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ABSTRACT: a-Conotoxin MiII, isolated fromConus magusis a potent peptidic toxin which specifically
targets the mammalian neuronal nicotinic acetylcholine receptgs, subtype. The three-dimensional
structure ofa-conotoxin MIl in aqueous solution has been determined by two-dimensieh&lIMR
spectroscopy. NOE-derived distances, refined by an iterative relaxation matrix approach, as well as dihedral
and chirality restraints were used in high-temperature biphasic simulated annealing calculations. Fourteen
minimum energy structures out of 50 subjected to the SA simulations were chosen for evaluation; these
14 structures have a final RMS deviation of 0#8.31 and 1.35 0.34 A for the backbone and heavy
atoms, respectively. The overall structure is unusually well-defined due to a large helical component
around the two disulfide bridges. The principal backbone folding motif may be common to a subclass of
a-conotoxins. There are two distinct surfaces on the molecule almost at right angles to one another.
One entirely consists of the hydrophobic residues @y<, Cys, Leu'®, and Cy%%. The second comprises

the hydrophilic residues GlY His'?, Set3, and Asi* These surfaces on the ligand could be essential

for the subtype-specific recognition of the receptor.

Nicotinic acetylcholine receptors (nAChRsre ligand- family of Conuspeptides, the-conotoxins (CTxs) listed in
gated ion channels which are key components of nervousTable 1, is targeted to the acetylcholine binding site of
systems. The classical role for these receptors was definechicotinic receptors. Typically, the venom from a given
at the neuromuscular junction: nicotinic receptors concen- species ofConushas multiplea-CTxs, some of which are

trated on the muscle end plate serve as the key macromol-specifically targeted to particular subtypes of neuronal
ecules that detect release of neurotransmitter from thenjcotinic receptors. One such peptidedisCTx MII (2).
presynaptic terminus of the motor axon. However, in
addition to these skeletal muscle nicotinic receptors, many . s
other molecular forms of nicotinic receptors exist; these are different molecular forms of nicotinic receptors, a structural

generally referred to as neuronal nicotinic receptors (nAChRs) 2nalysis oia-CTxs that have differential molecular specific-
(1). Their biological roles are much less well understood. 1Y Mustbe carried out. The structure@{CTx Gl, a peptide

Recently, our laboratories have developed the use of smallwhich at nanomolar concentratmns_blocks muscle, but not
peptides found in the venom of cone snails to investigate Neuronal, nAChRs, has been publishét§). Here we
the different molecular forms of nicotinic receptors. One report the solution structure of-CTx MIl, a peptide which
potently blocks the mammaliams3, neuronal nAChR but

" This work was supported by NIH Grant GM 54710 and start-up 1Ot the muscle nAChR.  Clearly, a comparison between two
funds from Case Western Reserve University (to K.-J.S.) and by NIH a-CTx structures that have highly distinct target specificities

Grants P01 48677 and MH 53631. ; ; ;
; : ) . will contribute to an understanding of how these small
* Coordinates ofa-conotoxin MIl have been deposited in the 9

Brookhaven Protein Data Bank, Upton, NY 11973, under accession Peptides can differentially target a particular molecular form

In order to understand hoa~CTxs discriminate between

code 1m2c. of nicotinic receptors.
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§ Case Western Resé’we University. Structure/activity relationships of-CTxs that target.sf
""The Salk Institute for Biological Studies. neuronal nicotinic receptors with high specificity may have
' Department of Biology, University of Utah. special biomedical significance. Recently, evidence has been
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Overhauser effectl, distance between ddof residuei and HN of man hoti re allevi m nds which
residuei+1; dun, distance between NH of residuand HN of residue any psychotic states are alleviated by compounds ¢

i+1; duiso, distance between HN of residiend HN of residue  Inhibit dopaminergic transmission (e.g., drugs effective for
i+2; dang,+2), distance between ddof residuei and HN of residue schizophrenia), the ability to selectively block the function

i+2; RMS, root mean square; nNAChR, nicotinic acetylcholine receptor; of the nicotinic receptor by specifically targeted
CTx, conotoxin; Fmoc, fluorenylmethyloxycarbonyl; NOESY, NOE a5 P y sp Y g

spectroscopy; TOCSY, total correlation spectroscopy; DQF-COSY, Nicotinic an_ta.goniSts may be ultimately usef“' fqr quigning
double quantum filtered correlation spectroscopy; PE-COSY, primitive drugs for clinical use. Thus, structure/function insights into

