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ABSTRACT:. We report the definition and characterization of a conotoxin subfamily, designated the short
oA-conotoxins (tAs) and demonstrate that all of these share the unique property of selectively antagonizing
the fetal subtype of the mammalian neuromuscular nicotinic acetylcholine receptor (nAChR). We have
characterized newly identifiedA s-conotoxins fronConus pergrandisnd have conducted a more detailed
characterization oftA-conotoxins previously reported from additior@bnusspecies. Among the results,

the characterization of the shaxA-conotoxins revealed diverse kinetics of a block of the fetal muscle
nNAChR, particularly in dissociation rates. The structufienction relationships of nativeAs-conotoxins

and some analogues revealed a single amino acid locus (alternatively either His or Pro in native peptides)
that is a critical determinant of the dissociation kinetics. The unprecedented binding selectivity for the
fetal muscle nAChR, coupled with the kinetic diversity, should make-conotoxins useful ligands for

a diverse set of studies. The rapidly reversible peptides may be most suitable for electrophysiological
studies, while the relatively irreversible peptides should be most useful for binding and localization studies.

In mammals, there is a well-characterized developmental results in depolarization of the postsynaptic membrane,
switch in the protein subunits that comprise the nicotinic ultimately resulting in muscle contraction.
acetylcholine receptor (NnAChRat the neuromuscular junc-

A | ! Numerous peptide toxins from venomous animals have
tion. The fetal subtype consists aflf1yd subunits. They

ne : been shown to antagonize the nAChR at the neuromuscular
subunit is exchanged for ansubunit to create the adult jnction for the paralysis of prey, typically through competi-
receptor subtypeo(lf1ed subunits) {—3). Although itis e inhibition of acetylcholine binding at one or both

called a receptor, the nAChR is actually a ligand-gated ion yocentor interfaces. Notable among such paralytic nAChR
channel that becomes permeable to cations upon the interacaniagonists are the snakeneurotoxins sharing a three-finger
tion of the neurotransmitter acetylcholine with two binding 4,4 ~such asa-bungarotoxin 4), and a subset of the

sites on theo/d and a/y subunit interfaces of the fetal
receptor or thex/d0 and a/e subunit interfaces of the adult
receptor. The flow of cations through the nAChR ion channel

conotoxins, which are small, disulfide-rich peptides from the
venoms of marine cone snails (see eEnd6 for conotoxin
reviews). Until recently, no pharmacological agent had been
shown to selectively block the fetal NAChR subtype. Such
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affinity inhibitor of the adult subtype of the mammalian (11). The weight of the dry peptide resin increased an average
muscle nAChR &). Additionally, we have characterized two  of 80%.
conotoxins fromConus pergrandithat exhibit considerable Cleavage and deprotection was performed using hydrogen
sequence similarity witlkA-OIVA and OIVB. Characteriza-  fluoride (HF) and scavengers (anisole, dimethyl sulfide) for
tion of these peptides firmly establishes that members of the1 h at 0°C. After HF evaporation, peptide and resin were
subfamily comprise a group of nAChR inhibitors that are washed with a mixture of diethyl-ethemercaptoethanol (99:
fetal-muscle-subtype-specific but with diverse kinetics of 1, v/v). The crude peptide was extracted with a solvent
block. mixture [0.1% trifluoroacetic acid (TFA), 60% acetonitrite
Members of theaAs-conotoxin subfamily are distin- water, v/v]. The extract was diluted 10-fold with water and
guished from the originakA-conotoxins characterized from  immediately loaded to a preparative high-performance liquid
Conus purpurascerendC. ermineug9, 10), now designated ~ chromatography (HPLC) cartridge.
the longaA-conotoxin @A) subfamily by both pharma- Equipment.Shimadzu SCL-10A system controller, Shi-
cological and biochemical criteria. TheA -conotoxins are  madzu 10A-VP UV/vis detector, Shimadzu LC-8A prepara-
high-affinity antagonists of both the fetal and adult mam- tive HPLC pumps, and Waters 1000 PrepPAK radial
malian muscle nAChRs, in contrast to the selectivity of the compression module. Cartridge: 50300 mm, Gg (15—
aAs-conotoxins for the fetal subtype. The characterization 20 um particle size, 300 A pore size).
of the nativeaAs-conotoxins and some analogues has led ~ Conditions.Detection, 220 nm; flow, 100 mL/min; gradi-

to the identification of a key amino acid residue dis ent, 5-100% B in 95 min.
peptides that is a critical determinant for a slow versus fast Eluents.A = 0.1% TFA-water, and B= 0.1% TFA—
off rate from the fetal muscle nAChR. 60% acetonitrile-water.
Fractions of each peptide were analyzed by HPLC (iso-
MATERIALS AND METHODS cratic conditions that varied between 11 and 14% acetonitrile

for the various compounds), checked using mass spectrom-
etry (MS) for identity, pooled, and kept at°€ for folding.
Folding of Synthetica A-OIVA AnaloguesSolution A

) . . ) ) consisted of the pooled, reduced, and purified peptide
Isolation Kit (Gentra Systems, Minneapolis, MN), according - 1, tjon, which was purged with argon. Solution B consisted
to the standard protocol of the manufacturer. Genomic DNA of water (300 mL), acetonitrile (100 mL), ammonium

from C. pergrandiswas used as a template for the poly- b o0-ta (9.6 - .

