
pubs.acs.org/jmcPublished on Web 10/27/2009r 2009 American Chemical Society

J. Med. Chem. 2009, 52, 6991–7002 6991

DOI: 10.1021/jm9003413

χ-Conopeptide Pharmacophore Development: Toward a Novel Class of Norepinephrine Transporter

Inhibitor (Xen2174) for Pain^

Andreas Brust,*,†, ) Elka Palant,†, ) Daniel E. Croker,† Barbara Colless,† Roger Drinkwater,† Brad Patterson,†

Christina I. Schroeder,‡ David Wilson,† Carsten K. Nielsen,§ Maree T. Smith,§ Dianne Alewood,† Paul F. Alewood,‡ and
Richard J. Lewis*,†,‡

†Xenome Ltd., 120 Meiers Road, Indooroopilly, Queensland, Australia 4068, ‡Institute of Molecular Biosciences and §School of Pharmacy,
The University of Queensland, Brisbane, Queensland, Australia. )Equal first authors.

Received March 17, 2009

Norepinephrine (NE) amplifies the strength of descending pain inhibition, giving inhibitors of spinal
NET clinical utility in the management of pain. χ-MrIA isolated from the venom of a predatory marine
snail noncompetitively inhibits NET and reverses allodynia in rat models of neuropathic pain. An
analogue of χ-MrIA has been found to be a suitable drug candidate. On the basis of the NMR solution
structure of this related peptide, Xen2174 (3), and structure-activity relationships of analogues, a
pharmacophore model for the allosteric binding of 3 to NET is proposed. It is shown that 3 interacts
with NET predominantly through amino acids in the first loop, forming a tight inverse turn presenting
amino acids Tyr7, Lys8, andLeu9 in an orientation allowing for high affinity interactionwithNET. The
second loop interacts with a large hydrophobic pocket within the transporter. Analogues based on the
pharmacophore demonstrated activities that support the proposed model. On the basis of improved
chemical stability and a wide therapeutic index, 3 was selected for further development and is currently
in phase II clinical trials.

Introduction

Marine natural products remain an important source of new
chemical diversity for drug discovery.1 The venom of the genus
Conus (marine cone snails) provides an exceptionally rich source
of highly evolved pharmacologically active compounds. These
predatory mollusks are equipped with a venom apparatus that
produces a species-specific cocktail of peptides to immobilize
prey comprising fish, mollusks, and worms. It is estimated that
the venomof a singleConus speciesmay contain between 50 and
200 different venom components,2 translating to more than
50000 active peptides across the genus. Similar to spider and
scorpion venoms, conopeptides are highly specific for their
evolved target and frequently possess constrained structures
containing multiple disulfide bonds. The disulfide framework
is interspersed by loops of amino acids that define the binding
motifs. The potency, selectivity, and chemical stability of venom
peptides, particularly conopeptides, make these compounds
attractive starting points for drug development.3-6 In fact,
several conotoxins are currently in clinical trials,5 with one
member of the ω-conotoxin family, MVIIA (ziconotide), on
the market for the treatment of chronic pain.7,8 On the basis of
this potential, Xenome has developed a synthetic conopeptide
library from nucleotide derived venom peptide sequences as
a discovery platform for novel drug lead discovery.9-12

MrIA-OH (NGVCCGYKLCHOC-OH, aka mr10a and
CMrVIB) and MrIB-OH (VGVCCGYKLCHOC-OH) are
two closely related peptides that were discovered in the venom
of the molluscivorous Conus marmoreus.9,13,14 Sharpe et al.
classified these peptides as χ-conopeptides based on activity
displayed at the neuronal norepinephrine transporter (NETa)
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in a noncompetitive (allosteric) manner.9,15 NET reuptake
inhibitors have potential in the treatment of neurological
disorders such as depression,16 schizophrenia,17 anxiety,18

chronic pain,19,20 and other psychotic disorders.21 The most
prominent reuptake inhibitors are the tricyclic antidepres-
sants (e.g., amitriptyline and imipramine), which inhibit both
the serotonin and norepinephrine reuptake and are used
systemically to treat major depressive disorders, generalized
anxiety disorder, and neuropathic pain.22

The χ-conopeptides have two disulfide bonds connecting
Cys1-Cys4 and Cys2-Cys3.9 This arrangement of disulfide
bonds is termed a “ribbon” fold and distinguishes the
χ-conopeptides from other classes of conopeptides that pos-
sess a similar cysteine spacing but different cysteine connec-
tivity as seen in the “globular” folded R- and F-conopeptides
(Cys1-Cys3, Cys2-Cys4).23 Amidated 1 (MrIA-NH2) has
slightly higher affinity atNET compared to the native peptide
(MrIA-OH)9 but maintains the same folding arrangement as
determined by selective synthesis13 andNMR spectroscopy.24

The 3D NMR solution structure of 1 revealed that the rigid
ribbon-framework formed by the disulfide bonds induces a
β-hairpin with two antiparallel strands connected by an
inverse γ-turn, the same motif originally observed in the
NMR structure of 2 (MrIB).9 On the basis of their higher
affinity, all peptides investigated in this study were amidated
at the C-terminus.
A systematic alanine scan of 1 revealed that Gly6, Tyr7,

Lys8, and Leu9 which form the first intercysteine loop, and
His11 in the second loop, are important for binding toNET.15

With the use of NMR chemical shift analysis of 1 and
comparison with the alanine scan mutants, a perturbation
of the backbone structure was seen only upon replacement of
Gly6. This suggested that the overall structure did not change
except for the Gly6 analogue, indicating the side chain

interactions of these amino acids with the transporter were
important for high affinity interactions. In this study we
conducted a detailed SAR analysis of χ-conopeptides and
generated a pharmacophoremodel for their allosteric binding
to NET. On the basis of superior chemical stability and its
efficacy and side effect profile, 3 (Xen2174) was developed for
clinical use.