exclusive correlation spectroscopy; FID, free induction decay; DGIl, how o-CTx Ml selectively binds thexs3, nicotinic receptor
distance geometry; IRMA, iterative relaxation matrix approach; RMD,

restrained molecular dynamics; MD, molecular dynamics; SA, simulated could contribute to the development of novel antipsychotic
annealing. agents.
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Table 1: Amino Acid Sequences ofConotoxing function (90 and 133 shifted sine bell) in both dimensions
prior to Fourier transformation. Each Fourier transformed
o-CTx Sequence nAChR ref N A X
MIT GCCSNPVOHLEHSNLC * 362 2 FID was baseline corrected by applying a third-order
- RDOCCYHRPTCNMSNPQIC™ a1p1dy o polynomial, and each dimension was referenced to a chemi-
PnIa GCCSLPPCAANNPDYC™* molluscan 42 . . .
PaTB GCCSLPPCALSNPDYC* molluscan a2 cal shift value of 4.76 ppm at the residual water signal.
Gt ECCNPACGRHYSC* al1P18y 36 Generation of Dihedral and Distance RestraintSlOE
o SIS SOUEIbA L ot S A cross peak volumes were measured from NOESY data with
M1 GRCCHPACGKNYSC* alPldy 37,44 four different mixing times using FELIX 95.0. NOE buildup
S1 ICCNPACGPKYSC* alp1dy 45 " . .
S1a YCCHPACGRNFPDC* alpléy a6 curves were then fitted with a second-order polynomial, and
ImT GCCSDPRCAWRC* 7,09 52 exact distances were generated for all assigned NOE cross

o o _ - peaks. A distance of 1.8 A was used as an appropriate
#Disulfide bonding: CC- - -C- - -C. A single asterisk indicates that  reference for nonoverlapping gemings @roton cross peaks,

| I .
the COOH-terminab-carboxyl group is known to be amidated. as well as for lower distance bounds. Several volumes of
nonoverlapping geminal £proton cross peaks were aver-
aged and used for calibrating measured NOE volumes. A
L PROCEDURES .
EXPERIMENTA pseudoatom correctiorf & A (20) was added to the upper
Peptide Synthesis, Folding, and Purification-CTx MII, limits of those NOE cross peaks involving spectroscopically

originally isolated from Conus maguswas chemically degenerate methyl and methylene protons. As for dihedral
synthesized using standard Fmoc chemistry on an ABI modelrestraints 3Jun-na coupling constants were measured from
431 peptide synthesizer and properly folded to its biologically a 1-D H spectrum recorded with 32K data points and
active conformation using two-step oxidation protocdls ( converted togp dihedral angles centered atl20® (+£30°)
Once purified, the peptide’s identity with the natixeCTx for 3jpn-pa > 8.0 Hz and—60° (£30°) for 2Jyn-na <5.0 Hz
MIl was confirmed as described in Cartier et &).( (21). .4 coupling constants were also measured from PE-
NMR SpectroscopyA sample containing 8 mg of the  COSY recorded from the sample whose amide protons were
peptide was dissolved in 504 of 5 mM sodium phosphate  completely exchanged out with deuterons in “100%0D
buffer made of 90% kD and 10% RO (Cambridge Isotope  The measuredJ,s coupling constants derived from those
Laboratory). The final pH of the peptide solution was 3.3, residues with an AMX spin system and with nonoverlapping
and the peptide concentration was 9.4 mM. For experimentsgeminal3 protons were used for defining dihedral angles
requiring “100%” replacement of labile amide hydrogens in combination with the sequentién-+q andd,s NOE cross
with deuterons, the sample was lyophilized and dissolved peak intensities32, 23.
in D,O (99.96% isotope enriched). After being allowed to Initially 99 interresidue NOE cross peaks with a high level
sit overnight at room temperature, the sample was againof confidence in their assignments were selected and cor-
lyophilized and dissolved in D (99.996% isotope enriched). rected for those NOE cross peaks containing at least one
All NMR data were obtained with a Varian 600 MHz pseudoatom. Fifteen chirality restraints and@and 5y,
Unity Plus spectrometer equipped with a pulsed-field- dihedral angles were also included in the restraint file for
gradient §) unit. A set of 2-D'H NMR experiments were  generating an initial set of 10 structures using the DG4) (
carried out at 275 K: these were NOES8—10) with module of the Insightll program (MSI, San Diego). All
mixing times of 75, 150, 250, and 350 ms, TOCSIM (19 structures generated by the DGII calculations had similar
with a mixing time of 64 ms, DQF-COSY1(B, 19, and PE- overall backbone folding patterns, and thus the lowest energy
COSY (@5). All spectra were recorded in a phase-sensitive structure with the minimum number of NOE violations was
mode (6) with a spectral width of 6600 Hz and 4K data chosen and subjected to an iterative relaxation matrix
points except for PE-COSY (8K data points). Eight to 32 approach (IRMA). This procedure improves the accuracy
scans were signal averaged for each free induction decayand precision of interproton NOE-derived distance restraints
(FID) with a relaxation delay of 2 s; each 2-D experiment by evaluating the full relaxation network of spins in a
was completed with 406512 FIDs. In NOESY experi- molecule 25). At this stage, the total of 158 NOE-derived
ments, the solvent signal was suppressed by gradient echanterproton distances (including intraresidue NOEs with