> X . . . X .6 g), EDTA (100 mg), cysteirieydrochloride
merase cha}ln reaction (PCR), Wlt_h oligonucleotide primers (250 mg), and cystine (250 mg). Solution A was added to
corresponding to the conserved intron aridutranslated the argon-purged solution B. The pH of the mixed solution

region (.UTR) sequences of A-superfamily conotp_xin Pre- was adjusted to 8.2 with 20% aqueous acetic acid solution.
propeptides. The resulting PCR products were purified USing pe mixture was stirred with a Teflon-coated magnetic bar

the High Pure PCR Product Purification Kit (Roche Diag- (slow speed) at room temperature under a slow stream of

nostics, Indianapolis, IN), following the suggested protocol argon. The folding was followed by analytical HPLC. The
of the manufacturer. The eluted DNA fragments were ligated .2 tion was stopped afté h by addition of pure TFA to

to thfe pAI(\j/IEl vector, an%g;f ”fesu'F'”g hprcCJ:olluctiwere acidify the reaction mixture to pH 2.5. The acetonitrile was
transformed into competent ells, using the CloneAmp ooV 4'in 2 vacuum evaporator (bath at°gs,

pAMP System for Rapid Cloning of Amplification Products Purification of S :

. ) ! yntheti@A-OIVA AnaloguesThe aque-
_(L|fe Technologies/Gibco BRL, Grand Island, NY), follpw— . ous solution was loaded to a preparative HPLC equilibrated
ing suggested protocols Qf the manufactur_er. The nucleic aC'dwith triethylammonium phosphate (TEAP) 2.25 buffer (A
sequences of the resultingA-toxin-encoding clones were  _ 60 mM TEAP, and B= 60% acetonitrile in A). Between
determined according to the standard protocol for au'[omated2 and 4 fractioné were obtained by HPLC purification from

sequencing. _ each oxidative folding reaction. The fraction that eluted last
Purification of oA-Conotoxins OIVA and OIVBThe  fom the reverse-phase HPLC column, which was also the
purifications of aA-conotoxins OIVA and OIVB were  most hydrophobic peptide isomer, in each case, was the
described previously7( 8). correctly folded peptide. This was consistent with the prior
Total Synthesis oftA-Conotoxins OIVA and OIVBLhe observation that the native foldedA-OIVA was more
total syntheses ofA-conotoxins OIVA and OIVB were  hydrophobic than the fully reduced peptide or any partially
described previously7( 8) reduced isomers8]. The main component among the most
Synthesis oftA-OIVA AnaloguesiAnalogues ofxA-OIVA hydrophobic moieties (checked for purity using HPLC) was
were synthesized on a methylbenzhydryl resin (MBHA resin) collected as well as a pool of all side fractions representing
(2.0 g and a substitution of 0.20 mmol of amino function/g) misfolded peptides with correct masses. The acetonitrile was
using thetert-butoxycarbonyl (Boc) protocol [3-fold excess removed under vacuum, and the remaining solutions of the
of amino acid derivativesN,N'-diisopropylcarbodiimide  desired fractions were desalted using a 0.1% TFA/acetonitrile
(DIC), DIC/1-hydroxybenzotriazole (HOBt), or 24itben- gradient on preparative HPLC.
zotriazol-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TB-  Synthesis, Purification, and Characterizationogk-PelVA
TU)/diisopropylethylamine (DIPEA)/HOBt mediated 30 min and PelVB.The strategy and protocols for the synthesis,
couplings and 10 min 60% TFA in dichloromethane (DCM) purification, and characterization @fA-PelVA and oA-
deblocking]. We used the Kaiser test to monitor coupling PelVB was identical to those used for the synthesis and
efficiencies in all cases, except after hydroxyproline, when purification ofa A-OIVA and analogues as described above
we used the tetrachloro-1,4-benzoquinone-acetaldehyde methodvith one significant difference: a Merrifield resin with a

Molecular Cloning of Genes Encoding C. pergrandis
Peptides.Genomic DNA was prepared from 50 mg Gf
pergrandis tissue using the Gentra PUREGENE DNA
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Table 1: Analytical Data from the Synthesis of Novel Peptides

synthetic mass mass

peptide HPLE@ CZE® calculated found yield®
oA-OIVA[H10P] 85 94 1807.64 1807.79 45.0
oA-OIVB[K15N,N16K] 94 95 1847.65 1847.62 53.3
aoA-OIVA[K15N] 99 99 1833.60 1833.67 60.2
oA-OIVA[K15R] 96 90 1875.66 1875.57 25.2
aA-PelVA 95 97 1791.61 1791.40 75.3
aA-PelVB 99 90 1805.63 1805.51 86.7

@ Percentage purity determined by HPLC using buffer system A
(TEAP at pH 2.30) and buffer system B (60% €IiN/40% A) under
gradient conditions (3680% B over 50 min), at a flow rate of 0.2
mL/min on a Vydac Gg column (0.21x 15 cm, 5um particle size,
300 A pore size). Detection at 214 n#Percentage of purity

Teichert et al.

harvesting and used for voltage-clamp recordingBldays
after injection.

