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ABSTRACT: a-Conotoxins, peptides produced by predatory specie€afusmarine snails, are potent
antagonists of nicotinic acetylcholine receptors (nAChRS), ligand-gated ion channels involved in synaptic
transmission. We determined the NMR solution structure of the smallest kaesamotoxin, Iml, a 12

amino acid peptide that binds specifically to neurom@tcontaining nAChRs in mammals. Calculation

of the structure was based on a total of 80 upper distance constraints and 31 dihedral angle constraints
resulting in 20 representative conformers with an average pairwise rmsd of 0.44 A from the mean structure
for the backbone atoms N,*Cand C of residues 211. The structure of Iml is characterized by two
compact loops, defined by two disulfide bridges, which form distinct subdomains separated by a deep
cleft. Two short 3o0-helical regions in the first loop are followed by a C-termifalurn in the second.

The two disulfide bridges and Ala 9 form a rigid hydrophobic core, orienting the other amino acid side
chains toward the surface. Comparison of the three-dimensional structure of Iml to those of the larger, 16
amino acida-conotoxins PnlA, PniIB, Mll, and Eptalso specific for neuronal nAChRseveals remarkable
similarity in local backbone conformations and relative solvent-accessible surface areas. The core scaffold
is conserved in all five conotoxins, whereas the residues in solvent-exposed positions are highly variable.
The second helical region, and the specific amino acids that the helix exposes to solvent, may be particularly
important for binding and selectivity. This comparative analysis provides a three-dimensional structural
basis for interpretation of mutagenesis data and structagtvity relationships for Iml as well other
neuronalo-conotoxins.

Over the past 50 million years, marine snails in the genus cysteine residues, while the loops between cysteine residues
Conushave developed venoms containing a remarkable arraycomprise the hypervariable regions and contribute to the
of small peptide neurotoxins, highly specific for different pharmacological diversity3( 4). The conserved regions may
subtypes of ligand- and voltage-gated ion channels in the influence the formation of specific disulfide bonds and the
central and peripheral nervous systems. These peptide toxingolding in the C-terminal region, which is proteolytically
exhibit potent pre- and postsynaptic activity not only in the cleaved to form the small, stable mature tox-6).
species’ natural preyincluding worms, mollusks, and fish Classification of the known disulfide-rich conotoxins based
but in mammals as welllj. Venom from eaclConusspecies on their activity and primary structure results in 10 groups
contains a variety of biologically active peptides, many of (reviewed in refs6 and 7): a- and aA-conotoxins are
which are 16-30 amino acids in length and rich in disulfide competitive nicotinic acetylcholine receptor (nAChR) an-
bonds R). These conotoxins are translated as larger prepro-tagonists, whereag-conotoxins are noncompetitive NnAChR
proteins with distinct conserved and hypervariable regions antagonistsy-, ©O-, andd-conotoxins target different sites
(2—5). The conserved regions include the N-terminal signal on the sodium channel, with separate effects of inhibition
sequence and propeptide regions as well as the C-terminabnd activationw-, -, and kA-conotoxins inhibit voltage-
gated calcium and potassium channels, respectivetgno-
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(b) Species o—Conotoxin  Sequence Specificity  Reference
C. imperialis Iml C a7 (24, 25)
(worm-hunting)

C. episcopatus  Epl C a3p2 (74)
(mollusk-hunting)

C. pennaceus PnlA C al3p2 (75, 69)
(mollusk-hunting)

C. pennaceus PnIB C a7 (75, 69)
(mollusk-hunting)

C. magus MII C a3p2 29)

(fish-hunting)

Ficure 1: (a) Disulfide bonding patterns for the known classes of conotoxins. The pattern foctheotoxins, which contain five disulfide

bonds, has not yet been determined. (b) Sequences of-ttomotoxins specific for neuronal nAChRs. The C-terminus of each sequence

is amidated; Tyr 15 of Epl is sulfated. Subtype specificities are given for mammalian (rat) nAChRs. References are given for the report of
the sequence, followed by the report of the specificity, when separate.