Results and Discussion

Stability Assessment of 1. It is well-known that peptides
containing an Asn residue at the N-terminus can undergo
cyclization involving the β-carboxamide group. Figure 1A
depicts the proposed mechanism of aspartimide formation
with elimination of ammonia and subsequent hydrolytic
ring-opening to yield the R- or β-aspartyl peptide, respec-
tively, and a mass increase of 1 amu. The tendency toward
deamidation is dependent on the primary and secondary
structures of the peptide and the solvent.25-27 It was reported
that Asn-Gly andAsn-Ser sequences are far more prone to
this reaction than sequences containing combinations of Asn
with bulkier amino acids. 1 contains the reactive N-terminal
Asn-Gly sequence with aspartimide conversion being ob-
served during disulfide bond formation (pH 8.0 and pH 6.0)
and upon storage in an acetate buffer (pH 5.4). Because of
the difficult separation of 1 and the related R/β-aspartyl-
peptides by HPLC, an exact time course of the conversion
was difficult to determine. Mass spectrometry analysis of 1,
stored in acetate buffer (pH 5.4), monitored the aspartimide
formation by measuring the decrease of peak height for the
native peptide (MW = 1407.7) and the increase of the
aspartimide analogue (MW = 1408.7) (Figure 1B).
With the observed N-terminal instability of 1, analogues

replacing the first residue were synthesized and tested to
determine the importance of this residue on binding toNET.

Figure 1. Aspartimide formation: (A) schematic representation of aspartimide formation in peptides containing N-terminal asparagine
(Asn, N); (B) accurate massmeasurement for 1 in acetate buffer (pH 5.4) at t=0days and t=6days. The conversion of native peptide (1) into
the R/β-aspartyl analogues of 1 can be seen. [MHþ 1407.6 amu (1); MHþ 1408.6 amu (R/β-aspartyl-1)].
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Improving the stability of this residue was seen to be critical
for the further development of the peptide as a drug candi-
date. Extensive libraries of Asn1mutants of 1were produced
by Fmoc solid phase chemistry. Random oxidation of
purified reduced peptides was performed under the same
conditions used for the synthesis of the native peptidewith all
peptides displaying a similar oxidation profile with the
desired disulfide arrangement (Cys1-Cys4, Cys2-Cys3)
corresponding to the second eluting isomer using HPLC
conditions described. Figure 2 displays the binding affinities
of the Asn-1 analogues of 1 for NET, presented as pIC50

values. All disulfide bond isomers generated during the
synthesis process were submitted for assay. In all cases the
second eluting main isomer displayed the highest binding
affinity, and these isomers are compared and discussed.
The corresponding binding data of [Asn1]-1 analogues,

4-20 (Figure 2), indicate that a number of amino acids are
accommodated in the first position of the peptide with little
compromise on affinity.With this inmind, further analogues
were synthesized that extended the length of the chain by one
amino acid to explore the pocket available for binding. From
the in vitro binding data it can be seen that the addition of
tryptophan and homophenylalanine, 21 and 22, respectively,
display enhanced affinity for NET.

Selection of 3 as a Preclinical Candidate. On the basis of
obtainedNET binding data (Figure 2), ease of synthesis, and
peptide stability in buffer at pH7.4 (refer to SI), peptides 3, 5,
9, 18, 21, and 22 were selected for assessment to establish
efficacy, side effect profile, therapeutic window, and dura-
tion of action in an in vivo rat model of neuropathic pain
(Figure 3). The unilateral chronic constriction injury (CCI)
of the sciatic nerve rat model of neuropathic pain (CCI-
rats)28 was used to assess the ability of the analogues to
attenuate mechanical allodynia, a hallmark symptom of
neuropathic pain, in the ipsilateral (injured side) hindpaw.
At 14 days after CCI surgery, each peptide of interest was
administered as a bolus injection via a chronically implanted
intrathecal (IT) cannula, with the positive and negative
comparators in this study being morphine and vehicle res-
pectively. In Figure 3 panels A-D summarize observed paw
withdrawal threshold efficacy and time course for each tested
compound, while panels E-M summarize compound rela-
ted behavioral observations from assessments in CCI rats.
From the animal data it is clear that 1 nmol of 1 produced
similar efficacy as the lowest maximum efficacious dose
of morphine (17.5 nmol) but fewer side effects. Compared
with 1, peptides 5, 21, and 22 produced greater side effects, 9
produced a similar extent of side effects, and 3 and 18

produced fewer side effects. Interestingly, 21 produced tran-
sient efficacy in the ipsilateral hindpaw, whereas the effects
on the contralateral sidewere almostmaximal and sustained,
indicating a preferential effect on the undamaged side. Of the
peptides producing similar or fewer side effects, efficacy was
transient or of relatively short duration for 9 and 18,
respectively, whereas 3 produced a sustained response for
3 h that was equivalent to 1 at 3 h (albeit with a reduced
maximal response). Dose-response studies confirmed that
higher doses of 3 more than completely reversed allodynia
and produced sustained efficacy beyond 24 h with little
change in the side effect profile observed.10 This superior
side effect profile and efficacy, combined with the improved
plasma stability of 3, 5, and 18 compared to 1 (refer to SI) has
finally lead to selection of 3 as the most promising candidate
for clinical development. A multiple target screen involving
dopamine and serotonin transporters, opioid receptors,
muscarinic receptors, and N-type calcium channel also
indicated the high NET selectivity of 3 (refer to SI). Func-
tional assays performed using human NET confirmed 3 as
a norepinephrine uptake inhibitor (log IC50 = -6.7; refer
to SI).