Voltage-clamp recording was done as described in detail
previously (2). In all cases, oocytes were clamped-at0
mV with a two-electrode system and gravity-perfused with
ND96 containing 1uM atropine to block endogenous
muscarinic acetylcholine receptors and 0.1 or 0.2 mg/mL
bovine serum albumin (BSA) to reduce nonspecific adsorp-
tion of toxin. ND96 consisted of 96 mM NacCl, 2.0 mM KClI,
1.8 mM CacC}, 1.0 mM MgCh, and 5 mM HEPES (pH 71
7.5). Acetylcholine (ACh)-gated currents were elicited with
1-10 uM ACh for the neuromuscular nAChR subtypes
(a1p1ed or al51lyd subunits), 20cM ACh for the human

determined by capillary zone electrophoresis (CZE) using a Beckman o7 nAChR subtype, and 1QaM ACh for all other neuronal

Coulter P/ACE System 2050; field strength of 15 kV at°&) buffer,
100 mM sodium phosphate (85:15B/CH;CN) at pH 2.50; on an
Agilent uSil bare fused-silica capillary (7Bm i.d. x 40 cm length);
detection at 214 nnf.“Mass spectra matrix-assisted laser desorption
ionization—mass spectrometry (MALDIMS) were measured on an
ABI-Voyager DESTR instrument using a saturated solutioo-of/ano-
4-hydroxycinnamic acid in 0.3% TFA and 50% acetonitrile as the
matrix. The calculated [M+ H]" of the monoisotope compared with
the observed [M+ H]™ monoisotopic mas$.The yield is in milligrams

of final product starting wh 2 g of MBHA resin and a substitution of
0.20 mmol of amino function per gram.

substitution of 0.37 mmol/g was used to gain the free
carboxylic C terminus after HF cleavage.

Analytical Data.Analytical data for all novel peptides are
given in Table 1.

Amino Acid Analysis.Aliquots of all peptides were

quantified by amino acid analysis to ensure accuracy of

NAChR subtypes. For the mouse 5-H&sting, currents were
elicited with 3uM serotonin. The 1uM concentration of
ACh used for the muscle nAChR is significantly lower than
the EGo concentration. As a result of high expression levels
of muscle nAChR, .M ACh was typically used because,
at higher concentrations of ACh, the currents were often too
large for voltage-clamping. However, ACh concentrations
as high as 10@M did not appear to affect the current block
by the toxins because ACh was applied so briefly that little
competition could take place between Ach and toxin, given
the off rates of the toxins. A 1-s pulse of ACh or serotonin
was applied at a frequency of once per 1 min for all static
bath applications of toxin. For toxin perfusion experiments,
ACh was applied either at a frequency of once per 1 min or
once per 2 min.

We used a distributor valve (SmartValve, Cavro Scientific

values reported in the Results. Dr. Dennis Winge of the Instruments, Sunnyvale, CA) and a series of three-way

University of Utah conducted the amino acid analysis.
Biological Assays.Intramuscular (i.m.) injections of
goldfish and intraperitoneal (i.p.) injections of mice were

performed as described previouslf; 8)
ElectrophysiologyPlasmid DNA from the cytomegalovi-

solenoid valves (Neptune Research, Northboro, MA) to
switch the perfusion medium between ND96 with or without
toxin or ACh. A virtual instrument homemade by Dr. Doju

Yoshikami of the University of Utah automated the valve
control and data acquisition. All recordings were conducted

rus (CMV)-based pRBG4 vector encoding mouse muscle at room temperature.

NAChR subunits (a kind gift from Dr. Steven M. Sine, Mayo
Clinic College of Medicine), was prepared and injected into
the nucleus ofXenopusoocytes. For all other cloned

In most cases, we tested a given conotoxin concentration
against a particular receptor by applying the peptide to an
oocyte expressing the receptor in a static bathy/Bp A

receptors tested, cRNA that encoded receptor subunits wagpredetermined concentration of peptide was allowed to

prepared and injected int§enopusoocytes as described
previously (2). Oocytes were injected 12 days after

Chart 1

cC ¢ G V P N A A

C H

equilibrate with the receptors in the static bath for 5 min
prior to pulsing with ACh or serotonin. To establish dese

p ¢ v € T G K C

TGC TGT GGT GTT CCC AAT GCT GCC TGT CAT CCT TGC GTA TGT ACT GGA AAA TGC

c € G 1 P

N A A C H

p ¢ v € T G K C

TGC TGT GGT ATT CCC AAT GCT GCC TGT CAT CCT TGC GTA TGT ACT GGA AAA TGC

Table 2: Categorization of Short and Loog\-Conotoxins

conotoxin amino acid sequence
shortaA-conotoxins inhibit fetal muscle nAChR selectively
aA-OIVB CCGVONAACPOCVCNKTCG#
aoA-OIVA CCGVONAACHOCVCKNTC#
aA-PelVA CCGVONAACHOCVCTGKC
oA-PelVB CCGIONAACHOCVCTGKC
long aA-conotoxins high-affinity antagonists of fetal and adult muscle nAChR
aA-EIVA G CCGPYONAACHOCGCKVGROOYCDROSGG#
oA-EIVB GCCGKYONAACHOCGCTVGROOYCDROSGG#
aA-PIVA GCCGSYONAACHOCSCKDROSYCGQ#

20 = hydroxyproline. #= amidation.
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A ¢ OoA-PVA-Fetal o cAPIVA - Adul Table 3: 1Go Values ofaA-Conotoxins for the Fetal versus Adult

