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ABSTRACT: The three-dimensional solution conformation of an 11-residue antitoxic analogueooiotoxin

Gl, des-Glul-[Cys3Ala]-des-Cys13-conotoxin GI (CANPACGRHY SNitesignated “Gl-15" henceforth),

has been determined using two-dimensioaNMR spectroscopy. The disulfide loop region #6C)

and the C-terminal tail (8R11S) are connected by a flexible hinge formed near 7G, and the pairwise
backbone rmsds for the former and the latter are 0.58 and 0.65 A, respectively. Superpositioning GI-15
with the structure oéi-conotoxin Gl shows that the two share an essentially identical fold in the common
first disulfide loop region (1&6C). However, the absence of the second disulfide loop in GI-15 results

in segmental motion of the C-terminal half, causing the key receptor subtype selectivity residue 8R (Arg9
in o-conotoxin Gl) to lose its native spatial orientation. The combined features of structural equivalence
in the disulfide loop and a mobile C-terminal tail appear to be responsible for the activity of GI-15 as a
competitive antagonist against native toxin. Electrostatic surface potential comparisons of the first disulfide
region of GI-15 with othem-conotoxins or receptor-bound states of acetylcholine @abocurarine

show a common protruding surface that may serve as the minimal binding determinant for the
neuromuscular acetylcholine receptoi-subunit. On the basis of the originaCbnustoxin macrosite
model” [Olivera, B. M., Rivier, J., Scott, J. K., Hillyard, D. R., and Cruz, L. J. (1991Biol. Chem. 266
1923-1936], we propose a revised binding model which incorporates these results.

Conotoxins are venomous peptides naturally synthesizedpatterns (Table 1), their specificities and binding affinities
by marine snails of the gen@onus(1—3), and are currently  toward various NAChR subtypes differ widely. Differential
widely used as tools for studying ligandeceptor interac-  binding may be directed toward certain NAChR subunit
tions in various neuromuscular and neuronal receptors andinterfaces or toward nAChRs originating from different
ion-gated channels4). The a-conotoxins form a distinct  yertebrate organisms or even different subtypes within one
group of_sgch pept|des_, and are known to selectively |nh|b|t organism such as neuromusculanypB1yd or (a1)zB:€d]
the mcoumc acetylcholine rec_eptor (nAChRife predomi- or neuronal [6s)2(82)s or (0w)s] (9). For instance, while
nant excitatory neurotransmitter receptor on muscles and  _.otoxin GI and M preferentially target tHEorpedo
nerves in Fhe perl'pheral nervous system_(reweyved in refs californica oy-/y subunit interface X0), a-conotoxin El
5—7). Peptides which belong to tleeconotoxin family share . . -

IS, .= preferentially binds to theny/d subunit interface of the
a common two-disulfide bond framework, where the disulfide i D But | i le NAChRS. th
linkages are between the first and third cysteine residues,[)e_cg_p or lf)' ut I mammatian muscde : S, e
and the second and fourth cysteine residues (Tabla, B).( inding preference ofi-conotoxins Gl and MI reverses to
Although thea-conotoxins can be grouped into subfamilies the ay/0 subunit interface, whereasconotoxin El does not

on the basis of sequence homology and disulfide bonding exhibit any particular binding preference in this case.
Separatelyg-conotoxin Ml selectively blocks mammalian
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Ministry of Science and Technology, Korea. K.H.M. is a Korea Science cqunterpart12). as doesi-conotoxin PnlA (3). Clearly. a
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£The atomic coordinates for the 30 converged structures of des- d€talled Structural comparison orf tnes€onotoxins wou

Glul-[Cys3Ala]-des-Cys18-conotoxin Gl (GI-15) have been depos- be highly valuable as small differences a-conotoxin

ited in the Protein Data Bank, The Research Collaboratory for Structural ;

Bioinformatics, http://www.rcsb.org/pdb/, under file name 1QS3. sequence and Strucmr.e appear to be correlated with the
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! Abbreviations: ACh, acetylcholine; nAChR, nicotinic acetylcholine Of all the a-ponotoxms knov_vn to dat&l'conom_xm Gl
receptor; TCg-tubocurarine; NOE, nuclear Overhauser effect; MALDI- has been studied most extensively as a prototypic example.
TOF, matrix-assisted laser desorption ionization tlme-of'ﬂlght, CSI, |n addr“on to be|ng the f|rst Conotox|n Whose NMR Solutlon
chemical shift index; rMD, restrained molecular dynamics; SA, d ined . | |
simulated annealingTy, spin—lattice relaxation timeT, spin—spin structure was eterm'_ne among any ‘_:O.H.Otoxlm molecules
relaxation time. (14, 15), several studies including its initial biochemical
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Table 1: Amino Acid Sequences of Selected Neuromuscular and that distinguistu-conotoxin Gl from its competitive antago-

