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ABSTRACT. u-Conotoxins are peptides that block sodium channels. Molecular cloning was used to identify
four novelu-conotoxins: CnlllA, CnllIB, CIIIA, and MIIIA from Conus consors, C. cat@dC. magus

A comparison of their sequences with those of previously charactesimesotoxins suggested that the
newu-conotoxins were likely to target tetrodotoxin-resistant (TTX-r) sodium channels. The four peptides
were chemically synthesized, and their biological activities were characterized. The new conotoxins all
blocked, albeit with varying potencies, TTX-r sodium currents in frog dorsal-root-ganglion (DRG) neurons.
The more potent of the four nemvconotoxins, CnlllA and CIIIA, exhibited a strikingly different selectivity
profile in blocking TTX-r versus TTX-sensitive channels, as determined by their ability to block
extracellularly recorded action potentials in three preparations from frog: skeletal muscle, cardiac muscle
and TTX-treated C-fibers. CnlllA was highly specific for TTX-r sodium channels, whereas CIIIA was
nonselective. Both peptides appeared significantly less potent in blocking TTX-r sodium currents in rat
and mouse DRG neurons. When CnlllA and CIIIA were injected intracranially into mice, both induced
seizures, but only CIIIA caused paralysis. This is the most comprehensive characterization to date of the
structural and functional diversities of an emerging grougp-obnotoxins targeting TTX-r sodium channels.

The molecular diversity of voltage-gated sodium channels A
is reflected by the numerous isoforms of these channels and

suggests that they play distinct roles in the central and p-conotoxins nO-conotoxins
peripheral nervous systemg, (2). Sodium channels have -CC--C--C--CC -C--C--CC--C--C
been implicated in a number of pathophysiological condi- mmme ‘ﬂhibition

tions, including genetic or acquired channelopathies and -
neuropathic pain3—6). There is a widespread effort to ‘ Sodium channels ‘
discover and develop subtype-selective sodium channel Tdelay inactivation
antagonists. One promising source of potential new ligands
that target sodium channels is natural toxids (

Conotoxins found in venoms of predatory cone snails have
proven to be a rich source of ligands targeting numerous B [
receptors and voltage-gated ion chann8)sThree families — i |
of conotoxins, namely-, ©O-, and 6-conotoxins, target cc—eet-C—lCc =i CC
sodium channelsu-Conotoxins and«O-conotoxins block Ficure 1: (A) Overview of conotoxin families targeting sodium
sodium channels, wherea¥conotoxins inhibit channel  channels. Two familiesy- and xO-conotoxins inhibit sodium
inactivation (Figure 1). Despite the initial discoveryo®- g.‘a””e'sz whereas-conotoxins delay channel inactivation. (B)

. iagram illustrating disulfide-bridge connectivity inrconotoxins,
conotoxins MrVIA and MrVIB a decade ago (9), N0 NeW  ogiting in three loops. Note that the arrangement of six cysteines
members of this conotoxin family have been isolated or differs between:- anduO-conotoxins: the latter have four, rather

d-conotoxins

-C--C--CC--C--C

characterized. However, multiple molecular formgcafono- than three loops. The disulfide-bridge connectivity is identical for
toxins have been discovered (Table 1). The firsbnotoxins g?/tshm/t_-c?/r;%luO-conotoxms: CystCyslV, Cysli—=CysV, and
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Table 1: Structures and Activities @fConotoxing

conotoxin structure? activity? reference
Group |
CnllIA GRCCDVPNACSGRWCRDHAQCC? TTX-r this work
CnlIIB ZGCCGEPNLCFTRWCRNNARCCRQQ®  TTX-r this work
MIIIA ZGCCNVPNGCSGRWCRDHAQCC? TTX-r this work
CIIIA GRCCEGPNGCSSRWCKDHARCC? TTX-r, TTX-s this work
Group I
SmlIlIIA ZRCCNGRRGCSSRWCRDHSRCC? TTX-r, TTX-s (14)
SIITA ZNCCNG--GCSSKWCRDHARCC? TTX-r (16)
KIITA CCN----CSSKWCRDHSRCC? TTX-r (16)
Group III
PIIIA ZRLCCGFOKSCRSRQCKOH-RCC? Na,1.4, Na,1.2 (12, 33)
GIIIA RDCCTOOKKCKDRQCKOQ-RCCA® Na,l.4 (10)
GIIIB RDCCTOORKCKDRRCKOM-KCCA? Na, 1.4 (10)
GIIIC RDCCTOOKKCKDRQCKOL-KCCA® Na,1.4 (10)

2 The three loops and the connectivity of disulfide bridges are illustrated in FigureQ&erminal amidation°C-terminal free acidD,4-trans
hydroxyproline.d The activities ofu-conotoxins in groups | and Il were determined using frog preparations, whereas those in group Ill were
determined largely with cloned sodium channels from rat.

that it exhibited some activity toward the neuronal sodium EXPERIMENTAL PROCEDURES

channel subtype Nal.2 (1Gso ~690 nM) (12, 13). Recently, ) )

our group discovered three new-conotoxins, namely  Cloning of Conotoxins

S[nIIIA, SHIA, and KA that blocked TTX-resistant (TTX- PCR amplification, construction of cDNA libraries, and

r)* channels and had different potencies against TTX- ¢ioning of u-conotoxins were performed as described previ-

sensitive channeld.4—16). Although 1uM SmIlIA blocked ously (L4, 16).

