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SUMMARY

Conopeptides are the peptidic components of the venoms of marine

cone snails from the Conus genus. Aside from their natural function in

pharmacologically immobilizing prey, they have attracted the attention

of drug designers in recent years because of their potency and selectiv-

ity at a range of pharmaceutically important targets in mammals,

including ion channels and neurotransmitter transporters. One

conopeptide, MVIIA (ziconotide, Prialt®), is on the market for the treat-

ment of intractable neuropathic pain and others are in preclinical or

clinical development. This article provides an overview of recent devel-

opments in the conopeptide field, with particular reference to their

potential applications as drugs for the treatment of pain. 

INTRODUCTION

Conopeptides are bioactive peptides found in the venoms of marine

cone snails of the genus Conus. These carnivorous snails, which

comprise more than 500 species, prey on marine worms, snails or

fish. Although their primary purpose is to assist in prey capture,

these 10- to 40-amino-acid conopeptides serendipitously interact

with a number of pharmaceutically relevant receptors in mammals

and thus have attracted great attention as potential leads in drug

design and development (1-4). Conopeptides have been extensively

reviewed from the perspective of their discovery (5), evolution (6),

structures (7), pharmacology (8), structure–activity relationships (9-

12) and applications (13, 14), but our focus here is exclusively on the

applications of conopeptides as drugs, and in particular on their

potential use for the treatment of pain. 

“Conopeptide” is an all-encompassing term that includes the major-

ity of the peptidic components contained in cone snail venoms. The

term conotoxin has been more specifically used to refer to those

conopeptides that are disulfide-rich (6). Figure 1 outlines a generic

classification scheme for the various types of conotoxins/conopep-

tides, which are divided into pharmacological families (denoted

using Greek characters) and superfamilies. Conotoxins are system-

atically named starting with a letter (or two letters in the case of

redundancies) based on their species name (e.g., M for Conus

magus, Mr for Conus marmoreous), followed by a Roman numeral

denoting their Cys framework (which is defined by the number and

spacing of Cys residues) and the letters A, B, C, etc., based on the

order of discovery of the particular peptide with a given framework

from a given species (15). For example, ω-conotoxin MVIIA is the first

peptide discovered from C. magus with Cys framework VII. Some

researchers no longer prefer to use the term conotoxin, so as to

remove the connotation “toxin”, as now much of the interest in these

peptides is on their therapeutic uses, but for historical reasons the

term conotoxin is still widely used. In this article we will use the term

conopeptide to include both disulfide-rich and disulfide-poor pep-

tidic venom components. Recently, a database (Conserver,

http://www.conosoerver.org) has been developed to catalogue and

curate conopeptide sequences, and readers are referred there for a

more comprehensive listing of conopeptide sequences and further

information on nomenclature and classification schemes (15, 16).

Table I lists a selection of conopeptides that are, or have been, in

clinical or preclinical trials for the treatment of pain (17-24). Given

their peptidic nature and pain targets, it is not surprising that the

majority of delivery routes involve intrathecal administration (i.e.,

direct infusion into the spinal cord). Only one conopeptide, MVIIA, is

on the market so far (generic name ziconotide and trade name

Prialt®) and is approved for the treatment of severe neuropathic pain.

Several other conopeptides show promising activities in clinical or

preclinical trials and in the remainder of this article we provide a

brief overview of progress in the development of these various

conopeptides. 
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Figure 1. Overview of conopeptide classification. In general, conopeptides are divided into disulfide-rich (lower panel) and disulfide-poor (upper panel). The

latter contain either none or one disulfide bond. Conantokins are drawn on the boundary between these two categories, as some members of the family con-

tain one and others contain no disulfide bonds. Black circles denote families that have been implicated in therapeutic uses. Disulfide-rich peptides are divid-

ed into superfamilies (A-Y), which are in some case divided into subgroups, e.g., the I superfamily is divided into I1, I2 or I3, and the O superfamily is divided

into O1, O2 or O3. Disulfide frameworks refer to the spacing and arrangement of the cysteine residues within the peptide sequence and are numbered using

Roman numerals. Pharmacological families refer to the biological activity of the conotoxin and are denoted with Greek letters. For example, the ω-conotox-

ins target calcium channels, the κ-conotoxins target potassium channels and the α-conotoxins target nicotinic acetylcholine receptors. As is apparent from

the figure, there is some crossover between pharmacological families, frameworks and superfamilies.

Table I. Conotoxins in the drug development pipeline.

Name FDA status Delivery Comment Ref.

MVIIA (SNX-111/ziconotide/Prialt®) Approved I.T. FDA approved in 2004; 2009 sales of US $20 million 17

Developed by Neurex/Elan; currently sold by Azur Pharma

CVID (AM-336) Abandoned I.T. Phase II I.T. studies abandoned by Amrad; rights 71

(Leconotide/CNSB-004) subsequently taken up by other companies (see below)

Phase I S.A. Taken up by CNSBio (now Relevare Pharmaceuticals); 18

placebo-controlled phase IIa systemically administered

clinical trial in cancer patients for treatment of intractable

pain planned (www.relevare.com)

MrVIB Preclinical I.T. Reduces hyperalgesia in animal models 22, 23

MrIA derivative (XEN-2174) Phase II I.T. Currently in phase II clinical trials for cancer pain and 19

postoperative pain; development by Xenome, Ltd.