or neuronal nAChRs, each composed of five membrane-

spanning subunits. Muscle-type nAChRs contain é&pone
A1, oned, and oney or e subunit 8, 9), whereas neuronal
NAChRs contain combinations of (a2—a9) andg (62—

4) subunits 10, 11. Three-dimensional structures have been
determined previously for sixt-conotoxins: the muscle-
specific Gl (L12—16) and MI (17) and the neuronal-specific
PnlA (18), PnIB (19), MIl (20, 21, and Epl 22). These

A detailed comparison of the structure of Iml to those of
other conotoxins specific for neuronal NAChRs, with atten-
tion to primary sequence comparisons and mutagenesis data,
identifies several features of the structures that contribute to
o-conotoxin binding and specificity.

EXPERIMENTAL PROCEDURES

structures demonstrate the general stability and compactness Peptide Synthesis and Sample PreparatiofConotoxin

of the o-conotoxin fold and emphasize the variety of

Iml was synthesized using standard Fmoc chemistry on an

activities achievable by amino acid sequence variation on aAdvanced Chemtech 357 FBS peptide synthesizer and
conserved scaffold. In particular, we are interested in those PUrified by reversed-phase HPLC (procedure modified from

o-conotoxins that target neuronal nAChRs (Figure 1b).
Subunit composition in the neuronal nAChRs is more
variable than in the muscle-type, resulting in physiologically
distinct receptors within the neuronal subtype which the
a-conotoxins are able to bind and inhibit selectively. As

ref 29). The two disulfides were formed sequentially;

by potassium ferricyanide oxidation of the thiols and12

by iodine oxidation of the biS-acetamidomethyl derivatives.
Peptide purity and oxidation state were assessed by electro-
spray-ionization mass spectrometry on a Hewlett-Packard

neuronal nAChRs are significant in synaptic transmission 2989A quadrupole instrument equipped with an Analytica

and neurotransmitter releas&él] and are affected in a

ion source; peptide identity was also confirmed by HPLC

number of neuropsychiatric and neurodegenerative disorderscO€lution with the native toxin.

(23), the structural basis fax-conotoxin binding is of direct
biological and pharmacological consequence.

We present here the solution structurexeéonotoxin Iml,
expanding the small group of conotoxins with well-
characterized structure and function. Iml is the first conotoxin
isolated from a vermivorous cone and exhibits novel
biochemical and pharmacological properti24)( Consisting
of only 12 amino acids, incorporating two disulfide linkages,
Iml is the smallestr-conotoxin yet identified. The peptide
acts as a competitive antagonisioebungarotoxin-sensitive,
o7-containing neuronal nAChRs in mammals, with higher
selectivity thana-bungarotoxin, which also binds muscle-
type receptors 25, 29. It is active on human neuronal

A 2 mM NMR sample (pH 3.0) was prepared in either
100% DO or a mixed solvent of 90% 0/10% DO, with
the concentration based on a molar absorption coefficient at
280 nm of 5750 M! cm™ (30). For D,O experiments, the
peptide was lyophilized and redissolved in 100%0D

NMR SpectroscopyH NMR spectra were obtained at 298
K on Bruker DRX 300 and DRX 500 spectrometers in the
pure phase absorption mode using the Staié¥| method
of quadrature detectior8{). For 'H resonance assignment
a DQF-COSY spectrum3@) was recorded in BD, and
TOCSY @33) and ROESY 84, 35 spectra were recorded in
90% HO/10% DO. After zero filling, the DQF-COSY data
size was 4096« 2048 points, resulting in digital resolutions

a-bungarotoxin-sensitive NAChRs, as evidenced by studiesof 0.73 and 1.46 Hz/point iw; and w,, respectively. The

in human neuroendocrine carcinoma cellg)( thus display-

TOCSY experiment incorporated a DIPSI-26] sequence

ing wide phylogenetic range. In addition, Iml has been shown with a 10 kHz rf field and a mixing time of 70 ms. The
to discriminate between kinetically distinct receptors, selec- ROESY experiment was taken with the carrier frequency

tively blocking subtypes which are rapidly desensitiz28).(

positioned at 6 ppm, usina 5 kHz CW spin-lock field during
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Table 1: Quantitative Description of the 20 DYANA Conformers Used To Represent the Solution Structure before and after Energy
Refinement with the Program OPAL

parameter DYANA OPAL

DYANA target function (&) 0.15+ 0.05 (0.09...0.24)

