF-COSY spectrum
recorded at 290 K.3JHR-Hâ coupling constants were determined
from the ECOSY spectrum recorded at 295 K in2H2O and
transformed over the relevant spectral region to 8192 by 1024
data points.

Structure Calculations. Distance restraints were derived
from the 200 ms NOESY spectrum using the program
DYANA. 30 Backbone dihedral restraints of-120 ( 40° were
applied for3JHN-HR > 8.5 Hz and-60 ( 30° for 3JHN-HR <
5.0. Additionalφ angle restraints (-100 ( 80°) were applied
where the intraresidue dRN(i,i) NOE was clearly weaker than
the sequential dRN(i,i + 1) NOE. Stereospecific assignments
of â-methylene protons andø1 dihedral angles were derived
from 3JHR-Hâ coupling constants, measured from ECOSY
spectra, in combination with NOE peak intensities from the 150
ms NOESY spectra. Theø1 angles were restrained to either 60
( 30°, 180 ( 30°, or -60 ( 30°.

Preliminary structures of1 were calculated using a torsion
angle simulated annealing protocol within DYANA. Final
structures were calculated using simulated annealing and energy
minimization protocols within CNS version 1.1.31 The starting
structures were generated using random (φ, ψ) dihedral angles
and were energy-minimized to produce structures with the
correct local geometry. A set of 50 structures was generated by
a torsion angle simulated annealing protocol as described

6562 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 22 LoVelace et al.



recently for other conotoxins.23,32Structures were analyzed using
PROMOTIF33 and PROCHECK-NMR.34

Digestion with Endoproteases.Preliminary digestion assays
were performed at a 50:1 substrate (peptide)/enzyme ratio for
pepsin, trypsin, and proteinase K. For all assays, peptides were
incubated with enzyme at 37°C for either 24 or 48 h and
included a positive control, a linear 34-amino acid peptide,
corresponding to a truncated form of the bacterial chaperone
Escherichia coliDnaK 577-610, to ensure an active enzyme
was present.35 All digestion assay data was analyzed by LC/
MS chromatography. Trypsin and proteinase K stocks were
prepared in 100 mM NH4HCO3 buffer (pH 8), and pepsin stocks
were prepared in 100 mM acetic/formic acid buffer (pH 2). The
trypsin and proteinase K reactions were halted with 0.05%
formic acid, and the pepsin reactions were halted with 100 mM
NH4HCO3. In the preliminary assays, trypsin was the only
enzyme that successfully digested MrIA-NH2. To investigate
the effect of the peptide/enzyme ratio on the digestion of these
peptides, preliminary assays also included digestions performed
at approximately a 5:1 ratio. All trypsin assays were incubated
in 100 mM ammonium bicarbonate buffer (pH 8) at 37°C for
the various time points between 0 and 24 h. Additional assays
were performed with incubation replicates at a 20:1 substrate/
enzyme ratio for 24 h under the same conditions.

Results

Synthesis of 1.We synthesized a cyclic version of MrIA,
referred to as1, with two residues in a linker (Ala-Gly) joining
the ends of the native peptide sequence. The cyclization strategy
was designed to minimize side reactions and the number of
intermediate isolation steps that could potentially reduce yields.
The synthetic scheme incorporating intramolecular native
chemical ligation is shown in Figure 2 and involves an
intramolecular thioester exchange between an N-terminal cys-
teine residue and a C-terminal thioester incorporated as part of
a spacer moiety linked to the resin. The reaction product
spontaneously rearranges to yield a native peptide bond in mild

basic aqueous buffer.36,37Furthermore, the presence of multiple
cysteine residues accelerates the cyclization process through a
thia-zip mechanism,38 where the distant N-terminal cysteine
residue is brought into proximity of the C-terminus via
successive, reversible interactions with internal cysteines.

A hydrophilic tail consisting of five arginine residues was
incorporated into the thioester spacer to assist peptide solubility
prior to cyclization.39 Peptides were assembled using Boc in
situ neutralization chemistry and cleaved from the resin using
HF/p-cresol (9:1 V:V) for 2 h at 0°C. As the thioester spacer
is not compatible with thiol treatment on-resin, the His(Dnp)
group was not removed with 2-mercaptoethanol prior to
cleavage. Thus, the His(Dnp) group was retained following
cleavage and removed by thiolysis during the cyclization step.
Cyclization was performed in 6 M guanidine hydrochloride; 100
mM Tris HCl buffer, pH 7.2, containing 50 mM MESNA as a
thiol additive to improve the rate of cyclization through a
transthioesterification process.40 Furthermore, the addition of
MESNA as a water soluble auxiliary thiol had the advantage
of effecting the removal of the His(Dnp) group.