combined with the WATERGATE sequencE7j. A “flip- pseudoatom correction) along with 16 dihedral angle and
back” pulse was inserted right after the mixing time to restore 15 chirality restraints were subjected to IRMA and restrained
the residual magnetization along thaxis (L8). In TOCSY, molecular dynamics (RMD) followed by energy minimiza-

a spin lock field of 7.7 kHz necessary for the coherence tion steps. Any distances derived from NOESs containing at
transfer among scalar-coupléd spins was generated with  least one pseudoatom were not treated by IRMA, and
the DIPSI-2 sequencel®), and water suppression was therefore those were not refined by the process. Each cycle
obtained using the WATERGATE sequence along with of IRMA took experimental NOE intensities measured as a
minimum presaturation set at the residual water signal during function of mixing time and merged them with the calculated
the relaxation delay. In PE-COSY, water suppression was theoretical NOE intensity values for the model structure. A
not needed since the sample was prepared in 100% B new set of distance restraints was then deduced from this
mixing pulse of 30 was used for PE-COSY, and each FID mixed NOE intensity matrix. A rotational correlation time
was recorded with 32 scans to compensate for the sensitivityof 1.5 ns, estimated from NOE buildup curves of nonover-
loss due to the small mixing pulse. lapping geminaps protons, and diagonal leakage rate of 1.0
2-D NMR data were transferred to a SGI workstation s were used in each IRMA cycle. After each cycle of IRMA,
(Indige?) and were processed using Felix 95.0 (MSI, San the structure was subjected to RMD and energy minimization
Diego) except for PE-COSY, which was processed using steps using a Lennard-Jones potential with a 12.0 A cutoff.
VNMR 5.10 (Varian). FIDs were apodized with a window Five cycles of 1000 steps of RMD of 1.0 fs for a duration
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of 5 ps was calculated at 700 K followed by cooling over 5
ps at 500 K and another 5 ps at 300 K. The structure was
minimized using 100 steps of steepest descents followed by
1500 steps of conjugated gradient minimization. Four
IRMA/RMD cycles were carried out, and the convergence
was achieved with the finaR-factors (a measure of the
difference in the theoretical and experimental NOE intensi-
ties) reaching 0.407 foR; and 0.007 forRs (reflects 1r®
relationship between NOE intensity and distange(26).
This IRMA/RMD protocol is well documented in the manual
provided by the Insightll software for refining distances
converted from experimentally measured NOE cross peaks.
Molecular Modeling. Computer models o&-CTx Ml
were constructed and manipulated using the Insightll and |
Discover programs (MSI, San Diego) on a Silicon Graphics
workstation. Simulated annealing (SA) computations were

conducted on a Cray C-90 supercomputer at the San Diego 90
Supercomputer Center. The consistent valence force field 57, g 7 g 4 5 7’8 7’5
of Hagler and co-workers2{) was employed for both the W2 (ppm)

DGIl and simulated annealing calculations. An extended . re1: NOESY spectrum (250 ms mixing time) afCTx Ml
molecule with two disulfide bridges was constructed as the in H,0 illustrating sequential NOE connectivities between neigh-
triply charged cation with full positive charges on the boring a and amide protons. The,y NOE cross peaks are

N-terminal nitrogen and the imidazole side chains of°His connected by lines and are labeled by residue number. Two traces
and Hig2 between residues C¥sAsr® and Val—Cyst® are shown with their