AMBER energy (kcal/mol) —290.05+ 18.50 (-326.29..--250.06) —455.06+ 15.48 (-485.52..--426.97)
van der Waals energy 84.3515.32 (61.66...118.24) —13.01+ 3.13 (—18.64..--7.34)
electrostatic energy —475.09+ 15.32 (-507.62..--449.20) —519.37+ 16.30 (-547.98..--491.42)

residual NOE distance constraint violations (A)
no.>0.1A 3.30+ 0.46 (3.00...4.00) 0.0& 0.00 (0.00...0.00)
sum 0.90+ 0.10 (0.72...1.14) 1.0@ 0.09 (0.83...1.19)
maximum 0.18+ 0.02 (0.15...0.21) 0.02 0.00 (0.08...0.10)

residual dihedral angle constraint violations (deg)
no.> 2.5 0.05+ 0.22 (0.00...1.00) 0.0& 0.00 (0.00...0.00)
sum 0.21+ 0.67 (0.00...3.11) 5.72 1.68 (3.08...8.82)
maximum 0.21+ 0.65 (0.00...3.00) 1.7% 0.24 (1.15...2.09)

rmsd values (A9
backbone (+12) 0.56+ 0.24 (0.26...1.13) 0.6% 0.21 (0.35...1.07)
all heavy atoms 1.38 0.36 (0.86...2.14) 1.45% 0.34 (1.03...2.28)
backbone (211) 0.31+ 0.14 (0.15...0.58) 0.44 0.14 (0.25...0.69)
backbone (211) + best-defined side chains 0.430.09 (0.27...0.59) 0.56: 0.10 (0.40...0.75)

@2 The numbers given are the averagé¢he standard deviation for the group, with individual minimum and maximum values given in parentheses.
b The target function is not given for the energy-minimized conformers, as they do not have the ECEPP/2 standard covalent g2pigetry (
¢Rmsd values presented are relative to the mean coordinates. The best-defined sidetakamas those with global displacement of the side
chain heavy atoms less than 1.5-Are C2, C3, S4, D5, P6, C8, and A9, upon superimposition of the backbone atoms for residdes 2

the 100 ms mixing period. Data sizes for these experimentsremoved from the set of constraints used during energy
after zero filling were 2048 1024 points, resulting in digital ~ refinement. The energy minimization was executed after
resolutions of 3.18 Hz/point im, and 6.36 Hz/point inw,. immersion of each DYANA conformenia 6 Athick shell

Processing of all the spectra was performed with the Of explicit water molecules, using a constant dielectric
program PROSAZ7). The residual water signal was reduced Permittivity for the electrostatic interactions. For each
using the convolution method of Marion et aBgj, and conformer a maximum of 2500 steps of conjugate gradient
baseline distortions were corrected using the IFLAT proce- Minimization was performed, after which a small total
dure B9). Prior to Fourier transformation, the time domain gradient was attained.
data were apodized using a sine bell window function shifted The program MOLMOL §3) was used to analyze the
by n/2 (40). Peak picking, spin system identification, and structure in terms of rmsd valueS4), atom displacements
volume integration of the ROESY cross-peaks were per- (55, 58, hydrogen bonds5(), regular secondary structures
formed with the interactive program XEASYAY). 3Jine (58), solvent-accessible surface area$,(60, and local
scalar coupling constants were measured from a!#iD  €lectrostatic potentiab{l). The criteria for identification of
spectrum, andJ,; coupling constants for residues containing @ hydrogen bond were a maximal protesicceptor distance
CPH, groups were measured from the DQF-COSY spectrum. of 2.4 A and a maximal angle of 3%etween the doner

