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ABsTRACT: Nicotinic acetylcholine receptors (hnAChRS) that contairo@nsubunit are widely distributed

in neuronal and nonneuronal tissue. These receptors are implicated in the release of neurotransmitters
such as glutamate and in functions ranging from thought processing to inflammation. Currently available
ligands fora.7 nAChRs have substantial affinity for one or more other nAChR subtypes, including those
with anal, a3, a6, and/ora9 subunit. Ano-conotoxin gene was cloned froBonus arenatusPredicted
peptides were synthesized and found to potently bto@k a6-, ando7-containing nAChRs. Structure
activity information regarding conotoxins from distantly relat@dnusspecies was employed to modify
theC. arenatugierived toxin into a novel, highly selective’ NAChR antagonist. This ligand;CtxArIB-
[V11L,V16D], has low nanomolar affinity for ratt7 homomers expressed Kenopus lagis oocytes,

and antagonism is slowly reversible. Kinetic analysis provided insight into the mechanism of antagonism.
o-CtxArlIB interacts with five ligand binding sites pet7 receptor, and occupation of a single site is
sufficient to block function. The peptide was also shown to be highly selective in competition binding
assays in rat brain membranesCtxArIB[V11L,V16D] is the most selective ligand yet reported for
nAChRs.

Nicotinic acetylcholine receptors (NAChRs)ye expressed  with a8* (7) anda9a10 nAChRs 8) in addition to theal
throughout the mammalian central nervous system and aremuscle-type anda7 subtypes mentioned above, all at
pentameric assemblies of homologous subunits. Neuronalapproximately nanomolar affinity. Further, the exceptionally
NAChRs are mainly presynaptic and primarily function by slow binding kinetics of 3] a-Bgt to a7 nAChRs make
modulating the release of a wide range of neurotransmittersequilibrium binding studies impractical. The norditerpenoid
(1). To date, 11 mammalian neuronal subunit genes havealkaloid methyllycaconitine (MLA) isolated froelphinium
been identified,02—a7, a9, al0, and 2—p4 (a8 is sp. is a competitive antagonist fax7 nAChRs, with
apparently only expressed in avian neurons), with overlap- approximately nanomolar affinity and more useful kinetic
ping expression patterng)( Different subunit combinations  properties 9). Unfortunately, MLA also interacts with6*
produce different nAChR subtypes. As might be anticipated nAChRs with relatively high affinity 10—12). 09010
given the extensive sequence homology among subunits, itnAChRs are difficult to express heteromerically, but chimeric
is difficult to distinguish subtypes pharmacologically. subunits (containing the N-terminal ligand binding domain

a-Bungarotoxin ¢-Bgt), a peptide neurotoxin from the of each subunit, fused in each case to the C-terminal of a
venom of the Taiwanese banded kiitngarus multicinctus ~ 5-HTza subunit) express well and also birtH[MLA with
was first used to identify and characterize the muscle-type nanomolar affinity {3). Despite nearly 3 decades of work,
nAChR. Later, }?9]a-Bgt was used to identify the first no compound truly selective far7 nAChR has been found.
neuronal nAChRs, although this classification was initially ~ Cone snails (genuSonug produce a vast array of peptide
controversial §). Mammalian central nervous systet?f] o-- toxins that target ion channels, including nAChRs, with
Bgt binding sites correspond to homomewic NAChRs §— exceptional selectivity. The conopeptide family that targets
6). However, it has become apparent theBgt also interacts  nAChRs (-conotoxins, usually abbreviated ta-Ctxs)
consists of small (1319 residue) peptides, internally cross-
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techniques. In this study, a pair of peptides (corresponding using diisopropylcarbodiimide iN-methylpyrrolidone in the

to differentially processed potential products of a single clone presence of HOBt and monitored by the qualitative ninhydrin
from Conus arenatyswere synthesized. Both peptides, test of Kaiser and the tetrachloro-1,4-benzoquineomeetal-
designatedx-CtxArlA and o-CtxArIB, showed low nano-  dehyde reagent for proline. A second coupling using 4 equiv
molar affinity for a7 homomeric nAChRs heterologously of Boc-Asn(Xan) (based on the original substitution of the
expressed iXXenopusocytes but also had substantial affinity resin) preactivated in NMP with 3.9 equiv of HBTU, 8 equiv
for thea352 subtypeo-CtxArIB had the highest selectivity — of HOBT, and 12 equiv of DIPEA followed prolines at
(33-fold, compared to 3-fold foo-CtxArlA) for a7 over positions 7 and 14. Boc removal was achieved with trifluo-
o362 nAChRs. By reference to previous structueetivity roacetic acid (60% in CkCl,, 1% m-cresol) for 10 min. After
studies witha-CtxPIA (16) anda-CtxMll (17), a series of deblocking, the resin was washed with methanol followed
directed substitutions were madedrCtxArIB, resulting in by successive washes with triethylamine (10% in,Ch),
analogues with reduced3s2 affinity while preserving methanol, triethylamine (10% in GBl,), methanol, and
potency fora.7 nAChRs. When assessed in functional assays CH,Cl,. Before the last Boc-group deblocking, the Dnp
using heterologously expressed nAChR subtypes, the mostprotecting group was removed using thiophenol in NMP (15
selective analoguey-CtxArIB[V11L,V16D], was 800- to equiv, 2 h). The completed peptide was then cleaved from
>10000-fold more potent againg? than all other nAChR  the peptido-resin by HF containing anisole (10% v/v) and
subtypes, with minute-scale on-rate and off-rate kinetics. methyl sulfide (5% v/v) for 60 min at @C. The deprotected
When tested against native nAChR subtypes in displacementand cleaved peptide was precipitated in diethyl ether with
binding assays, it also showed low nanomolar affinity for 1% (v/v) mercaptoethanol and separated from the spent resin

o7 and poor to no affinity for nom7 NAChR subtypes. by filtration after dissolution in water containing 0.1%
trifluoroacetic acid (v/v). The major and desired component
EXPERIMENTAL PROCEDURES was isolated using preparative reverse-phase HPLC and an