100~ Subtypes of the Mouse Muscle NAChR
90+ fetal muscle nAChR adult muscle nAChR
38“ conotoxin ICs0 (NM) ICs0 (NM)
® 70
£ 60 aA-OIVA 0.51 (0.40-0.64) 310 (246-390)
2 50 oA-OIVB 66 (48—92) 96 000 (81 006110 000)
2 40 aA-PelVA <5* 4000 (3806-4200)
2 30- aA-PIVA 22 (20-26) 2.3(1.8-3.0)
20+ R aValues in parentheses are the 95% Cl. ¢A-PelVA (5 nM)
10+ blocked~90% of elicited currents. A complete desesponse curve
0 6 B 25 5 4 was not generated farA-PelVA. However, it is evident that it shares
. the selectivity for the fetal subtype with the rest of the short
Log [Toxin] M Yy yp
9 aA-conotoxins.
B v oA-OVA-Fetal v oA-OIVA - Adult
e aA-OIVB - Fetal o aA-OIVB- Adult Control 5 Min Washout
b 1 min
50 nA
aA-OIVB 1 uM l—
B W i Vﬁﬁ’ﬂ—v—\ﬁ Vv
1 min
1 pA
aA-OIVA 1 uM wal
Log [Toxin] M C af F N
Ficure 1: aA-Conotoxin PIVA is a high-affinity inhibitor of both 1 min
the fetal and adult subtypes of the mouse muscle nAChR, in contrast 500 nA ,—
to aA-conotoxins OIVA and OIVB, which are both selective aA-PelVA 1 uM
inhibitors of the fetal subtype of the mouse muscle nACK&opus

oocytes expressing clones of either the mouse fetdf31yd

subunits) or adultq131ed subunits) muscle nAChR were voltage- FIGURE2: aA-Conotoxins OIVA, OIVB, and PelVA all antagonize
clamped at-70 mV. The oocytes were pulsed with ACh once per the mouse fetal muscle nAChR with high affinity but distinct
1 min to elicit currents and establish the baseline current amplitude, kinetics.Xenopusocytes heterologously expressing the mouse fetal
which then served as a control. With the exception of dife muscle nNAChR were voltage-clamped. Toxin was applied to oocytes
OIVA block of the fetal muscle nAChR, in all other cases, toxin in a static bath at a final concentration oM. Arrows indicate
was applied to oocytes in a static bath at a given concentration andthe first currents elicited after the 5 min of toxin equilibration. (A)
allowed to equilibrate with receptors for 5 min. In the particular aA-OIVB (1 uM) blocked the elicited currents nearly completely,
case of thexA-OIVA block of the fetal subtype, the kinetics of  and the toxin dissociated rapidly from the receptor. ¢8}OIVA

the block were very slow; consequently, only a partial dese (1 «M) blocked the elicited currents completely, and the toxin
response curve was obtained by perfusion of various concentrationsdissociated very slowly from the receptor. (€@\-PelVA (1 uM)

of toxin over the oocyte until currents reached equilibrium as blocked the elicited currents completely, and the toxin dissociated
demonstrated in Figure 3. Doseesponse curves were generated very slowly from the receptor.

by plotting the current amplitude after toxin application as a

percentage of the current amplitude prior to toxin application (% Mined by perfusion of toxin over oocytes heterologously
response)rj = 3 for each toxin concentration; error bars + expressing receptors. This method was employed in cases
standard error of the mean (SEM)]. (®A-PIVA inhibited both — where the kinetics of the block were particularly slow. A

the fetal and adult mouse muscle nAChRs with high affinityolC . . p -
for adult subtype= 2.3 nM [1.8-3.0 nM, 95% confidence interval specific concentration of toxin was applied to an oocyte

(CI)]; ICso for fetal subtype= 22 nM (20-26 nM, 95% CI). It is expressing the fetal muscle nAChR by gravity perfusion of
possible that the lowest concentrationso@-PIVA did not reach the toxin dissolved in ND96 buffer, also containing 0.1 or
equilibriL:jm with the fetal rect%ptor Withirtleg rgal;l Orlt%\fxltg?gdi(n a 0.2 mg/mL BSA and kM atropine. The perfusion continued
steeper doseresponse curve than expected. (B)- until the peak amplitude of the elicited currents reached a
gﬂ;hg&?gbﬂugﬂgknéfﬁséﬁﬁ n%ilclre"vr'] ’g\%ﬁg,olginsl’vllbgns:f stead_y state, at Which time the p_erfusion of toxin changed
(240-390 nM, 95% CI).aA-OIVB block of the fetal muscle 0 @higher concentration to establish a desesponse curve.
NAChR, 1Go = 66 nM (48-92 nM, 95% CI).acA-OIVB block of After a nearly complete block of elicited currents was
the adult muscle nAChR, Kg= 96 000 nM (81 006-110 000 nM, achieved, the perfusion medium was converted to ND96
95% Cl). containing 0.1 or 0.2 mg/mL BSA and M atropine,
response curves and 4€Cvalues, a range of conotoxin  without toxin, to allow the toxin to wash out. Dosessponse
concentrations were tested sequentially on an oocyte. Thiscurves and kinetic data were established after perfusion of
procedure was repeated on three different oocytes for eachtoxin over at least three oocytes with reasonably stable
peptide concentration. To conclude that a peptide did not currents.
target a particular receptor, the peptide was tested at a The kinetic- and dose-response curves were generated
minimum concentration of 1M on at least two different  with Prism software (GraphPad Software, Inc., San Diego,
oocytes expressing that specific receptor. CA). Dose-response curves were fit to the equation: %
In addition to the static-bath applications of the toxin, some response= 100{ 1 + ([toxin]/ICso)™}, whereny is the Hill
dose-response curves and kinetic parameters were deter-coefficient. Kinetic parameters were obtained by a nonlinear
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Ficure 3: Kinetics of block and recovery of the mouse fetal muscle nAChRAYOIVA. Results were obtained by toxin perfusion over
voltage-clampe&Xenopuocytes. Oocytes were pulsed with ACh once per 2 min. (A) A 25 nM concentratioA-@dIVA was perfused