Resonance AssignmeA initial *H resonance assignment ~ proton bond and the line connecting the donor and acceptor
was determined automatically using the program GARANT heavy atoms in at least half of the conformers. Regular
(42’ 43 The resonance assignment was then corrected andsecondary structure elements were identified on the basis of
completed using spin system identification from the COSY hydrogen bond patterns, according to DSSP standards. The

and TOCSY spectra in conjunction with sequential NOE solvent-accessible surface areas (SASAs) were calculated
connectivities identified in the ROESY spectrur). with a solvent radius of 1.4 A. MOLMOL was also used for

Structure Calculation and Characterizatiohlpper dis-  display of the contact surfacég, 63 and preparation of

tance constraints were calculated from ROESY cross—peakthe color figures. ) )

volumes using the CALIBA procedurd®), and stereospe- Structure ComparisonThe solution structure of Iml was
cific assignments and dihedral angle constraints were deter-cOmpared to the crystal structures of PnlA and PniB (PDB
mined from coupling constants and upper distance constraints2ccession codes 1PEN and 1AKG, respectively) and to the
using the HABAS proceduret€). Disulfide bond constraints ~ Selution structure of Mil (PDB accession code 1M2C; made
were added as established previousty)( The structure avallqble to us prior to release by K.-J. Shon). Since the
calculations were performed using simulated annealing in coOrdinates for the Epl structure have not yet been released
torsion angle space as implemented in the program DYANA by the Protein Data Bank, our comparison to Epl was limited
(48). Additional stereospecific assignments based on the {0 Structural features described by Hu et @2)( For
preliminary structure were made using the GLOMSA consistency, hydrogen bonds and regular segondgr_y structure
procedure 45). Restrained energy minimization was per- elemeljts for al! co_mpared_ structures were identified using
formed using the AMBER all-atom force field9) with the the stringent criteria described above for Iml.

program OPAL %0), which includes pseudoenergy terms for RESULTS

distance and dihedral angle constrairi4,(52. Distance

constraints for the chemically determined disulfide bridges, Resonance Assignment and Structure Calculatidn.
and they andy? dihedral angle constraints, for which no complete chemical shift list is given in the Supporting
direct spin-spin coupling information was available, were Information. A total of 255 ROESY cross-peaks were
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Ficure 2: (a) Stereoview of the 20 energy-refined conformers representing the Iml solution structure. The backbone is in cyan, with
hydrophobic side chains shown in gray, polar side chains in green, positively charged side chains in blue, and negatively charged side
chains in red. The 28 disulfide bridge is shown in yellow and the-32 in orange. (b) Plot of the backbowme v, and side chairy®

dihedral angles versus the amino acid sequence. The dihedral angle observed in each individual conformer is represented by a dot, and the
ranges are shown by boxes. Coloring of the backbone and side chains is as in (a).

assigned and integrated, with concomitant cycles of structurerepresent the solution structure of Iml. A quantitative
calculation for evaluation of distance and angle constraint characterization of the structure is given in Table 1.
violations as well as assignment of additional peaks based Characterization of the Structur&he solution structure

on the preliminary structure. Calibration of these cross-peaks,of a-conotoxin Iml is shown in Figure 2a and is characterized
followed by an initial screening in DYANA (discarding by two compact loops of four and three residues, defined
constraints which were duplicate, nonconstraining, or con- by the two disulfide bonds. Despite the involvement of Cys
straining a fixed distance), resulted in a total of 80 meaning- 12 in a disulfide bond, the backbone conformation is least
ful upper distance constraints. S&une and eight3J.s well defined at the chain termini. Interestingly, the first loop
coupling constants were used together with intraresidual andis better defined and more structured than the second loop.
sequential upper distance constraints to generate 46 con-The first loop contains two regions withghelical character,
straints for thep, ¥, %, andy? dihedral angles. A total of  supported by ©@—HN;i+3; hydrogen bonds observed for Gly
40 conformers were calculated, from which the 20 with the 1—Ser 4, Cys 2Asp 5, and Asp 5Cys 8. In contrast, no
lowest residual target function were selected for restrained regular secondary structure elements are found in the second
energy minimization. The resulting conformers contained no loop, which forms g-turn with a hydrogen bond between
significant violations of any constraint and were used to Cys 12 HN and Ala 9 O The Trp 10 and Arg 11 side chains
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(a) subdomains connected by Cys 8 and Ala 9, which make
contacts to residues in both loops. The two subdomains are

