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ABSTRACT: We report the purification and characterization of a new conotoxin from the ven@orais
radiatus The peptideaS-conotoxin RVIIIA @S-RVIIIA), is biochemically unique with respect to its
amino acid sequence, post-translational modification, and molecular targets. In comparison to other nicotinic
antagonists fronConusvenoms o S-RVIIIA exhibits an unusually broad targeting specificity for nicotinic
acetylcholine receptor (nAChR) subtypes, as assayed by electrophysiology. The toxin is paralytic to mice
and fish, consistent with its nearly irreversible block of the neuromuscular NAChR. Similar to other
antagonists of certain neuronal nAChRs, the toxin also elicits seizures in mice upon intracranial injection.
The only previously characterized conotoxin from the S superfamiyonotoxin GVIIIA, is a specific
competitive antagonist of the 5-HTreceptor; thusoS-RVIIIA defines a novel family of nicotinic
antagonists within the S superfamily. All previously characterized competitive conotoxin nAChR antagonists
have been members of the A superfamily of conotoxins. Our working hypothesis is that the particular
group of fish-huntingConusspecies that includeSonus radiatusises thexS-conotoxin family to target

the muscle nAChR and paralyze prey.

The characterization of conotoxins has shown that the to the S-conotoxin gene superfamily. This peptide, designated
majority are small peptides typically £#B0 amino acids in  aS-conotoxin RVIIIA @S-RVIIIA) (R = Conus radiatus
length with multiple disulfide bonds that target ion channels VIII = class VIII Cys pattern) is a nearly irreversible
(1). Most of the>50 000 different conotoxins belong to only inhibitor of the muscle nAChR. However, it also targets
a few gene superfamilies; conotoxin superfamilies are definedvarious neuronal nAChRs. This targeting specificity is
by a conserved signal sequence and a characteristic Cysroader than any polypeptide toxin previously characterized
pattern. The largest conotoxin characterized so far for which that is generally targeted to the nicotinic acetylcholine
both the sequence and biological mechanism have beerreceptor family. The broad-spectrum targeting property of
elucidated iso-conotoxin GVIIIA (o-GVIIIA) from Conus oS-RVIIIA was particularly surprising because the nicotinic
geographusrenom @), a 41-amino acid peptide that is an antagonists previously characterized fr@bonusvenoms
antagonist of the 5-Hilreceptor; this peptide has a structural were notable for their unprecedented subtype selectivity.
scaffold comprising 10 cysteine residuesGVIIIA is the
defining member of the S superfamily Gonuspeptides; ~ EXPERIMENTAL PROCEDURES

to date, no other peptide in the same superfamily has been Purification of aS-RVIIIA by Reerse-Phase HPLCA

characterized from angonusvenom. crude venom extract was prepared fr@anus radiatusas

In this report, we describe the purification and character- described previously3]. The extract was applied into a
ization of a novel peptide from the venom@©bnus radiatus Vydac G semipreparative column (1 250 mm, 5um

with the same Cys pattern asGVIIIA but which diverges particle size) and eluted at 5 mL/min with a linear gradient

in it's. pr?mary amino acid sequence, post-.transla'tional of solvent By [0.085% trifluoroacetic acid (TFA) in 90%
modification, and molecular targets. This peptide defines a acetonitrile]. Further purification was done on a Vydag C

new family of conotoxins within the S superfamily that we analytical column (4.6< 250 mm, Sum particle size). The

have na_med theS.fa}mny . conotoxins; thed Qe5|gnates effluents were monitored at 220 nm, and aliquots of fractions
a targeting selectivity for nicotinic acetylcholine receptors were assayed for biological activity