NMR Structure of 3. A detailed SAR analysis was under-
taken to help describe a pharmacophore model representing
the interaction of 3with NET. Previous alanine scan data on
1
15 highlighted residues in loops 1 and 2 critical for binding to

NET. To investigate these residues further, amino acids 6-9
in loop 1 and amino acids 11 and 12 in loop 2 of 3 were
individually replaced with various amino acids sampling a
wide range of side chain chemistry. Following the first
generation of analogues, the more potent peptides from the
series were further derivatized using closely related amino
acids to fine-tune affinity and gain more detailed SAR
information for the development of the pharmacophore
model. A basic requirement to generate an interpretable
pharmacophore model is a high resolution NMR structure.
The NMR structure of 3 (Figure 4A) shows that the peptide
adopts a tertiary structure very similar to the structures of 124

and 2,9 as predicted from the HR chemical shift comparison
(Figure 4B). The structure of 3 comprised a ribbon-like fold

Figure 2. N-Terminal mutations of 1. Shown are a series of analo-
gues of 1 in which the N-terminal residues are replaced by various
amino acids and assayed for inhibition of [3H]nisoxetine binding to
the human norepinephrine transporter (hNET) and corresponding
affinity of the analogues compared to 1. Amino acids in bold signify
the point of difference from 1 and X... refers to the following
sequence: GYKLCHOC. All peptides represented were synthesized
as the C-terminal amide. Single letter abbreviations are used for
standard L- or D-amino acids with unusual amino acids abbreviated
with three letter codes and definitions available in theAbbreviations
footnote. Bars represent the mean of two to five experiments
performed in triplicate.
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and aβ-hairpin turn formed by residues 3-12, and an inverse
γ-turn at residues 6-8 that connects the strands from
residues 3-5 and 10-12. The observed hydrogen bonds in
the structure of 3were identified on the basis of distances and
angles (Gly6-HN-Leu9-CO, Gly6-CO-Lys8-NH, Gly6-
CO-Leu9-NH, His11-HN-Cys4-CO, and Cys4-HN-
His11-CO). These identified hydrogen bonds corresponded
to the slowly exchanging amide protons observed by NMR.
Secondary HR chemical shifts of the various analogues of

3 were compared with that of 1 and 3 to determine if the
differences seen in binding affinity were due to interactions
within the binding site or to distortions in the backbone
leading to changes in the overall fold of the peptide. To
perform this study, secondary HR chemical shifts were
compared with random coil values29 of individual amino
acids within a peptide to gain a sensitive measure of back-
bone conformation.30-32 For a series of structurally related
peptides, secondary HR chemical shift data can be used to
identify the location but not the nature of local changes in

backbone conformation.33 Comparison of secondary HR
chemical shift data for 1 and 3 indicated that the backbone
structures of both peptides are essentially identical
(Figure 4B). In contrast to the disulfide-constrained portion
of 1 and 3, NMR analysis failed to define the N-terminal tail
structure, indicating this region was likely poorly con-
strained in solution. Despite this region being less structured,
most amino acid substitutions or additions to the N-termi-
nus could increase binding affinity in particular for the
N-terminal extended analogues 21 and 22 (Figure 2). Un-
fortunately, these changes increased the extent of side effects
seen in the in vivo CCI rat model of neuropathic pain
(Figure 3) believed to arise from off-target interactions.
These peptides were not further investigated, as these
changes in 21 and 22 represent an altered, extended pharma-
cophore accessing additional binding sites on NET and are
potentially responsible also for off-site-related unwanted
side effects, and hence, further analogues involving the
N-terminal tail were not synthesized or further investigated.

Figure 3. In vivo data (CCI rat pain model). Concentrations chosen for testing were based on binding affinity, with peptides 21 and 22 having
higher binding affinity and thus tested at lower doses. The dose chosen for morphine is an efficacious dose. Peptides were administered as a
single bolus injection via a cannula chronically implanted into the intrathecal space. Antinociception was assessed using calibrated von Frey
filaments to determine changes in paw withdrawal thresholds in the hindpaw on the nerve damaged (ipsilateral) side relative to the
corresponding measurements determined just prior to peptide administration. (A-D) Data for morphine,10 vehicle,10 and peptides 1, 3,10

5, 9, 18, 21, 22;N=4-6. Solid line represents data from the ipsilateral side and the dashed line from the contralateral (undamaged) side. The
response to vehicle indicates the baseline sensitivity for the ipsilateral and contralateral hindpaws. (E-M)Observations from in vivo testing of
selected peptides showing side effect profile using the CCI rat model of neuropathic pain. > indicates effects seen beyond 3 h time frame.
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H-Bond Turn Stabilization. In previous work performed
by Sharpe et al.15 the [G6A]-1 substitution was shown to
have significantly reduced pharmacological activity at NET
that appeared to correlate with a significant structural
perturbation identified from the secondary HR chemical
shift data. The structural importance of this residue is further
reflected, as it is conserved throughout the χ-conopeptide
family. We believe that the Gly residue allows H-bond
formation between Gly6-HN-Leu9-CO, Gly6-CO-Lys8-
NH, and especially Gly6-CO-Leu9-NH. No Gly6 replace-
ment with standard amino acids or D-Ala was able to
maintain activity at NET (data not shown), and thus, no
further mutations around this residue were pursued. To
further probe the importance of loop stabilizing H-bonds
in the peptide, in particularGly6-CO toLeu9-NH, backbone
modifications were introduced. To achieve this, the amide
bond between Lys8 and Leu9 was replaced by an ester bond
(23) or by N-methylation of the amide bond (24) (Figure 5).
These modifications prevent the formation of the intramo-
lecularGly6-CO toLeu9-NHhydrogen bonddue to a lack of
a H-donor residue. The removal of the turn stabilizing
H-bond resulted in total loss of activity of the depsi-peptide
analogue (23) asmeasured by binding toNET. Furthermore,
N-methylation of the Leu9-NH amide (24) removed the
ability of this amide bond to act as a H-donor, resulting in
loss of affinity at NET, along with pronounced backbone
structure perturbation as seen in the secondary HR chemical
shift data for 24 (Figure 6). This led to the conclusion that the
backboneH-bonds identified in 3 are essential for the overall
stabilization of the hairpin scaffold in 3 and the ability to
bind with high affinity to NET.