im

™,

separated by a deep cleft, where the82disulfide bridge
forms the left-hand wall, the-312 disulfide bridge forms
the right-hand wall, and the Trp 10 side chain forms the top.
The first loop carries most of the charged entities, which
are the positively charged N-terminus and the side chain of
Arg 7 as well as the sole negatively charged side chain of
Asp 5. OnedO of Asp 5 is effectively buried upon formation
of the aforementioned side chaibackbone hydrogen bond.
The only charge found in the second loop is the positively
charged side chain of Arg 11. The front side of Iml (in the
orientation of Figures 2a and 3a) is highly charged, whereas
the side chains of Cys 3, Pro 6, Ala 9, and Cys 12 form a
large hydrophobic region on the back side (Figure 3b).
Structure Comparisorfzour known neuronak-conotoxin
structures are shown in Figure 4, where the backbone atoms
N, C*%, and C of residues 9, 11, and 12 in Iml and of
residues +9, 14, and 16 in PnlA/B and MIl have been
superimposed for minimal rmsd. The amino acid sequence
of the first loop is 75% identical in all four conotoxins and
displays a very similar profile of relative solvent-accessible
surface areas (Figure 5). The only significant difference in
this profile is at position 7, where the charged Arg side chain
in Iml has a large SASA and the hydrophobic side chains in
PnlA/B and MII are buried from the solvent. In PnlA and
PnIB, the hydrophobic Leu 5 replaces the hydrophilic Asp
5 and Asn 5 side chains found in Iml and MIl and thus
cannot form the N-cap. Superposition of the residues in the
second loop was based on similarities in the SASA between
Ala 9, Arg 11, and Cys 12 in Iml, Ala 9, Asp 14, and Cys
16 in PnlA/B, and His 9, Asn 14, and Cys 16 in MIL.
FiGURe 3: Solvent-accessible surfaces of Iml, Mil, PnIA, and PniB  Additionally, the local backbone conformations of the toxins
colored according to local electrostatic potential (a) with orientation at position 11 in Iml and position 14 in PnlA/B and Mll are
as in Figure 2a and (b) rotated T8@bout the vertical axis. Red  yery similar (Figure 4a); thus the longer side chain of Arg

indicates a negative charge and blue a positive charge. Hydrogen, 1 . : i ;
atoms were included in the calculation of both the surface and the 111is in close proximity to Asp 14 and Asn 14 and directly

potential. For Iml and MII, the surface is shown for the conformer COMpensates for the smaller second loop size of Iml (Figure
with the smallest rmsd to the mean structure. The Ml structure 4b). Although the Trp 10 side chain in Iml is closest to Asn