T _ ) acetonitrile (solvent B) gradient of 0.1% trifluoroacetic acid
Identification and Sequencing of a Genomic CloG®- \ ater (gradient 8100% B/100 min). The fully reduced

nomic DNA was prepared from 50 mg d@. arenatus — hentide eluted at ca. 26% B (16.5% acetonitrile). The
hepatopancreas using the Gentra PUREGENE DNA isolation 4 tions containing the desired peptide (250 mL) were

kit (Gentra Systems, Minneapolis, MN) according t0 the ¢ompined and degassed with argon for 5 min. A buffer

manufacturer’s standard protocol. I_solated DNA was u;ed solution (2000 mL) made of distilled water, 15.4 g (0.2 mol)
as a template for polymerase chain reaction (PCR) with ;¢ o rimonium acetate, 100 mg of EDTA (0.27 mmol), 500
oligonucleotides corresponding to the conserved intron and mg of cysteine hydrochloride (3.2 mmol), and 500 mg of
3 UTR sequences obi-conotoxin pre-propeptides. The  cygfine (2.1 mmol) was also degassed using argon and added

resulting PCR products were purified using the High Pure 5 yhe reduced peptide solution (250 mL); the pH (ca. 6.4)
PCR product purification kit (Roche Diagnostics, Indianapo- 45 immediately adjusted to 8.2 with freshly made am-

lis, IN) following the manufacturer’s suggested protocol. The 1\ onium carbonate solution (10%). The clear solution was

eluted DNA fragments were annealed to pAMP1 vector and gfirred under argon for 20 h at room temperature. The folding
the resulting products transformed into competent BHS |, ~< followed by HPLC.

cells, using the CloneAmp pAMP system for rapid cloning
of amplification Products (Life Technologies/Gibco BRL, acidified with trifluoroacetic acid, and the acetonitrile was

Grand Island, NY). The nucleic acid sequences of the o qyeq under vacuum and then loaded to a preparative
re_sultmg(x toxin-encoding clones were subsequently deter- HPLC cartridge (5 cmx 30 cm) packed in the laboratory
mined. _ _ with reversed-phase 300 A Vydacdsilica (15-20 um
Chemical Synthesis. Method Reptides (0.45 mmol/g)  particle size). CtxArIB[V11L,V16D] eluted at 26% B with
were synthesized using Fmoc chemistry with a Arg(pentam- a flow rate of 100 mL/min using a linear gradient of 1%
ethyldibenzofuran-5-sulfonyl)-Wang resin (Novabiochem no. B/min increase, starting from 0% B (eluent & 0.1%
04-12-20-44, San Diego, CA) and standard side protection, trifluoroacetic acid, pH 2.25; eluent8 0.1% trifluoroacetic
except on cysteine residues. Fmoc removal was accomplishedcid and 60% CECN). Analytical HPLC screening of the
with 20% piperidine inN-methylpyrrolidone. Cys residues  purified fractions was performed on a Vydags@olumn
were protected in pairs. The first and third Cys residues were (0.46 x 25 cm, 5um particle size, 300 A pore size) and a
protected with Strityl groups, while Sacetamidomethyl  0.1% trifluoroacetic acid solvent system in isocratic condi-
protection was used for the second and fourth Cys residuestjon.
The completed peptides were cleaved from the resin with  Characterization ofi-CtxArIB[V11L,V16D].HPLC char-
trifluoroactic aC|d—HzO—ethane(_jlthloi-phenol—thloanl_sole acterization of the fu||y oxidized peptide was performed
(90/5/2.5/7.5/5) by volume, which also removed Siityl under conditions of buffer A= TEAP (pH 2.5) and buffer
groups from the first and third Cys. The peptide was B =60% CH3CN/40% A with a gradient slope of 1% B/min,
precipitated, and a two-step oxidation protocol was used to at flow rate of 0.2 mL/min on a Vydacgcolumn (0.21x
selectively fold the peptides as described previous).( 15 cm, 5um particle size, 300 A pore size). UV absorbance
Chemical Synthesis. Method [ addition, a-CtxArIB- was monitored at 214 nm.
[V11L,v16D] was also synthesized manually on a Boc-Arg-  Capillary zone electrophoresis (CZE) was done using a
(Tos)-CM resin (0.31 mequiv of Arg/g). The following side Beckman P/ACE System 2050 controlled by an IBM
chain protected Boc-amino acids were used: Cys(Mob), Asn- Personal System/2 Model 50Z and using a ChromJet integra-
(Xan), Arg(Tos), Ser(Bzl), His(Dnp), Asp(Chx), and Glu- tor. Conditions: field strength of 15 kV at 3W; mobile
(Chx). Most amino acid couplings were achieved in 40 min phase, 100 mM sodium phosphate (85: L®HCH;CN), pH

After the folding was completed, the reaction mixture was
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2.50, on a Supelco P175 capillary (3681 0.d. x 75 um determinations, responses would recover to levels above
i.d. x 50 cm length) with detection at 214 nm. 100% of control responses. This “baseline drift” was
Mass spectra (MALDI-MS) were measured on an ABI- corrected for by curve fitting, see next. Each data point of a
Perseptive DE-STR instrument. The instrument employs a dose-response curve represents the average val$EM
nitrogen laser (337 nm) at a repetition rate of 20 Hz. The of measurements from at least three oocytes.
applied accelerating voltage was 20 kV. Spectra were Kinetic Modeling.When a receptor has multiple binding
recorded in delayed extraction mode (300 ns delay). The sites for a toxin, then the relationship between the level of
spectra were recorded in the positive reflector mode. Spectrafunctional block produced by the toxin and the level of toxin
were sums of 100 laser shots. Mattixcyano-4-hydroxy- occupancy of sites on the receptor can be nonlinear as
cinnamic acid was prepared as saturated solutions in 0.3%described by re0 for a receptor withN independent (i.e.,
trifluoroacetic acid in 50% acetonitrile. noninteracting) toxin-binding sites. This model was used to
Testing of Ligands on Recombinant nAChRs in Xenopusanalyze the present study’s results. Data fits were performed
laevis OocytesThe oocyte recording chamber was fabricated with Prism software (GraphPad Software, San Diego, CA)
from Sylgard and was 3@L in volume. Oocytes were or SigmaPlot V9.0.1 (Systat Software Inc., Point Richmond,
gravity-perfused with ND96 (96.0 mM NacCl, 2.0 mM KCI, CA), which gave identical results.