TTX-sensitive action potentials in skeletal muscle by 70%, ’

1 uM of either KIIIA or SIlIIA had hardly any effect16). It Chemical Synthesis of Conotoxins

thus appears that-conotoxins are a source of pharmacologi- ) ) ) ) )

cal agents for Na channels of considerable potential. Synthetic conotoxins were produced using methods identi-
In a continuing effort to discover and charactefizeono- cal to those described previoustyg]. Briefly, the peptides

toxins that have novel sodium-channel subtype specificity, Were synthesized on solid support using standard Fitec (

we utilized a combination of molecular cloning, cladistic (9-fluorenyl)methoxycarbonyl) chemistry. The peptides were

analysis, and chemical synthesis. This approach has already/€aved from the resin by a3t h treatment with reagent K

proven to have some success for this family of toxins, with (trifluoroacetic acid (TFA)/water/ethanedithiol/phenol/thio-

KIIIA and SIIA being the first natural toxins shown to  anisole; 90/5/2.5/7.5.5 by volume). The peptides were

preferentially block TTX-resistant sodium channels in DRG Subsequently filtered and precipitated with cold methyl-tert

neurons over TTX-sensitive channels in skeletal muscle. Putyl ether (MTBE). The linear peptides were purified by

Here, we describe four newconotoxins from fish-hunting ~ r€versed-phase HPLC using a preparative\Wydac column

cone snails that share considerable sequence homology(218TP1022). The identity of the peptides was confirmed

These conotoxins were chemically synthesized, and their Py mass spectrometry. Oxidative folding was carried out in

biological activities were examined. The data provides insight Puffered solution (0.1 M Tris-HCI, pH 7.5) containing 1 mM
into the structurefunction relationships of conotoxins EDTA, 1 mMreduced, and 1 mM oxidized glutathione. After

targeting TTX-resistant sodium channels. folding was complete, the reaction was quenched by acidi-
fication with formic acid (8% final concentration). The
refolded peptides were purified by semipreparative HPLC.

1 Abbreviations: ACN, acetonitrile; CAP, compound action potential;
DRG, dorsal root ganglion; Fmody-(9-fluorenyl)methoxycarbonyl;

MTBE, methyl-tert butyl ether; KIIIA, u-conotoxin KIliA; PCR, Electrophysiology
polymerase chain reaction; Slli&;conotoxin SIIIA; SmIIIA, u-cono- . s .
toxin SmilIA; TFA, trifluoroacetic acid; Trt, trityl; TTX, tetrodotoxin; Dissociation of DRG Neuron§rog DRGs were dissected

TTX-r, tetrodotoxin-resistant. from 2.5 to 3 in. adultRana pipiensof either sex and
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dissociated as previously describetif)( Mouse (Swiss  was pinned with a 0.1 mm diameter stainless steel pin in
Webster) and rat (Sprague Dawley) DRGs were dissectedone or the other outermost well. The skeletal muscle and
from adult males and dissociated by essentially the samenerve spanned four wells, whereas the shorter cardiac muscle
procedure as that used for the frog DRGs. Briefly, the ganglia spanned three wells. Portions of nerve or muscle strip draped
were treated with collagenase followed by trypsin. The cells over Vaseline were covered with additional Vaseline to
were mechanically dissociated by trituration, washed, and prevent drying and seal off compartments from each other
suspended in either of two solutions. The frog solution was such that the fluid in each compartment was isolated and
73% Leibowitz’'s L15 medium supplemented with 14 mM independently maintained. Furthermore, this arrangement
glucose, 1 mM CaCGl and 7% fetal bovine serum. The allowed electrical stimulation or recording to take place
mammalian solution was the L15 medium supplemented with across compartment partitions. Each compartment was
14 mM glucose, 1 mM Cagland 10% fetal bovine serum.  maintained as a static bath whose fluid content was refreshed
Both solutions also contained penicillin/streptomycin. Dis- every 15-30 min by manual exchange. Preparations mounted

sociated DRG neurons were kept in suspension & 4p in this fashion provided stable recordings of extracellular
to a month (frog) or 3 days (mouse and rat). action potentials for many hours and could be stored
Whole-Cell Voltage ClampingThe extracellular frog  overnight in the refrigerator, if necessary. With nerve and
solution was (in mM) NacCl, 117; KClI, 2; Mg&l2; MnCl,, skeletal muscle strip preparations, one stimulating electrode
2; HEPES, 5; TEA, 10; pH 7.2. The mammalian extracellular was placed in the first well and the other in the second, and
solution was (in mM) NacCl, 140; KCI, 3; Mggl 1; CaC}, one recording electrode was placed in the third well and one