was solved at low pH; thus the surface shows positive charges for 12 in PnlA/B and His 12 in MIl, it has no clear counterpart
the two histidines although this may not be representative of the i those structures. These considerations result in a structure-
protonation state at physiological pH. based revision of the sequence alignment of Iml with PnIA,
in the second loop display the most conformational flex- PnIB, and MII (Figures 1b and 6).
ibility, whereas side chains for residues in the first loop are  Figure 6 provides a survey of hydrogen bonds, secondary
well defined.y* dihedral angles indicate a gaucheonfor- structure elements, and residues with low solvent accessibility
mation for Cys 3, a trans or gaucheonformation for Ser in the Iml, PnlA, PnIB, and MII structures. All four structures
4, and a trans conformation for Asp 5 (Figure 2b). The side show two helical regions in the first loop. The first of these
chain of Asp 5 is further constrained by the hydrogen bond regions is a g-helical turn from Cys 2 to Ser 4, supported
between Asp 0O and Arg 7 HN. This hydrogen bond and by two Q'—HN;+3 hydrogen bonds. MIl has only one of
the extended backbone conformation suggest that Asp 5these hydrogen bonds, and thus thetlix is not identified,
functions as an N-cap to further stabilize the-Belical turn although it is described in the structure by Shon et20).(
from Pro 6 to Cys 8§4—66). This function is supported by ~ Whereas Iml shows one more shoyg-Belix from Pro 6 to
the observation that Asp 5 is the only amino acid residue in Cys 8 (described above), PnIA, PniIB, and MIl are able to
Iml for which H* displays a positive secondary structure form longera-helices, which extend into the second loop.
induced shift 67) and is consistent with a clear preference Interestingly, Pro 6 is the only highly conserved amino acid
of 2.1:1 for Asp at the N-cap position, and 2.6:1 for Pro at residue in thex-conotoxins apart from the cystines and is
the (N1) helix-initiator position &5). responsible for helix initiation. In PnlA and PniB, thehelix
Figure 3 shows the contact surface of the Iml conformer is very regular, supported by twa'©HN;.4 hydrogen bonds
with the smallest rmsd to the mean structure, colored and ending with one residue in locab3®elical conformation,
according to the local electrostatic potential. The two as indicated by anG-HNi+3 hydrogen bond. For PnlA and
disulfide bridges and Ala 9 compose the core of the molecule, PnIB a side chairrbackbone hydrogen bond is also observed
providing a rigid scaffold from which the other side chains for Asn 12-Cys 8, suggesting a C-cap¥, 69. The two
are oriented toward the solvent. The two loops form two a-helical hydrogen bonds present in PnlA and PnIB are
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Ficure 4: (a) Stereoview of the polypeptide backbone of Iml, PnlA, PnIB, and MIl in cyan, yellow, red, and green, respectively. The
backbone atoms N, and C of residues 19, 11, and 12 in Iml were superimposed with those of residue3, 14, and 16 in PnlA,

PnIB, and MII. Circles at the €position of each residue indicate the global displacerefar the NMR structures (Iml and MIl) and the

crystal structures (PnlA and PniIB), where the relation betweeB-taetor of the crystal structures aflis given byB = 872D? (55, 56.

(b) Ribbon representation of the polypeptide backbone, illustrating secondary structure features and relative side chain positions. For Iml
and MIl, the structure is shown for the conformer with the smallest rmsd to the mean structure. Coloring is as in (a).

70

In the shorter second loop of Iml, only oifieturn can be
formed. The 3-helical turn from Cys 2 to Ser 4, the-helix
from Pro 6 to Asn 11, and the two consecutB4urns have
also been described for the structure of E@R)( The
sequence requirements for N- and C-caps terminating the
o-helix are present in Epl as well (Figure 1b). The disulfide
bridges and Ala 9 (Iml, PnlA/B) and His 9 (Mll) are buried
from the solvent in all four structures, indicating that the
molecules share a common hydrophobic core. The only
_ additional buried residues are Asp 5 in Iml, Asn 5 in Mll,
O 5 Sequence 10 12 and Asn 12 in PnlA/B, which participate in side chain
backbone hydrogen bonds and function as N- and C-caps,

60+
SASA [%]
50+
401
30"'

201

IOJ-

Ficure 5: Plot of the average solvent-accessible surface area tivel
relative to the total surface area for individual residues of Iml, PniA, respectively.

PnIB, and MIl. Numbering of the amino acid sequence is for Iml;  Figure 3 compares the contact surface and charge distribu-

sequence alignment is as described in the text. Solid lines indicatey; ;
the relative SASA for Iml, dotted lines for PnlA, dashed lines for t'gn of Idm_l Wlth.P?lllAa Enli’ anc(jj Mrlll..Thefdeep (;Ieftd
PnIB, and dotted-dashed lines for MII. Bars indicating the range OPServed in Imlis filled by the side chains of Asn 12 an