) . ) . contiguous connectivities broken at Pro
Distance Geometry and Simulated Annealifgtriangle

inequality bound smoothing and four-dimensional embedding as traced through the carboxyl terminal residue €ys
procedure followed by prospective metrization and majoriza- along the trace, resonance assignment for each residue was
tion with a constant weighting scheme was used for DGl confirmed on the basis of its spin type obtained from the
calculations with default settings except for an initial energy Tocsy experiment. The remaining N-terminal residues
of 750 kcal/mol and 20000 steps of built-in simulated \yere also assigned on the basis of sequerntigl NOE
annealing with a step size of 0.3 ps. connectivity starting from Ash whose spin system was
In order to develop a more qualitative picture of the identified from NOE cross peaks between its amide proton
conformation(s) ofa-CTx MII and to generate three- andp protons as well as its side chajnNH, protons. In
dimensional structures compatible with the NMR data, a addition, sequential NOEs arising from neighboring amide
protocol based generally on the principles of simulated protons,dyn, confirmed the above resonance assignments.
annealing as developed by Clore and Gronenborn and co-Figure 1 depicts two traces of sequential N@jg connec-
workers 28) was employed. The calculations incorporated tivities which extend from Cysto Asrf and from Val to
two notable departures from previous work. First, the Cys'e,
interproton distances were introduced in a biphasic manner - gecondary Structure Determinatioit. was obvious from
during high-temperature molecular dynamics (MD); initially o 33, . coupling constants recorded from a high-
they involved only backbone protons, but then subsequently (osq ution 1-D spectrum and short- and medium-range NOE

they i.nvolved side chain protons. Second, trfansition fro.m a cross peaks from NOESY experiments that a large portion
quartic to a Lennard-Jones nonbonded potential was achievegdy; e peptide was helical. Nine of 16 residues were

in a final dynamics phase concomitant with final maturation

of the nonbond energy factor. A total of 50 rounds of SA
were conducted in order to sample as large a conformational
space as practical given computer processor and disk
limitations. A final minimization with a convergence
criterion of the largest derivative not exceeding 0.01 kcal
mol~! A-1 was conducted.

RESULTS

Resonance Assignment$H resonance assignments of
a-CTx MIl were carried out using DQF-COSY, TOCSY,
and NOESY experiments by combining spin systems of
individual amino acids with sequential NOE cross peaks
arising from neighboring amino acid residues. Even though

determined to havélyy-c, coupling constants of less than
5.0 Hz, and among those nine residues we have identified
short- and medium-range NOE cross peaks, dung,i+2),

dan, anddang,i+2), Very typical of ana-helix (29). Figure 2
displays those NOE cross peaks according to their intensities
along with 3Jyy-co coupling constants used to generate
dihedral angle restraints. In addition to the observed NOE
cross peaks, &€ proton chemical shifts relative to random-
coil values R9) are a good assessment for identifying local
helical components in peptides and proteid8,(3). The

plot shown in Figure 3 strongly suggests that the peptide
contains a large portion of helical conformation throughout
the sequence except for residues Asmd His% The
backbone conformation of these residues could deviate from

Comp|ete resonance assignments were eas"y obtained exceﬂ helical Conformation on the baSiS Of theil‘ pOSitive Shif'[S in

for the G5 protons of Sé (not observed), the 1-D spectrum

the plot.

of the peptide in the amide proton region had a few resonance Structure Calculations and AnalysisA total of 50

overlaps. Starting with the unique residue ¥adlentified
on the basis of its spin type, sequentlal NOE connectivity