over oocytes expressing the mouse fetal muscle nAChR until the peak amplitude of the elicited currents reached a steady state (equilibrium
block). After the peak amplitude of currents reached equilibrium, the toxin was allowed to wash out by perfusion of ND96 without toxin
(n = 3) (B) Various concentrations aiA-OIVA were perfused over oocytes expressing the mouse fetal muscle nNAChR. After each
concentration reached an equilibrium block, a higher concentration of toxin was then perfused over the oocytes. After a nearly complete
block, perfusion of ND96 resumed and toxin was allowed to wash et @). This method was used to determine the dassponse

curve in Figure 1 fooA-OIVA. A ko, value was determined for each perfusion concentration independently. The mean and tange of
values are reported below. The kinetic parameters were as folleys= 1.35 x 1072 min~1 (1.19-1.50 x 10-2 min~%, 95% CI), mean

kon = 2.07 x 10/ M~ min~! (range of 7.22x 106—5.37 x 10" M1 min~1). K4 calculated fronky; andk,, was 0.65 nM, consistent with

the ~50% block by perfusion of 0.5 nMA-OIVA. Given the calculated.; andky, values, the differences in time to reach equilibrium

for 0.5 and 5 nM toxin concentrations should have been greater, indicating a degree of uncertainty in kinetic measurements.

regression analysis of toxin perfusion and wash-out data. The Lk

best curve fit of the toxin perfusion data was obtained in g 80

each case for the following equatioy:= spanx e knd + S 60+

plateau, where span is the difference between the control -

response (100% response) and equilibrium % response, (C

plateau is the equilibrium % responggsis the rate constant 2 &l i

. ) . . . ‘ . . . .

obtained by the best curve fit of the current block, ansl 22 gy 5 2 an &

time. Theko, rate constant was calculated frdaps by the Znon c o 3% @ 9

equation: Kops = koftoxin] + kor. The dissociation rate BT B £ B $é c é Lg

constantk.s, was calculated with Prism software by obtain- s 0 =2 \"g Se E £ 9

. . . . - g © LT o = = | = o]

ing the best fit of the toxin wash-out curve using the gg o E # = I I =

following equation:y = Yma{(1 — €%t), whereymaxis 100% T =1 =

response antlis time. FiGURe 4: aA-Conotoxin OIVA has specificity for muscle nAChRs.
Xenopusoocytes heterologously expressing various ligand-gated

RESULTS ion channels were voltage-clamped. All of the receptors indicated

are subtypes of nicotinic acetylcholine receptors, with the exception
Cloning and Synthesis of C. pergrandig\-Conotoxins.  ©f the 5-HT; receptor, which is a serotonin-gated ion channel. Each
Two DNA sequences encoding homologues oftAeOIVA toxin—receptor combination was tested on at least two different

. - . oocytes to establish reproducibility. The bars represent the peak
andaA-OIVB peptides were obtained by molecular cloning  mpjitude current response as a percentage of the control response

from C. pergrandisas described in the Materials and obtained prior to the bath application of toxin (error bars=SEM).
Methods. The nucleotide sequences and predicted amino acidVhile 104M aA-OIVA was a concentration sufficient to inhibit

sequences for the mature toxins are the following (Chart 1). the adult muscle nAChR, as well as the fetal muscle NAGDR,

On the basis of the presence of hydroxyproline residues in OIVA is selective for the fetal subtype, as demonstrated in Figure
oA-OIVA and oA-OIVB (7, 8), we predicted that these

sequences would also have hydroxyproline residues. Ad- Characterization otxtA-PIVA, aA-OIVA, aA-PelVA, and
ditionally, because the DNA sequences included stop codonsaA-PelVB. While aA-PIVA and aA-OIVA have been
immediately following the last Cys codon, the peptides were partially characterized( 9), the selectivity of these peptides
predicted to have free carboxyl C termini, in contrast to the for mammalian fetal and adult muscle nAChRs was not
amidated C termini ofaA-OIVA and aA-OIVB. Each previously investigatedoA-conotoxin EIVA (@A-EIVA),
peptide was chemically synthesized with a free carboxyl C from C. ermineushas been shown to be a high-affinity
terminus and hydroxyproline residues. Only one amino acid inhibitor of both fetal and adult mammalian muscle nAChRs
difference was predicted between these two peptides. Afterbecause it competitively binds both the/y and a/o
their characterization, these peptides were naméd interfaces of the muscle NAChR with equal affinity0): the
conotoxin PelVA (A-PelVA) and aA-conotoxin PelVB o/ interface is present in both adult and fetal nAChR
(atA-PelVB). subtypesaA-PIVA is shorter thareA-EIVA but longer than
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Table 4: Summary of ShortA-Conotoxins and Dissociation Rate Kinetics from the Mouse Fetal Muscle NAChR