The target analogue contains four cysteine residues, which
gives rise to four possible ligation sites that could result in the
same cyclic peptide product, as shown in Figure 2. The
cyclization efficiency of each of the linear thioester precursors
was determined with analytical RP-HPLC. Although each of
the four linear thioester precursors yielded the correct cyclized
product after ligation, significant differences were observed in
the rate of cyclization. At site1 (Cys-Val) and site4 (Cys-
Hyp), cyclization proceeded at a slower rate, presumably the
result of steric hindrance of the C-terminal Val and Hyp residues.
Cyclization at sites2 (Cys-Cys) and3 (Cys-Leu) proceeded most
rapidly, with all starting material converted to a cyclic peptide
within 30 min. This trend follows previously observed rates for
intermolecular native chemical ligation, where the slowest rates
of ligation occur between Cys-Pro and Cys-Val41. Disulfide
bonds were formed in a separate oxidation step by stirring the
reduced cyclic peptide in 0.1 M NH4HCO3, pH 8.0, in 50%

Figure 2. (a) Synthetic strategy for the preparation of1. The linear, reduced peptide is synthesized upon resin beads connected by a polyarginine
“spacer.” Upon HF cleavage, the peptide is removed from the resin. During cyclization, the spacer is removed and the C- and N-termini are
connected. Oxidation of the peptide results in the disulfide bonds being formed in the ribbon connectivity shown above. (b) The four possible
ligation sites and linear thioester precursor peptides for the synthesis of1 are shown by the colored arrows. The half-lives for the formation of
cyclic peptide from each of the precursors is indicated.
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2-propanol. Oxidation proceeded cleanly with the formation of
one major isomer within 4 h. The cyclic oxidized peptide was
isolated by preparative RP-HPLC. The purity of the final product
was confirmed by analysis on two different HPLC solvent
systems; the chromatographic data are supplied as Supporting
Information.

Radiolabeled Ligand Displacement Studies.Displacement
of radiolabeled 3H-nisoxetine by 1 and MrIA-NH2 was
conducted to determine their binding to expressed human NET
in Cos7 cells, as shown in Figure 3. Membranes were incubated
with [3H] nisoxetine in the absence or presence of peptide. The
average log EC50 of MrIA -NH2 was -5.74 ( 0.05, and the
average log EC50 of 1 was -5.86 ( 0.28 (n ) 9 andn ) 7,
respectively).

NMR Spectroscopy.Compound1 gave good quality NMR
spectra in aqueous solution between pH 2-5.6 and temperatures
in the range 281-298 K. No significant chemical shift changes
were observed over the measured pH range, and pH 3.5 was
chosen for further analysis based on an expected minimum in
the amide exchange rate.42 Assignments were achieved using
the sequential assignment strategy,42 and a complete cycle of
RHi-NH(i+1) sequential connectivities was observed for the
entire sequence with the exception of Hyp12, where instead

NOEs were observed between His11 and the Hyp12 side chain
protons, thereby completing the sequential connectivity. The
amide regions of the TOCSY and NOESY spectra with the
resonance assignments annotated are provided as Supporting
Information. The presence of a strong NOE between theRH of
His11 and theδH protons of Hyp12 suggested that the
hydroxyproline residue was in a trans conformation, which is
consistent with the conformation of the native peptide.23

The RH secondary shifts (i.e., the differences between the
observed and random coilRH shift), NOE connectivities, and
HN-HR and HR-Hâ coupling data for the major conformation
are summarized in Figure 4. The positive secondary shifts for
the RH resonances of residues 2-5 and 9-12 suggest that1
contains a smallâ-sheet structure involving twoâ-strands. This
assumption is supported by the coupling constant data, as
residues 3-5 and 9-11 have large3JHN-HR coupling constants
(g8.5 Hz), indicative of extended structures. Slowly exchanging
protons from Gly2, Val3, Cys4, Leu9, and Cys13 were detected
1 h after dissolution of the peptide in2H2O, with Val3 being
the only amide signal detectable after 4 h. This observation
provides evidence of protection of these protons from the solvent
and thereby indicates a well-defined secondary structure of the
cyclic molecule. By contrast, in the native peptide, only amide
protons from Val3, Cys4, and Leu9 were detectable after 1 h,
and all of the amide protons were fully exchanged within 4 h.
A summary of the slow exchange data is provided as Supporting
Information.

