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Table 1. Sequence and pharmacological diversity among different classes of conopeptides.

Class Namé Sequence Disulfide connectivity® Target of class

p TIA FNWRCCLIPACRRNHKKFC* A-C, B-D a1-adrenoceptor inhibition

X MrlA NGV CCGYKLCHOC A-D, B-C noradrenaline transport inhibitor (nc)

ad Gl ECCNPACGRHYSC* A-C, B-D a/d nicotinic AchR inhibitor

ad PnIB GCCSLPRCALSNPDYC* A-C, B-D a7 nicotinic AchR inhibitor

aAd PIVA GCCGSYONAACHOCSCKDROSYCGQ* A-E, B-C, D-F a/d andoly nicotinic AchR inhibitor

u PIIA RLCCGFOKSCRSRQCKOHRCC* A-D, B-E, C-F plug TTX-sensitive VSSC

w MVIIA CKGKGAKCSRLMYDCCTGSCRSGKC* A-D, B-E, C-F N-type calcium channel inhibitor

K PVIIA CRIONQKCFQHLDDCCSRKCNNRFNKCV  A-D, B-E, C-F plugShakemotassium channel

o) PVIA EACYAOGTFCGIKOGLCCSEFRCLPGVCFG* unknown delay inactivation of VSSC

y PnVIIA° DCTSWFGRCTVNSYCCSNSCDQTYCYLYAFOS unknown activate pacemaker cation channel

o GVIIIA GCTRTCGGOKCTGTCTCTNSSKCGCRYNVHP unknown 5-HK channel inhibitor
SGBGCGCACS*

Conopressin Conopressin-S CFIRNCPRG* A-B vasopressin receptor agonist

Conantokin  Conantokin-G GALQYNQYLIRYKSN inhibit spermine activation of NMDA-

glutamate receptors

Amino acid sequences of representative conopeptides from each class are shown.
aConopeptides were isolated from fish hun@rgeographu$G) C. magugM), C. purpurascengP), C. striatus(S) orC. tulipa(T), or
mollusc hunter€. marmoreugMr) or C. pennaceuéPn).
bB, 6-bromotryptophan; Qrans-4-hydroxyprolineyy, y-carboxyglutamic acid; *, amidated C-terminus.
Ccysteines involved in disulfide bonds (shown in bold) are labelled along the sequence, sequentially A through F.

Three representative-conotoxins highlight sequence differences that contribute to AChR subtype selectivitypahie-conotox-
ins have similar cysteine patterns (CC.....C.....C).
Abbreviations: AchR, acetylcholine receptor; 5-HT, 5-hydroxytryptamine (serotonin); nc, non-competitive; MvDéthyl-D-aspar-
tate; VSSC, voltage-sensitive sodium

Calcium channel inhibitors It has long been establishederminals despite being ~ &6old selective for N-type over
that C&* influx into nerve terminals through voltage-P/Q-type VSCCs (7). The implications of inhibiting this R-
sensitive calcium channels (VSCCs) is the trigger thgpe calcium channel for pain conditions are unclear, but
initiates neurotransmitter release. In recent years, much ti&sse neurons arise from cell bodies in the spinal cord that
been learned about the nature of VSCCs. These changelsid play a role in spinal signal processing. Sub-nanomolar
have been classified into six groups , termed L-, N-, P-, @olus intrathecal doses of-MVIIA or w-CVID produce
T, and R-types, according to their electrophysiological amghalgesia for up to 24 hours in inflammatory (8) and
pharmacological properties (2). Studies investigating theuropathic (9) pain models, witl-CVID displaying a
role of VSCCs in neurotransmitter release have suggesiidler therapeutic index tham>-MVIIA. w-MVIIA
that the release of a particular neurotransmitter is coupled$X111, Ziconotide or Prialt, Elan) is in late Phase IlI
the activity of different calcium channel subtypes iglinical trials, whilew-CVID (AM336, AMRAD) is entering
different neurones. In addition, multiple splice variants @fhase Il clinical trials for the treatment of chronic pain.
calcium channels exist in central and peripheral tissues [8]. godium channel toxins Like the structurally related