kot value amino acid
conotoxin X102 min"1 sequence
fast off rate
aA-OIVB 70 (63—76) CCGVONAACPOCVCNKTCG#
oA-OIVA[H10P] 79 (73-86) CCGVONAACPOCVCKNTC#
slow off rate
aA-OIVA 1.35(1.19-1.50) CCGVONAACHOCVCKNTC#
oA-OIVA[K15N] 0.43 (0.38-0.49) CCGVONAACHOCVCNNTC#
aA-OIVA[K15R] <2.0 CCGVONAACHOCVCRNTC#
0A-OIVA[K15N,N16K] <2.0 CCGVONAACHOCVCNKT C#
oA-PelVA* 0.82 (0.8%-0.83) CCGVONAACHOCVCTGKC
oA-PelVB <2.0 CCGIONAACHOCVCTGKC

a Amino acid differences are underlined and/or italicized. Parentheses indicate the 95% @A-PgIVA dissociation rate calculation was
based on a single experiment. All othef values were based on three or more experiments. An extended time course of dissociation was not
conducted forrA-OIVA[K15R], aA-OIVA[K15N,N16K], or aA-PelVB. O = hydroxyproline. #= amidation.

aA-OIVA and aA-OIVB (see Table 2 for a direct compari-  successful experiments. Kinetic parameters were determined
son of these sequences). as described in the Materials and Methods and as indicated
We testedrA-PIVA for its ability to discriminate between in the caption of Figure 3. A similarly slow dissociation rate
mammalian fetal and adult muscle nAChRs using two- was obtained by perfusion oftA-OIVA over oocytes
electrode voltage clamping ofenopusoocytes heterolo-  expressing the human fetal muscle nAChR (data not shown).
gously expressing cloned receptors, as described in the aA-OIVB was previously shown to be selective not only
Materials and Methods. Significantly, in contrast dé\- between the fetal and adult muscle nAChRs but was also
OIVB, aA-PIVA antagonized both the mouse fetal and adult shown to have very little affinity for neuronal nAChR#)(
muscle nAChRs with high affinity, consistent with its greater Similarly, we also testedtA-OIVA against several other

sequence similarity taA-EIVA (Figure 1). aA-PIVA, in ligand-gated ion channels expressedXgnopusoocytes to

contrast toadA-OIVB, had a somewhat higher affinity for  understand better its targeting specificity. At a concentration

the adult subtype of the receptor. of 10 uM, aA-OIVA failed to significantly inhibit various
Subsequently, we testedA-OIVA for its ability to ligand-gated ion channels (re8 and Figure 4). These

discriminate between mammalian fetal and adult muscle experiments attest to the targeting specificity of bot-
NAChRs, also by oocyte electrophysiology. Toxin dese conotoxins OIVA and OIVB for muscle nAChRs and their
response curves were generated for both receptor subtypesselectivity for the fetal subtype of the muscle nAChR.
aA-OIVA proved to be selective for the mouse fetal muscle  Characterization ofo A-OIVA AnaloguesAnalogues of
NAChR, consistent with its similarity teA-OIVB. Notably, oA-OIVA were synthesized and tested to assess which amino
aA-OIVA blocked the mouse fetal muscle nAChR with acids might contribute to the differences in dissociation
~600-fold greater affinity than the adult subtype (Figure 1) kinetics from the fetal muscle nAChR farA-OIVA and

and also exhibited a similar affinity difference for the human aA-OIVB demonstrated in Figure 2. The amino acid
fetal and adult muscle nAChRs expressedémopusocytes sequences of the analogues are shown in Table 4.

(data not shown). ThelA-OIVB peptide had~1500-fold TheaA-OIVA[K15N], aA-OIVA[K15R], and o A-OIVA-
greater affinity for the mouse fetal muscle nAChR over the [K15N,N16K] analogues all demonstrated a very slow off
adult subtype (Figure 1), consistent with the desgsponse rate from the fetal muscle nAChR, similar to natioé\-
curves previously generated forA-OIVB on the human OIVA, oA-PelVA, andaA-PelVB. Selected electrophysi-
muscle nAChR, wheraA-OIVB demonstrated-2000-fold ology traces are shown in Figure 5. These peptides have

greater affinity for the fetal subtypéer), oA-PelVA also divergent sequences in their C-terminal intercysteine region,
proved to have selectivity for the fetal muscle nAChR, and adA-PelVA and aA-PelVB differ from the others in
consistent with its high degree of sequence similaritycAe having carboxylated C termini. Thus, we hypothesized that
OIVA and aA-OIVB. The IC5 values of these peptides for a primary determinant of the slow off rate was the shared
fetal and adult nAChR subtypes are shown in Table 3. histidine residue at position 10. A direct confirmation of this