(www.xenome.com).

Vc1.1 (ACV-1) Abandoned I.M. Metabolic Pharmaceuticals (www.metabolic.com.au) 20

cVc1.1 (IMB-007) Preclinical Oral The University of Queensland 21

Contulakin-G (CGX-1160) Phase I I.T. Cognetix, Inc.; current status unknown 24

I.T., intrathecal; I.M., intramuscular; S.A., systemic administration.



Table II summarizes the sequences of a selection of conopeptides

with potential for pain therapy (9, 19, 20, 25-29) and Figure 2 shows

selected structures of these peptides. The diversity of sequences and

structures apparent from these representations demonstrates one

of the exciting strengths of the conopeptide field, i.e., the powerful

and diverse armory of peptidic molecules available to drug develop-

ers and the variety of targets that they can potentially interact with.

MVIIA

MVIIA is a 25-amino-acid peptide originally isolated (25) from the

venom of the cone snail C. magus (or Magician’s cone). Its structure

has been determined by several groups (30-32) and comprises a

compact fold with three disulfide bonds in a cystine knot arrange-

ment (33, 34), as shown in Figure 2. Cystine knot structures are typ-

ically very stable, and this is the case with MVIIA. Pharmacologically,

it is a member of the ω-conotoxin family that targets N-type voltage-

gated calcium channels. The history and development of this mole-

cule have been reviewed extensively (17), and, as ziconotide, it has

been on the market since 2004 in the U.S. and since 2005 in the

E.U. Ziconotide is a synthetic peptide identical in sequence to the

native MVIIA conopeptide sequence and in clinical use is delivered

intrathecally via a surgically implanted pump. 

The efficacy of ziconotide in providing pain relief has been demon-

strated in at least four clinical trials in cancer and AIDS patients, and

in these trials ziconotide was associated with statistically significant

pain relief, as measured by the percent reduction in Visual Analogue

Scale of Pain Intensity scores. It has been recommended as a viable

alternative therapy for patients with severe, refractory pain who can-

not tolerate i.v. administration of morphine or hydromorphine (35-

37). The name Prialt® is in fact a condensation of the expression

“Primary alternative therapy for morphine”.

Side effects reported for ziconotide treatment include memory

impairment, dizziness, nystagmus, speech disorders, nervousness,

somnolence and abnormal gait (38). Given the patient cohort being

treated, these can be regarded as relatively minor compared to the

consequences of nontreatment for patients suffering severe chronic

pain. Significant clinical experience is beginning to emerge on the

use of ziconotide in combination with a variety of other drugs and

few adverse combination effects have been reported. Furthermore,

Ilias and Todoroff noted that several accidental overdoses of

ziconotide have occurred (39), but no significant adverse reactions

have been reported. In addition, intrathecal ziconotide can be sud-

denly discontinued without major withdrawal symptoms for patients

who do not tolerate the drug because of adverse effects (38). 

Given the widespread application of intrathecal therapy for current-

ly developed conopeptide drug leads and its established clinical use

for ziconotide, it is useful to discuss the advantages and disadvan-

tages of this delivery approach. In general, intrathecal therapy is

regarded as an important option for patients who do not experience

sufficient analgesia using other treatments (40). On the one hand, it

offers the potential for greater pain relief with lower doses of drugs,

and hence the possibility of a lower incidence of side effects (38), but

on the other hand, there are some intrinsic disadvantages, including

the need for a surgical procedure and the risk of infection. Burton 

et al. (40) recently examined spinal analgesia trialing methods for

ziconotide therapy. They noted that long-term intrathecal therapy

involves implantation of a pump and catheter, and hence, to improve

patient outcomes preliminary trials are generally performed to

determine patient responses to analgesia before pump implementa-

tion. Analgesia was associated with all three forms of trialing that

were compared (continuous, limited-duration infusion and bolus),

indicating that all three methods are viable for trialing ziconotide.

However, they concluded that small sample sizes prevented a thor-

ough investigation of the safety of these different methods and more

studies are required to compare the different trialing procedures. 

CVID

CVID (also known as leconotide, or CNSB-004, or previously as

AM-336) is a 27-amino-acid ω-conotoxin isolated from Conus

catus (9) that is very similar in structure to MVIIA (Fig. 2). It shares

18 common residues with MVIIA and the most significant sequence

differences occur in loop 4. (Note that the term “loop” is common-

ly used in conotoxin nomenclature to refer to regions in the back-

bone between successive Cys residues, which are considered to

make up the molecular framework.) Despite the relatively small
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Table II. Structural and pharmacological data on pharmaceutically interesting conotoxins.

Name Sequence Size S-S Pharmacological Ref.