1; HEPES, 20; pH 7.3. To block TTX-sensitive currents, 1 in the fourth. With the atrial strip, which spanned only 3
uM TTX was added to these extracellular solutions. Record- wells, the arrangement was the same, except that the middle
ing pipets had resistances of 1.5 to Zlland for frog DRG well contained both a recording and stimulating electrode.
neurons contained (in mM) NacCl, 10; CsCl, 110; MgQ; In all instances, a ground electrode was placed in the second
CaCl, 0.4; EGTA, 4.4; HEPES, 5; TEA, 5; NaATP, 4; pH well (or middle well for the atrial strip). Supra maximal
7.2. For mammalian DRG neurons, recording pipets con- stimuli (~5V x 0.1 ms, for skeletal muscle;10 V x 0.2
tained (in mM) CsF, 140; NaCl, 10; EGTA, 1; HEPES, 10; ms, for cardiac muscle;~15 V x 1 ms for nerve) were
pH 7.3. These solutions inhibit voltage-gated potassium andapplied once per minute to evoke action potentials. Extra-
calcium currents and thereby permit the recording of only cellular action potentials, acquired with a P-55 AC pre-
sodium currents. Conotoxins were dissolved in extracellular amplifier (Grass-Telefactor, West Warwick, RI), were band-
solution and applied to the neurons under study by bath pass filtered (1 Hz to 1 kHz) and digitized at a sampling
exchange. Toxin exposures were conducted in static bathsfrequency of 4 kHz using in-house software written in
The membrane potential was held aB0 mV, and the LabVIEW. All electrodes were stainless steel wires. All
sodium channels were activated by a 50 ms test pulse to Ocompartments contained frog Ringer’s solution consisting
mV, applied every 20 s. Each test pulse was preceded by aof (in mM) NaCl, 111; KClI, 2; CaGl 1.8; HEPES, 10; pH
—120 mV prepulse lasting 50 ms. A MultiClamp 700A 7.2. Conotoxins were dissolved in this solution and applied
amplifier (Axon Instruments, Union City, California) was to either the third well (for skeletal muscle strip and nerve)
used, and current signals were low-pass filtered at 3 kHz, or the middle well (for atrial strip) by replacing its solution
digitized at a sampling frequency of 10 kHz, and leak- with one containing toxin; unless otherwise indicated, toxin-
subtracted by a P/6 protocol using in-house software written exposures were at least 30 min. All electrophysiological
in LabVIEW (National Instruments, Austin, Texas). experiments were conducted at room temperatt@0CC).
Extracellular Recordings of Action PotentiaSkeletal and )
heart muscles as well as cutaneous nerves were dissectelflouse Bioassays
from the same frogs as those that provided the DRGs. The
lateral half of thecutaneus pectorigskeletal) muscle was
cut longitudionally into~1 mm wide strips, with care taken
to damage as few fibers as possible. About six skeleta
muscle strips, each about 15 mm long, were isolated from
each frog. The wall of the auricle was cut intd mm wide
bands that ran rostro caude}lly to prov_ide atrial _strips, each volecular Modeling
about 10 mm long. About six such strips were isolated per
heart. Nerves innervating the skin of the back were cut at Models were created with the MODELLER (6v2) program
their exit from the back muscle, and at their entry to the (18) using the NMR structure of SmllIA 16), pdb access
dorsal skin, on average each nerve was abhumm in code 1Q2J, representative structure 13) as a template and
diameter and about 15 mm long. Each frog provided about the sequence alignments shown in Table 1. From 25 initial
six dorsal cutaneous nerves. These preparations were storethodels of each peptide, the structure with the lowest modeler
in frog Ringer's at 4°C and used within a week. The objective function was subjected to molecular dynamics
recording chamber was fabricated from Sylgard (Dow (MD) simulation. All MD calculations were performed using
Chemical, Midland, MI) and consisted of a linear string of the GROMACS (v3.1.4) package of program9)(with the
three or four wells, each 4 mm in diameter by 4 mm deep OPLS-aa force fieldZ0). lonizable residues were assumed
(50 ul volume) and separated from its neighbgrd 1l mm to be in their standard state at neutral pH. Each peptide was
wide partition. A bead of Vaseline was placed atop each placed in a 40x 40 x 40 A3 water box with no pressure
partition between compartments. The muscle strip or nerve coupling. The total charge on the system was made neutral
was stretched over the wells and partitions, and each endby replacing water molecules with chloride ions using the

Conotoxins were delivered to Swiss Webster mice<14
18 day-old) by intracranial (i.c.) injection, as described
| previously (7). The lyophilized peptides were dissolved in

normal saline solution and injected using a 29-gauge insulin
syringe.
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FicurRe 2: Representative shells of snails from which the four new

u-conotoxins were cloned. From left to right.. magus, C. consars
andC. catus

Genion program. The LINCS algorithn21) was used to

constrain bond lengths. Peptide, water, and ions were coupledF

CnlllIA J Reduced
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CIlIlIA Reduced
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Ficure 3: Chemical synthesis and oxidative folding @fcono-