(NAChRs); while the "S” indicates that the peptide belongs Mass SpectrometrMatrix-assisted laser desorption ion-
ization (MALDI) mass spectra were obtained at the Mass
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Spectrometry and Proteomic Core Facility of the University A
of Utah using a Voyager DE STR mass spectrometer. !
Peptide Sequencinghe purified peptide was reduced and
alkylated as described previousB).(The pH of the solution
was adjusted to 7.5 by adding 0.5 M tris(hydroxymethyl)-
aminomethane (Tris) base, and then dithiothreitol was added
to a final concentration of 10 mM. The solution was flushed
with argon, incubated at 65C for 20 min, and cooled to
room temperature. 4-Vinylpyridine (2.) was added to the 20 20 60 80 100
solution. The tube was wrapped in aluminum foil and B ) C )
allowed to sit for 25 min at room temperature. The solution
was diluted with 0.1% TFA prior to application onto a Vydac
Ciganalytical column. The alkylated peptide was sequenced
by automated Edman degradatiot) 6n an Applied Bio-
system Model 492 Sequenator, courtesy of Dr. Robert
Schackmann of the DNA/Peptide Facility, University of
Utah. The 3-phenyl-2-hydantoin derivatives were identified
by HPLC. m zlo zls 310 315 110 m
Peptide SynthesisinearaS-RVIIIA was synthesized by
standard Fmod\-(9-fluorenyl)methoxycarbonyl) chemistry D Y
using an ABI Model 430A Peptide Synthesizer at the
University of Utah Core Facility. The peptide was folded
either by air oxidation (0.1 M Tris-HCI at pH 7.0), oxidation
in the presence of oxidized glutathione (0.1 mM GSSG and
0.1 M Tris-HCl at pH 7.5), or oxidation in the presence of
a combination of oxidized and reduced glutathione (1 mM
GSSG, 2 mM GSH, and 0.1 M Tris-HCl at pH 7.5). In each /f‘J
case, the oxidation was allowed to progress at room m m m m
temperature over a time course from 15 min to 48 h. The Time (min)
oxidation products were sampled at multiple time points and FiGure 1: Purification ofaS-RVIIIA by reverse-phase HPLC. (A)

separated by reverse-phase HPLC. In each case, severdractionation of .crude venom extract using g €emipreparative
oxﬁ:lation proyducts Werg obtained column eluted with a gradient of-60% solvent By (0.085% TFA

. . ” : . in 90% acetonitrile) over 120 min at a flow rate of 5 mL/min. The
Biological AssaysToxin was delivered to mice (¥24- solid arrow indicates the fraction containia§-RVIIIA. (B) Elution
day-old) either by intracranial (i.c.) or intraperitoneal (i.p.) of the fraction indicated by an arrow in A using as@nalytical
injection. Native purifiedxS-RVIIIA (20 uL) was dissolved coLll/Jm_n atc 2%35_% s?"’ﬁmb-'&’ over ?5 min at a kﬂczjwbrate of 1
in normal saline Solution (NSS) and injected using a 2- LM, () Elton o the bloactiv factor, marked by anaron
gauge insulin syringe as described earligr The mice were  £yiher purification of the fraction with an arrow in C with a
exposed to auditory stimulation by hitting the cage cover gradient of 26-60% By, over 20 min at 1 mL/min. (E) Rerun of
continuously immediately after injection. Goldfish were the fraction indicated by an arrow in D using the same gradient
injected with peptide solution intramuscularly (i.m.) or i.p. and flow rate.
Control mice and fish were similarly injected with NSS.
ElectrophysiologyCapped RNA was prepared and injected
into Xenopusoocytes as described previousB).(Oocytes
were injected +2 days after harvesting and used for voltage
clamp recording 26 days after injection. Voltage clamp
recording was done as described previoudy @Briefly,
oocytes were clamped at70 mV with a two-electrode
system and perfused with ND96 (96 mM NacCl, 2.0 mM KClI,
1.8 mM CacC}, 1.0 mM MgCh, and 5 mM Hepes at pH
7.1-7.5) containing 1uM atropine to block endogenous RESULTS
muscarinic acetylcholine receptors and containing 0.1 mg/
mL bovine serum albumin (BSA) to reduce nonspecific  Purification and Biochemical Characterization ofS-
adsorption of the toxin. Native purifiedS-RVIIIA toxin RVIIIA. A fraction of crude venom extract frorf®onus
was dissolved in ND96 buffer containing 0.5 mg/mL BSA radiatuswas identified that appeared to cause audiogenic
prior to its application in a static bath. Acetylcholine (ACh)- seizures when injected i.c. in mice. This behavioral pheno-
gated currents were elicited by the following concentrations type was used to follow the biologically active component
of ACh: 1 or 2uM ACh for the human neuromuscular of the venom during the purification procedure. The purifica-
NAChR subtypeso(151¢d or a131yd subunits) and 100M tion of the peptide, which involved venom extraction, and
ACh for all neuronal nAChR subtypes. ACh was applied at five sequential steps by reverse-phase HPLC is shown in
a frequency of once/min in most cases. In some cases, toFigure 1. The peptide, designated @S-RVIIIA after its
avoid receptor desensitization, ACh was applied at a characterization, was purified to apparent homogeneity, and
frequency of once/2 min. Serotonin was applied to oocytes the highly purified peptide was characterized biochemically.