Tyr7ResidueAnalogues.Analogues of 3 inwhichTyr7was
replaced with a variety of amino acids were synthesized and
assayed for NET binding (Figure 5, compounds 25-41).
These analogues included conservative substitutions such as
phenylalanine (28), methyltyrosine (29), homotyrosine (27),
and 2,4-dimethoxyphenylalanine (25), as well as nonconser-
vative substitutions with acidic, basic, and hydrophobic
amino acids. No inhibition was observed with these analo-
gues with the exception of the O-methyltyrosine analogue,

29, which maintained comparable potency to 3. On compar-
ison of the secondary HR chemical shift data for selected
Tyr7 mutants with 3 (Figure 6), some significant local
perturbation for Lys8 was observed. For the analogue 36,
this was expected, as substitution with a proline has a
significant structural effect on the backbone. However, the
effects of Tyr7[HTY]-3 (27) andTyr7[CHA]-3 (30) on theHR
proton of Lys8 were unexpected but may be explained by an
interaction of the Tyr7 phenolic-OHand theLys8-NH2 as an
additional backbone stabilizing factor. The inhibition of
[3H]nisoxetine from NET membrane for the Tyr7 analogues
was reduced by even small changes such as the removal of the
phenol function in tyrosine, Tyr7Phe-3 (28), or the extension
of the side chain by oneCH2 group, Tyr7[HTY]-3 (27). There
was also no binding for analogues with fused aromatic ring
systems, Tyr7W-3 (31) or Phe with a double methoxy sub-
stitution at the third and fourth position, Tyr7[DMF]-3 (25),
clearly highlighting a restricted binding pocket for Tyr7.
NMR analysis of the 20 lowest energy conformations of 3

revealed two thermodynamic preferred orientations of the
aromatic tyrosine moiety. Although a low energy barrier
separates the preferred orientations, considerations were
given to investigate if both orientations are able to interact
with NET. Diphenylalanine [DPA] was chosen to mimic
simultaneous populations of both preferred orientations;
however, this analogue, 26, did not display a similar binding
affinity to 3. This indicated that the preferred orientation
required for the tyrosine side chain at position 7 lies in a
narrow spatial window.

Lys8 Residue Analogues. Analysis of position 8 in the
NMR solution structure of 3 (Figure 4) revealed that the
aliphatic linear aminobutyl side chain of Lys8 has a high
degree of structural freedom. It is interesting to note that
truncation or extension of the lysine side chain, 3f 43 or 3f
44, respectively, abolished NET affinity. Even though the
Lys side chain appears to have a high degree of structural
freedom, the length of the freely rotating Lys chain is of
greatest importance in regard to affinity displayed at NET.
Further chemical diversity of this position was probed.
However, none of the conservative substitutions (42-45)

Figure 4. Structure of 3: (A) superimposition of the 20 lowest energy structures for 3 calculated using high resolutionNMR; (B) comparison of
secondary HR chemical shift data obtained for 1 and 3 indicating an identical backbone structure.
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or the nonconservative substitutions (46-52) displayed ac-
tivity at the NET. Secondary HR chemical shift comparison
of some Lys8 mutants showed an unchanged overall peptide
backbone structure with the exception of a surprising per-
turbation of the backbone for the homolysine (44) analogue
(Figure 6). This effect may be linked to the previously
surmisedH-bond interaction with the phenolic-OH function
of Tyr7 acting to stabilize the structure.

Leu9 Residue Analogues. The aliphatic side chain of Leu9
displays a well-defined orientation projected orthogonally
outward from the β-hairpin plane (Figure 4). It is apparent
that the size of the aliphatic substitution plays a significant
role in the affinity of 3 for NET, since the valine analogue 53
was unable to displace [3H]nisoxetine while bulkier aliphatic
residues including norleucine (54), homoleucine (55), or
cyclohexylalanine (56) had increased affinity compared with

Figure 5. Analogues of 3 replacing various residues. The top bar represents 3 with the substituted residue in the bars below. Peptides were
assayed for inhibition of [3H]nisoxetine binding to human norepinephrine transporter and represented as pIC50 values. The potency of
analogues with barsmarked “<” represents estimates based on the lack of any inhibition detected at concentrations up to 100 μM.All peptides
represented were synthesized as the C-terminal amide. Single letter abbreviations are used for standard L- or D-amino acids with unusual amino
acids abbreviated with three letter codes, and definitions are available in the Abbreviations footnote. Bars represent the mean of two to five
experiments performed in triplicate.
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3, indicating that the aliphatic-hydrophobic binding patch
is large enough to accommodate bulky aliphatic residues.No
backbone conformational changes were observed in the
secondaryHR chemical shift analysis for the Leu9 analogues
(Figure 6), again highlighting the structural stability of the
cysteine stabilized framework.

His11 Residue Analogues. The histidine imidazole moiety
adopts an orientation parallel to Leu9, displaying essentially
twomain side chain conformations that project orthogonally
out from the β-hairpin plane (Figure 4). This orientation is
not maintained by the D-enantiomer analogue, 70, resulting
in decreased binding affinity compared to 3. Screening of
analogues 62-74 revealed that contribution of the histidine
amino acid to affinity at NET is influenced by aromatic
interactions as well by H-bond interactions from donor-
acceptor sites. The five-ring aromatic substituted alanine,
[FLA] (64), displayed similar binding affinity to 3. Similar
affinities to 3 were seen for six-ring aromatic analogues such
as 63, 65, and 66 alongwith fused ring systems, such as 67 and
68 and the arginine analogue 62. From the secondary HR

chemical shift data it can be seen that the larger fused ring
analogues showed some distortions in the backbone. How-
ever, these were not in the important turn region between
Gly6 and Leu9 but located toward the N-terminal tail region
(Figure 3). The substitution of [BTA], L-3-benzothienylala-
nine (69), at position 11 did lead to perturbations in the turn
backbone being reflected in loss of NET affinity (Figures 5
and 6).