A A Oxidized

Folded

‘ \ Reduced

Oxidized

Folded

Folded

toxins. The reduced forms were synthesized on solid support,

cleaved from resin, and purified by HPLC prior to folding. Folding
reactions were carried out in the presence of reduced and oxidized
glutathione in a buffered solution (pH 7.5) at ambient temperature.
TThe HPLC traces represent folding mixtures quenched after 60 min.
or all four conotoxins, the steady-state distribution of folding

separately to a thermal bath at 300 K using a Berendsengpecies was established within the first 30 min (not illustrated).

thermostat 22) applied with a coupling time of 0.1 ps. All

The lowest trace in each panel is the chromatogram of the purified

simulations were applied with a single nonbonded cutoff of folded peptide used for further biological characterizations.

10 A, applying a neighbor-list update frequency of 10 steps

(20 fs). The particle-mesh Ewald method was applied to deal sequence for the last two loops led to the hypothesis that
with long-range electrostatics; a grid width of 1.2 A was theseu-conotoxins may target TTX-resistant sodium chan-
used with a fourth-order spline interpolation. All simulations nels. As demonstrated below, this hypothesis was fuffilled
consisted of an initial minimization of water molecules When tested experimentally.

followed by 100 ps of MD with the fixed peptide. Following Chemical Synthesis and Oxidati Folding Chemical
positional restraint MD, the restraints on the peptide were synthesis of the four conotoxins in group | was carried out
removed and the MD simulation continued for a further 100 on solid support using standard Fmoc chemistry. The Cys
ps. The time step used in all MD simulations was 2 fs. At residues were protected by the trityl groups; this synthetic
the completion of the MD calculation, the system was strategy allowed direct oxidation and simultaneous formation

minimized using the method of steepest descents.

RESULTS
Molecular Cloning and Cladistic AnalysisPCR and

of all three disulfide bridges. HPLC-analysis of oxidative
folding reactions of all four conotoxins is shown in Figure
3. In most cases, the folding reaction yielded a major product
that generally had the shortest retention time relative to the

cloning of conotoxin genes are well-established techniquesOther folding species. This peak was collected and analyzed

to identify novel peptides from any given gene family. We
used PCR primers specific for the M-superfamiBB) and
identified four newu-conotoxins from the venom of fish-
hunting cone snail€onus consors, C. catuandC. magus

by mass spectrometry, which indicated that it was fully
oxidized. Our previous results with M-superfamily cono-
toxins had indicated that the folding species with the shortest
HPLC retention times were the correctly folded conotoxins

(Figure 2). The predicted translation products based on DNA (16, 24). The disulfide bond connectivity of the correctly

similarity in the twoC-terminal loops, which were previously
postulated to be important for the recognition of TTX-
resistant sodium channelt5). Sequence comparison identi-
fied three major groups gf-conotoxins: (1) CIIA, CnlllA,
CnllIB, and MIIA; (1) KIIA, SIIA, and SmIIIA; and (111)
PIIIA, GIIIA, GlIIB, and GIIIC. Groups | and Il shared high
sequence similarity in the last two loops, but group |

NMR experiments 15). The folding and purification pro-
tocols were scaled up to produce enough synthetic material
for the characterization of the biological activities of the four
new y-conotoxins.

Biological Actwities of Four New ConotoxinsThe syn-
thetic peptides were first tested on TTX-resistant sodium
channels in voltage-clamped frog DRG neurons. As shown

contained in addition a conserved Pro-Asn sequence in thein Figure 4, when tested at a concentration giNg, all four
first loop. Among the peptides in these two groups, CnllIB peptides blocked TTX-r currents, albeit to different extents.
has the most divergent sequence: it has the Pro-Asn motif, The order of potency was CIlIA CnllIA > MIIA >

but differs significantly in the second and third loops from

CnllIB, with % inhibition (5uM toxin) ranging between 96

other peptides. Analysis of all conotoxins from groups | and and 25, as shown Table 2. The block by CIIIA, CnllIA, and

Il (excluding CnllIB) yielded the following consensus
sequence:

cex.e6sxRwerpu?ArRege
K s Q

MIIA, similar to that previously shown for KIIIA and SIIIA
(16), was very slowly reversible, whereas the block by
CnllIB, like that of SmIIIA (14), was relatively irreversible
(not illustrated). Increasing the concentration of MIIIA to
25 uM resulted in~80% inhibition. However, increasing