A total of 85 distance restraints (55 sequential, 8 medium,
and 22 long range) were obtained from the NOE data. Sevenφ

angle restraints (-120 ( 30° for Asn1, Val3, Cys4, Leu9,
Cys10, and His11 and-120( 15° for Cys5) were derived from
the DQF-COSY spectrum. Three additionalφ angle restraints
were applied (-100 ( 80° for Tyr7 and Ala14 and 50( 40°
for Lys8) based on NOE intensities and coupling constants.43

A ø1-dihedral angle (-60 ( 30°) for Asn1 was derived from
the ECOSY spectrum and NOE intensities. Theâ-protons for
this residue were also stereospecifically assigned.

A family of 50 structures was calculated using a torsion angle
dynamics protocol within CNS31 using procedures described

Figure 3. Specific binding ofø-conotoxin MrIA-NH2 (represented
by black squares) and1 (represented by gray triangles) against3H-
nisoxetine in Cos7-hNET membrane. The average log EC50 of MrIA -
NH2 was-5.74( 0.05 M, and the average log EC50 of 1 was-5.86
( 0.28 M (n ) 9 andn ) 7, respectively).

Figure 4. (a) Secondary shifts of1 and the native peptide, MrIA-NH2. The secondary shifts were determined by subtracting the random coil
shift58 from the experimentalRH shift. Compound1 is represented in black and MrIA-NH2 is shown in gray. No data for residue Asn1 of MrIA -
NH2 were available from the recorded spectra. The light gray lines between the cysteine residues in the sequence on thex-axis show the disulfide
connectivities of MrIA-NH2 and1, and the cyclized backbone of1 is represented by the dark gray line between the residues of the termini. The
â-sheet secondary structures of both MrIA-NH2 and1 are illustrated by the block arrows between residues 3-5 and 10-12. (b) Summary of the
sequential and medium to long-range NOE information and the coupling constants for1. For theφ angles, arrows pointing up and arrows pointing
down represent coupling constants ofg8.5 Hz ande5.0 Hz, respectively. Hash symbols (#) represent dihedral angle restraints of-100 ( 80°
(determined from the NOESY spectrum) and+ symbols represent dihedral angle constraints of 50( 40°. Oneø-dihedral angle was incorporated
in the structure calculations and is represented as an arrow pointing down for an angle restraint of-60 ( 30°. The height of the bars indicates the
relative NOE strength (strong, medium, or weak). In thedRN(i,i+1) line, an asterisk represents an overlap in the amide protons for residues 10 and
11. For thedother line of the diagram, solid lines represent one or more NOEs between any protons of the starting and ending point residues.
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previously.44 The 20 lowest energy structures were chosen as
the final ensemble, which had a pairwise RMSD of 0.96 Å over
the backbone and 1.69 Å for all heavy atoms. The structures
have no NOE violations greater than 0.3 Å and no dihedral
violations greater than 3°. Residues 3-12 of1 form aâ-hairpin
with the strands (residues 3-5 and 10-12) connected in part
by an inverseγ-turn between residues 6-8. If the â-strand
regions of the structures (residues 3-5 and 10-12) are
overlayed, the RMSD decreases to 0.23( 0.13 Å, indicating
that there is some disorder in the turn regions (residues 6-9,
14, and 15) of the structure.

Figure 5 shows the backbone superposition of the representa-
tive ensemble (in stereo), displaying the apparently flexible
native turn region (Gly6-Leu9) as well as the linker turn region
(Ala14-Gly15). The structures have good covalent geometry,
indicated by small deviations from ideal bond lengths and bond
angles. Relevant geometric and energetic statistics, as well as
Ramachandran plot statistics, are given in Table 1. All hydrogen
bonds corresponding to slowly exchanging amide protons,
except Val3 and Leu9, were verified in the structures using
MOLMOL45 (e.g., Cys4 HN and His11 O, Gly2 HN and Cys13
O, and Cys13 HN and Gly2 O).