Hyp12 Residue Analogues. Previous work15 demonstrated
that hydroxyproline (O) was not essential for χ-conopeptide
binding to NET. This is surprising, as proline analogues
usually have a strong structural effect, which often initiate
turns because of the formation of a kink in the backbone
forced by the cyclic structure. It was therefore unexpected
that the overall fold of 3 is sufficiently stable that replace-
ment of the turn-inducing cyclic Hyp (O) by anAla residue is
tolerated without significant loss of activity when compared
to 3. Furthermore, a variety of Hyp replacements (75-80),
with the exception of aspartic acid (79), are toleratedwithout
loss of binding affinity to NET. The SAR results in relation
to the His position have shown that both basic and large
aromatic residues are tolerated in this position. With this
knowledge, replacements were made in 3 of the neighboring
Hyp residue to the basic Lys (75) and aromatic amino acids
like Tyr (77) or methyltyrosine (78). All these replacements
maintained binding affinity at NET. Thus, similar to the
neighboring His site, position 12 is able to accommodate a
variety of residues including larger aromatic residues. This
indicates that a large hydrophobic binding pocket can be
accessed by loop 2 amino acids, framed by Cys3 and Cys4, in
3. Secondary HR shift analysis of 78 indicated that the
mutation of hydroxyproline (3) to methyltyrosine (78) in-
duced some minor backbone structural changes (Figure 6).
However, these do not strongly influence the orientations of
the key binding residues of loop 1, and thus, affinity is little
altered.

Multiple Residue Replacement Analogues. The ribbon
cysteine framework (1-4, 2-3) of the χ-conopeptides ap-
pears to be very stable, accommodating single amino acid
mutations with little disruption to the backbone. The excep-
tion to this is the substitution of residues within the first loop
with bulky residues, which creates minor distortions to the
overall backbone observed in the secondary HR chemical
shift data presented above. It is anticipated that a change
in the cysteine stereochemistry with the introduction of
D-enantiomers would result in a disruption to the disulfide
framework obtained after oxidation. Not surprisingly, re-
placement of the four L-Cys residues by D-Cys (81) caused
complete loss of NET affinity. However, pairwise replace-
ments with D-Cys produced unexpected effects. Cys1 and
Cys4 replacement with D-Cys (84) was well tolerated,
whereas the double D-Cys2 and D-Cys3 mutant (82) lost all
affinity for NET. This finding suggests that Cys2 and Cys3
are critical to the stabilization of the inverse turn orientation
of residues 6-9. It is hypothesized that a stereochemical
variation in this scaffold bridge alters the topology of key
binding residues, this being further supported by the single
D-Cys mutants 83, 85, and 86. When the four Cys residues
were replaced with the methylene extended homocysteine
[HCY], 87 was also not tolerated, perhaps because it
increases torsional freedom of the disulfide scaffold, result-
ing in an altered backbone.
The information gained from the SAR analysis aided the

design of analogues displaying greater affinity for NET

Figure 6. Secondary HR chemical shifts (ppm) showing significant
perturbations of various analogues compared to parent compound
3 represented in each of the panels by a closed circle. Panel A
displays secondary HR chemical shift (ppm) data for Tyr7 analo-
gues, namely, Y7[HTY]-3 (27), Tyr7[CHA]-3 (30), and Y7P-3 (36).
Panel B displays secondary HR chemical shift (ppm) data for Lys8
and Leu9 analogues, namely, K8[HLY]-3 (44), L9[NML]-3 (24),
and L9I-3 (58). Panel C displays secondaryHR chemical shift (ppm)
data for His11 and Hyp12 analogues, namely, H11[NAL]-3 (68),
H11[BTA]-3 (69), and O12[MEY]-3 (78).
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compared with 3. Single amino acid substitutions such as
Y7[MEY]-3 (29) resulted in a slight increase in affinity, while
larger aliphatic substitutions at position 9, for example,
L9[CHA]-3 (56), significantly enhanced affinity for the
transporter in comparison with 3. Other improvements in
affinity were seen when His11 was substituted with larger
aromatic residues such as tryptophan (67). To determine if
these individual effects are additive, combinations of multi-
ple amino acid analogues were designed. Both Y7[MEY]-
3 (29) and H11W-3 (67) increased affinity by a small incre-
ment compared with 3. Interestingly, when both of these
substitutions were combined to form peptide Y7[MEY]-
H11W-3 (88), a 10-fold increase in affinity for the transpor-
ter was noted. The further substitution forming Y7[MEY]-
L9[CHA]-H11W-3 (89) increased binding affinity 20-fold
compared with 3. Binding affinity results for 88 clearly
demonstrate that these multiple substitutions are more than
additive. However, comparing peptide 89 with the single
substitution of L9[CHA]-3 (56) indicates that Y7[MEY] and
H11W substitutions are not contributing significantly to the
affinity for NET. It is not known if these changes in affinity
are due to structural changes within the molecule and were
not further investigated.

Pharmacophore Model of 3. By definition, χ-conopeptides
contain two disulfide bonds with the connectivity being
Cys1-Cys4 and Cys2-Cys3. In combination with the loop
sizes of four amino acids in the first loop and two amino acids
in the second loop, this disulfide bond arrangement and the
multiple H-bonds result in a very stable core structure. As
indicated from secondaryHR chemical shift experiments, the

rigid hairpin-like conformationwas generallymaintained for
those peptides, thus preserving activity at the transporter,
despite the introduction of bulky residues at specific posi-
tions within the sequence. From these observations, it is
believed that the action of 3 at the norepinephrine transpor-
ter does not require a conformational change to the back-
bone structure of the peptide to access the binding pocket.
This allows for the development of a pharmacophore model
based on the solution NMR structure in combination with
NET affinity data (Figure 7).
Results from the SAR of 3 can be divided into three areas,

each focusing on particular sections within the sequence. The
first section relates to the N-terminal tail region of the
peptide, which when modified did arrive at peptides (21,
22) with higher binding affinity at the transporter compared
with the parent molecule 3. However, these modifications
appeared to increase undesirable side effects without a
concomitant increase in pain-relieving potency in the CCI
ratmodel of neuropathic pain. It is hypothesized that the side
effects are due to off-site effects. Increased binding toNET is
caused when the additional introduced residues extend-
ing the pharmacophore and interacting with regions on the
transporter are not accessible by the minimal pharmaco-
phore of 3. Replacement of the N-terminal Asn with pyro-
glutamic acid led to 3 with improved chemical stability as
well as good efficacy and high potency when administered by
the IT route in a widely utilized rat model of neuropathic
pain at doses that were well-tolerated. On the basis of these
improvements, 3 was progressed into preclinical and clinical
development.