1.8 mM CaC}, 1.0 mM MgCh, 5 mM HEPES, pH 7.& For off-rate kinetics, data were fit to
7.5) containing 1uM atropine (ND96A) with or without
toxin at a rate of~1 mL/min. All solutions also contained A, = (mt+ c) + 100%(1— g FortyN (1)

0.1 mg/mL bovine serum albumin (BSA) to reduce nonspe-
cific adsorption of peptide. The perfusion medium could be whereA is activity at timet, mis the slope of baseline drift,
switched to one containing peptide or ACh by use of a series ¢ is the residual response &t 0 (the instant before toxin
of three-way solenoid valves (model 161T031; Neptune washout is commencedi is the off-rate constant, ard
Research, Northboro, MA). All recordings were made at is the number of equivalent toxin-binding sites on the
room temperature~22 °C). Oocytes were harvested and receptor, where occupation of any one site is sufficient to
injected with cRNA encoding rat neuronal and human muscle functionally inactivate the receptor. The time course of the
NAChR subunits as described previously with hé&/o3 recovery from block (eq 1) following washout of a saturating
chimera Ala278 corrected to Val®). ACh-gated currents  concentration of toxin has a very distinct lag whgr> 1
were obtained with a two-electrode voltage-clamp amplifier and can provide an estimate of the valud&oExperimentally
as previously described §). derived values oN were consistently close td = 5 for a7

To apply a pulse of ACh to the oocyte, the perfusion fluid NAChRs (see Results section), which fits with the concept
was switched to one containing ACh for 1 s. This was of a homopentamer af7 subunits. For this reason, individual
automatically done at intervals of-2 min. The shortesttime  experiments were fit usinyl = 5.
interval was chosen such that reproducible control responses For on-rate kinetics, data were fit to the equation:
were obtained with no observable desensitization. This time
interval depended on the nAChR subtype being tested. The A= lOO‘V{ 1- 1- e_k"bst}N 2
concentration of ACh was 2QaM for a7, 10uM for a15yo 1+ K/[T]
and 09010, and 10QuM for all other subtypes. The ACh
was diluted in ND96A for tests of all NAChR subtypes except whereA is activity at timet following toxin exposurekops
a7 anda7al0, in which case the diluent was ND96. For is the observed decay constant, [T] is the concentration of
control responses, the ACh pulse was preceded by perfusiortoxin applied att = 0, andN is the number of equivalent
with ND96 (for o7 anda9a10) or ND96A (all others). No  toxin-binding sitesKyq andkyps may be defined in terms of

atropine was used with oocytes expressirfgando9o.10, true on and off ratesk{, andk.s, respectively):

because it has been demonstrated to be an antagowigt of

like receptors 19). For test responses, toxin was bath applied Ky = Koi/Kon (3)
for 5 min prior to subsequent exposure to ACh. For kinetic

experiments and toxin concentrations less thauMl, the Kobs = Konl T] + Kot (4)

perfusion medium was switched to one containing peptide

or ACh by use of a distributor valve (SmartValve; Cavro By doing so, and substituting in the experimentally defined
Scientific Instruments, Sunnyvale, CA) and a series of three- value of [T], together with the experimentally derived values
way solenoids. When the perfusion solution was switched Of Kot andN, ko, may be determined.

to one containing toxin, the same interval of ACh pulses Whent = o, i.e., when the reaction is at equilibrium, eq
was maintained. Toxin was continuously perfused until 2 reduces to

responses reached a steady state. To conserve toxin in tests 1 N

at high toxin concentrations (&M or greater), the oocyte FA(») = { 1— —} (2b)
was exposed to peptide in a static bath for 5 min prior to 1+ K{[T]

initiation of ACh pulses. All ACh pulses contained no toxin, ) _ )

for it was assumed that little, if any, bound toxin would have This equation was used to calculatg values for peptide/
washed away in the brief time<@ s) it takes for the  receptor equilibrium binding (Figures 2 and 3).
responses to peak. The average peak amplitudes of three When FAg) = 0.5, by definition [T]= ICso. Substituting
control responses just preceding exposure to toxin were usedhese values into eq 2b yields