(aa) bonds target

MVIIA CKGKGAKCSRLMYDCCTGSCRSGKC-NH
2

25 3 N-type Ca
v

channel 25

CVID CKSKGAKCSKLMYDCCSGSCSGTVGRC-NH
2

27 3 N-type Ca
v

channel 9

MrVIB ACSKKWEYCIVPILGFVYCCPGLICGPFVCV 31 3 Sodium channels 26

XEN-2174 ZGVCCGYKLCHOC 13 2 Neuronal 19

norepinephrine 

transporter

Vc1.1 GCCSDPRCNYDHPEIC-NH
2

16 2 nAChR/GABA
B

20

cVc1.1 cyclo-GCCSDPRCNYDHPEICGGAAGG 22 2 20

Contulakin-G ZSEEGGSNA(gTr)KKPYIL 16 0 Neurotensin receptor 27

Conantokin-G GEγγLQγNQγLIRγKSN-NH
2

17 0 NMDA receptors 28

Conantokin-T GEγγYQKMLγNLRγAEVKKNA-NH
2

21 0 NMDA receptors 29

Z, pyroglutamate; γ, γ-carboxyglutamic acid; gTr, β-D-Galp-(1→3)-α-D-GalpNAc-(1→)-threonine; O, 4-trans-hydroxyproline; nAChR, nicotinic acetylcholine

receptor.



differences in sequence, CVID has greater selectivity for N-type

over P/Q-type voltage-gated calcium channels (9) compared to

MVIIA. Using a spinal nerve ligation model of neuropathic pain in

rats, Scott et al. (41) showed that intrathecal administration of

CVID had a similar level of potency to MVIIA, but less toxicity.

Studies in rabbits with i.v. administration of CVID indicated that a

nonspinal method of delivery might be possible without severe

cardiovascular effects (42). Recently, this hypothesis has been

supported by data from a rat model of neuropathic pain, which

showed that CVID has potent antihyperalgesia, without side

effects, after i.v. administration (18).

Conus species are a rich source of ω-conotoxins and there is every

chance that the discovery of new ω-conotoxins with selectivity pro-

files that produce fewer side effects might lead to the develop-

ment of better N-type voltage-gated calcium channel analgesics.

This potential is highlighted by the two novel peptides, CVIE and

CVIF, which have recently been described (43). These two peptides

differ from one another by one residue. They have similar loops 1

and 3 to CVID but significant differences in the other loops. They

significantly reduced allodynic behavior in a rat partial sciatic

nerve ligation model of neuropathic pain. However, it remains to

be determined if these peptides will have more favorable thera-

peutic properties than MVIIA or CVID.

MRVIB

MrVIB is a 31-residue conopeptide isolated from Conus marmoreus

that contains three disulfide bonds, which form a cystine knot motif,

as illustrated in Figure 2. Despite its similarity in overall fold to

MVIIA, MrVIB has a large disordered loop 2 and a very different phar-

macological profile. MrVIB was discovered in 1995 and reported to

target both sodium and molluscan calcium channels (26). Although

it is not currently in clinical trials, it has analgesic activity in animal

models that occurs via a different mechanism to MVIIA, and is of

much current interest.

Since the initial study on MrVIB (26), it has been shown to inhibit the

transient tetrodotoxin-resistant sodium current in rat dorsal root

ganglion (44). Specifically, it selectively blocks the voltage-gated

sodium Na
v
1.8 channel (22, 23). Voltage-gated sodium channels

have been validated as a target for pain, with examples of local

anesthetics acting via these channels. In particular, Na
v
1.8 has

received significant attention as a candidate for development of sub-

type-selective voltage-gated sodium channel therapeutics for per-
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Figure 2. Three-dimensional structures of conotoxins with therapeutic potential. MVIIA (PDB ID code 1ttr), CVID (9), MrVIB (PDB ID code 1rmk), MrIA (PDB ID

code 2ew4), cyclic Vc1.1 (21), Vc1.1 (PDB ID code 2h8s), Con-G (PDB ID code 1onu) and Con-T (PDB ID code 1ont).  The disulfide bonds are shown in ball-and-

stick format. The diagram was made with MOLMOL (72).



sistent pain (22). This interest is a result of Na
v
1.8 being expressed

exclusively by primary afferent neurons, and > 85% of neurons

expressing Na
v
1.8 are nociceptors. Consistent with the interest in

antagonists of Na
v
1.8, MrVIB has analgesic activity in local anesthet-

ic and postincision allodynia assays, with effects lasting up to 24 h

(23). It also appears to have no motor side effects when injected at

high doses. Given that the nonselective voltage-gated sodium chan-

nel blocker lignocaine displays no selectivity for allodynia and hyper-

algesia versus motor side effects, it appears that selective voltage-

gated sodium channel antagonists have a greater therapeutic index

than nonselective antagonists (22). Overall, the selectivity and ani-

mal data suggest that MrVIB is a very interesting drug lead. 

XEN-2174

XEN-2174 is a slightly modified analogue of the naturally occurring

χ-conotoxin MrIA, originally isolated from C. marmoreus. MrIA is a

13-residue peptide that is a noncompetitive inhibitor of the neuronal

norepinephrine transporter (NET) (45). The three-dimensional struc-

ture consists of a β-hairpin that is cross-braced by two disulfide

bonds in a “ribbon” connectivity (Cys1-CysIV, CysII-CysIII). Native

MrIA has an N-terminal asparagine residue, and such residues are

well known to be unstable, as they can undergo cyclization involving

the β-carboxamide group. In an extensive structure–activity rela-

tionship (SAR) study (19), a series of analogues were synthesized

with various N-terminal mutations, including the introduction of

non-native residues and D-amino acids. In addition to an analysis of

their chemical stability and binding to NET, selected peptides were

tested in a chronic constriction injury rat model of neuropathic pain.