of values seen among NMR conformers are shown with circles for Tyr 15 in PnlA/B and His 12 and Leu 15 in MII. In PnIA
Iml and squares for Mil. and PnIB, a positive charge and a negative charge are located
at the bottom of the molecule, in the orientation shown. The
absent in MIl, which shows an alternative hydrogen bond positively charged N-terminus is common to all four
pattern, resulting in a distorteg-helix. Due to this pattern  structures, whereas the negatively charged Asp 14 side chain
the a-helix in MIl is identified only from Cys 8 to Glu 11,  in PnlA and PnIB corresponds to the positively charged Arg
although local backbone conformation and formation of an 11 in Iml. The top surface of PnlA and PnIB is uncharged,
N-cap by Asn 5 [as described by Shon et @0)[ suggest where additional charges are found in Iml and MIl. As
that thea-helix starts at Pro 6, as in the other structures. described previously, Iml has the negatively and positively
Following thea-helix, two consecutivg-turns are observed  charged side chains of Asp 5 and Arg 7, respectively, in the
in PnlA, PnIB, and MII, with corresponding hydrogen bonds. first loop. MII, like PnlA and PnIB, has its sole negatively
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Iml PnlA PnIB MII of relateda-conotoxins form a basis for evaluating structdre
G G G G activity relationships in these molecules and, subsequently,
' ' ' ‘ for understanding their selectivity and modes of binding.
C, oG, oG, *C, The five neuronabi-conotoxins-Iml, Epl, PnlA, PniB,
oC, oC, oC, oC, and Mll—share several common structural features. The local
S, S, S, s, backbone conformations and the SASAs for individual
oD, « oL, oL, oN, residues are similar for all five toxins, as is the rigid
\ i hydrophobic core. Pro 6 is highly conserved in all the known
P | ! P 3 P . . LT )
‘N ) ¢ ) neuronalx-conotoxins and occupies the helix-initiator posi-
R, |- oP, oP, M tion, stabilizing the helix and promoting regular secondary
oG, oC | w oCy |w, oC, structure. Furthermore, Asp 5 in Iml and Epl and Asn 5 in
oA, oA, | Y, oA, |-), oH, |. MII function as helix-stabilizing N-caps. Additional features
/ Al L,|- L, must therefore confer specificity in these molecules. Within
N / S ; E the conserved disulfide framework characteristic of the
\ = -/ = o-conotoxins the loop length is a principal factor determining
Wi oNi 3 *Ni 3 H, the overall fold of the molecule. Loop sizes of three residues
P, oP, oS, in the first loop and five in the second (3,5-type) are typically
R, D, D, N, found in the known muscle-specific-conotoxins, whereas
v v L loop sizes of four residue.s in the firstlloop and seven in the
. .C"‘ .C" .c” second (4,7-type) are typically found in the known neuronal

specifica-conotoxins. Exceptions to this rule exist, however,

FiGURE 6: Schematic comparison of structural features found in as the muscle-specific El has 4,7-type loops and the neuronal-
a-conotoxins Iml, PnlA, PniB, and MIl. The sequences are gpecific Iml has 4,3-type loops. Overall electrostatic charge

presented from top to bottom; residues with charged side chains . . - e
are in bold print, and helices are indicated by boxes. Backbone has also been implicated as a factor determining specificity,

backbone hydrogen bonds are represented by arrows pointing fromWith Fhe muscle-specific-conotoxins genergl_ly exhibiting
the donor residue to the acceptor residue. Tigd8lical Q' —HN;3 positive net charges and the neuronal-specifimonotoxins
hydrogen bonds are shown on the left of the individual sequences; exhibiting neutral or negative net charg@)( Again, Iml

all others are shown on the right. Hydrogen bonds between ; i i ifinati i
backbone and side chain atoms are identified by arrows with dashedIS an exception to this classification, with a clea? net