A220

A220

A220

expressing the 5-Hlreceptor at a concentration of 10/
once/min. Toxin was applied to a given oocyte in a static
bath (30uL volume). The peptide was allowed to equilibrate
with the receptors expressed on the oocytes fet® min

prior to pulsing with ACh. Each toxin at a particular
concentration was tested against each receptor at least twice
to ensure reproducibility.
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A standard Edman analysis revealed that the peptide had A «1p1y5: 1 uM Toxin
the following primary sequence, comprising of 47 amino acid ’ [ vy
residues: KCNFDKCKGTGVYNCG?3CSC?GLHSCRC- (FO m'"'f 1 min
TYNIGSMKSGCACICTYY. Positions 17 and 22 showed 1l

low levels of glutamate, which is suggestive evidence for
the presence gf-carboxyglutamate (Gla) residues at those

loci. Mass spectrometric analysis showed a mass of 5168.99, a1B1yd: 33 nM Toxin

which is consistent with Gla residues at positions 17 and Vﬂﬂo min!WW‘(
22. The mass spectrometric analysis also showed a compound

with a mass of 5080.93, indicating decarboxylation of

y-carboxyglutamate residues (calculated mass082.8), a t MnA‘ min.
routine occurrence during MALDI mass spectrometry. Thus, I—
the mass spectrometry established and confirmed the amino B «ipied: 1 uM Toxin

acid sequence determined directly. Sequence analysis of a 1 - VvV

10 min.
cDNA encoding this peptide revealed a stop signal after 1

Tyr#’, as well as the presence of glutamate codons corre- 1,.A|_
sponding to positions 17 and 22. Thus, these data are
consistent with a 47-residue peptide with two Gla residues
and a free carboxyl terminus. All of the data are consistent

Ficure 2: aS-RVIIIA was tested for a functional block of both

with the toxin having the following sequence:OKIFDK- the human adultq181ed subunits) and fetalo131yd subunits)
CKGTGVYNCGyYSCSCyGLHSCRCTYNIGSMKSG- neuromuscular NnAChRs by two-electrode voltage clampieigopus
CACICTYY (wherey = y-carboxyglutamate). oocytes expressing the respective receptor clones. ND96 buffer was

. . . . perfused over the oocytes, which were pulsed with ACh once/min.
Peptide Synthesi§he peptidexS-RVIIIA was synthesized  Toxin was applied in a static bath to the oocytes and allowed to

and oxidatively folded as described in the Experimental equilibrate with receptors for 10 min prior to pulsing with ACh
Procedures. Multiple attempts, using various conditions, and resuming perfusion of ND96 buffer. In each case, the two traces
failed to produce a foldedS-RVIIIA product that coeluted o the left are control currents that were elicited by pulsing oocytes
. . . i with ACh prior to application of toxin. Subsequent traces represent
V\?tr;] the !’(‘f“?’e [?elgt_lde Ey re?/ersde phasi HPLC. _Products currents elicited by pulsing the oocytes with ACh once/min after
of the oxidative folding that eluted near the retention ime the 10-min equilibration with toxin. The first trace after the 10-
of native aS-RVIIIA were tested for activity by electro- min equilibration is identified by an arrow in each case. (A, top)
physiology as described below under electrophysiological Concentration of kM aS-RVIIIA blocked currents from the fetal

characterization. None of these products shared the activityMuscle nNAChR¢151y subunits) aimost completely, and the toxin
f nati S-RVIIIA. C fl Il sub t ch dissociated very slowly from the receptor. (A, bottom) Approximate
or nativeow.o- - Lonsequently, all supsequent Charac- ICsq value was obtained with a concentration of 33 n&g-RVIIIA.