to normalize the amplitude of each test response to obtain N

“% response” or “% block.” Occasionally during off-rate ICs/Ky=2"—1 (2¢)
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Thus, for example, whemN = 5, Ky/ICsp = 6.725. The dilution and further incubation step allows some of the
derivations of egs 1 and 2 are given in &€ nonspecific binding to dissociate but has no measurable effect
o-CtxArIB[V11L,V16D] Binding Assays Using Nadi on specific binding, increasing the signal to noise ratio of
NAChR SubtypesMouse brain membranes were prepared the binding assay. Binding reactions were terminated by
from male mice (C57BL/6J, 60120 days old). Mice were filtration using a 96-place manifold (Inotech Biosystems,
bred at the Institute for Behavioral Genetics and housed five Lansing, Ml). Particulate fractions were collected onto single
per cage. The vivarium was maintained on a 12 h light/dark layers of Inotech 0.7m retention glass fiber filters that
cycle, and mice were given free access to food and water.had been soaked in 5% nonfat skim milk dissolved in isotonic
All procedures used in this study were approved by the binding buffer. Samples were washed six times, and all
Animal Care and Utilization Committee of the University filtration and washing were conducted in 8@ cold room,
of Colorado. Each mouse was sacrificed by cervical disloca- using ice-cold buffer. Bound radioligand was quantified by
tion, and the brain was removed and placed on an ice-coldy counting at 83-85% efficiency, using a Packard Cobra
platform. Tissue was collected from the hippocampus, counter (Perkin-Elmer Life and Analytical Sciences, Inc.,
inferior colliculus, interpeduncular nucleus, medial habenula, Wellesley, MA). Inhibition of 23] a-Bgt binding toTorpedo
olfactory bulbs, olfactory tubercles, superior colliculus, membranes was used to measure the affinity-aftxArIB-
striatum, and thalamus. Individual regional samples were [V11L,V16D] for muscle-typeals1lyd nAChRs. Identical
homogenized in ice-cold hypotonic buffer (mM: NaCl, 14.4; assay conditions were used as those described'3dfof-
KCI, 0.2; CaC}, 0.2; MgSQ, 0.1; HEPES 2; pH= 7.5) using Bgt binding to hippocampal membranes.
a glass-Teflon tissue grinderAl). Particulate fractions were o-CtxArIB[V11L,V16D] affinity for [ 124] a-CtxMlI-bind-
collected by centrifugation at 2500(15 min, 4 °C; ing NAChRs p632* subtype 22)] was assessed using pooled
Eppendorf 5417 C centrifuge). The pellets were resuspendednembranes from mouse olfactory tubercle, striatum, and
in fresh homogenization buffer, incubated on ice for 10 min, superior colliculus. The conditions were the same as de-
and then harvested by centrifugation as before. Each pelletscribed in refl0 and very similar to those described above
was washed twice more by resuspension/centrifugationfor [*?%]a-Bgt binding, with the following modifications.
before storage (in pellet form under homogenization buffer) [*?3]a-CtxMIl (2200 Ci mmol?), synthesized as described
at —70 °C until used. (23), was used at 0.5 nM, initial incubations proceeded for
FrozenTorpedo californiceelectroplax tissue was obtained 2 h, and incubations were continued for 4 min after the
from Aquatic Research Consultants (San Pedro, CA). Tissuedilution step. Bound radioligand was quantitated py
was thawed on ice and then homogenizedx(5 s at full counting, as described above.
speed) using a Polytron homogenizer (Brinkmann Instru- The interaction betweem-CtxArIB[V11L,V16D] and
ments, Westbury, NY) in ice-cold isotonic binding buffer a452* nAChRs was probed using displacement &fl]f
(mM: NaCl, 144; KClI, 2; CaGl 2; MgSQ, 1; HEPES 20; cytisine (5 nM, 21.2 Ci mmol; NEN, Boston, MA) binding
pH = 7.5) supplemented with bovine serum albumin [0.1% to mouse thalamic membrane preparations. Incubations were
(w/v)] and protease inhibitors (5 mM EDTA, 5 mM EGTA, performed at 22C for 1 h inpolystyrene 96-well plates. A
1 mM phenylmethanesulfonyl fluoride, and &@/mL each total volume of 10QuL of isotonic binding buffer supple-
of aprotinin, leupeptin trifluoroacetate, and pepstatin A; mented with protease inhibitors was used for incubations.
protease inhibitor buffer) to minimize proteolysis. Mem- o-CtxArIB[V11L,V16D] concentrations of 0.3 NM10uM
branes were collected by centrifugation (25080 min, were used, and blanks were defined using 100 (—)-
4 °C), and the resulting pellets were rehomogenized as nicotine tartrate. Binding reactions were terminated by
before. The resulting membranes were washed twice morefiltration onto single layers of Inotech 0.7&n retention glass
by resuspension in protease inhibitor buffer and centrifuga- fiber filters that were soaked in 0.5% polyethylenimine for
tion before storage (in pellet form under homogenization [3H]cytisine assays. Samples were washed as described for
buffer) at—70 °C until used. [**™] a-Bgt binding. Following addition of 1 mL of Budget
The selectivity ofo-CtxArIB[V11L,V16D] was assessed Solve scintillation fluid (Research Products International,
by a panel of displacement binding assays using the Mount Prospect, IL) to each sample, bound radioligand was
membrane preparations described above. Affinity dar guantitated by liquid scintillation counting (at 45% ef-
NAChRs was measured by displacement &Fljjo-Bgt ficiency), using a Packard 1600 TR liquid scintillation
binding to hippocampal membranes. A slightly modified spectrometer.
version of the 96-well format assay described byl@fvas Finally, the affinity ofa-CtxArIB[V11L,V16D] for native
used. Incubations were performed at 22 for 4 h in 1.2 p4* nAChRs was measured using inhibition of?]-
mL polypropylene tubes arranged in a 96-well format. epibatidine (200 pM, 2200 Ci mmol; NEN, Boston, MA)
Hippocampal membranes were incubated with 2 nM high binding in the presence of tff#2* nAChR-selective agonist
specific activity [?9] o-Bgt (2000 Ci mmot'; GE Healthcare, = A85380 (10 nM, unlabeled), as described in 2 The
Piscataway, NJ) in a total volume of 34 of isotonic inferior colliculus, interpeduncular nucleus, medial habenula,
binding buffer supplemented with protease inhibitors. The and olfactory bulbs contain relatively high proportions of
ability of a range ob-CtxArIB[V11L,V16D] concentrations  $4* nAChRs when compared to other brain regio®4)(so
(0.3 nM—10 uM) to displace }*]a-Bgt binding was membranes from these regions were used in the present
assessed. Nonspecific binding was defined usinguVD study. A total incubation volume of 3@ of isotonic binding
a-cobratoxin. Following the initial incubation, 1 mL of buffer supplemented with protease inhibitors was used, and
isotonic binding buffer, supplemented with bovine serum incubations proceeded at 22 for 2 h in polystyrene 96-
albumin [0.1% (w/v)], was added to each tube, and the well plates. Nonspecific binding was again defined in the
incubation was continued for a further 5 min at 22 This presence of 10Q«M (—)-nicotine tartrate, and binding
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Ficure 1: Pre-propeptide and toxin-coding region fr@narenatus
Possible proteolytic processing sites are indicated (arrows). Peptides
a-CtxArlA and o-CtxArlB, derived from this clone, are shown. 254
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RESULTS Ficure 2: Effect of a-CtxArlA and a-CtxArIB on nAChRs. The
. . peptides were tested on nAChRs expressedienopusocytes as
Cloning of ana-Conotoxin from C. arenatusx-Cono-  gescribed in Experimental Procedures. (A) ArlA bloaks and
toxins are processed from a larger precursor protein. A high a352 nAChRs with 1Gs of 6.02 (4.5£8.02) nM and 18.0 (10-7
degree of conservation among the intronsueonotoxins ~ 30.1) nM and Hill slopes of 1.3 0.22 and 1.1 0.27, respectively;
from differentConusspecies as well as thé-8Bntranslated " = 3-5. (B) a-CtxArlB blocks o7, o342, and a6/a3523

regions of the mRNAs allows for a molecular approach to gﬁ%hglsgxnlgoﬁ,\(A)f;ﬁng(iﬂ'géigfg%’f&logg'?gf)éggd

toxin discovery g5). The Conser.ved f'eatures Of_ the g€n€ and 0.74+ 0.17, respectivelyn = 3—4; error bars, 95% confidence
structure were employed to devise oligonucleotide primers interval; &, standard error of the mean.