structures resulted from the SA calculations described in
Experimental Procedures using 154 distance (85 intraresi-
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[ | Table 2: Structural Statistics for the Two Lowest Energy Families
cccsvpPpver Y EHESNLSG G of MIl Resulting from SA
*JNH-Ca Ll LT Ll D i
da - I e B family ! 2
dwn = HE BN 1 7 1 b 1 | | no. of structures 14 4
dxive — — — energy components
s —_— -_— Eqotal 453+ 30 476+ 48
doniss — — Ebond 28+2 28+ 1
— — Eangle 1614+ 12 165+ 14
doies Etorsion 50+ 6 63+ 14
FIGURE 2: Amino acid sequence af-CTx MII with its disulfide Eout of plane 4+1 4+1
bridges drawn to show its disulfide bridge pattern and a summary  Evan der waais 75+ 8 84+ 17
of short- to medium-range sequential NOE cross peaks as well as  Ecoulomb 135+ 9 132+ 9
experimentally measureélyp—cqq coupling constants. Arrows Eforce 75+ 20 77+21
pointing down are those witRJ constants<5.0 Hz, and those Evotattforce 527+ 47 553+ 68
pointing up are those witJ constants>8.0 Hz. Filled bars pairwise RMS
represent the NOE cross peaks with the thickness classifying NOE ~ backbone (2-16) 0.76£0.31  0.99£0.25
intensities from strong (thick) to weak (thin) and the width heavy atoms (216) 1354034  1.61£025
indicating short- to medium-range separation along the linear N'\gs r\wllomg:‘?/ri]csﬂngzns Serstuciure 1684313  16.5043.64
*k%k . . . . .
sequence. represents overlapped NOE cross peaks. 2v violation 0.30L 011 0814 011
o dihedral violations> 10° U1%# (CySy1) 1149 (Cy2 y1)
' 2144 (His® y1)
1 minimum energy structure
T o2r Etotal 396 418
é: EtotaH—force 440 463
PR A T T T, TR T T no. of violations>0.2 A 13 21
g g av violation>0.2 A 0.25+ 0.04 0.32+0.12
£3 s max violatior? 0.35 0.66
gg a All energies in kcal/mol? All distance in A.¢ Number of structures
T‘: 5 L.l in family 1. 9 Number of structures in family 2.
PE-)
2%
S ol ] 1.35 + 0.34 A, respectively. In the SA procedure, no
particular restraint was employed to force backbone amide
08 bonds to the trans configuration. All amides bonds in all

G c c S N P v c H L E H k2 N L c

residues of all structures in this family are trans, and all 14

Ficure 3: a proton chemical shift differences, between observed structures in family 1 have almost the same backbone

values froma-CTx Ml in H,0 and random-coil values, plotted ~ dinedral angles with the exception of &lgs seen from high
versus the residue. values of the backbone angular order parame&2s33 in

Figure 5A,B. However, this consistency of the backbone
due, 42 sequential, 22 medium range, and 5 long range), 14dihedral angles is not maintained at the level of thside
dihedral, and 15 chirality restraints. An RMS deviation- chain dihedral. High angular order parameters as seen in
based family clustering scheme was used which resulted inFigure 5C for residues 2, 5, 9, and 10 indicate that all
the grouping of these structures into 30 families spanning structures of family 1 have equivalent side chain rotameric
the energy range 396360 kcal/mol with the two families  states. All other residues have multiple side chain rotameric
of lowest energy encompassing 18 of the 50 structures.states which generally fall into thgauche, gauche, or
Structural statistics of these five families, with minimum transclassification. The structures of family 1 are well built
energy structure (MES) energies within 22 kcal/mol of the as judged by the range and magnitude of the energetic
overall MES are given in Table 2. The next lowest energy contributions detailed in Table 2. Clearly, important ener-
family (family 3) was at 79 kcal/mol relative to the overall getic contributions to the maintenance of these structures are
MES. By interactive graphical inspection, we have observed found in the nonbonded terms, both van der Waals and
that many of the higher energy family representatives Coulombic. These modeling studies were condudted
(families 3—-30) contained unusually high internal energy wvacuqg and any modulation of the effective dielectric constant
terms or pathological features (e.g., broken bonds, knotsby either empirical solvation methods or explicit solvent
involving backbone and cystine bridges). An interesting inclusion should serve only to decrease the net effect of
structural pathology is observed in structure 8 of family 1 electrostatics for this simple constrained peptide.

(PDB accession code 1m2c) whereiu-Cys is inverted Description of the StructureEven thougho-CTx Ml is
to p-o-Cys%. This structure is included because it fits the a small peptide made of only 16 amino acid residues, it has
criterion used for classifying family 1 but in no way a well-defined three-dimensional solution structure. In
influenced the final model and underscores the importance addition to two disulfide bridges which form a hydrophobic
of maintaining proper chirality constraints during SA. Cys knot, there are three helical regions in the structure which
In Figure 4, the structures of family 1 were superimposed contribute to form a very tight conformation. The presence
to demonstrate how well they converge in the structural of such stable secondary structures and disulfide bridges
calculations with a given set of experimentally determined allows the multidimensional NMR method to be effective
and refined restraints. As shown in Table 2, the pairwise in obtaining a very high resolution structure of the peptide.
backbone and heavy atom RMS deviations among those 14The amino-terminal region has almost a full turnoehelix
structures in family 1 calculated over residues €yGyst® (Cys—Sem); this is followed by Ash which has backbone
(Glyt is excluded due to its mobility) are 0.76 0.31 and dihedral angles oy = —89° andy = +132 (measured