terization was performed with limited quantities of native (B) Concentration of XM aS-RVIIIA blocked currents from the
peptide. adult muscle NAChRd141ed subunits) almost completely, and
Biological AssaysAn observation from i.c. injections into (" {oxin dissociated very slowly from the receptor.
mice is that older mice (2224 days old) were more sensitive
to aS-RVIIIA than younger mice (12 and 718 days old).
In 22—24-day-old mice, a dose of 1.0 nmol of peptide
injected i.c. reproducibly elicited seizures followed by death.
In 17—18-day-old mice, a dose of 1.0 nmol caused seizures
but did not lead to lethality, while in 12-day-old mice, no
seizures were observed when mice were injected with the
same dose. Auditory stimulation had a profound effect on
seizures in mice injected withS-RVIIIA. When 22-24-
day-old mice injected with 1.0 nmol of the peptide were
subjected to auditory stimulation, seizures and death occurre
within 2 min after injection. Without auditory stimulation,
however,>20 min was required prior to the onset of seizures
in the injected mice, with lethality occurring about 30 min
after injection.

human fetal 151y6 subunits) neuromuscular nAChRs after
allowing the toxin to equilibrate with receptors for 10 min.
In each case, the inhibition was only very slowly reversible,
as shown in Figure 2. Because of limited quantities of native
toxin, a full dose-response curve was not generated.
However, using native toxin, an approximatgd6f 33 nM
was obtained forrS-RVIIIA on the fetal muscle nAChR
(Figure 2A), while an approximate kg of 100 nM was
obtained foraS-RVIIIA on the adult muscle nAChR (data
qnot shown) with a 10-min equilibration. These results are
consistent with the bioassay data in which paralysis is
induced in fish and mice by i.m. and i.p. injections.
aS-RVIIIA also blocked a number of neuronal nAChRs,
with varying degrees of affinity. At a concentration of:,
o o ] the toxin reproducibly blocked approximately 70% of elicited
When injected i.p. in 13-day-old miceS-RVIIIA caused  cyrrents from oocytes expressing the humsh nAChR;
paralysis at a dose of1 nmol/g. When injected i.m. ori.p.  however, in contrast to the block of the neuromuscular
in goldfish, 1 nmol/g of the peptide caused paralysis®  nachR, this inhibition was rapidly reversible (Figure 3A).
min and led to Ietha_llty within 30 min aﬁer |nJe9t|on; 500 4S-RVIIA s a competitive antagonist of the7 receptor.
pmol/g of the peptide caused paralysisl7 min after  prejncubation ofxS-RVIIIA with the a7 receptor blocked
Injection. the slowly dissociating.-bungarotoxin binding to its ligand-
Electrophysiological CharacterizationWe testedaS- binding site (Figure 4). A 1@2M concentration oftS-RVIIIA
RVIIIA against a variety of ligand-gated ion channels by also blocked>50% of elicited currents from the humai352
two-electrode voltage clampingenopusoocytes. A con- (Figure 3B) and ratx352 (data not shown) nAChRs and
centration of 1uM aS-RVIIIA resulted in nearly complete  additionally a chimeric rai6/a.352383 nAChR (extracellular
inhibition of both the human adulul31ed subunits) and domain isa6) (Figure 5). Despite the relatively low affinity
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Ficure 3: aS-RVIIIA was tested for a functional block of various
neuronal nAChRs by two-electrode voltage clampignopus
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FiIGURE4: Oocytes expressing the human nAChR were voltage-
clamped. ND96 buffer was perfused over the oocytes, which were
pulsed with ACh once/mimaS-RVIIIA was applied to an oocyte

in a static bath at a concentration of 12M and allowed to
equilibrate with receptors for 10 min. After 5 mie;bungarotoxin
was applied to the same static bath at a concentration of 10 nM.
a-Bungarotoxin, which binds with near irreversibility to th&
nAChR, was blocked from its binding site m&-RVIIIA, which

oocytes expressing the respective receptor clones. ND96 buffer wasgissociates rapidly from the7 nAChR. After the recovery from

perfused over the oocytes, which were pulsed with ACh once/min.
Toxin was applied in a static bath to the oocytes and allowed to
equilibrate with receptors for-510 min prior to pulsing with ACh
and resuming perfusion of ND96 buffer. In each case, the two
current traces to the left are control currents that were elicited by
pulsing oocytes with ACh prior to application of the toxin.