Figure 7. Proposed pharmacophore model of 3. Important interaction sites are highlighted in color, with the framed turn region being crucial
for activity at NET. The effect on potency of side chain modifications that drove the pharmacophore development compared with 3 is
indicated, along with representative side chain substitutions. Gly6 has no direct pharmacophore contribution but immense importance for
topology of the turn region (framed). The gray area represents the Tyr7 position interacting with NET via aromatic interactions as well as
H-bond acceptor interaction. The blue area represents the Lys8 position with this being an essential basic residue for NET binding. The brown
area represents the Leu9 position, which is able to assess a large hydrophobic patch on the norepinephrine transporter. The large purple area
(His11-Hyp12) represents a site that can bind to the transporter via aromatic or basic interactions.
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The second section relates to the second loop of the
peptide corresponding to residues His11 and Hyp12. It was
noted from the Ala scan data15 that substitution of His11
with Ala reduced potency at the transporter whereas the
substitution of Hyp12 with Ala did not significantly change
potency compared to 1. His11 and Hyp12 could be replaced
by larger aromatic residues, suggesting that the binding
pocket available to this section of 3 is somewhat larger.
From the secondary HR chemical shift data it would appear
that the topology of these two residues is not critical to
binding, as distortions in this region were tolerated. This can
also be said for the two cysteines flanking the second loop,
Cys4 and Cys13, where L-Cys to D-Cys changes were well
tolerated.
The third section relates to the sensitive loop 1 turn region

represented by the four amino acids, GYKL, which form the
region of the peptide that is the most sensitive to topological
alterations. From the Ala scan data it was seen that sub-
stituting any one of these amino acids with Ala abolished the
activity at NET compared with the parent compound, 1. The
topology of these residues is restrained by the cysteine
framework as well as an intraloop network of H-bonds.
Tyr7 andLys8 appear to be fundamental for binding toNET
with limited allowable substitutions for Tyr7 ([MEY]) and
no allowable substitutions found for Lys8, whereas Leu9
provided additional opportunities for improving affinity,
with the introduction of larger aliphatic residues at this
position enhancing potency.
Examination of the pharmacophore model (Figure 7)

reveals that χ-conopeptides interact with the transporter
from only one side of the hairpin-like turn, mainly residues
Leu9 and His11 which protrude orthogonally outward. The
other side of the peptide contains the disulfide bridges, which
do not appear to be involved in binding to the transporter.
Interestingly, all analogues with significantly higher affinity
than 1 or 3 required the introduction of unnatural amino
acids. Unfortunately, analogues at the N-terminus that had
improved affinity for the transporter produced undesirable
side effects and/or had reduced efficacy in the rat model of
neuropathic pain. This study demonstrates that peptides
found within venom can be optimized for therapeutic use.
1 identified in the venom of Conus marmoreus provided a
suitable starting point for SAR studies and lead optimiza-
tion. The resulting optimized clinical lead, 3, has now entered
phase II clinical trials.

Experimental Section

Materials. Protected Fmoc-amino acid derivatives were pur-
chased from Novabiochem or Auspep P/L. The following side
chain protected amino acids were used: Cys(Acm), Cys(Trt),
His(Trt), Hyp(tBu), Tyr(tBu), Lys(Boc), Trp(Boc), Arg(Pbf),
Asn(Trt), Asp(OtBu),Glu(OtBu),Gln(Trt), Ser(tBu), Thr(tBu),
Tyr(tBu). All other Fmoc amino acids were unprotected. Unu-
sual Fmoc amino acids [HTY], [ORN], [HLY], [CIT], and
[BHK] were used with following side chain protections: -OH
as -OtBu, -NH2 as -NH(Boc), -COOH as -COO(tBu), and
-SH as -S(Trt). All other unusual Fmoc amino acids were
used unprotected. Unusual amino acids were sourced from
Novabiochem, Auspep, CSPS-Pharmaceuticals, or NeoMPS.
L-R-Hydroxyisovaleric acid was used unprotected. Dimethyl-
formamide (DMF), dichloromethane (DCM), diisopropylethy-
lamine (DIEA), and trifluoroacetic acid (TFA)were supplied by
Auspep P/L (Melbourne, Australia) as peptide synthesis grade.
2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate (HBTU), triisopropylsilane (TIPS), HPLC grade

acetonitrile, andmethanol were supplied by Sigma Aldrich. The
resin used was Fmoc-Rink resin (0.65 mmol/g) supplied by
Auspep P/L, and Wang resin (0.81 mmol/g) was supplied by
Novabiochem. Ethane dithiol (EDT) was supplied by Merck.

Synthetic Strategy. Peptide amides were synthesized on an
Advanced ChemTech (ACT-396) automated peptide synthesi-
zer using Rink amide resin (0.05 nmol). Peptide acids were
synthesized on Wang resin loaded with the C-terminal
Fmoc-Cys(Trt)-OHusingMSNT/1-methylimidazole activation
(4 equiv excess).34 Continued assembly for the peptide acids as
well as the complete assembly of peptide amides was performed
using HBTU in situ activation protocols35 to couple the Fmoc-
protected amino acid to the resin (4 equiv excess). After chain
assembly and final Fmoc deprotection the reaction block was
transferred onto an ACT-LABTECH shaker and peptides were
cleaved from the resin at room temperature (RT) in TFA/H2O/
TIPS/EDT (87.5:5:5:2.5) for 3 h. Cold diethyl ether (30mL) was
then added to the filtered cleavage mixture and the peptide
precipitated. The precipitatewas collected by centrifugation and
subsequently washed with further cold diethyl ether to remove
scavengers. The final product was dissolved in 50% aqueous
acetonitrile and lyophilized to yield a fluffy white solid. The
crude, reduced peptide was examined by reversed-phase HPLC
for purity and the correct molecular weight confirmed by
electrospray mass spectrometry (ESMS).