The structures were calculated using the same disulfide
connectivity as the native peptide (i.e., ribbon connectivity). The
disulfide bond between Cys4-Cys13 has a right-handed hook
conformation in 10/20 structures, and the disulfide bond between
Cys5-Cys10 has a short right-handed hook conformation in 19/
20 structures. Structures were also calculated for the alternative,
globular connectivity to confirm the formation of the correct
isomer.23,44As shown in Table 1, both the average NOE energy
and dihedral angle energy values for the globular isomer of1
increased dramatically to 94.5 kcal mol-1 and 83.6 kcal mol-1,
respectively, relative to the ribbon connectivity of the peptide
with an average NOE energy of 4.8 kcal mol-1 and dihedral
angle energy of 0.4 kcal mol-1, confirming that1 adopts a native
ribbon fold.

Enzymatic Stability. Enzymatic digestion assays were
performed with MrIA-NH2 and1 to compare the resistance to
proteolysis of the native and cyclized versions. Preliminary
assays included incubating the peptides with pepsin, trypsin,
and proteinase K for 24 h at 37°C. A linear peptide was used

as a positive control for all assays and, in all cases, was
completely digested (i.e.,<5% intact peptide remaining) after
15 min of incubation (data not shown). Pepsin and proteinase
K failed to significantly digest either MrIA-NH2 or 1 within
24 h. However, trypsin successfully digested linear MrIA-NH2

within 24 h at a 20:1 ratio (peptide/trypsin), as shown in Figure
6. The trypsin cleavage site is located in the turn region of
MrIA -NH2 and1 at residue 8. Less than 55% of intact MrIA-
NH2 remained intact after 24 h compared to 97% of intact1
remaining, clearly demonstrating an increase in the trypsin
stability of the cyclized version of the peptide. Furthermore,
because it contains no termini, the cyclic version is by definition
resistant to exoproteases.

Figure 5. Backbone superposition of the representative ensemble of
1 structures (in stereo), superimposed over residues 3-5 and 10-12,
displaying the apparent flexible turn region (Gly6-Leu9), linking the
strands of theâ-hairpin as well as the more flexible linker turn region
(Asn1-Cys13) that joins the termini of the peptide.

Table 1. Geometric and Energetic Statistics for Families of 20
Structures of1 Calculated withø-Conopeptide “Ribbon” and
R-Conopeptide “Globular” Disulfide Connectivitiesa

experimental restraints ribbon globular

sequential NOEs 55 55
medium range NOEs 8 8
long-range NOEs 22 22
dihedral angles 11 11

Mean RMSDs from Experimental Restraints
NOE distances (Å) 0.03( 0.0055 0.15( 0.0219
dihedral angles (°) 0.72( 0.240 4.57( 1.0122

Mean RMSDs from Idealized Covalent Geometry
bonds (Å) 0.0039( 0.0003 0.0109( 0.0014
angles (°) 0.54( 0.04 1.12( 0.05
impropers (°) 0.44( 0.03 1.03( 0.13

Mean Energies (kcal mol-1)
ENOE

C 4.80( 1.55 94.50( 27.47
EDIH

C 0.35( 0.20 83.58( 8.25
Ebond 3.03( 0.47 24.10( 5.67
Eangle 16.12( 2.52 63.34( 5.98
Eimproper 3.08( 0.37 17.29( 3.80
EVDW -24.91( 4.42 37.22( 15.95

Atomic RMSDsb (Å)
backbone atoms 0.96( 0.52 1.44( 0.77
heavy atoms 1.69( 0.44 2.35( 0.85
backbone atoms
(residues 3-5 and 10-12)

0.23( 0.13 0.65( 0.48

heavy atoms
(residues 3-5 and 10-12)

1.06( 0.36 2.35( 0.85

Ramachandran Statisticsc (%)
residues in most favored regions 77.9 55.6
residues in additional allowed regions 22.1 43.1
residues in generously allowed regions 0.0 1.2

a The values in the table are the mean( S. D. b Atomic RMSDs are the
pairwise root-mean-square differences for the family of structures.c Procheck
NMR was used to calculate the Ramachandran statistics for residues 1-13.

Figure 6. Trypsin digest of MrIA-NH2 and 1. MrIA -NH2 is
represented by triangles and1 is represented by squares. Peptide (i.e.,
substrate) and trypsin (i.e., enzyme) were incubated in a 20:1 ratio. A
positive control, DnaK-f2, which contains several lysines in its sequence
(i.e., KGEDKAAEIAKMQELAQVSQKLMEIAQQQHAQQQ) was
completely digested by trypsin (i.e.,<5% remaining) within 15 min
of incubation (data not shown).