Given this diversity, considerable opportunity exists 9sccs, voltage-sensitive sodium channels (VSSCs) play a key
develop selective inhibitors of VSCCs. role in the nervous system. Based on their susceptibility to block
w-Conotoxins are unique tools with which to identifihy tetrodotoxin (TTX), which acts at site 1 in the P-loop region
and determine the physiological role of different neurongf the a-subunit, VSSCs can be divided into TTX-sensitive
VSCCs (3,4). Since N-type (G2.2) VSCCs play a role in (TTX-S) and TTX-resistant (TTX-R) classes. Members of both
the ascending pain pathways (sé&. 1), and are classes share considerable sequence homology and are closely
upregulated in the spinal cord in chronic pain states, it is mefated structurally (10). These include the neuronal TTX-S type
surprising thato-conotoxins specific for N-type VSCCs are/Na, 1.1, type 1/Ngl.2, type II/Ng1.3, PN1/Ngl.7 and
potent analgesics (5). Extensive structure-activityN4/Ne\1/1,6, and the skeletal muscle TTX3/Na,1.4. The
relationship studies have allowed the development ofT&X-R sodium channels include the cardiac H1/Na which
pharmacophore model fos-conotoxins (6) that may allow is partially TTX-resistant, and the neuronal TTX-R
the rational development of specific N-type VSCGNS/PN3/Ngl.8 and NaN/PN5/NA.9. A number of these
inhibitors. Recently,>CVID was found to inhibit an VSSC subtypes are implicated in clinical states such as pain (see
otherwise resistant VSCC found in parasympathetic nemwg. 1), stroke and epilepsy. Given their critical role in the central
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and peripheral nervous system, it is not surprising that a numbeNeurotensin receptor (NTR) agonist&one snails produce a

of marine venoms from sea anemone, coral and cone snails lgixesylated neurotensin analogue named contulakin-G (19) that is

evolved to target these channels. a potent analgesic in a wide range of animal models of pain (20).
Sodium channel activators are typically toxic (e.dMterestingly, contulakin-G is 100-fold less potent that neurotensin

ciguatoxins). While subtype-selective inhibitors may haver NTR1, but ~100-fold more potent as an analgesic, suggesting an
considerable therapeutic potential, little progress has bégitional mechanism(s) of action. Based on its potency and wide
made in the development of peptides that are subtyggarapeutic window, contulakin-G (CGX-1160) is in early stage
selective inhibitors of VSSCs. Given the latenglinical development by Cognetix Inc. for the treatment of pain.
pharmacology revealed by TTX, pore blockers such as theknowledgments

H-conotoxins (11) appear to the most promising as subtypepgnecys of this work were supported by the NHMRC, ARC and
selective inhibitors of VSSCs. In contrast, the 'mr"’)&uslndustry.

membrane local anaesthetic site where many classes_of

small molecules act is conserved across the different VSSBQferences

This could be more problematic for subtype discriminatioh. Lewis, R.J., and Garcia, M.LINature Rev. Drug Discovery
However, state- and frequency-dependent block has allowedOctober 2003 (in press)

the therapeutic use of less selective compounds in theRandall, A.D. (1998). Memb. Bial161, 207-213

treatment of epilepsy, neuropathic pain, and arrhythmias.3. Olivera, B.M., McIntosh, J.M., Cruz L.J., Luque, F.A., and Gray,

Toxins inhibiting nicotinic acetylcholine receptorsThe a- W.R. (1984)Biochemistry23, 5087-5090
conotoxins are a rapidly growing class of small peptides tat Lewis. R.J., Nielsen, K.J., Craik, D.J., Loughnan, M.L., Adams,
competitively inhibit nicotinic acetylcholine receptors (NAChRs). D-A.. Sharpe, L.A., Luchian, T, Adams, D.J., Bond, T., Thomas, L.,
Like the snaker-neurotoxins which have been intensively studied, Jones. A. Matheson, J.L., Drinkwater, R., Andrews, P.R., and
a-conotoxins bind at the interface between specific subunits, Alewood, P.F. (2000. Biol. Chem275 35335-35344
allowing them to discriminate among different NAChR subtypés Maimberg, A.B., and Yaksh, T.L. (1998in 60, 83-90
(12). Muscle-selectivei-conotoxins (e.g. GI, seEable 1) may 6. Nielsen, K., Schroeder, T., and Lewis, R.J. (2000)Mol.
represent an alterative to the use of small molecule curare-mimetid¥ecognitioni3, 55-70
muscle relaxants, which are used during surgery but have slofve*d@ms, D.J., Smith, A.B., Schroeder, C.I., Yasuda, T., and Lewis,
than ideal recovery periods. A nogetonotoxin, Vcl.1, has been ~ R-J- (2003). Biol. Chem278 4057-4062
recently identified as having potential analgesic properties (13). 8- Smith, M., Cabot, P.J., Ross, F.B., Robertson, A.D., and Lewis R.J.