The peptides were administered as a bolus injection via a chronical-

ly implanted intrathecal cannula. From these studies, XEN-2174 was

chosen as the development candidate with the best mix of chemical

stability and therapeutic index. 

XEN-2174 has also been shown to have anti-allodynia activity in an

L5/L6 spinal nerve injury pain model in rats, but produces little

antinociception against mechanical and thermal hyperalgesia in rat

models. Overall, XEN-2174 is a promising candidate for develop-

ment as a novel therapeutic for intrathecal administration to

patients with persistent neuropathic pain. It is currently in phase II

clinical trials (19). 

VC1.1 AND CYCLIC DERIVATIVES

Vc1.1 is a 16-residue α-conotoxin first isolated from a cDNA library of

Conus victoriae (20). A synthetic peptide corresponding to the

deduced peptide sequence was subsequently shown to alleviate

neuropathic pain in rat models (46). However, after several preclini-

cal and clinical trials, development was halted by Metabolic

Pharmaceuticals. This molecule has nevertheless turned out to be

an interesting substrate for efforts at improving the biopharmaceu-

tical properties of conopeptide-based drug leads, as described

below.

Studies in our laboratory have focused on the use of head-to-tail

cyclization to provide extra stabilization to conopeptides. The impe-

tus for this work came from discoveries of a range of naturally occur-

ring macrocyclic peptides in bacteria, plants and animals (47). These

macrocyclic peptides range in size from ~14 to 70 amino acids and

are distinguished from conventional proteins by their exceptional

stability. For example, the cyclotides (48), ~30-amino-acid peptides

from plants, which contain a head-to-tail cyclic backbone and cys-

tine knot motif (34), are exceptionally resistant to enzymes, heat

treatment and chemical chaotropes (49), and have been proposed

as valuable frameworks for peptide-based drug design applications

(50-52). Similarly, bacteriocins, which lack disulfide bonds but have

a cyclic backbone, have very high unfolding temperatures and are

exceptionally stable (53). Thus, noting that cyclization produced

exceptional stability in a range of peptides, we undertook studies to

cyclize model conopeptides. 

The first studies were on the prototypic α-conotoxin MII, a 16-amino-

acid peptide from C. magus that has been implicated as being of

potential use for the treatment of Parkinson’s disease and nicotine

addiction (54). Computer modeling studies suggested that linkers of

five or six amino acid residues would be sufficient to bridge the N and

C termini to incorporate a cyclic backbone that would not perturb the

three-dimensional structure of the remainder of the molecule. In our

initial synthesis of cyclic α-MII analogues, we found that this was

almost the case, but there was a slight distortion to the characteristic

α-conotoxin helix, and as a result, cyclo-5-α-MII lost activity relative to

the native peptide. Cyclic α-MII peptides comprising six or seven

amino acid linkers, by contrast, maintained the structure of native α-

MII (55, 56), were of high stability in human serum and maintained

biological activity (57). The linkers chosen to achieve cyclization includ-

ed combinations of Gly and Ala residues, e.g., GGAAG, GGAAGG and

GAGAAGG.

These initial studies led to further work on pharmaceutically more rel-

evant conopeptides, including Vc1.1, which had been reported to have

analgesic activity in an animal model of neuropathic pain when inject-

ed i.m. (20). We synthesized a number of versions of cyclic Vc1.1 and

recently reported studies on one containing a 6-amino-acid linker (21).

As was the case for α-MII, we chose linkers comprising Gly and Ala

residues having no more than three residues of the same type consec-

utively, mainly for logistical reasons in simplifying interpretation of

NMR spectra that were to be used to assess the folding. The cyclic

derivatives folded reproducibly into the native conformation, which is

characterized by a small helix in a wide range of α-conotoxins (58-62). 

Analysis of cyclo-6-Vc1.1, also known as IMB-007, in the chronic con-

striction injury animal pain model (63) demonstrated that the cyclized

version had efficacy comparable to the clinically used treatment for

neuropathic pain, gabapentin, but achieved this efficacy at a much

lower dose. We also found that the cyclized version was more stable

than the linear version (21). Most importantly, IMB-007 exhibited anal-

gesic activity when administered orally to rats. The achievement of oral

activity for a peptide-based therapeutic represents a potentially very

significant milestone. It remains to be seen whether this efficacy will be

seen in human clinical trials.

CONANTOKINS AND CONTULAKINS

The conantokins and contulakins are distinct classes of conopep-

tides that generally lack disulfide bonds and thus are structurally

different from the peptides mentioned so far here. Furthermore,

the mechanisms involved in their analgesic activities differ from

those for disulfide-rich peptides. Conantokins are rich in γ-car-

boxyglutamic acid residues and were originally referred to as
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“sleeper” peptides because they induce sleep in young mice (28).