Synthesis of Ester Bond Containing Peptide 23. Peptide 23was
assembled using the above standard Fmoc protocol with the
following exception. L-R-Hydroxyisovaleric acid was used
instead of Fmoc-L-Leu-OH and coupled using DCC/NEM
activation.36 The ensuing formation of the ester bond bet-
ween Fmoc-Lys(Boc)-OH and the hydroxy-peptide-resin was
achieved after extended reaction times of 48 h using DCC/
NEM/DMAP activation. Further continuation of assembly
was performed using the described standard Fmoc protocol.
Cleavage as well as oxidation was performed for peptide 23

under identical conditions to other peptides.
Random Disulfide Bond Formation in Peptides 1-89. Pure,

reduced peptides (1 mg/mL) were oxidized by stirring at RT in
30% DMSO/0.1 M NH4OAc, pH 6.0, for 16 h. The solutions
were subsequently diluted to a DMSO concentration of <5%,
prior to RP-HPLC purification and lyophilization.

Selective Disulfide Bond Formation. Selectively folded MrIA-
OH and MrIA-NH2 were assembled on Wang (acid) and Rink
(amide) resin, respectively. For each of the different isomers one
pair of cysteine residues was incorporated into the sequence,
using Cys(Trt) protection, while the other Cys pair used the
orthogonal protection of Cys(Acm). After cleavage and purifi-
cation of the reduced peptide the first disulfide bondwas formed
using the standard 30% DMSO/0.1 M NH4OAc buffer (pH 6)
method described above.

The formation of the second disulfide bondwas performed by
dissolving the purified, singly oxidized di-(Acm) peptide at
1 mM in 80% acetic acid/water. Iodine (10 equiv) dissolved in
a small volume of ethyl acetate was added and the mixture
stirred at RT. The progress of the Acm-deprotection and
subsequent disulfide bond formation were monitored by direct
injection ESMS at regular intervals until completion (approx
30-90 min). The reaction was then quenched by addition of
ascorbic acid solution (10 mg/mL), resulting in a decolorization
of the solution. After dilution with five times the volume of
water and adjusting to pH 3, the fully oxidized peptide was
loaded onto a RP-HPLC column and purified as described
below.

HPLCAnalysis and Purification.Analytical HPLC runs were
performed using a Shimadzu HPLC system LC10A with a dual
wavelength UV detector set at 214 and 254 nm. A reversed-
phase C-18 column (Zorbax 300-SB C-18; 4.6 mm � 50 mm)
with a flow rate of 2 mL/min was used. Gradient elution was
performed with the following buffer systems: (solvent A) 0.05%
TFA in water and (solvent B) 0.043% TFA in 90% acetonitrile
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in water, from 0%B to 80%B in 20min. The crude peptides and
oxidized peptides were purified by semipreparative HPLC on a
Shimadzu HPLC system LC8A associated with a reversed-
phase C-18 column (Vydac C-18, 25 cm � 10 mm) running at
a flow rate of 5mL/minwith a 1%/min gradient of 0%B to 40%
B. The purity of the final product was evaluated by analytical
HPLC (Zorbax 300SBC-18, 4.6mm� 100mm) with a flow rate
of 1 mL/min and a 1.67%/min gradient of B (5-45%).

Purities of synthesized peptides (1, 3, 5-8, 10, 12, 17, 20,
22-24, 30, 35, 43, 45, 49, 53, 54, 56, 59, 60-62, 65-67, 71, 72,
74-76, 81, 83-88) were all greater than 95%with the exceptions
listed in the Support Information. The minor compounds in
peptide samples consisted of other disulfide connectivity iso-
mers that closely eluted to the desired 1-4, 2-3 connectivity
isomer. Isolated minor isomers were also tested in the NET in
vitro assay with none displaying affinity for the transporter.

Peptide Concentration Assessment. Peptide concentrations
used in in vitro screening were calculated on the basis of peak
size detected at 214 nm byHPLC. Peak size was calibrated using
a peptide standard (in this case 1) with known peptide content
established by amino acid analysis. Molecular extinction coeffi-
cients are calculated for the standard, and the peptide of interest
applying increments was established by Buck et al.37 By use of
the Lambert-Beer law, the peptide concentration is calculated
on the basis of absorptions of standard and sample using
calculated extinction coefficients.

Electrospray Mass Spectrometry (ESMS). Electrospray mass
spectra were collected inline during analytical HPLC runs on an
Applied Biosystems API-150 spectrometer operating in the
positive ion mode with an OR of 20, Rng of 220, and Turbos-
pray of 350�. Masses between 300 and 1800 amu were detected
(step 0.2 amu, dwell 0.3 ms). Accurate mass measurement of the
aspartimide formation of 1 (Figure 1B) was achieved by mass
detection between 1402 amu and 1414 amu (step 0.1 amu, dwell
30 ms).

NMR Structure Evaluation of 3. Samples prepared for NMR
spectroscopy contained approximately 7-8 mg of purified 3

dissolved in the following solvent systems: 95% H2O/5% D2O
(v/v) at pH 3.38 and 99.96%D2O. D2O (99.96%) was obtained
from Cambridge Isotope Laboratories, Woburn, MA. pH
values were measured at 298 K, and no corrections for deuter-
ium isotope effects were made.

Spectra were recorded on a Bruker ARX-500 or Bruker
Advance 600 spectrometer at 290 and 298 K. The carrier
frequency in all experiments was set at the center of the spectra
on thewater resonance frequency, and quadrature detectionwas
used in both dimensions. 2D spectra were acquired in phase
sensitive mode using time-proportional phase incrimination for
quadrature detection in the t1 dimension.38 Exclusive homo-
nuclear 2D experiments consisted of aDQF-COSY,39 TOCSY40

using aMLEV-17 spin lock sequence41 with an isotropic mixing
time of 80 ms, E-COSY,42 and NOESY43 with mixing times of
200 and 300 ms. Water suppression was achieved using a
modified WATERGATE44 sequence. All 2D spectra were col-
lected with over 4096 data points in the F2 dimension and 512 or
600 increments in the F1 dimension. The presence of slowly
exchanging amide protons were analyzed through a series of 1D
and TOCSY spectra run immediately after dissolving the fully
protonated sample in D2O.