Neuronal nAChR-Targeting Conotoxins nist GI-15. Equally interesting would be identifying any
common features between GI-15 andonotoxin Gl, as both
a-Conotoxin Amino Acid Sequence © References possess the ability to competitively bind the receptor. In the

study presented here, a three-dimensional structure of GI-
15 using!H two-dimensional spectroscopy combined with
distance geometry, full relaxation matrix analysis, and

GL ECC NPAC GRHYS C* 16

simulated annealing is reported in an effort to address these
M GRCC HPAC GKNYS C* 28 questions. Inspection of the regions hypothesized to bind the
o-subunit among othea-conotoxin molecules and other
St 1cc NPaC GPKYS c* = small molecule ligands will show a possible common
- RDOCCYHPTCNMSNPOICH i structural binding surface. Finally, a revised macrosite ligand
binding model for NAChR incorporating this putative com-
MO GCCSNPVCHLEHSNLC* 12 mon a;-subunit binding region is presented in comparison
with the original ‘Conustoxin macrosite model”3, 4).
PnlA GCCSLPPCAANNPDYC* 13
EXPERIMENTAL PROCEDURES
Analog CA NPAC GRHYS* 4,30 .
G5 — Peptide Synthesis, Disulfide Bridge Formation, and Pu-

rification. GI-15 was synthesized on an Applied Biosystems/
Perkin-Elmer 432A Synergy Peptide Synthesizer using
| FastMoc cycles (HBTU/piperidine activation, DMF/NMP/
aA-PIVA  GCCGSYPNAACHPCSCK DROSYCGQ* 3 DMSO as the coupling solvent) and Synergy Fmoc-Amide
resin. The peptide was cleaved by adding 1.8 mL of
trifluoroacetic acid (TFA) with 0.1 mL of 1,2-ethanedithiol
" , , — (EDT) and 0.1 mL of thioanisole as scavengers for 1 h, and
tranm(—ah;jrtggjgrc;jlii?tes an amidated C-terminus, and O denotes, precipitated with 15 mL of methytert-butyl ether
(MTBE) at 4 °C and centrifugation at 2060 The MTBE
- o hing was repeated three more times, and the peptide was
characterization1(6), determination of the X-ray structure washin , : ) ;
(17), disulfide bridge formation studiedg—20), and high-  Sclubilized with 20% acetic acid. The pH of the peptide
resolution NMR structure studiel, 22) have yielded solution was increased to 8.5 with NBH and t_he mixture
information that assists in defining structutinction rela- slowly .stlrred atroom temperature to permit d|§ulf|de bndge
tionships between the-conotoxins and the nAChR. In formation. The progress of folding was monitored with a
particular, the three-dimensional structures of conotoxin Gl Vydac 214TP52 reversed-phase HPLC column (2.1 sm

- 250 mm, C4, 5um particle and 300 A pore sizes, respec-
14,15, 17, 21, 22) and othei- t h as Mi ) ) . . i
(14,15, 17, 21, 22) and othexx-conotoxins such as 23 tively), using a linear gradient of 5 to 30% GEN in 0.1%
24), PnlA (25), PnIB 26), and aA-conotoxin PIVA 7) TEA. Al tively. the d in the hvdrod ic vol
have provided valuable structure-based insights to the - Altérnatively, the decrease In the hydrodynamic volume