Conantokins form helical structures (Fig. 2), particularly in the

presence of divalent cations, and the γ-carboxyglutamic acid

residues appear to be a stabilizing feature in these peptides, per-

haps compensating for their lack of disulfide bonds (10, 64-66).

The γ-carboxyglutamic acid residues are also important for activi-

ty, as decarboxylation leads to a loss in sleep-inducing activity (28).

Con-G and Con-T are 17- and 21-residue peptides, respectively, that

exhibit potent antinociceptive effects in mouse models of pain

induced by tissue injury, nerve injury or inflammation (67). Con-G

has also been shown to be neuroprotective in rat models of

ischemia. Conantokins are the only known peptide ligands of N-

methyl-D-aspartate (NMDA) receptors and studies indicate that

the analgesic activity of conantokins might be related to their

NR2B selectivity (a particular subunit). Analgesic effects of Con-G

are higher than Con-R[1-17], which is a nonselective inhibitor of

NMDA receptors (68). Con-G and Con-T reached human clinical tri-

als, but the current status of their development is unknown.

Contulakin-G was originally isolated from Conus geographus (27)

and showed potent antinociceptive properties after intrathecal

delivery in both rat and dog models (69, 70). It is a 16-residue gly-

copeptide without disulfide bonds. Glycosylation is important, as

the peptide lacking the glycan has significantly less activity in vivo

than the glycosylated peptide (27). Contulakin-G interacts with the

neurotensin NTS
1

receptor, but is 100-fold more potent as an anal-

gesic than neurotensin, suggesting that activity occurs via a mode

of action distinct from neurotensin binding. Contulakin-G has

demonstrated efficacy in a broad range of preclinical models of

acute and chronic pain and reached phase I clinical trials. 

SUMMARY AND OUTLOOK

With one conopeptide on the market now for more than 6 years

and several others in clinical or preclinical evaluation, the future

for conopeptide-based therapeutics seems promising, although

this optimism must be balanced with the realization that sales of

ziconotide so far have been relatively modest and the delivery

route (intrathecal) is not widely applicable to the majority of pain

sufferers. However, the very recent promising findings of oral activ-

ity of a conopeptide (cyclized Vc1.1, IMB-007) in an animal model

of pain offer hope that other conopeptides will be found that have

a similar favorable delivery route.

ACKNOWLEDGMENTS

Work in our laboratory on conopeptides is supported by grants from

the National Health & Medical Research Council (NHMRC) (Australia)

(Grant ID: 631457) and the Australian Research Council (Grant ID:

DP0986281). DJC is an NHMRC Professorial Fellow (Grant ID:

569603). NLD is a Queensland Smart State Fellow. We thank David

Wilson for help with figures and tables and our colleagues listed in the

references for their valuable contributions to conopeptide research.

DISCLOSURES

The authors are inventors on patents associated with therapeutic

applications of conotoxins, and in particular on cyclized conotoxins.

REFERENCES

1. Adams, D.J., Alewood, P.F., Craik, D.J., Drinkwater, R.D., Lewis, R.J.

Conotoxins and their potential pharmaceutical applications. Drug Dev

Res 1999, 46(3-4): 219-34.

2. Armishaw, C.J., Alewood, P.F. Conotoxins as research tools and drug

leads. Curr Protein Pept Sci 2005, 6(3): 221-40.

3. Han, T.S., Teichert, R.W., Olivera, B.M., Bulaj, G. Conus venoms - A rich

source of peptide-based therapeutics. Curr Pharm Des 2008, 14(24):

2462-79.

4. Halai, R., Craik, D.J. Conotoxins: Natural product drug leads. Nat Prod

Rep 2009, 26(4): 526-36.

5. Olivera, B.M. Conus peptides: Biodiversity-based discovery and exoge-

nomics. J Biol Chem 2006, 281(42): 31173-7.

6. Olivera, B.M., Teichert, R.W. Diversity of the neurotoxic Conus peptides:

A model for concerted pharmacological discovery. Mol Interv 2007, 7(5):

251-60.

7. Marx, U.C., Daly, N.L., Craik, D.J. NMR of conotoxins: Structural features

and an analysis of chemical shifts of post-translationally modified amino

acids. Magn Reson Chem 2006, 44(Spec. No.): S41-50.

8. Azam, L., McIntosh, J.M. Alpha-conotoxins as pharmacological probes

of nicotinic acetylcholine receptors. Acta Pharmacol Sin 2009, 30(6):

771-83.

9. Nielsen, K.J., Schroeder, T., Lewis, R. Structure-activity relationships of

omega-conotoxins at N-type voltage-sensitive calcium channels. J Mol

Recognit 2000, 13(2): 55-70.

10. Prorok, M., Castellino, F.J. Structure-function relationships of the NMDA

receptor antagonist conantokin peptides. Curr Drug Targets 2001, 2(3):

313-22.

11. Millard, E.L., Daly, N.L., Craik, D.J. Structure-activity relationships of

alpha-conotoxins targeting neuronal nicotinic acetylcholine receptors.

Eur J Biochem 2004, 271(12): 2320-6.