residue
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FiIGURe 4: Superimposition of the 14 lowest energy structurea-&Tx MII calculated from simulated annealing. Backbone and Cys side

chain atoms are illustrated in stereoview.
1.0
0.8
06
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residue number

Ficure 5: Angular order parameters for the backbah¢A),
(B), andy; (C) obtained from the 14 minimum energy structures,
plotted versus the residue number.

from the minimum energy structure), thereby essentially
making a 90 turn. The helix with almost two turns (Fre
GlulY) is the major secondary structural component of the
peptide. This helix is terminated by Hig¢ = —136°, ¢

= +77°; measured from the minimum energy structure)
which orients the remaining C-terminal distorteg Belix
(Sef*—Cys'®) toward the N-terminus. These two turns
associated with ASmand Hig? are perhaps critical residues

respect to the second turn around *ishe function of His
may be to bring Cysand Cy3° close together to form the
second disulfide bridge.

The space-filling model o&-CTx MIl shown in Figure
6B is oriented to explore the surface distribution of hydro-
phobic and hydrophilic side chain groups of the molecule.
Hydrophobic residues are colored purple to distinguish them
from polar residues, which are yellow, or charged residues,
which are red (positive) and blue (negative). A flat surface
located on top of the molecule in purple is a distinct structural
feature representing the cluster of hydrophobic residues
exposed to solvent. This hydrophobic surface is formed
largely by Gy (excluding the N-terminal amino group),
Cy<, Cys, Leul®, Cyd, and the disulfide bond between Cys
and Cy4%5. This flat surface may be important for ligand
receptor binding through hydrophobic interactions. There
is another very distinct surface that consists entirely of
hydrophilic residues with both polar and charged groups. On
the left side of the model, the cluster of red, blue, and yellow
represents a region of the turn at HigGlu*'—Asn'4). This
highly charged surface, almost perpendicular to the hydro-
phobic surface, could be responsible for its initial recognition
by nAChR based on long-range electrostatic attractions. This
potential receptor-binding interface is composed of sequential
residues GItt, His'?, Sef3, and Asi“.

DISCUSSION

In this work, the structure ofx-CTx MIl has been
determined using multidimensional NMR techniques. A
comparison of the effects of&-CTx MIl on different
molecular forms of nAChRs expressed exogenously in
Xenopusoocytes demonstrated thatCTx MIl has subna-
nomolar affinity for theo3, subtype; in contrast, for all other
NAChRs tested the Kz is 2—4 orders of magnitude higher
(2). Thus,a-CTx MIl is the first small peptide known to
have high affinity and selectivity for therz8; nAChR

for the overall fold of the peptide, and the presence of such subtype. The ability to discriminate between diverse mo-

turns is further supported bycCproton shift data presented
in Figure 3 (positive shifts compare to the rest having
negative shifts) as well a¥lyn-c, coupling constants in
Figure 2 ¢8.0 Hz coupling constants compare to the rest
having <5.0 Hz). A possible function of Asris to induce

a turn between the N-terminal segment and the rogelix;

lecular forms of nAChRs has considerable significance both
for basic neuroscience and for potential drug development.
Indeed, the peptide has already been useful for two significant
investigations: it was demonstrated tbaCTX Ml blocks
some (presumablys(, mediated) but not all of the nicotinic-
evoked dopamine releas® ( In addition, in one of the well-

this function is consistent with the survey by Richardson and studied model systems for cholinergisynaptic transmission,

Richardson 34) of 215a-helices from 45 different globular

the chick ciliary ganglion, it has recently been demonstrated

protein structures. They reported a striking preference of that there are at least two nAChR subtypes involved. One

3.5:1 for Asn at the N-cap position and 2.6:1 for Pro at the
N-cap + 1 position (helix initiator) fora-helices. With

subtype is blocked bg-CTX MII (putatively a3f,), and the
other is blocked byo-bungarotoxin (presumablyy) (35).
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FIGURE 6: Surface (A, B) and backbone (C, D, E) representatiors-6Txs MIl, PnlA, and Gl. Space-filling models of the X-ray crystal
structure ofa-CTx PnlA (A) and the lowest energy structureasfCTx MII (B) are displayed in purple for hydrophobic residues, in yellow
for polar side chains, and in red (positive) and blue (negative) for charged side chains. Backbone conformatiomg BhlA (C),o-CTx

MII (D), and a-CTx Gl (E) are displayed in ribbons and surface distributions in dots with the same color codes to illustrate their similarity

and difference. Arrows indicate terminal residues, blue for carboxyl and yellow for amino.