AlthoughaA-OIVA and aA-PelVA, like a A-OIVB, have hypothesis was provided whet\-OIVA[H10P] dissociated
strong selectivity for the mouse fetal muscle nAChR subtype, very rapidly from the fetal muscle nAChR, similarly ¢cA-
they dissociate from this receptor with a much slower off OIVB (Figures 2 and 5). Collectively, these results indicated
rate tharoA-OIVB, as shown in the electrophysiology traces that the histidine versus proline residue at position 10 is the
in Figure 2.0A-PelVB also dissociated very slowly from critical amino acid difference betweeaA-OIVA, oA-
the fetal muscle nAChR (data not shown). We quantified PelVA, aA-PelVB, and aA-OIVB that determines the
the o A-OIVA kinetic parameters of the block of the mouse dramatically different dissociation rates from the fetal muscle
fetal muscle nAChR by perfusion of the toxin ovéenopus NAChR. These data are summarized in Table 4.
oocytes heterologously expressing the fetal receptor (Figure When the histidine residue wA-OIVA was replaced with
3). It proved to be very difficult to quantify the kinetics proline, the doseresponse curves oftA-OIVA[H10P]
because of the very slow rate of block and recovery, the became statistically indistinguishable from the dese
limited lifetime of any given oocyte after voltage clamping, response curves generated toA-OIVB on the fetal and
the tendency for current amplitude to drift over time, and adult muscle nAChRs (Figure 6). This result suggested that
the large quantities of toxin required for both failed and the histidine or proline residue at position 10 determines not
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Ficure 5: Analogues obxA-OIVA demonstrate distinct dissocia-
tion rates from the mouse fetal muscle nAChR. Representative
current traces are provided that illustrate the dissociation rate
differences between selezA-OIVA analogues. In each case, the
mouse fetal muscle nAChR was expressedenopusoocytes.
After baseline currents were established-OIVA analogues were
applied to a given oocyte at 1M final concentration and allowed

to equilibrate for 5 min. (A)dA-OIVA[H10P] analogue demon-
strated a rapid dissociation rate, similar to the dissociation rate of
oA-OIVB (see Figure 2). (B and G)A-OIVA[K15N] and [K15R]
analogues demonstrated very slow dissociation rates, similar to the
dissociation rate ofA-OIVA (see Figure 2).

only the dissociation rate differences but also the affinity
differences betweemA-OIVA and aA-OIVB, which is
reasonable because affinity is a function lQf and K.
Further supporting this hypothesigA-OIVA[K15N] had
approximately the same affinity as natitd-OIVA for the
fetal muscle nAChR; surprisinglyg A-OIVA[K15N] ap-
peared to have a lower affinity than natie&-OIVA for

the adult subtype (Figure 6).

The kinetic parameters fatA-OIVA[K15N] were deter-
mined by perfusion of toxin ove{enopusocytes expressing
the mouse fetal muscle NAChRA-OIVA[K15N] unexpect-
edly exhibited even slower kinetics of block and recovery
than nativenA-OIVA (Figures 3 and 7). BecausgA-OIVA-
[K15N] exhibited both greater selectivity between fetal and
adult muscle nAChRs and a slower dissociation rate from
the fetal subtype than nativ@A-OIVA, the analogue may
prove to be a more useful research tool than the native
peptide.

DISCUSSION

In this paper, we have identified new members ofdite
conotoxin family and provided a more detailed functional
definition of this conotoxin family. Cumulatively, these
studies lead us to propose that tie-conotoxin family can
be subdivided into two groups: one include&-EIVA, oA-
EIVB, andaA-PIVA, with the second group comprisirgA-
OIVA, aA-OIVB, aA-PelVA, andoA-PelVB. We designate
these two divisions as theA, subfamily and theoAs
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FIGURE 6: Comparison of doseresponse curves generated d@x-
conotoxins and analogues on mouse fetal and adult neuromuscular
nAChRs. Doseresponse curves were obtained from voltage-
clampingXenopusoocytes. (A) When the histidine at position 10
in aA-OIVA was changed to a proline residueX-OIVA[H10P]),

the dose-response curves became statistically indistinguishable
from the dose-response curves fortA-OIVB, e.g., by overlapping
95% Cls for the 16, values. For the fetal subtype, the 95% Cls
for the 1G5 values were 4892 nM for c A-OIVB and 27-74 nM

for aA-OIVA[H10P]. For the adult subtype, the 95% Clis for the
1Cgo values were 81 000110 000 nM foraA-OIVB and 74 006-

300 000 nM foraA-OIVA[H10P]. (B) When the lysine at position

15 in aA-OIVA was changed to an asparagine residud-OIVA-
[K15N]), the dose-response curve on the fetal muscle nAChR
became statistically indistinguishable from natov&-OIVA. The

95% Cls for the G values were 0.460.64 nM for aA-OIVA

and 0.32-0.60 nM for aA-OIVA[K15N]. However, the K15N
analogue appeared to be even more selective than the native peptide
for the fetal muscle nAChR. On the adult subtype, the 95% Cls
for ICsp values were 246390 nM foraA-OIVA and 8200-19 000

nM for ad A-OIVA[K15N]. Because of the very slow kinetics of
the block byaA-OIVA and aA-OIVA[K15N], only partial dose-
response curves for the fetal muscle nAChR were obtained by
perfusion of various concentrations of toxin over the oocytes as
demonstrated in Figures 3 and 7.

than in theatAs peptides. Thus, while theA, peptides are
high-affinity inhibitors of both the mammalian fetal and adult
muscle nAChRs, we have shown that thés peptides
selectively antagonize the fetal subtype. These differences,

subfamily. The amino acid sequences of these peptides areas well as differences in disulfide connectivig; 9), justify

summarized in Table 2.