Because group Il peptides have previously been shown toCnllIB concentration from 5 to 5:M resulted in no
inhibit TTX-resistant sodium channels, the shared-consensussignificant increase in the level of blocking. The reason for
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A 5uM CHIA o- 5uM ClIIA Table 2: u-Conotoxin Susceptibility of TTX-Resistant Sodium
'/'-':V‘""" Currents in Frog DRG Neurofs
h s 5uM u-conotoxin TTX-r ha % block
z " N CnlllA 87+6
< a5 . CnlliB 25+ 4
s |_ % N CIlIA 96 +4
1ome F 2 s MIIA 64 + 12
25 . KIIA 96 +2
" ..' SIIA 91+8
oy GIIA 0
5 10 15 20 25 30 35
e () PIIIA 8 £ 10
B 309 block of peak TTX-r i following 25—30 min of exposure to
— SuM CnlliA 0, o SwMCniR 5 uM u-conotoxin (meant SD,N = 3 to 5).
0.2 o ©
. A=
z -0.44
< £ 10.
§ —2.06
= I% ot / 04
E 0.8 f
K, >=-10
14 K4 -
% &
R S -
10 20 30 40 50
Time (min) o
C 5uM CnlliB o SuM CnlllIB
——-1 B 4
-0.54
24
f -14
g |_ :! -1.54 E °
i %
o F e r—r i
254 .“W 4
i S S R T R Y
Time (min)
D SuM MIIIA o- SuM MINIA
~
-0.24
g 03 "’9.":“’
E ‘_ 204
S 5 t/”,‘
10ms E 05 ”
(4
08. o
0Tkt o % 1o o M 20 %0
—T T % = % Ficure 5: u-Conotoxin CIIIA blocks action potentials in three
Time (min) different preparations of frog solutions. The action potentials were
FiGURE4: Comparison of the blocks by fourconotoxins of TTX- recorded extracellularly as described in Experimental Procedures.

resistant sodium currents in frog DRG neurons. Neurons were (A) TTX-resistant C-CAPs in cutaneous nerve. Average of four
dissociated and whole-cell voltage clamped as described in '€SPonses before (......) and after 60 min of exposurg:dd EIIIA

Experimental Procedures. Neurons were hele-@ mV, and 50 (—)- The stimulus was applied at 20 ms (arrow), eliciting a two-
ms test pulses to 0 mV were applied every-3D s, where each ~ component C-CAP that was largely blocked after toxin-exposure.

test pulse was preceded by a 50 ms prepulself20 mV to relieve TTX (1 uM) was present throughout. (B) Action potential in skeletal
steady-state inactivation. Each trace represents the average of 1@nuscle before (......) and after 50 min inuM CIIIA (thin solid
responses. (AD) Left column: representative TTX-resistant trace) and after ClIIA was increased tou®1 for 30 min (bold
sodium currents recorded from DRG neurons in the absence ofSolid trace). (C) Cardiac-muscle action potential before (......) and

(control traces, gray) or following a®20 min exposure to &M after 120 min in 1uM CHIA (thin solid trace) and after CIlIA
u-CIlIA (A), u-CnlllA (B), u-CnllIB (C), or u-MIIIA (D). Right concentration had been increased t@M for 30 min (—). For

column: the peak amplitude of TTX-resistant sodium current plotted P0th muscles, CIIIA at M slowed the action potential, and at 3
as a function of time. The horizontal black line represents the #M, obliterated it. The stimulus was applied at 20 ms (arrow).

presence of:-conotoxin.

CnlllA and CIIIA, were chosen to carry out extensive
this is not understood, and experiments are in progress tofunctional characterization with respect to a selectivity profile
resolve this issue. Table 2 also compares the activities ofand their activity against mammalian sodium channels.
the four newu-conotoxins with those belonging to groups Characterization of CnlllA and CIIIATo determine the
II'and Ill. As summarized in the Table, only-conotoxins selectivity for CnlllA and CIIIA on different sodium
belonging to group | and Il exhibited significant antagonist channels, extracellular recordings of action potentials were
activity against TTX-r sodium channels in frog DRG obtained from three isolated tissue preparations from frog:
neurons. The most potent conotoxins from group |, namely skeletal muscle, cardiac muscle, and cutaneous nerves.
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A 100 Fe Table 3: Selectivity Profile ofi-Conotoxins on the Basis of Their
Ability to Block Action Potentials in the Three Preparations from
° Rana pipien
T 80 | i
2 nerve
g conotoxin  skeletal muscle  cardiac muscleC-CAP (in TTX)
z‘: N CnlllA - - +
goor y l CIlIA + + +
3 g MIIIA - - n.t.
c Cilla . . .
5 cam.ac{( previously described peptides
ERy 7 KIIA +/—b +1— +b
k] CllIA SHIA +/-P +/— +b
T o’ GIlIIA 4 - -
@ 5 Lo { ] PIIIA +d - -
® skeletal CnlllA SmillA +b n.t. +b
skeletal & cardiac
aUnless indicated otherwise, data are from Figure-6estimated
o o . e ICso lower than 10uM; —, estimated & higher than 5uM; +/—,
1 10 100 ICso in the 10-50 uM range; and n.t, not testeBlBulaj et al., 2005.
[Toxin] (UM) ¢Cruz et al., 1985¢ Shon et al., 1998.
Broo o " " T T A 5uM CIIIA