for polymerase chain reaction amplification of the toxin-
coding region. The cDNA clone froi@. arenatuds shown problematic when Asp occurs near the COOH terminus since
in Figure 1. repeated exposure to base occurs during repetitive depro-
Chemical Synthesis af-Conotoxins Based on the C. tection cycles 27). Consistent with this, reduction of
arenatus CloneProteolytic cleavage of conotoxins from their  deprotection time from 40 to 14 min resulted in the major
precursor form generally occurs after a basic residue. Thecleavage product having the correct mass. In addition, use
arenatusconotoxin clone showed multiple possible process- of Fmoc AspQ-3-methylpentyl)-OH rather than Fmoc-Asp-
ing sites, particularly at the C-terminus. In addition, the (tert-butyl)-OH further improved the yield of the correct vs
N-terminal portion of the clone shows identitydeconotoxin —18 Da product. Finally (method 2, Experimental Proce-
GID that begins with the sequence IRD6|. We therefore dures),a-CtxArIB[V11L,V16D] was also synthesized manu-
initially elected to synthesize two of the possible translation ally on a Boc-Arg(Tos)-CM resin using the Boc strategy and
products, named respectivety-CtxArlA and o-CtxArIB cleaved in HF to yield the fully deprotected reduced peptide.
(Figure 1). Solid-phase synthesis of the possible mature After an initial preparative RP-HPLC purification step using
toxins, as well as all subsequent analogues, assumed tha@ 0.1% trifluoroacetic acid in water/acetonitrile gradient, the
the disulfide bridging was the same as that of previously peptide was oxidized/folded using the cysteine/cystine red-
characterizedx 4/7 o-conotoxins that were purified from  0x system. Under these conditions, the peptide folded in 20
venom, i.e., first Cys to third Cys and second Cys to fourth h to give a single isomer. Oxidized peptide was purified using
Cys. To accomplish this, Cys groups were orthogonally preparative RP-HPLC and mass confirmed with matrix-
protected in pairs to direct the disulfide bond formation as assisted laser desorption mass spectrometry. The peptide
described in Experimental Procedures. The masses of thg(synthetic method 2) coeluted with peptide prepared by
synthetic peptides were confirmed in each instance with directed disulfide folding (synthetic method 1) using both
matrix-assisted laser desorption mass spectrometry. RP-HPLC and capillary zone electrophoresis with conditions
Synthesis was routine in all cases except for the final described in Experimental Procedures. The overall yield of
analogue. In the case ofCtxArIB[V11L,V16D], the first highly purified material was 17%.
attempt at synthesis using method 1 (Experimental Proce- Activity and Design of Peptide Analoguélhe synthetic
dures) resulted in a major product which, after cleavage from ligandso.-CtxArlA and a-CtxArIB were applied to NnAChRs
resin, was 18 Da less than the calculated mass. We suspecteldeterologously expressed Xenopusoocytes to test their
that the introduction of an Asp in position 16 had led to abililty to block the response to ACh. Both peptides potently
aspartimide formation as the result of a side reaction that blocked thea7 anda352 subtypes of nAChRs, with lower
can occur in Fmoc synthesis due to the strongly basic ICs,s ona7. a-CtxArlB was more potent thaao-CtxArlA
conditions during deprotection. This can be particularly on a7 and also showed a larger difference indBetween

'
&-
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Table 1: Selectivity oft-Conotoxins and Analogues

ICso (nM) for block of Xenopusocyte-expressed nAChRs

peptide sequence a7 o332 ab6035253 ratioa3B2/072  ratio 060.35233/07°
ArlA IRDECCSNPACRVNNOHVCRRR 6.02 18.0 ND 2.99
ArlB DECCSNPACRVNNPHVCRRR 1.81 60.1 6.45 33.2 3.56
ArIB[N6R,A8P] DECCSRPPCRVNNPHVCRRR 15.9 24.4 ND 1.53
ArIB[V11L] DECCSNPACRLNNPHVCRRR 0.539 38.8 ND 72
ArIB[V11L,V16A] DECCSNPACRLNNPHACRRR 0.356 74.5 120 209 337
ArIB[V11L,V16D] DECCSNPACRLNNPHDCRRR 1.09 >10000 828 >10000 760
PnlAc GCCSLPPCAANNPDYC 252 9.56 ND 0.0379
PnIA[A10L] GCCSLPPCALNNPDYC 12.6 99.3 ND 7.9
mid GCCSNPVCHLEHSNLCE 130 2.2 0.39 0.017 0.00300
MII[L15A] ¢ GCCSNPVCHLEHSNAC ND 34.1 0.917

2 (0362 1Cs0)/(0.7 1Cs0). P (06/0382B3 1Cs0)/ (a7 1Csp). © Data from refl. ¢ Data from ref2; O, 4-hydroxyproline® Free carboxy’ Amidated
C-terminus; ND, not determineé Maximum block fora6c035263 was 39%.