Structure and ActiVity of Cyclic MrIA Journal of Medicinal Chemistry, 2006, Vol. 49, No. 226565



Discussion

In the current study we have shown that cyclizing the
backbone of MrIA leads to an increase in enzymatic stability
relative to the native peptide, thereby improving its potential
as a drug lead. Compound1 was synthesized without selective
protection of the cysteine residues and oxidized efficiently to
produce mainly the native ribbon isomer. The cyclic version of
MrIA retains essentially identical activity and structure to the
native peptide. Figure 7 shows that the global folds of the two
peptides are almost identical, overlaying in theâ-hairpin region
with an RMSD of 0.18 Å. Furthermore, a comparison of1 with
MrIA -NH2 reveals a slightly lower RMSD over residues 1-13
for the structural ensemble of the cyclic version, indicating that
cyclization of MrIA produces a more well-defined structure. In
essence, cyclization produces a molecule with identical activity
and structure but improved resistance to proteolysis.

The residues previously found to be important for biological
activity of MrIA include Tyr7, Lys8, Leu9, and to a lesser extent
His11.12 As shown in Figure 7, these residues are located in
the turn connecting theâ-strands, and their side chain orienta-
tions are generally conserved between the cyclic and native
form. The side chain orientation of Tyr7 is somewhat different
between the two forms, but this likely reflects a lack of NOE
restraints in this region rather than a conformational difference.
An alanine scan performed by Sharpe et al.12 indicated that Gly6
has a significant effect on the structure and was proposed to
have a role in the orientating of other residues for interaction
with the NET. This residue remains relatively unchanged in
conformation in1 relative to the native peptide, consistent with
the maintenance of activity in1.

Incubation of 1 with trypsin revealed that it was less
susceptible to proteolysis than MrIA-NH2, despite the potential
cleavage site being distant from the site of cyclization. The
structures of the cyclic and acyclic forms of MrIA are very
similar, making this resistance to proteolysis a somewhat
surprising finding. This difference in susceptibility to proteolysis
adjacent to Lys8 is not due to differences in screening of the
active site residue from external interactions; as in both cases,
this residue is relatively solvent exposed. There is a difference
between the amide exchange rates of the cyclic and acyclic
peptides, with the cyclic form having slower exchange rates

for several residues, indicating a general decrease in flexibility
relative to the acyclic form. The small size of MrIA and1 means
that not all amides are solvent shielded or hydrogen bonded, so
it is not surprising that not all amides experience differences in
exchange rates, but it is reasonable to speculate that cyclization
causes a general tightening of the structure. NMR relaxation
studies would be necessary to confirm this hypothesis. The likely
differences in flexibility of the cyclic and acyclic forms may
have significant implications for stability, as potential cleavage
sites within proteins are more susceptible to cleavage by
proteases if they are in flexible regions.46 Similar results to those
observed in the current study with MrIA have been observed
for cyclic versions ofR-conotoxin MII, where cyclization was
shown to result in increased resistance to proteolysis and a
decrease in amide exchange rates.27 Furthermore, decreased
amide exchange rates have also been reported for cyclic relative
to linear versions of other proteins, including the plant cy-
clotides47 and the replicative helicase DnaB fromE. coli,48 and
rigidification appears to be a general phenomenon associated
with cyclization.

We have now exemplified cyclization as a tool for improving
stability for members from both theR- and ø-conotoxins,
indicating that this approach may be applicable to a range of
conotoxin classes. However, the number of residues required
to span the N- and C-termini is dependent on the structure of
the native peptide. The different structures of theR- and
ø-conotoxins mean that significant differences are observed in
the number of residues required in the “linker” region between
the termini. The three-dimensional structures ofR-conotoxins
are characterized by a helical region and a globular connectivity
of the disulfide bonds49 in contrast to theâ-hairpin structure
and ribbon disulfide connectivity of theø-conotoxins. At least
six residues are necessary to span the distance between the
termini of the R-conotoxin MII and maintain structure and
activity at the nicotinic acetylcholine receptor.27 By contrast,
the â-hairpin structure of MrIA23 facilitates the cyclization
process, with only two residues required to span the termini.