|

10ms

0.5nA

)]
o
T

SIIA

@
o
T
— —
— —
—
1

% Block of action potential amplitude

40 l Ii/ T 4 B o 5uM CnlllA
V sm< IflilA 02
20 2 . B g 04
/ t MIlIA g oo
. skeletal &
{ S P cerdecmusce . -
° 1 10 - 100 Rt T U P L
[Toxin] (UM) p S
Ficure 6: Dose-dependencies of blocks hyconotoxins CIIA A ey A
and CnlllA (panel A) and SIIIA and MIIIA (panel B) of action C.. SuM CllA
potentials in three preparations of frog solutions. Extracellular
recordings were made as described in Experimental Procedures 05
(Figure 5). (A) Block by CIIIA of action potentials in cardiac muscle ]
(X’s), skeletal muscle®), and TTX-resistant C-CAPs in nenva), 2
Block by CnlllA of TTX-r C-CAPs @), and at 3QuM, the highest =
concentration tested, CnlllA had no effect on the action potentials % 2
in both muscles (X an®). Thus, although CnllIA was less potent = 251
than CIIIA in blocking TTX-r C-CAPs, it was more specific in so (o ATIISION g,
far as it had no effects on action potentials in the two-muscle st
preparations. (B) Block by KIIIA ©) and SIIIA @) of TTX-r e
C-CAPs (), skeletal muscle action potentials (----), and cardiac Time (min)
muscle action potentials (.....). MIIIA was only tested a3 on FiIGURE 7: Comparison of the effects of-conotoxins on TTX-

cardiac and skeletal muscles, where it had no observable efect ( egjstant sodium currents in mouse DRG neurons. Neurons were
For both panels, each point represents mearSE of three  isgociated and whole-cell voltage clamped as described in
preparations. The blocks of cardiac- and skeletal-muscle action gynerimental Procedures. The same voltage clamp protocol as in
potentials were reversed within 60 min of washout for all toxins. Figure 4 was used with &M TTX present throughout the
;I'he reversibility of_thhe blocrl: of TTX-r _C-g?Psf v;/las tested only gy periment. (A) Representative TTX-resistant sodium current before
or CllIA. An overnight wash was required for full recovery. (control, gray trace) and after a 40 min exposure to CIIIA (black

. L trace). Each trace represents the average of 10 responseS) (B
Because our previous studies indicated that SIIIA could block Peak) amplitude of 'FF)TX-resistant \s/odiL?m current glotted )a(s a

compound action potentials of C-fibers (C-CAPs) that persist function of time. The horizontal black line represents the presence
in the presence of TTX16), TTX was included in the of 5uM CIlIIA (B) or 5 uM CnlllA (C).
experiments with nerve preparation.

Figure 5A illustrates representative recordings from a obliterates action potentials in these muscles. For each
TTX-treated nerve and shows that@ CIIIA largely u-conotoxin, the block of action potentials in all three tissues
blocked TTX-r C-CAPs. Sample recordings of action po- was determined at varying concentrations to produce-dose
tentials in frog skeletal and cardiac muscles are shown inresponse profiles. The profiles for CnlllA and CIIIA are
Figure 5B and C, which show that 8M CIIIA also illustrated in Figure 6A.
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Table 4: Mouse Bioassay Results for CnlllA and CIIIA, Following i.c. Administration

u-conotoxin dose (nmol/g)

behavioral effects

CnlllA 0.7

0.9

no notable effects.
3 min after injection, light seizure followed by random run/pause;

5 min, intermittent grand mal seizures begin, subjects continued
to squeak throughout; seizures continued without recovery.

15

immediate lethargy following injection; 3 min after injection,

slight dyskinesia, and the subjects were lying in place with little
to no movement; 5 min, stage Il seizure; intermittent seizures
continued without recovery.

1.7

immediate lethargy following injection; 3 min after injection,

stage Il seizure; 5 min, grand mal seizure (full body); seizures
continued intermittently until death at 14 min.

CINA 0.2

lethargy and allodynia 4 min after injection; 15 min, slight

weakness/dyskinesia; complete paralysis at 37 min; slight
recovery from paralysis at 3 h.

0.3

lethargy 2 min after injection; 4 min, slight trembling; 8 min,

slight weakness/dyskinesia; 12 min, increasing
dyskinesia/weakness; complete paralysis at 20 min;

0.5

immediate lethargy following injection; 4 min after injection

weakness/dyskinesia; 6 min, increasing weakness/dyskinesia;
full paralysis at 8 min; death at 13 min due to respiratory failure
as noted by subjects’ blue/purple color and tendency to gasp for air.

0.55

immediate lethargy following injection and hypersensitivity

to touch; 2 min, stage Il seizure:8 min, death.

a2 0ne mouse per dose was used in these experiments.

To compare the selectivity profiles of CnlllA and CIIIA
to those of previously characterizadconotoxins, we also

determined similar profiles for a few selected peptides.