Subsequent traces represent currents elicited by pulsing the oocytes

with ACh after the 5-10-min equilibration with toxin. The first
trace after the equilibration is identified by an arrow in each case.
(A) Concentration of .uM oS-RVIIIA blocked ~70% of ACh-
elicited current from the humam?7 nAChR after a 5-min equilibra-
tion. The block was rapidly reversible, in contrast to the block of
the neuromuscular nAChRs (see Figure 2). (B)Mconcentration

of aS-RVIIIA blocked ~60% of current from the humaa332
NAChR after a 10-min equilibration. Toxin was allowed to
equilibrate for 10 min because of the slow off-rate. The oocyte
was pulsed with ACh once/2 min to avoid receptor desensitization.
The block was more slowly reversible than the block of te
nNAChR but more rapidly reversible than the block of the neuro-
muscular nAChRs. (C) 10M concentration ottS-RVIIIA blocked

less than half of ACh-elicited currents from the huma8s4
nAChR.

of aS-RVIIIA for these receptors, the toxin blocked with
slow reversibility bothoi332 (see Figure 3B) and6/0.35233
(data not shown) nAChRs. The similar block and slow
reversibility may be due to the high degree of sequence
similarity betweern3 anda6 subunits, in combination with
the 52 subunits. At a 1&M concentration, the toxin blocked
30% or less of elicited currents from the hunwgt4 nAChR
(Figures 3C and 5). Because/ and o452 are the most

the block, a control was done using a mock toxin equilibration for
10 min, followed by a 5-min equilibration with 10 nM-bunga-
rotoxin, which caused a nearly irreversible block, as expected.

t
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FIGURE 5: Variety of ligand-gated receptors were tested wif
RVIIIA by expressing the receptor subunit clones Xenopus
oocytes and testing each receptor by two-electrode voltage clamp-
ing. In each case, toxin was applied to oocytes in a static bath at a
concentration of 1M for a 5-min equilibration period prior to
pulsing oocytes with ACh. The columns represent the mean ACh-
elicited current response after toxin application as a percentage of
the control response prior to toxin application. Error bars are SEM
(n = 2 for each receptoraS-RVIIIA at a 10u4M concentration
inhibited all of the nAChRs to varying degrees. All responses to
nAChRs shown are from human clones, with the exception of the
a6/a3 chimera, which is from rat clones. The toxin failed to block
the mouse 5-H3receptor or &. eleganglutamate-gated chloride
channel.

DISCUSSION

The conopeptide characterized in this warl§-conotoxin

abundant nAChRs in the CNS and both receptors have beerRVIIIA (aS-RVIIIA), is novel both with respect to its
implicated in cholinergic agonist/antagonist-induced seizures biochemistry and its targeting specificity. Although the

in mice (/—10), we also testedS-RVIIIA against the human
and mouser432 nAChR expressed in oocytesS-RVIIA
(10uM) blocked less than 25% of the elicited currents from
the a452 nAChRs (Figure 5).

A 10 uM concentration of toxin blocked all NAChRs at

peptide belongs to the same conotoxin superfamily as the
previously characterized-GVIIIA (see Table 1 for amino
acid sequence comparison witt5-RVIIIA) from Conus
geographusit differs in its primary amino acid sequence,
in lacking the post-translational modification present in

least to a small degree (Figure 5). However, the toxin appearso-GVIIIA, 6-bromotryptophan, and in its targeting specific-

to be specific for NAChRs. At a concentration of &M,
oS-RVIIIA failed to block the mouse 5-Hiflreceptor or a
Caenorhabditis eleganglutamate-gated chloride channel
(Figure 5). The ability ofnS-RVIIIA to elicit seizures (the
CNS symptomatology used to purify the peptide) is presum-
ably due to its ability to inhibit one or more of the neuronal
NAChR subtypes in the CNS.