o7 anda342 nAChRs (Figure 2 and Table 1). We therefore analogue was>10000-fold selective fora7 vs o332,
selectedo-CtxArIB for further study.o-CtxArIB was also compared to 3- and 30-fold for the parent peptide€tx-
found to have significant affinity forl6/a35253 nAChRs, ArlA and a-CtxArlIB, respectively (Figure 3 and Table 1).
where a6/a3 is a chimera that contains the extracellular  Selectiity and Kinetics of Block byt-CtxArIB[V11L,-
binding portion of thea6 subunit joined to the transmem- V16D]. a-CtxArIB[V11L,V16D] was tested on additional
brane and intracellular portion @f3 (19). NAChR subtypes. The peptide had andG 20 uM for
Since the peptide had high affinity for three subtypes of alflyd, o252, o254, o362, a3p4, adf2, adp4d, obl/
nAChRs, we next sought to make an analogue that would 035233, 06/0.354, ando9a10 nAChRs expressed Keno-
selectively act on the.7 nAChR.a-CtxArIB is a two-bridge pus oocytes (data not shown). Kinetics of block were
peptide with four residues in the first loop and seven in the assessed om7, the nAChR subtype against which the
second and therefore belongs to thd/7 class ofa-cono- peptide was most potent. Functional block by both the
toxins. Solution NMR and X-ray crystallography analyses o-CtxArIB parent peptide and the-ArIB[V11L,V16D]
of othera 4/7 conotoxins show a high degree of conservation analogue was slowly reversible. The time course of recovery
of the peptide backbone conformation among members of from block at high toxin concentrations invariably had a
this class. This indicates that selectivity profiles of the various distinctive lag (Figure 4), and the results (given in detail in
o 4/7 peptides are likely due to difference in amino acid the legend to Figure 4) of curve fitting of the datato eq 1 in
side chains rather than the conformation of the peptide perExperimental Procedures are consistent with five binding
se @8). Initial experiments with an analogue in which two sites for botha-CtxArIB and a-CtxArIB[V11L,V16D] on
amino acids in the first loop were substituted were not thea? receptor, where occupation of any one site is sufficient
promising. Substitutions N6A,A8P im-CtxArIB decreased  to block function. Concentration response data shown in
affinity at o7 and increased affinity fon352 (Figure 3A). Figures 2 and 3 were also used to calculkts for a7
We next tried substitutions based on structural comparisonsnAChRs using eq 2b and utilizing = 5 for binding sites.
of o-CtxArIB with two other peptideso-CtxPnlA and TheseKys were 10.3+ 0.95 nM for ArIB and 12.6+ 2.1
o-CtxMll. a-CtxPnlA nonselectively blocka352 nAChRs nM for ArIB[V11L,V16D], in good agreement with those

with a lower |G, compared to that observed fa7 nAChRs. obtained from kinetic analysis (Figure 4).
Nevertheless, structurectivity studies ofo-PnlA indicate Activity of o-CtxArIB[V11L,V16D] on native nAChRs
that an A10L substitution shifts affinity fax7 anda352 in was assessed in competition binding studies using mouse

favor of a7 nAChRs (Table 1)29). We therefore assessed brain andTorpedoelectroplax homogenates (Figure 5). The
whether a V11L substitution present in the homologous outcome was consistent with the selectivity profile deter-
position in theo-CtxArIB peptide would selectively reduce mined in functional studies with cloned rat nAChRs.
activity at o352 nAChRs. Indeed, the V11L substitution o-CtxArIB[V11L,V16D] displaced {?3]a-Bgt binding in
increased affinity forl7 relative to that otx352. o-CtxMll mouse hippocampal membranes [correspondingaid

is a conotoxin that potently blocks352 anda6-containing nNAChRs @, 5)] with a K; (or K4 of Ctx) of 7.04 nM. This
NAChRs. Structureactivity studies obx-CtxMll indicate that agrees well with th&y determined through kinetic analysis
an L15A substitution weakens activity@Bs2 nAChRs R9). of a-CtxArIB[V11L,Vv16D] functional block (8.26 nM; see
We therefore tried a similar substitution, namely, V16A, in legend to Figure 4 for details). Further, if there are five
the a-CtxArIB peptide. Activity ato332 was weakened identical independent binding sites per pentamexit
without negative effect o 7. Thus, for theo-CtxAriB nNAChR, and only one site per receptor needs to be occupied
analogue, residue change at position 16 selectively modifiedto block receptor function, this would correspond to a
receptor subtype affinity. Since position 16 was permissive predicted functional I of 1.05 nM (see eq 2c in Experi-
with respect to activity att7, we sought to further weaken mental Procedures) closely matching the value of 1.09 nM
activity ata342 by a V16D substitution. Asp differs from  observed in oocyte-expression experiments (Figure 3D).
Ala in that the former has a negatively charged carboxyl o-CtxArIB[V11L,V16D] made by the two different synthetic
group instead of a hydrogen on the terminal carbon of the procedures produced indistinguishable reswlt€txArIB-
side chain. This substitution had a relatively modest negative [V11L,V16D] concentrations as high as &M had no effect
effect ona7 activity compared to the more substantially on binding toa432* nAChRs (measured wittPiH]cytisine
negative effect om342 anda6/0.352433 activity. The final binding to mouse thalamic membraneea} 51y muscle-
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Ficure 3: Effect ofa-CtxArIB analogues on nAChRs. The peptides
were tested on NAChRs expresseXanopusocytes as described
in Experimental Procedures. (&) CtxArIB[N6R,A8P] blocksa7
anda382 nAChRs with 1Ggs of 13.0 (8.14-20.8) and 24.4 (16:6
35.9) nM and Hill slopes of 1.9- 1.3 and 1.6t 0.25, respectively.
(B) o-CtxArIB[V11l] blocks o7 anda352 nAChRs with 1Ggs of
0.538 (0.458-0.634) and 38.8 (26:457.0) nM and Hill slopes of
2.6 + 0.45 and 1.5+ 0.34, respectively. (Cy-CtxArIB[V11L,-
V16A] blocks a7, a352, anda6/a35263 nAChRs with 1Ges of
0.356 (0.286-0.443), 74.5 (65.685.3), and 120 (64:1226) nM
and Hill slopes of 1.7+ 0.25, 1.8+ 0.25, and 1.2+ 0.24,
respectively. (D)a-CtxArIB[V11L,V16D] blocks a7, a352, and
a6/0.3423 nAChRs with 1Ges of 1.09 (0.8781.34),>10000, and
828 (435-1570) nM, respectively. The maximum block fo6/
o323 was 39.3%. The Hill slope fom7 was 1.0+ 0.10.n =
4—9; error bars, 95% confidence interval; standard error of the
mean; data were plotted using eq 3.

type nAChRs (measured witkfl] o-Bgt binding toTorpedo
californicamembranes), g84* nAChRs [determined using

Whiteaker et al.

A85380-resistant'fd]epibatidine binding to each of mouse
inferior colliculus, interpeduncular nucleus, medial habenula,
or olfactory bulb membrane8(Q)]. The highesti-CtxArIB-
[V11L,V16D] concentration used (10M) slightly reduced
[*?9] a-CtxMII binding to a632* nAChRs [in pooled olfac-
tory tubercle, striatal, and superior colliculus membranes
(10)]. Where inhibition was seen, data were fit to a single-
site logistic inhibition curve. The resulting §¢values were
converted toK; values using the ChengPrusoff equation.