Previously, profiles for KIIIA and SIIIA were obtained only

In contrast to the low apparent potency in blocking TTX-
resistant currents in mammalian DRG neurgnrspnotoxins
produced a range of behavioral responses when injected
intracranially into mice. As shown in Table 4, both peptides

on skeletal muscle and over a more limited concentration induced seizures, but only CIlIIA caused a long-lasting

range (6). In Figure 6B shows the profiles of KIIIA and
SIIIA. The availability of MIIIA was limited, so it was only

paralysis even at a dose of 200 pmol/g. However, the most
selective blocker of frog TTX-r channels, CnllIA, produced

tested on cardiac and skeletal muscles where it had noonly seizures when tested at doses of 1.5 nmol/g. These

observable effect at a concentration of @@ (Figure 6B).
Group Il peptides, PIIIA and GIIIA, which readily block

results suggest that despite the relatively low activity of

u-conotoxins on rat and mouse TTX-r sodium channels, these

skeletal-muscle action potentials, have not been testedpeptides appear to have different biological activities in the

previously on TTX-r C-CAPs and cardiac action potentials.
When tested at a concentration of a8, both peptides
blocked neither TTX-r C-CAPs nor cardiac action potentials
(not illustrated).

Tabulated in Table 3 are the € ranges of eight

mammalian CNS. Our preliminary results indicated that 10

uM CnlllA competed in a binding assay with saxitoxin using

rat-brain-membrane preparations (G. Bulaj, unpublished
data). Studies are in progress to determine the structural

factors responsible for these interspecies differences and to

u-conotoxins estimated from the data in Figure 6 and the define the differences in sodium channel subtype selectivity
results of previous reports (see Table for references). Asin mammalian systems. The observation that these peptides

shown in Table 3, CnlllA is quite selective for TTX-r
channels, whereas CIIIA is pan-specific. The selectivity
profiles of KIIIA and SIIIA were similar to each other. On
the basis of these results, the selectivity:afonotoxins was
as follows (starting with the most selective against TTX-
resistant sodium channels): CnlllA SIIA ~ KIIIA >
SmIlIA ~ CIIIA. The two new peptides, CnlllA and CIIIA,

cause seizures was unexpected.

Molecular Modeling ofu-Conotoxins To gain greater
insight into the structural features @fconotoxins from
groups | and Il, homology modeling was carried out for
CnllIA, CnllIB, CIHIA, and MIIIA. Using the pdb coordi-
nates of SmIIIA and methods previously described for
modeling KIIIA and SIIIA (16), model structures were

were also tested on TTX-r currents in mouse and rat DRG generated. Models gi-conotoxin structures are illustrated
neurons. Figure 7 shows that these peptides blocked TTX-rin Figure 8.

currents in mouse DRG neurons only poorly at best. In

contrast to the~90% block of TTX-r currents in frog DRG
neurons by 5:M CnlllA and CIIIA (Table 2), the concen-

Because all models were on the basis of the SmllIA
template, the general topology of each model structure is
very similar. However, examination of the structures of two

tration of these peptides reduced TTX-r currents in mouse selectiveu-conotoxins, CnlllA and KIIIA, highlights an

DRG neurons negligibly (CnlllA) or only by about 10%
(CIIIA). Similar results were obtained with recordings from
rat DRG neurons (not illustrated). Thusconotoxins exhibit

a significant difference in potency against TTX-r currents,

additional structural feature unique to theseonotoxins.
The superposition of the structures of CnlllIA and KIIIA
yields asparagine residues Asn8 and Asn3, respectively
(indicated by an arrow in Figure 8), that occupy the same

depending on the animal species the DRG neurons werespatial position. In nonselective CIIIA from group |, the side-

derived from.

chain amide of Asn8 forms a hydrogen bond with the
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Ficure 8: Homology modeling ofi-conotoxins targeting TTX-resistant sodium channels. The surface of the first loop is highlighted, and

the side chain of the positively charged Lys/Arg in the second loop is shown at the bottom of each structure. The models were generated
on the basis of the structure gfSmIlIA determined by NMR. The asparagine residues are indicated with an arrow. The graphics were
generated using the 3D visualization program DINO (Visualizing Structural Biology (2002) http://www.dino3d.org). Model coordinates are
available (Supporting Information).
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backbone carbonyl of Gly6; coinciding with this H-bond is specific antagonist for frog TTX-r sodium channels, to the
another hydrogen bond between the amide NH of Asn8 nonselective CIIIA. Thus, the targeting specificity of the new

and the backbone carbonyl of Cys3, which brings the side-

peptides is remarkably divergent, despite the considerable

chain atoms of Pro7 and Cys3 in close contact. Thesesequence similarity between CnllIA and CIIIA, including

hydrogen bonds are precluded from forming in CnlllIA by
the bulky side chain of Val6; in CIIIA this residue is a

the Pro-Asn motif in the first loop.
Highly selective CnllIA and nonselective CIIIA differ

glycine. These interactions sequester the side chain of Asn8from each other by four nonconservative substitutions.