ity. A different, very distinctive post-translational modifica-
tion was found, the carboxylation of Glu residues to
y-carboxyglutamate (Gla). Although-GVIIIA is shorter
thanaS-RVIIIA, there is a striking alignment of the last eight
Cys residues (see Table 1). In particular, the CXC motif for
CysYCys, Cy</Cys, Cys/Cy<, and Cy%Cys' is con-
served, as well as the size of the large loop, - -G{&)
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Table 1: Comparison of Amino Acid Sequentes

o-conotoxin GVIIA GCTRT-CGGOK- - CTGTCTCTNSSKCGCRYNVHPSGWQCGCACS#
aS-conotoxin RVIIA KCNFDKCKGTGVYNCGySCSCyGLHSCRCTYNIGSMKSGCACICTYY A

a2 A, C-terminal free acid; #, C-terminal amidatiop, y-carboxyglutamate; W, 6-Br-tryptophan; O tré&ns-hydroxyproline.

Table 2: Comparison of NAChR Antagonists from Fish-Hunt@aonusClades

peptide reference  superfamily amino acid sequ&nce nAChR subtype
Clade P
Conus magus o-Ml 18 A GRCCHPACGKNYSC# NMJ
o-Mll 6,19 A GCCSNPVCHLEHSNLC# 066352, 0362
Conus striatus o-SIA 20 A Y CCHPACGKNFDC# NMJ
Clade IP
Conus geographus a-Gl 21 A ECCNPACGRHYSC# NMJ
Conus obscurus oA-OIVB 22 A CCGVONAACPOCVCNKTCG# fetal NMJ
Clade IIP
Conus purpurascens o-PIA 19 A RDPCCSNPVCTVHNPQIC# 633432
oA-PIVA 23 A GCCGSYONAACHOCSCKDROSYCGQ# NMJ
YPIIE 24 M HOOCCLYGKCRRYOGCSSASCCQR# NMJ noncompetitive
Conus ermineus o-El 25 A RDOCCYHPTCNMSNPQIC# NMJ
oA-EIVA 26 A CCGPYONAACHOCGCKVGROOYCDROSGG# NMJ
Clade I\®
Conus radiatus oS-RVIIIA  this paper S ICNFDKCKGTGVYNCGySCSCyGLHSCR NMJ, a7, a362,
CTYNIGSMKSGCACICTYY A 06352, etc.

a A, C-terminal free acid; #, C-terminal amidatign;y-carboxyglutamate; O, #anshydroxyproline; NMJ, neuromuscular junctidchNomenclature
used is adopted from Espiritu et al.3).

between Cysand Cy8. o-GVIIIA was the defining peptide  A-superfamily conotoxins fron€onus radiatusand related

for the S-conotoxin superfamily2( 11, 12). The similarity species. The most prominent group afconotoxin-like

in the number and spacing of Cys residuest®-RVIIA peptides were chemically synthesized and tested on muscle
ando-GVIIIA is consistent with their belonging to the same nAChRs expressed in oocytes but had no activity (R.
conotoxin superfamily. A recent comprehensive analysis of Teichert, unpublished results). Additionally, numerous com-
the S-conotoxin superfamily to be presented elsewhere (M. ponents {20) have been purified and characterized from
Watkins et al., manuscript in preparation) has provided Conus radiatusrenom.aS-RVIIIA is the only component
further compelling evidence thatGVIIIA and aS-RVIIA so far that inhibits the neuromuscular NnAChR. Our working
belong to the same superfamily; the precursors for the two hypothesis is that S-superfamily conotoxins are utilized by

peptides have identical signal sequence®:-RVIIIA is only Conus radiatusand related fish-hunting species as their
the second peptide characterized that belongs to this gengrimary antagonists of muscle nAChRs.
superfamily. It is notable that the two peptidesGVIIA Thus, oS-RVIIIA is a unique nicotinic antagonist from