lines. Filled circles indicate residues with low relative solvent charge. . .
accessibility €33%), and open circles indicate residues with  For Iml in particular, Asp 5, Pro 6, Arg 7, and Trp 10
intermediate solvent accessibility (380%). Sequence alignment  have been shown by analysis of conservative mutations to
is as described in the text. be important for binding affinity tax7 receptors8). The
charged side chain in the second loop; since Glu 11 of Mll three-dime_nsional structure of ImI i_n_dicates that Asp 5and
occurs earlier in the sequence than Asp 14 of PniA and Pni, Pr0 6 function as N-cap and helix-initiator, respectively; thus
the negative charge is located on the top rather than thetn€ir contribution to binding may be due to their distinct
bottom surface. The structure of Mil was solved at low pH structural roles r_ather than to direct interactions with the
and therefore shows two additional positively charged receptor as previously proposegh]. In the case of Asp 5,
histidine side chains; however, the protonation state of the the r)ggatlve surface charge may also be of consequence. The
imidazole rings at physiological pH is unknown. With the S|gn|f|c_ance of the N-cap af‘d Pro .6 S.UQQEStS that the
possible exception of MII, the back sides of all four toxins fqrm_atmn of the second_ helical region is important f_or
are largely hydrophobic (Figure 3b). The amino acid PInding. As aresult of helix formation, Arg 7.and Trp 10 in
sequence of Epl is identical in the first loop to that of Im| IM! @nd the residues at positions 10 and 11 in PnIA, PniB,
and is very similar in the second loop to that of PnIA and MI!, and Epl are solvent exposed, whereas Cys 8 and the
PnIB. The fold and shape of Epl, as well as the electrostatic feS'd%Jes_ at position 9 in all five molecules are burlgd,
charge in the second loop, are thus very similar to those of CONtributing to the core (Figure 6). These solvent-accessible
PnIA and PniB 22), while the conformation and surface @mino acid side chains may be directly involved in interac-
potential in the first loop are like that of Iml. tions with the receptor. Indeed, the side chains of Arg 7 and
Trp 10 significantly affect Iml binding affinity §8). More-
over, residues 10 and 11 represent the only sequence
differences between PnlA and PnIB, which target different
o-Conotoxin Iml, the smallest knowa-conotoxin, is a NAChR subtypes, indicating that this region may be critical
potent antagonist of the7 subtype of neuronal nAChRs. for binding specificity as well as affinity. This impression
As such, it is a powerful biological tool which may be used is supported by the observation that a single amino acid
to probe the complex architecture of the ligand-gated ion mutation of Ala 10 in PnlIA to the Leu 10 found in PnIB
channel and possibly to control the functional contributions shifts PnlA specificity to that of PnIB69). Although Trp
of certain NAChR subtypes. Iml is also an excellent example 10 of Iml does not correspond exactly to residues 10 and 11
of a minimal functional protein and may stand as a paradigm in the other four toxins, it is located on approximately the
for small subtype-specific ligands. Elucidation of the struc- same face of the molecule (Figure 3a) and may contribute
tural features contributing to Iml binding to the nAChR will ~ similarly to specificity.
give insight into the requirements for a minimal structure = The comparison of the structure of Iml to those of Epl,
and may be useful for structure-based design. The three-Mll, PnlA, and PnIB highlights several features. First, it does
dimensional structure of Iml and comparison to the structures not appear that the charged residues themselves determine

DISCUSSION
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binding specificity in the neuronat-conotoxins, nor does

it appear that a different loop size alone precludes a certain
activity or specificity. Formation of the second helical region,
however, does seem to be critical for binding affinity and
specificity. Additionally, the deep cleft in the second
subdomain of Iml, filled by either Tyr or Leu residues in
the other four neuronad-conotoxins, may be important.
Nonetheless, the specificity of tlreconotoxins for various
neuronal NAChR subtypes cannot be explained conclusively
by their particular structural features. The relatively high
sequence and conformational diversity found within a class
of conotoxins such as the-conotoxins likely derives from
the high diversity found in the genus, which has undergone
very rapid recent speciatior@), and is influenced by the
multiple biotic interactions of eacBonusspecies?). It may

well be that each individuak-conotoxin, while binding to
the same macrosite on the receptor and eliciting the same
pharmacological effect, interacts with a unique subset of
microsites within that regior7(l). We have described specific
conserved and variable structural features of the neuronal
o-conotoxins which are important for activity. Further
establishment of structureactivity relationships for this
family of conotoxins will require a combination of this
knowledge with more extensive structural characterization
of the target sites on the neuronal nAChRs themselves.
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