DISCUSSION

In this study we report the cloning and synthesis of a novel
a-conotoxin fromC. arenatusAnalysis of synthetic peptides
based on the&. arenatusclone indicated potent activity at
three NAChRs subtypesi7, 0662, anda6/035233. In an
attempt to devise peptides with single subtype selectivity,
we utilized, in part, structureactivity data for peptides that
act ono.342 nAChRs.a-CtxPnlA is from the mollusk-eating
Conus pennaceus.-CtxMll is from the fish-eatingConus
magus In contrastC. arenatusa snail that ranges from East
Africa to the Marshall Islands, feeds on polychaete worms.
Differing subtype selectivity of conotoxins from these
different Conusspecies presumably is at least partly due to
venom directed at prey from different phyla. Nevertheless,
the present study suggests that information from strueture
activity relationships of peptides from one distantly related
cone species may be applicable to that of another. In this
instance, the resulting-CtxArIB[V11L,V16D] is the most
selectivea7 nAChR subtype ligand described to date.

Application of this probe provided significant insights into
both its mechanism of action a¥ nAChRs and the structure
of these receptors. Recovery-of-function analysis indicated
that both unmodifiedo-CtxArIB and a-CtxArIB[V11L,-
V16D] interact with five sites per receptor. Further, only one
site out of five per receptor needs to be occupied for function
to be blocked. This is consistent with the structure of
o-conotoxin bound to the acetylcholine binding protedg)(

Our results therefore support the application of modeling of
the a7 nAChR based on the crystal structure of the
acetylcholine binding protein.

Conotoxins ArlA and ArIB may or may not correspond
exactly to naturally occurring conotoxins. For example, either
or both putative proteolytic cleavage sites may be used by
C. arenatuslt is also possible that the native toxin may have
additional posttranslational modifications [for example, the
C-termini of many nativeo-Ctxs are posttranslationally
amidated $1)]. We did not try to identify a native peptide
or peptides inC. arenatusvenom that is/are derived from
the ArlA/B cloned sequence. While very interesting, this
would require a great deal of extra work, and our focus was
on developing am.7-selective ligand with inspiration from,
but not definitive knowledge of, the native peptide. This
focus also informed our decision to proceed with peptides
containing free C-termini: the original, unamidated ArlA/B
peptides had considerable affinity @7 nAChRs, and we
retained this feature throughout our attempts to make more
o7-selective derivatives.

Despite the caveats above, it is highly likely that the
artificial peptide will have the same tertiary structure as other
o. 4/7 conotoxins since it has the conserved cystine and
proline framework that is characteristic of this peptide class.
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Ficure 4: Kinetics of block bya-CtxArIB and a-CtxArIB[V11L,V16D]. Recovery from block byx-CtxArIB (A) and a-CtxArIB[V11L,-
V16D] (B) was measured. Individual experiments are shown with baseline drift subtracteds Bufor o-CtxArIB andn = 6 for o-CtxArIB-
[V11L,V16D]. Meanky for a-CtxArIB dissociation was 0.12% 0.008 mirr! with 4.98+ 0.53 binding sites predicted. The values calculated
for o-CtxArIB[V11L,V16D] dissociation were very similar: avera@gs was 0.122+ 0.004 mirm® with 4.61+ 0.15 sites predicted. When
the data were re-fit, constraining the number of sites to five, aveiagelues were calculated as 0.1250.008 and 0.128& 0.003 mirm?
for a-CtxArIB and o-CtxArIB[V11L,V16D], respectively. Onset of block by-CtxArIB (C) and a-CtxArIB[V11L,V16D] (D) was also
measured. The peptides were perfused at concentrations of 3 and 1 nM, respectivelyemoposoocytes expressing7 nAChRs as
described in Experimental Procedures. The respomse 1 spulse of ACh was measured every 1 min. A single experiment is shown.
Again, the experiment was repeatedCtxArIB, n = 4; a-CtxArIB[V11L,V16D], n = 6) on different oocytes. As detailed in Experimental
Procedures, fixing the known parameters alldgsto be calculated. Assuming five sites, the averkgeor toxin block was 0.028A
0.0011 mirr® nM~1 for o-CtxArIB and 0.0155+ 0.0031 mirr® nM~1 for o-CtxArIB[V11L,V16D]. Since Ky = ko/kon, the calculated
association and dissociation rates can be used to deteiyif@ each peptide, givindKq = 4.36 nM for a-CtxArIB and 8.26 nM for
a-CtxArIB[V11L,V16D].

125 4 characterized peptide-CtxMlI illustrate the utility of this

; approach. When first discovered;CtxMIl was shown to
selectively block heterologously expressed32 subtype
NAChRs B4). Subsequentlyp-CtxMIl was modified by
addition of a non-native N-terminal tyrosine and radioiodi-
nation, producing’®d] a-CtxMll, a radiolabel used to target
native neuronal NAChRs. When it became clear th@txMil|
had high affinity for botha352* and a.652* NAChRs @5),
a systematic mutational approach was taken to generate
0662* selective (7). In the present study, a more directed
approach was taken to lesse+CtxArIB’s affinity for o352
. o . NAChRs, while preserving or enhancing affinity af
Ficure 5: Displacement binding at native NnAChR subtypes by AchRs. Lessons from structuractivity studies inu-Ctx-

o-CtxArIB[V11L,V16D]. The ability of a-CtxArIB[V11L,V16D] . L
to displace nicotinic binding to native nAChR subtypes was FNIA (29) anda-CixMIl (17) guided substitutions at the 10,

measured as described in Experimental ProcedureStxAriB- 11, and 16 positions ak-CtxArlB, eventually producing a
[V11L,V16D] inhibited [*4] a-Bgt binding toa7 nAChRs inmouse  modified toxin @-CtxArIB[V11L,V16D]) with similar-to-
hippocampal membranes withkaof 7.04 (5.16, 8.92) nM. At the unmodified affinity for a7 nAChRs but with a much

other subtypes testekl,> 10 uM. Error bars show 95% confidence . . i ;
interval. For34* nAChRs, only data collected from medial habenula increased:32:07 selectivity ratio ¢10000-fold vs 33-fold).