andaS-RVIIIA, while having divergent targeting specificity ~ Conus It defines a new family of conopeptides and appears
(to the 5-HT; and nicotinic receptor families, respectively), to be much less subtype selective than other nAChR-targeted
are both antagonists of ligand-gated ion channels. Thus, theconotoxins. Previously characterized peptides fi6onus
S-superfamily of conopeptides may be predominantly tar- such asa-conotoxin MI (which is specific for thex1d
geted to the ligand-gated ion-channel superfamily. nAChR subunit interface) are among the most selective
aS-RVIIIA most potently inhibits neuromuscular nAChRs  hicotinic ligands known; in contrast,S-RVIIIA is arguably
but additionally inhibits a variety of neuronal nAChRs with  the least selective polypeptide antagonist of the nAChR so
varying degrees of affinity. In this respect, it is strikingly far characterized. The discovery a-RVIIIA underlines
different from many other nicotinic receptor-targeted cono- the accelerated evolution of the pharmacological agents in
toxins, which are often narrowly targeted to a single nAChR Conusvenoms; a glance at Table 2 clearly shows that this
subtype (see Table 2). HoweverS-RVIIIA did not inhibit group of snails has evolved an amazing variety of nicotinic
the 5-HT; receptor (unlikeo-GVIIIA, which also belongs  ligands, of whichaS-RVIIIA is the most divergent.
to the S-superfamily of conotoxins). The two S-superfamily ~ The seizure activity elicited by i.c. injection ofS-RVIIIA

conotoxins,o-GVIIIA and aS-RVIIIA, are from two fish- in mice may be rationalized by its antagonismo@nAChRs
hunting specieszonus geographusndConus radiatusthat (9, 10, 14). However, nicotinic receptors may play many
belong to different groups dfonusfish hunters {3). All complex roles in seizure activity. For example, investigators

fish-hunting Conus venoms characterized to date have have demonstrated seizure activity by i.c. injection of both
produced at least one toxin that is an antagonist of the nicotinic agonists and antagonists in mie). Furthermore,
nAChR at the neuromuscular junction; indeed, many venom- several recent studies implicate a number of NnAChR subtypes
ous animals that paralyze their prey have evolved anin seizure generation in addition to tlk& nAChR. These
antagonist to this obvious molecular target. In previously include then3 subunit {5), a4 subunit (6), a5 subunit {7),
characterize€€onusvenoms, inhibitors of the neuromuscular 84 subunit (5, 17), and a452 nAChR @). Given this
nAChR have been primarilg- andaA-conotoxins that are  complexity, additional tools such asS-RVIIIA may play a
members of the A-conotoxin gene superfamily (Table 2). useful role in the molecular dissection of these various
We have cDNA and genomic clones encoding numerous pathways.
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To determine whether the seizure activityad®-RVIIA
is likely to be mediated entirely through its interaction with
the a7 nAChR, we performed i.c. injections with a few
known inhibitors ofa7 nAChRs in parallel on 18-day-old
Swiss-Webster mice (10-0L0.4 g). We injected various
guantities of eitheniS-conotoxin RVIIIA, a.-conotoxin Iml
(a-Iml), or o-bungarotoxin and subjected the mice to
repetitive auditory stimulation following the i.c. injection.
Interestingly, in our hands, a greater quantityoebunga-
rotoxin (>2 nmol) and a much greater quantity @fcono-
toxin Iml (>10 nmol) were required to elicit full tonic-clonic
seizures in these mice thars-RVIIIA (<2 nmol). Addition-
ally, the onset of a seizure witi-Iml always required more
time (>10 min) than the onset of a seizure withbunga-
rotoxin or aS-RVIIIA (<2 min). These results were unex-
pected because-bungarotoxin is a more potent, irreversible
inhibitor thanaS-RVIIIA of the a7 nAChR (see Figures 3
and 4), whileaS-RVIIIA and a-Iml have approximately the
same affinity foro7 (see Figure 3 and ré). Because both
o-bungarotoxin andr-Iml have greater specificity for the
a7 nAChR in the brain thamS-RVIIIA, we hypothesize
that aS-RVIIIA’s greater potency in seizure generation is
due to interactions with nAChRs in addition to the&
subtype. With all toxins, at a sufficiently high dosage, the
onset of a seizure appeared to be inducible by auditory stim-
ulation, which may indicate that, when the seizure threshold
is reduced sufficiently by the toxin interaction with receptors,
any additional excitatory stimuli may evoke a seizure.

Future studies utilizingtS-RVIIIA as a tool may help to
elucidate the mechanisms of seizure generation involving the
various neuronal nAChRs. Furthermore, the very low dis-
sociation rate from skeletal muscle nAChRs and its inter-
mediate size between tleeconotoxins (16-20 amino acids)
and thea-neurotoxins from snakes (6@0 amino acids) give
it potential utility for additional classes of biochemical and
biomedical applications.
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