12. Dutton, J.L., Craik, D.J. alpha-Conotoxins: Nicotinic acetylcholine recep-

tor antagonists as pharmacological tools and potential drug leads. Curr

Med Chem 2001, 8(4): 327-44.

13. Becker, S., Terlau, H. Toxins from cone snails: Properties, applications

and biotechnological production. Appl Microbiol Biotechnol 2008,

79(1): 1-9.

14. Bingham, J.P., Mitsunaga, E., Bergeron, Z.L. Drugs from slugs—Past,

present and future perspectives of omega-conotoxin research. Chem Biol

Interact 2010, 183(1): 1-18.

15. Kaas, Q., Westermann, J.C., Halai, R., Wang, C.K., Craik, D.J.

ConoServer, a database for conopeptide sequences and structures.

Bioinformatics 2008, 24(3): 445-6.

16. Kaas, Q., Westermann, J.C., Craik, D.J. Conopeptide characterization

and classifications: An analysis using ConoServer. Toxicon 2010, 55(8):

1491-509.

17. Miljanich, G.P. Ziconotide: Neuronal calcium channel blocker for treating

severe chronic pain. Curr Med Chem 2004, 11(23): 3029-40.

18. Kolosov, A., Goodchild, C.S., Cooke, I. CNSB004 (leconotide) causes

antihyperalgesia without side effects when given intravenously: A com-

parison with ziconotide in a rat model of diabetic neuropathic pain. Pain

Med 2010, 11(2): 262-73.

19. Brust, A., Palant, E., Croker, D.E. et al. chi-Conopeptide pharmacophore

development: Toward a novel class of norepinephrine transporter

inhibitor (Xen2174) for pain. J Med Chem 2009, 52(22): 6991-7002.

20. Sandall, D.W., Satkunanathan, N., Keays, D.A. et al. A novel alpha-

conotoxin identified by gene sequencing is active in suppressing the vas-

cular response to selective stimulation of sensory nerves in vivo.

Biochemistry 2003, 42(22): 6904-11.

CONOPEPTIDES FOR PAIN N.L. Daly and D.J. Craik

30 THOMSON REUTERS – Drugs of the Future 2011, 36(1)



21. Clark, R.J., Jensen, J., Nevin, S.T., Callaghan, B.P., Adams, D.J., Craik,

D.J. The engineering of an orally active conotoxin for the treatment of

neuropathic pain. Angew Chem Int Ed Engl 2010, 49(37): 6545-8.

22. Ekberg, J., Jayamanne, A., Vaughan, C.W. et al. muO-conotoxin MrVIB

selectively blocks Nav1.8 sensory neuron specific sodium channels and

chronic pain behavior without motor deficits. Proc Natl Acad Sci U S A

2006, 103(45): 17030-5.

23. Bulaj, G., Zhang, M.M., Green, B.R. et al. Synthetic muO-conotoxin

MrVIB blocks TTX-resistant sodium channel NaV1.8 and has a long-last-

ing analgesic activity. Biochemistry 2006, 45(23): 7404-14.

24. Bogin, O. Venom peptides and their mimetics as potential drugs.

Modulator 2005, 19: 14-20.

25. Olivera, B.M., Cruz, L.J., de Santos, V. et al. Neuronal calcium channel

antagonists. Discrimination between calcium channel subtypes using

omega-conotoxin from Conus magus venom. Biochemistry 1987, 26(8):

2086-90.

26. Fainzilber, M., van der Schors, R., Lodder, J.C., Li, K.W., Geraerts, W.P.,

Kits, K.S. New sodium channel-blocking conotoxins also affect calcium

currents in Lymnaea neurons. Biochemistry 1995, 34(16): 5364-71.

27. Craig, A.G., Norberg, T., Griffin, D. et al. Contulakin-G, an O-glycosylat-

ed invertebrate neurotensin. J Biol Chem 1999, 274(20): 13752-9.

28. McIntosh, J.M., Olivera, B.M., Cruz, L.J., Gray, W.R. Gamma-carboxy-

glutamate in a neuroactive toxin. J Biol Chem 1984, 259(23): 14343-6.

29. Haack, J.A., Rivier, J., Parks, T.N., Mena, E.E., Cruz, L.J., Olivera, B.M.

Conantokin-T. A gamma-carboxyglutamate containing peptide with N-

methyl-d-aspartate antagonist activity. J Biol Chem 1990, 265(11):

6025-9.

30. Basus, V.J., Nadasdi, L., Ramachandran, J., Miljanich, G.P. Solution

structure of omega-conotoxin MVIIA using 2D NMR spectroscopy. FEBS

Lett 1995, 370(3): 163-9.

31. Kohno, T., Kim, J.I., Kobayashi, K., Kodera, Y., Maeda, T., Sato, K. Three-

dimensional structure in solution of the calcium channel blocker omega-

conotoxin MVIIA. Biochemistry 1995, 34(32): 10256-65.

32. Nielsen, K.J., Adams, D., Thomas, L., Bond, T., Alewood, P.F., Craik, D.J.,

Lewis, R.J. Structure-activity relationships of omega-conotoxins MVIIA,

MVIIC and 14 loop splice hybrids at N and P/Q-type calcium channels. J

Mol Biol 1999, 289(5): 1405-21.