membranes are shown, for clarity, although a similar lack of Interestingly, in both the present study and inX&famino
displacement was seen in the other regions studied. Points represerdcid substitutions produced increased selectivity by reducing
:jheetenpne]ﬁ]r;i(s)';a;dard error of the mean for three to five individual -\ anteq affinity ata362 nAChRs rather than enhancing
affinity at the subtype of interest. This may indicate that it
Indeed, since multiple native. 4/7 conotoxins adopt es- s easier to considerably weaken nAChRCZtx interactions
sentially identical folds, it seems that their nAChR selectivity than it is to find ways to substantially increase them where
must be dictated by differences in side chain residues, ratheraffinity is already high. This may not be surprising since
than by differences in peptide conformatids). o-conotoxins have been, and continue to be, naturally
Because nonbackbone amino acids can be substitutedselected on the basis of their nAChR activity. In any case it
without inducing major structural alterations, modified seems that an approach of finding native sequences with high
a-conotoxins can be synthesized to generate ligands withaffinity for nAChR subtypes of interest, followed by refine-
useful novel properties. Two examples using the well- ment to remove significant affinities at other nAChR
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Table 2: Activity of MLA on o7 nAChRs

assay species Ke(nM) ki (nM) ref
inhibition of [*?9] a-Bgt binding to hippocampal membranes rat 4.3 37
block of ACh-induced whole cell currents in fetal hippocampal neurons rat 0.20 37
decrease in frequency of single channel openings in fetal hippocampal neurons chick ~0.001 37
inhibition of [*?] o-Bgt binding to brain chick 5.4 50

subtypes, may be generally applicable. As more strueture
activity information becomes available, this directed substitu-
tion approach should become more powerful.

For example, another 4/7 conotoxio;CtxPelA 36),
interacts with 260-fold greater affinity at9a10 compared
to a7 nAChRs, the opposite selectivity to-CtxArIB and
its derivatives.a-CtxPelA also has substantial affinity for
o352 nAChRs, similar to its sister 4/7 toxins-CtxArlB
and a-CtxMIl. These facts suggest two possibilities. First,
it may be possible to generate a highly selectin@m10-

blockade. The exceptionally slow off rate @fBgt may be
useful if essentially irreversible labeling or blockade is
required. Howeverg-CtxArIB[V11L,V16D] offers the pos-
sibility of inducing a reversible and very specific blockade
of a7 nAChRs. Further, if a radiolabeled version of
o-CtxArIB[V11L,V16D] could be made, it would enable true
equilibrium binding experiments to be performed, something
that is impractical with 9] a-Bgt.

a-CtxArIB[V11L,V16D] is, in itself, a useful probe. In
addition, it completes a set of peptides that may be used

directed peptide using a similar directed substitution approachtogether to differentiate previously hard-to-distinguish nAChR

to that described in this study (by selectively reducing
o-CtxPelA’s affinity for o352 nAChRS). Second, it seems
thata-conotoxins with the 4/7 fold may be particularly well
suited to interacting with mammaliar832 nAChRs, perhaps

subtypes. A variety of musclel) subtype nAChR-specific
peptides have been described. For exampl€txMI selec-

tively blocks the 131y nAChR and has 10000-fold
selectivity for theo/d vs the a/y subunit interface in

because their intended target NAChR subtype(s) share(synammalian receptorg§). o A-CtxOIVB selectively blocks

features with this subtype.

the fetala151yd vs adultal31led muscle nAChR subtype

o7 nAChRs are often expressed alongside other subtypes(46); while Waglerin-1 shows the opposite selectividy),

including those with substantial affinity for MLA and-Bgt
(which have commonly been used to identify nAChRS).
In the central nervous system, MLA-sensitivg52* NAChRs
are concentrated in the dopaminergic projections of the

although it may also exert effects on multiple GABA(A)
receptor subtype#8). a332* and a652* nAChRs are both
recognized byo-CtxMIl but may be distinguished using
o-CtxMII[H9A,L15A], which has 2020-fold greater affinity

substantia nigra and ventral tegmental area and the optic tracfit @662* than a352* nAChRs (7). a-CtxArIB[V11L -

(22). These regions also contaitY nAChRs, complicating
efforts to identifya7 nAChRs specifically. MLA also has
some practical disadvantages as a pharmacological tool
Several studies have reported widely disparate MLA affinities
for a7 NAChRSs, particularly when comparing its ability to
functionally block receptors to its potency in competitive
radioligand binding assays (Table 2). Further, difficulties in
reliably establishing MLA'’s potency as an antagonistu@f
function, even in a single study, have been descril3sd (
38). By comparison, as described in this studyCtxArIB-
[V11L,v16D] reliably showed similar affinities in both
functional and ligand binding assays. In the periphety,

nNAChR gene and/or protein expression has been shown to

overlap with that of thex-Bgt- and MLA-sensitiven9a10
subtype in cochlea3@), dorsal root ganglion4(), kerati-
nocytes 41), and lymphocytes4?). Further, injured muscle
coexpresses muscle typelf) anda7 NAChR subtypes),
both of which bindo-Bgt with high affinity. In these and
similar situations, the exquisite selectivity of CtxArIB-
[V11L,Vv16D] for a7 subtype nAChRs could be invaluable.
In addition to increased selectivity foo.7 nAChRs
compared tax-Bgt, a-CtxArIB[V11L,V16D] also exhibits
notably faster kinetics. The calculatkg (0.128 mint; see
Figure 4) corresponds to a dissociatign of 5.4 min. If eq
2b is solved fot, this indicates a 50% relief from functional
blockade by a saturating peptide concentration (all five sites
blocked) of approximately 16 min. In contrast?[] a-Bgt
dissociates from solubilized rat cortical (presumably
subtype) nAChRs with &/, of 15.6 h @4). If it is assumed
thato-Bgt also blocks five sites on the7 nAChR, this would
correspond to 46 h for a 50% recovery from a saturating

V16D] is highly selective fora7 nAChRs, anda9010
subtype nAChRs are specifically recognizedoCtxRgIA

(49).
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