Synthetic engineered cyclic conotoxins have some parallels
to disulfide-rich peptides found in nature. Over recent years,
an increasing number of peptides with cyclic backbones have
been isolated from a wide range of sources, including plants,
bacteria, and animals.50 Examples include the plant cyclotides,51

RTD-1 (rhesus theta defensin 1),52,53and the sunflower trypsin
inhibitor, SFTI-1.54,55 The latter two peptides have two anti-
parallelâ-strands joined at both ends in the circular backbone.
A comparison of the structures of a disulfide-deficient SFTI-
1-mutant, native SFTI-1,1, and native RTD-1 is given in Figure
8 to illustrate a series of cyclic peptides with increasing disulfide

Figure 7. Ribbon representation of1 (left) and linear MrIA-NH2

(right). An overlay of the sheet regions of1 and MrIA-NH2 has a
RMSD of 0.18 Å, indicating very similar structures. Disulfide bonds
and the side chains of the residues in the native turn region are shown
in a ball-and-stick representation. The structures were visualized using
MOLMOL.45 Note that the Cys I-IV disulfide bond is on the opposite
side of theâ-sheet to the Cys II-III disulfide bond and is partially
obscured in the view shown.

Figure 8. Comparison of the ribbon representations of (from top to
bottom) SFTI-1(DesCys) (without a disulfide bond),59 SFTI (native),55

1, and RTD-153 showing the various topologies ofâ-hairpin peptides
containing cyclized backbones, all with different biological activities.
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cross-linking. Interestingly, a comparison of the disulfide bonds
for RTD-1 and1 reveals a significant difference in topology:
RTD-1 contains three disulfide bonds all on one side of the
peptide (in a laddered arrangement) versus1 with two disulfide
bonds on opposing sides of the molecule. Compound1 thus
represents a new topology of smallâ-hairpin peptides containing
circular backbones. The adjacent cysteines (Cys1 and Cys2) in
1 are likely to favor the different topology of1 compared to
that of RTD-1, where the cysteine residues are separated by at
least one residue. In contrast to the structures of1 where the
majority of the flexibility is in the turns connecting theâ-strands,
RTD-1 contains a flexibleâ-sheet. Interestingly, even though
it contains fewer disulfide bonds than RTD-1, SFTI-1 is more
rigid due to its extensive hydrogen bonding network.55

Tam et al.56 have reported synthetic cyclic derivatives of the
18-residue antimicrobial peptide tachyplesin. They showed that
cyclic structures are useful in the design of antimicrobial
peptides and that an increase in the conformational rigidity
brought about by an increasing number of disulfide bonds may
confer membranolytic selectivity that disassociates antimicrobial
activity from haemolytic activity. In other words, cyclization
and disulfide stabilization can have advantages in selecting for
desired pharmacological effects versus side-effects. Among the
structures synthesized were cyclic tachyplesin derivatives with
two or three disulfide bonds. The structure of the two-disulfide
derivative, which is most analogous to1, was modeled as a
“laddered” cystine framework with both disulfide bonds on one
side of the structure. It would be interesting to determine the
experimental structure of this molecule for comparison with the
“opposite side” disulfide structure of1 determined here.
Retrocyclin, a synthetic cyclic peptide that has potent anti-HIV
activity, has similarly been modeled as a cysteine-laddered
framework.52

It is interesting to compare1 with the cyclotides, a group of
naturally occurring tri-disulfide cyclic plant peptides.51 In
contrast to1, the structures of cyclotides are very well defined
due to their cystine knot motif, in which two of the disulfide
bonds form an embedded ring completed by the backbone
segments connecting the cysteine residues, while the third
disulfide bond threads through this ring to form the knot.57 The
cross-bracing arrangement of the disulfide-bonded core creates
an exceptionally stable knot and results in a more rigid structure
than either1 or RTD-1, despite their higher proportion of cystine
residues.53

In summary,ø-conotoxin MrIA has been backbone-cyclized
with a two-residue linker, and the cyclic derivative maintains
the fold of the native peptide and activity at the NET. Resistance
to proteolysis of MrIA by trypsin was significantly improved
upon cyclization, despite the cleavage site not being located
near the cyclization site. In the past, cyclization has been used
mainly for the stabilization of small (<10 amino acid) linear
peptides, but the current study shows that it is more generally
applicable to well-folded disulfide-containing peptides as a
potential route to improving their therapeutic applications.
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