While bothaA-PIVA and cA-EIVA share some sequence
identity with o A-OIVA and aA-OIVB, they differ signifi-
cantly in their C-terminal regions. Significantly longer
primary amino acid sequences are found indlAe peptides

dividing alA-conotoxins into two subfamilies.

In addition to the conotoxins, many neuromuscular nAChR
antagonists have been previously characterized. Notably, the
waglerins, peptide toxins from the pit vipd@rimeresurus
wagleri, bind with 2000-fold higher affinity to theo/e
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Ficure 7: Kinetics of block and recovery of the mouse fetal muscle

NAChRAYOIVA[K15N]. Results were obtained by toxin perfusion

over voltage-clampedenopusoocytes. Oocytes were pulsed with ACh once per 2 min. Various concentratiods ©OfVA[K15N] were

perfused over oocytes expressing the mouse fetal muscle nAChR.
perfusion of each concentration of toxin to equilibrium but were

Because of the particularly slow kinetics of the block, we did not continue
able to extrapolate the curves to plateau (equilibrium) values. These

extrapolated equilibrium values were used for the partial dosgponse curve farA-OIVA[K15N] in Figure 6. After a full block of the
receptors by 50 nM toxin, we resumed perfusion of ND96 and allowed toxin to was eu#d]. A ko, value was determined for each
perfusion concentration independently. The mean and ranigg wélues are reported below. The kinetic parameters were as follkyys:
= 0.43 x 102 min~! (0.38-0.49 x 1072 min~1, 95% CI), mearky, = 7.83 x 10°® M~ min~! (range of 2.86x 10f—1.65 x 10/ M1
min~1). K4 calculated fromky¢ and ko, was 0.55 nM, consistent with the extrapolate80% block by perfusion of 0.5 nMA-OIVA-

[K15N] (see also the dosaesponse curve in Figure 6).

interface of the adult muscle nAChR than & ando/y
interfaces 13), making them selective antagonists of the adult
muscle NAChR and complementary to the selectivity of the
aAs-conotoxins. Many additional snakeneurotoxins such
aso-bungarotoxin are high-affinity antagonists of both the
o/6 and oy interfaces of the muscle nAChR. Their high-
affinity block of theo/d interface renders them nonselective
for either fetal or adult receptor subtypes. Ameurotoxin
from Naja mossambica mossambicknown as Nmm|
antagonizes both the/o and o/y subunit interfaces with
~1000-fold higher affinity than the/e interface (4). Curare
and curariform antagonists bind both tleée and a/y
interfaces of the neuromuscular nAChR with high affinity
while binding theo/d interface with approximately 100-fold
lower affinity (15, 16). Someo-conotoxins bind with 10 000-
fold higher affinity to theo/d interface than the/y interface
(17). As stated previously, theA -conotoxin,aA-EIVA,
blocks both then/o and o/y interfaces with equal affinity
and is consequently a high-affinity inhibitor of both fetal
and adult muscle nAChR4.0). aA-PIVA also blocks both
the adult and fetal subtypes with high affinity. Although the
aAs-conotoxins achieve their selectivity for the fetal muscle
NAChR by binding thea/y interface with much higher
affinity than thea/d or o/e interfaces, we have not identified
the aAs-conotoxin selectivity between or € subunits of
the adult receptor in this study.

There is an interesting kinetic parallalvivo andin vitro
with the aAs-conotoxins.aA-conotoxin OIVA causes an
apparently irreversible paralysis upon injection into goldfish
(8) and exhibits a very slow off rate when applied to the
mammalian fetal muscle nAChR. In contrasf-conotoxin
OIVB causes a reversible paralysis upon injection into
goldfish (7) and exhibits rapid reversibility when applied to
the mammalian fetal muscle nAChR. While little is known
about fish nAChRs, the fact that the pufferfiskugu)
expresses homologues of both the mammaliaand ¢
subunits in mature muscle tissues may provide an evolution-
ary explanation for the specificity of the shor\-conotoxins
(which evolved for fish hunting) for binding a mammalian
fetal receptor 7, 18). These toxins most likely bind to the
fish receptor subunit that has the most sequence similarity
to the mammaliary subunit, found only in the mammalian
fetal nAChR. The parallel kinetics suggest that enough

sequence and structural similarity are conserved across
vertebrate NAChRs to provide a similar kinetic profitevizo
andin »itro on homologous receptor subtypes. Neittdr
OIVA nor aA-OIVB had an observable effect on mature
mice when injected at a dosage as high as 1 nmol/g,
consistent with their selectivity for the mouse fetal receptor
subtype ¢, 8 and data not shown).

The selectivity of the shor@tA-conotoxins for the fetal
muscle nAChR gives this subfamily of peptides interesting
potential as research tools, diagnostic tools, and even as
possible therapeutics as previously describ@dihe diverse
kinetics observed in this subfamily of peptides expand their
potential as research tools; the rapidly reversible peptides
would be suitable pharmacological agents for electrophysi-
ological studies, while the slowly reversible peptides should
be useful probes for binding and localization studies.
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