Thus a-CTx MII can distinguish between physiologically
linked but structurally distinct nAChR subtypés vivo.

the structures of two members of theCTx family which
target well-defined but completely different sites on mam-

A basic structural question that needs to be addressed isnalian nAChRs have now been solved.

how small peptides belonging to theCTx family (which

are widely distributed irConusvenoms) target a particular
molecular form of nAChR.a-CTx Gl, the firsta-CTx to

be discovered3p), specifically targets the,;d interface of
the mammalian skeletal muscle subtype of nicotinic receptor.
a-CTx Gl and other related-CTxs paralytic in vertebrates
[including a-CTx MI (37) from C. magusthe same snail
which producesx-CTx MII] are the only known ligands to
discriminate between the two ligand-binding sites on the
muscle nAChR by several orders of magnitu8@{41). The
structure ofa-CTx GI has been solved by both X-ray and
NMR methods 8—5). The specificity ofa-CTx MIl is
entirely different from that of Gl, targeting instead the
interface between; and 3, neuronal subunits. Thus, with
the elucidation of the structure ofCTx MII reported here,

The structure ofx-CTx MII described above has several
striking features that are different from the-CTx Gl
structure. There is a clearhelical segment between Asn
and Hig?in a-CTx MIl which is not present i-Gl; instead,
the homologous region around the third cysteine residue in
the latter peptide is noti-helical, although it has been
suggested that it may be apdelix. It is notable that the
helix N-cap sequence Agriollowed by Pré§ is present in
both peptides. The presence of théelical region ina-CTx
MII not only was consistent with the NOESs obtained but, as
discussed above, could also be verified bydhgroton shift
data shown in Figure 3. This showed the expected negative
shift consistent with am-helical region.

The structure ofr-CTx MIl has features that are much
closer to those of the recently solved structure:ETx PnlA
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(a peptide reported to selectively target molluscan nAChRSs) possible to make pairwise assignments of which residues in
(42, 43 than those ofi-CTx Gl (see Figure 6E). As shown the peptide interact with which specific residues in the
in Figure 6, the backbone structures @fCTx MIl and receptor. For example, if unfolding of tleehelical region
a-CTx PnlA are virtually superimposable. These results of a-CTx Ml occurs upon binding to the receptor, then some
suggest that spacing between disulfide bonds may be anburied residues would be involved in pairwise interactions
important determinant of backbone structure.cd€TX Gl in the receptor. However, if no conformational changes took
and other related peptides suchoa€TXs Ml (44), S| (45), place upon binding, all of the key interacting residues on
SIA (46), there are three amino acids between the first pair the peptide that would be identified by a mutational analysis
of Cys residues and the third Cys and five amino acids should be surface residues in the structure described here.
between the third and fourth Cys residues (a configuration Thus, the solution structure which has been solved is
called theass pattern). In contrast, the spacing for both expected to provide key structural information for interpreting
a-CTxs MIl and PnlA fits aroy; pattern (see Table 1). There data from experiments examining the interaction of analogs
may be fundamental differences between the secondaryof the toxin with appropriate mutants of thes, nAChR.
structure found on the backbone chainafs versusay,

CTxs. Althougha-CTx PnlA has been shown to inhibit ACKNOWLEDGMENT
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divergent classes of receptor targets. In this regard, it will

be of great interest to examine arCTx that has the spacing SUPPORTING INFORMATION AVAILABLE

between cysteine residues found 66CTxs MIl and PnIA

but which targets the skeletal muscle subtype of nAChR. 'H resonance assignments @fCTx MIl and its NMR
Indeed, several such peptides have recently been discovere#estraint file for the SA calculations (5 pages). Ordering
includinga-CTx El (47), the structural analysis of which is ~ information is given on any current masthead page.
currently underway.
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