33. Pallaghy, P.K., Nielsen, K.J., Craik, D.J., Norton, R.S. A common struc-

tural motif incorporating a cystine knot and a triple-stranded β-sheet in

toxic and inhibitory polypeptides. Protein Sci 1994, 3(10): 1833-9.

34. Craik, D.J., Daly, N.L., Waine, C. The cystine knot motif in toxins and

implications for drug design. Toxicon 2001, 39(1): 43-60.

35. Rauck, R.L., Wallace, M.S., Leong, M.S. et al. A randomized, double-

blind, placebo-controlled study of intrathecal ziconotide in adults with

severe chronic pain. J Pain Symptom Manage 2006, 31(5): 393-406.

36. Staats, P.S., Yearwood, T., Charapata, S.G. et al. Intrathecal ziconotide

in the treatment of refractory pain in patients with cancer or AIDS: A ran-

domized controlled trial. JAMA 2004, 291(1): 63-70.

37. Wallace, M.S., Rauck, R., Fisher, R., Charapata, S.G., Ellis, D.,

Dissanayake, S. Intrathecal ziconotide for severe chronic pain: Safety and

tolerability results of an open-label, long-term trial. Anesth Analg 2008,

106(2): 628-37.

38. Lawson, E.F., Wallace, M.S. Current developments in intraspinal agents

for cancer and noncancer pain. Curr Pain Headache Rep 2010, 14(1): 

8-16.

39. Ilias, W., Todoroff, B. Optimizing pain control through the use of

implantable pumps. Med Dev Evid Res 2008, 1: 41-7.

40. Burton, A.W., Deer, T.R., Wallace, M.S., Rauck, R.L., Grigsby, E.

Considerations and methodology for trialing ziconotide. Pain Physician

2010, 13(1): 23-33.

41. Scott, D.A., Wright, C.E., Angus, J.A. Actions of intrathecal omega-

conotoxins CVID, GVIA, MVIIA, and morphine in acute and neuropathic

pain in the rat. Eur J Pharmacol 2002, 451(3): 279-86.

42. Wright, C.E., Robertson, A.D., Whorlow, S.L., Angus, J.A.

Cardiovascular and autonomic effects of omega-conotoxins MVIIA and

CVID in conscious rabbits and isolated tissue assays. Br J Pharmacol

2000, 131(7): 1325-36.

43. Berecki, G., Motin, L., Haythornthwaite, A. et al. Analgesic (omega)-

conotoxins CVIE and CVIF selectively and voltage-dependently block

recombinant and native N-type calcium channels. Mol Pharmacol 2010,

77(2): 139-48.

44. Daly, N.L., Ekberg, J.A., Thomas, L., Adams, D.J., Lewis, R.J., Craik, D.J.

Structures of muO-conotoxins from Conus marmoreus. Inhibitors of

tetrodotoxin (TTX)-sensitive and TTX-resistant sodium channels in

mammalian sensory neurons. J Biol Chem 2004, 279(24): 25774-82.

45. Sharpe, I.A., Palant, E., Schroeder, C.I., Kaye, D.M., Adams, D.J.,

Alewood, P.F., Lewis, R.J. Inhibition of the norepinephrine transporter by

the venom peptide chi-MrIA. Site of action, Na+ dependence, and struc-

ture-activity relationship. J Biol Chem 2003, 278(41): 40317-23.

46. Satkunanathan, N., Livett, B., Gayler, K., Sandall, D., Down, J., Khalil, Z.

Alpha-conotoxin Vc1.1 alleviates neuropathic pain and accelerates func-

tional recovery of injured neurones. Brain Res 2005, 1059(2): 149-58.

47. Craik, D.J. Seamless proteins tie up their loose ends. Science 2006,

311(5767): 1563-4.

48. Craik, D.J., Daly, N.L., Bond, T., Waine, C. Plant cyclotides: A unique

family of cyclic and knotted proteins that defines the cyclic cystine knot

structural motif. J Mol Biol 1999, 294(5): 1327-36.

49. Colgrave, M.L., Craik, D.J. Thermal, chemical, and enzymatic stability of

the cyclotide kalata B1: The importance of the cyclic cystine knot.

Biochemistry 2004, 43(20): 5965-75.

50. Craik, D.J., Cema�ar, M., Daly, N.L. The cyclotides and related macro-

cyclic peptides as scaffolds in drug design. Curr Opin Drug Discov Devel

2006, 9(2): 251-60.

51. Daly, N.L., Craik, D.J. Design and therapeutic applications of cyclotides.

Future Med Chem 2009, 1(9): 1613-22.

52. Jagadish, K., Camarero, J.A. Cyclotides, a promising molecular scaffold

for peptide-based therapeutics. Biopolymers 2010, Epub ahead of print.

53. Maqueda, M., Galvez, A., Bueno, M.M., Sanchez-Barrena, M. Peptide

AS-48: Prototype of a new class of cyclic bacteriocins. Curr Protein Pept

Sci 2004, 5(5): 399-416.