. o (2002)Pain 96, 119-127
Noradr_enahne Fransporter (NET) inhibitorsThe NET plays 9. Scott, DA. Wright, C.E.. and Angus, J.A. (200B.r. J.
a key role in reducing levels of neuronally released noradrenalirie,
and as a consequence influences learning, memory, endocrin n@armacomﬂ 279-286
. q . . g . 24 9181 oldin, A.L., Barchi, R.L., Caldwell, J.H., Hofmann, F., Howe,
autonomic functions. Drugs that inhibit the NET have :

. . J.R., Hunter, J.C., Kallen, R.G., Mandel, G., Meisler, M.H.,
antidepressant and/or psychostimulant effects and produce
antinociception through the enhancement of descendin Berwald-Netter, Y., Noda, M., Tamkun, M.M., Wexman S. G.,
inhibito gthwa sin tﬁe spinal cord, and may also be useful 'gWOOd’ JN., Catterall, W.A. (2000jeuron28, 365-368

Y P Y . P T y . 1{' Shon K.J., Olivera, B.M., Watkins, M., Jacobsen, R.B., Gray, W.R.,
the treatment of cardiovascular disorders and urinary . .
incontinence. -Conopentides are highly specific. non Floresca, C.Z., Cruz, L.J., Hillyard, D.R., Brink, A., Terlau, H., and

1ence. x--0nopep € highly - Specilic, Yoshikami, D. (1998). Neurosci18, 4473-4481
competitive inhibitors of noradrenaline uptake by human and Bt .

. . . MclIntosh, J.M., Santos, A.D., and Olivera, B.M. (1998)u. Rev.
NET (14). The pharmacology of theconopeptides was first Biochem 68 59-88
identified in rat vas deferens contractility studies, which ae o .
. . . . Sandall, D.W., Satkunanathan, N., Keays, D.A., Polidano, M.A.,,

sensitive to inhibition by NET. Avariant of gfMrlA (Xen2174), - _ i
. . . Liping, X., Pham, V., Down, J.G., Khalil, Z., Livett, B.G., Gayler,
is currently being developed as a novel analgesic by Xenome Ltd

. S . ; 'K.R. (2003)Biochemistry42, 6904-6911
Interestingly, the binding site fo{-conopeptides on the NET14. Sharpe. LA, Gehrmann, J.. Loughnan, M.L., Thomas, L., Adams,

partially overlaps the tricyclic antidepressant binding site (15). D.A., Atkins, A.. Palant, E., Craik, D.J., Adams, D.F.. Alewood.
N-methyl-D-aspartate (NMDA) receptor antagonists  pg and Lewis, R.J. (200Nature Neurosci4, 902-907

Conantokins are specific inhibitors of the NMDA receptor. They Bryan-Lluka, L.J., Bonisch, H., and Lewis, R.J. (2003jiol.

are helical peptides that competitively inhibit glutamate activation, chem (epub ahead of print)

especially at NR2B receptors (16). Analogues of conantokilitg ponevan, S.D. and McCabe, R.T. (200®)l. Pharmacol.58,

discriminate among different NMDA receptor subtypes in human gq4_gg2

brain (17). The anti-epileptic effects of the conantokins have bgen ragnarsson, L., Mortensen, M., Dodd, P.R. and Lewis R.J. (2002)

explored by Cognetix Inc. Reflecting a likely role of NMDA 5 Neurochengl, 765-779

receptors in pain neuroplasticity, Malmbetgl.(18) showed that 18 maimberg, A.B., Gilbert, H., McCabe, R.T., and Basbaum, A.I.
intrathecal conantokin-G or -T also have analgesic activity in pain (>003)Pain 101, 109-116

models of tissue damage (formalin test), nerve injury (partiy) craig, A.G., Norberg, T., Griffin, D., Hoeger, C., Akhtar, M.,
sciatic nerve ligation) and inflammation (complete Freund's schmigt K. Low, W. Dykert, J., Richelson, E., Navarro, V.,

adjuvant) in mice at doses that were ~20-fold lower than thoseaz¢lia, J. Watkins, M., Hillyard, D., Imperial, J., Cruz, L.J., and

required to impair motor function. Thus, subtype-specific qjivera, B.M. (1999). Biol. Chem274, 13752-13759
inhibitors of the NMDA receptor also have therapeutic potentialjg Wagstaff, J.D., Layer, R.T., and Craig, A.G. (2002) Venoms to

the management of pain. Drugs www.venomstodrugs.com/Venoms_Abstract_book.pdf
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