in CllIA and prevent it from occupying the site observed
above in CnlllA.
The u-conotoxin KIIIA contains only a single residue in

Interestingly, these four substituted CIIIA residues (Gly®6,
Gly9, Ser12, and Arg20) are also found in another nonselec-
tive u-conotoxin, SmlllA. Because the residues Serl12 and

the first loop, and represents the largest structural deviation Arg20 are present in selectiyeconotoxins KIIIA and SIIIA,

from the model template. Preservation of the position of
disulfide linkages from the template in the model results in
the superposition of Asn3 of KIIIA with Asn8 of CnllIA

this leaves, by deduction, only two residues, Gly 6 and Gly
9, in the first loop accountable for a change in the selectivity
profile. On another note, molecular modeling suggested that

and the coincidence of their side chains. In the nonselective asparagine residues located in the first loop may play a role

u-conotoxin SmllA from Group 11, the sequence-equivalent
asparagine to Asn3 in KIIIA (N5) is located9 A (Co—

in interactions with sodium channels. Taken together, all of
these observations suggest a series of amino acid replace-

Ca distance) from the asparagine residues of the selectivements in CnlllIA and CIIIA to better understand the structural
u-conotoxins. The role of these asparagine residues in thedeterminants of their selectivites.

blocking of TTX-r sodium channels hy-conotoxins remains
to be elucidated.

DISCUSSION

There is a continuing interest in the discovery of antago-

Itis not surprising that even minimal changes in a primary
sequence may affect the selectivity gofconotoxins. Such
subtle effects were previously described for GIIIA and GlIIB
conotoxins (Table 1). These two peptides differ only in two
amino acid positions from each other, but they appear to

nists of sodium channels with novel subtype selectivity. The discriminate between mutated }da4 sodium channel sub-
work presented here investigated a group of sodium channeltypes @5, 26). Because interactions betwegrconotoxins

targeting peptide toxins from fish-huntiri@onussnails that
have in common two characteristic structural features: (i)
sequence homology within the tw@-terminal loops, and
(i) a Pro-Asn motif in the first loop. The first structural
feature, previously described for the thrgeconotoxins
SmllIA, SHIA, and KA, suggested that the new peptides
might target TTX-r sodium channels. Indeed, all four
conotoxins were able to block TTX-r sodium currents in frog
DRG neurons, but one, CnllIB, was far less effective than

GIIIA and Na 1.4 sodium channels have been extensively
studied using mutagenesi87(-30), it is likely that similar
structural studies will follow in the case pfconotoxins from
groups | and Il and their molecular targets.

The major cardiac sodium channel in mammals, M,
is relatively TTX-resistant (16 2 uM) (31). In contrast, the
cardiac action potential dRana pipiendrogs used in this
study is very sensitive to TTX (I§ ~5 nM), as is the
skeletal-muscle action potential of these frogs¢l€10 nM)

the others. At the concentrations tested, it also did not block (Fiedler and Yoshikami, unpublished data). This raises the

compound TTX-r action potentials (data not shown). More-
over, these new-conotoxins exhibited strikingly different
selectivities, from the highly selective CnlllA, which was a

possibility that the same sodium channels might be respon-
sible for the action potentials in both cardiac and skeletal
muscles in frogs. However, this is belied by the observation
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that skeletal- but not cardiac-muscle action potentials are 9.

readily blocked by GIIIA and PIIIA (Table 3). Furthermore,

the skeletal muscle is slightly more sensitive than the cardiac

muscle to KIIIA, whereas the converse is true with SIIIA

(Figure 6B). Thus, the cardiac and skeletal muscles of frogs
have pharmacologically distinct sodium channels, most likely
a reflection of the two muscles possessing different channel 11
isoforms, as is the case not only in mammals but also in

fish (32).

The new u-conotoxins add to an emerging molecular
diversity in this gene family. Presently, 11 distipctono-
toxins have been characterized from 8 fish-hunt@mnus

species. Because all of these peptides were chemically
synthesized and functionally characterized, this allowed a 13

better structural and functional definition of theconotoxin
family. In addition to a high conservation of positively

charged residues, the most conserved amino acid in the

peptides in group | and Il is the Trp residue located in the

second loop. This residue was first suggested to play a 14.

potential role in the interactions with TTX-r sodium channels
(15). As summarized in Table 1, groups | and Il comprise

peptides targeting amphibian sodium channels with divergent 15.

selectivity; SmIlIA and CIIIA are about equipotent in

blocking skeletal muscle TTX-sensitive channels and sensory

TTX-r channels, whereas CnlllA is highly selective for

TTX-r channels. Their subtype selectivity against mammalian
sodium channel subtypes remains to be fully characterized,
but our results indicate that at least some of these peptides
are active in the mammalian CNS. Taken together, these two 17.

groups of u-conotoxins provide a unique opportunity to

develop novel pharmacological tools for sodium channels.
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