Spectra were processed on a Silicon Graphics workstation
using XWINNMR (Bruker) software. The t1 dimension was
zero-filled to 2048 real data points, and 90� phase-shifted sine
bell window functions were applied prior to Fourier transfor-
mation. Chemical shifts were referenced to internal sodium
2,2-dimethyl-2-silapentane-5-sulfonate (DSS). Processed spec-
tra were analyzed and assigned within the program Sparky.45

Assignment procedure followed thewell-established spin system
identification and sequential assignment technique.46

Structure Calculations. Cross-peaks from NOESY spectra
recorded in 95% H2O/5% D2O with a mixing time of 300 ms

were integrated and calibrated in Sparky45 and distance con-
straints derived using CYANA.47 Corrections for pseudoatoms
were added to distance constraints where needed.48 Backbone
dihedral angle restraints were derived from 3JHN-HR coupling
constants measured from a one-dimensional spectrum or from
line shape analysis of antiphase cross-peak splitting in theDQF-
COSY spectrum. Angles were restrained following the standard
parametrization of the Karplus relationship46 to-120( 30� for
3JHN-HR = 8.0-9.5 Hz (Val3, Cys4, Cys5, Leu9, Cys10, His11)
and -65 ( 15� for 3JHN-HR = 3.0-5.8 Hz (Cys13). An addi-
tional φ angle restraint of-100( 80�was applied to Tyr7 where
the intraresidual HR-HN NOE was clearly weaker than the
NOE between HN and the HR of the preceding residue.49 The
intense intraresidue HR-HN NOE for Lys8, combined with a
3JHN-HR value of ∼7 Hz, allowed its φ angle to be restrained to
þ50 ( 40�.50,51

χ1 dihedral angles were derived for three residues (Cys4,
Cys10, Cys13) from 3JRβ coupling constants measured from
E-COSY spectra in combination with HN-Hβ2, HN-Hβ3,
HR-Hβ2, and HR-Hβ3 NOE peak intensities.52 The χ1 angles
were restrained to þ180 ( 30� (Cys4, Cys10) or -60 ( 30�
(Cys13).

Preliminary structures were calculated using a torsion angle
simulated annealing within CYANA.47 Final structures were
calculated using simulated annealing and energy minimization
protocols within CNS, version 1.1.53 The starting structures
were generated using random (φ, ψ) dihedral angles and energy
minimized to produce structures with the correct local geome-
try. A set of 50 structures were generated by a torsion angle
simulated annealing protocol.54,55 This protocol involves a
high-temperature phase comprising 4000 steps of 0.015 ps of
torsion angle dynamics, a cooling phase with 4000 steps of
0.015 ps of torsion angle dynamics during which the tempera-
ture is lowered to 0 K, and finally an energy minimization phase
comprising 500 steps of Powell minimization. Structures con-
sistent with restraints were subjected to further molecular
dynamics and energy minimization in a water shell, as described
by Linge and Nilges.56 The refinement in explicit water involves
the following steps: first, heating to 500 K via steps of 100 K,
each comprising 50 steps of 0.005 ps of Cartesian dynamics;
second, 2500 steps of 0.005 ps of Cartesian dynamics at 500 K
before a cooling phase where the temperature is lowered in steps
of 100 K, each comprising 2500 steps of 0.005 ps of Cartesian
dynamics. Finally, the structures were minimized with 2000
steps of Powell minimization. Structures were analyzed using
PROMOTIF57 and PROCHECK-NMR.58

Chemical Shift Analysis of Analogues of 3. All spectra were
recorded on a Bruker 600 Advance spectrometer equipped with
an x, y, z gradient unit. Synthetic samples (∼2-11 mM) were
used for HR chemical shift determinations. All samples were
examined in 90%H2O/10%D2O (pH 3.5) except for 72 (His to
[NAL] replacement) which required 20% CD3CN to dissolve.
Restraints acquired for HR chemical shift determinations were
from spectra recorded at 298 K. 1D proton NMR and 2D
TOCSY41 experiments were run for all peptides. For peptides
that displayed differences in the backbone chemical shifts
compared to 3

15 and therefore could not be unambiguously
assigned, additional NOESY43 experiments were run. These
peptides included 24, 68, 69, and 82. For all the other peptides,
the residue replacements did not alter the backbone conforma-
tion and a TOCSY experiment provided satisfactory data for
assignment of the HR chemical shifts. All spectra were recorded
using Bruker TopSpin in a phase sensitive mode over 12 ppm
with 4096 data points in F2, 90-256 FIDs, 8-64 scans, and a
recycle delay of 2.0 s. Water suppression for TOCSY and
NOESY experiments was achieved using a modified WATER-
GATE sequence. Spectra were processed using XWINMR. The
chemical shifts were referenced internally to DSS at 0.00 ppm
and compared to the chemical shifts for amino acids in random
coil, as described by W€uthrich.46 Secondary shift changes of
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>0.1 ppm were considered as significant59 and were used as an
indication of structural perturbation upon amino acid muta-
tions.

Radioligand Binding Studies.For radioligand binding studies,
membranes from transfected COS-7 cells were incubated in
96-well plates with [3H]nisoxetine (4.3 nM) in the absence or
presence of χ-conopeptide (1 nM to 100 μM, in triplicate) in
buffer for 1 h at RT, as previously described.15 Filter-retained
radioactivity was quantified by liquid scintillation counting.
Curve fitting of concentration-response data was performed
by nonlinear regression using individual data points with
GraphPad Prism 3.0. The equation of Cheng and Prusoff60

was used to convert IC50 values for [
3H]nisoxetine displacement

to pKi values, since χ-conopeptides act competitively with this
ligand.9 Statistical analyses were undertaken using the Graph-
Pad Prism software package with a statistical significance
criterion of P < 0.05.

In Vivo Studies. The CCI rat model of neuropathic pain was
performed as described in Nielsen et al.10 Three animals were
used for each analogue tested, with dose selected on the basis of
potency to inhibit the NET transport of NE.
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