54. Quik, M., McIntosh, J.M. Striatal alpha6* nicotinic acetylcholine recep-

tors: Potential targets for Parkinson’s disease therapy. J Pharmacol Exp

Ther 2006, 316(2): 481-9.

55. Hill, J.M., Oomen, C.J., Miranda, L.P., Bingham, J.P., Alewood, P.F.,

Craik, D.J. Three-dimensional solution structure of alpha-conotoxin MII

by NMR spectroscopy: Effects of solution environment on helicity.

Biochemistry 1998, 37(45): 15621-30.

56. Shon, K.J., Koerber, S.C., Rivier, J.E., Olivera, B.M., McIntosh, J.M.

Three-dimensional solution structure of alpha-conotoxin MII, an

alpha3beta2 neuronal nicotinic acetylcholine receptor-targeted ligand.

Biochemistry 1997, 36(50): 15693-700.

57. Clark, R.J., Fischer, H., Dempster, L. et al. Engineering stable peptide

toxins by means of backbone cyclization: Stabilization of the alpha-

conotoxin MII. Proc Natl Acad Sci U S A 2005, 102(39): 13767-72.

N.L. Daly and D.J. Craik CONOPEPTIDES FOR PAIN

31THOMSON REUTERS – Drugs of the Future 2011, 36(1)



58. Gehrmann, J., Alewood, P.F., Craik, D.J. Structure determination of the

three disulfide bond isomers for α-conotoxin GI: A model for the role of

disulfide bonds in structural stability. J Mol Biol 1998, 278(2): 401-15.

59. Rogers, J.P., Luginbuhl, P., Shen, G.S., McCabe, R.T., Stevens, R.C.,

Wemmer, D.E. NMR solution structure of alpha-conotoxin ImI and com-

parison to other conotoxins specific for neuronal nicotinic acetylcholine

receptors. Biochemistry 1999, 38(13): 3874-82.

60. Clark, R.J., Fischer, H., Nevin, S.T., Adams, D.J., Craik, D.J. The synthesis,

structural characterization, and receptor specificity of the alpha-conotoxin

Vc1.1. J Biol Chem 2006, 281(32): 23254-63.

61. Nicke, A., Loughnan, M.L., Millard, E.L. et al. Isolation, structure, and

activity of GID, a novel alpha 4/7-conotoxin with an extended N-terminal

sequence. J Biol Chem 2003, 278(5): 3137-44.

62. Clark, R.J., Daly, N.L., Halai, R., Nevin, S.T., Adams, D.J., Craik, D.J. The

three-dimensional structure of the analgesic alpha-conotoxin, RgIA. FEBS

Lett 2008, 582(5): 597-602.

63. Bennett, G.J., Chung, J.M., Honore, M., Seltzer, Z. Models of neuropathic

pain in the rat. Curr Protoc Neurosci 2003, Chapter 9: Unit 9.14.

64. Warder, S.E., Chen, Z., Zhu, Y., Prorok, M., Castellino, F.J., Ni, F. The NMR

solution structure of the NMDA receptor antagonist, conantokin-T, in the

absence of divalent metal ions. FEBS Lett 1997, 411(1): 19-26.

65. Skjaerbaek, N., Nielsen, K.J., Lewis, R.J., Alewood, P., Craik, D.J.

Determination of the solution structures of conantokin-G and conantokin-

T by CD and NMR spectroscopy. J Biol Chem 1997, 272(4): 2291-9.

66. Chen, Z., Blandl, T., Prorok, M. et al. Conformational changes in conan-

tokin-G induced upon binding of calcium and magnesium as revealed by

NMR structural analysis. J Biol Chem 1998, 273(26): 16248-58.

67. Jimenez, E. Conantokins: From “sleeper” activity to drug development.

Philipp Sci Lett 2009, 2(1): 60-6.

68. Xiao, C., Huang, Y., Dong, M. et al. NR2B-selective conantokin peptide

inhibitors of the NMDA receptor display enhanced antinociceptive proper-

ties compared to non-selective conantokins. Neuropeptides 2008, 42(5-

6): 601-9.

69. Kern, S.E., Allen, J., Wagstaff, J., Shafer, S.L., Yaksh, T. The pharmacoki-

netics of the conopeptide contulakin-G (CGX-1160) after intrathecal admin-

istration: An analysis of data from studies in beagles. Anesth Analg 2007,

104(6): 1514-20.

70. Allen, J.W., Hofer, K., McCumber, D. et al. An assessment of the antinoci-

ceptive efficacy of intrathecal and epidural contulakin-G in rats and dogs.

Anesth Analg 2007, 104(6): 1505-13.

71. Lewis, R.J., Nielsen, K.J., Craik, D.J. et al. Novel omega-conotoxins from

Conus catus discriminate among neuronal calcium channel subtypes. J

Biol Chem 2000, 275(45): 35335-44.

72. Koradi, R., Billeter, M., Wüthrich, K. MOLMOL: A program for display and

analysis of macromolecular structures. J Mol Graph 1996, 14(1): 51-5, 

29-32.

C

CONOPEPTIDES FOR PAIN N.L. Daly and D.J. Craik

32 THOMSON REUTERS – Drugs of the Future 2011, 36(1)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