understanding of receptofigand interactions. Site-specific of the dlsulfldg—formed peptide was observed using a
mutagenesis ofa-conotoxins designed to identify key S“'“?“’@‘ Peptide HR 10/30 (10 mm30 cm, Pharmacia)
determinant residues responsible for binding eithertiie gel filtration column.
subunit oraw/d subunit interface offers an additional way ~ Purification of the peptide was performed using preparative
of distinguishing important residues or regions for binding reversed-phase HPLC. A Kromasil KR-100-10-C8 (10 mm
(33-35). For example, using site-specifically replaced * 250 mm, C8, 1qum, 100 A, Akzo Nobel) column was
residues of Gl and SI, His10 and particularly Arg9 were Used, with a linear gradient of 10 to 20% GEN in 0.1%
found to be involved in the discrimination betweg.nand TFA over 20 column volumes. The fractionated peak was
d-subunit affinities 84, 35). checked for purity using a Vydac 218TP52 RP-HPLC
With regard to characterizing the structural determinants column (2.1 mmx 250 mm, C8, &m, 300 A) with a linear
for binding the invariantu;-subunit present in all neuro- gradient of 5 to 25% CECN in 0. % TFA. The final
muscular NnAChRSs, a discussiof) @bout the development ~ collection of sample was approximately 5 mg which was
of synthetic analogues of-conotoxin GI @0, 36) prompted ~ more than 95% pure. MALDI-TOF mass spectrometry
us to consider GI-15 (termed “ana|og 15” in ré): as a analyses US|ng Clnnaplnlc acid as matrix on a KompaCt
candidate worthy of high-resolution structural study (Table Research MALDI IV instrument (Kratos Analytical) con-
1). All of the reported analogues were based on the commonfirmed the identities of the synthesized peptide.
template of des-Glul-conotoxin Gl, as the deletion of Glul ~ NMR ExperimentsSamples for NMR studies were pre-
has a negligible effect on the toxicity of conotoxin GIO( pared in 90% KHO/10%2H,0 or 100%?H,0 at pH 3.8 with
37). Of these analogues, GI-15 was particularly interesting a final sample concentration of 5 mM. NMR experiments
due to its “antitoxic” property, the ability to antagonize lethal were performed in a phase-sensitive mo@8) (using a
dosages of des-Glul-conotoxin G30( 36). In contrast, a Varian UNITY 500 or UNITY INOVA 600 spectrometer at
single-site substitution of GI-15 (Gly8- p-Ala; designated 4, 14, and 24C to obtain unambiguous resonance assign-
GI-16) reversed the antitoxic effect of GI-15, resulting in a ment. Solvent suppression was carried out using selective,
weakly toxic peptide4, 36). In light of these pharmacologi-  low-power (field strength of approximately 55 Hz) irradiation
cal data, there appear to be important structural determinantof the water resonance during a relaxation delay of 1.5 s.

oA-EIVA GCCGPYONAACHOCGCKVGROOYCDROSGG* 32
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Solvent suppression was also applied during the mixing parameters were default values except for the initial energy
period for the NOESY39) or ROESY @0, 41) experiments. setting (800 kcal/mol) and the number of steps of simulated
All peaks were referenced to a residual water signal (4.76 annealing (10 000), with the step size being 2.0 ps. Full
ppm at 25°C). Mixing times of 156-500 ms for NOESY relaxation matrix analysis using MARDIGRAS version 3.2
and 156-320 ms for ROESY were used. For TOCSY (50, 51) was performed with DGII-generated structures as
experiments42), an 85 ms mixing time was employed. In initial model structures. The three-site jump model for intra-
addition, a total of eightJunna coupling constants for the  and inter-residue distances was chosen, and the noise level
backbone torsion angle was measured from phase-sensitivavas estimated to be 50% of the unnormalized absolute value
DQF-COSY experimentgl@). Also, a PE-COSY experiment  of the smallest peak. The estimated rotational correlation time
(44) was performed in 100%H,0 to measurél,s coupling of 2.0 ns fora-conotoxin Gl 2) was used as the input value.
constants, which were used in conjunction withdkgeNOEs Structures were refined through restrained molecular
to providey? torsion angles. A typical two-dimensional data dynamics (rMD) calculations using Discover 2.9.7 (Biosym/
set consisted of 2048 complex points in thedimension MSI) and Insight Il 97.0. A simulated annealing (SA)
and 256 complex; increments. schedule based on well-established protoc&@g) (was
Backbone dynamics of GI-15 were studied by measuring generated. The 68 ps protocol consisted of dynamics at 1000
natural abundanc&C, relaxation times using the Varian K (50 ps), followed by gradual temperature cooling from
ProteinPack gradient HSQC pulse sequeng®.(Seven 1000 to 300 K (incremental temperature decrease of 100 K
different relaxation delays ranging from 5 to 485 ms Ter each over 18 ps) with staggered geometric increases of force
and from 5 to 230 ms foF, were used except for measuring constants for NOE, covalent, and nonbonding interactions.
relaxation times of 7G where shorter relaxation periods of During the final dynamics step at 300 K and subsequent
5—245 ms forT; and 5-95 ms forT, were employed. The  minimization steps, a modified restraint file with decreased
resonance assignment 8C, was achieved using a two- force constants for side chain interproton distances was used
dimensional HSQC-TOCSY experime#tf) and the results  to allow further conformational dynamics. Energy minimiza-
of *H resonance assignmefit, and T, values were deter-  tion was performed twice, first with a quartic potential and
mined by fitting measured peak heights to single-exponential then with a Lennard-Jones nonbonded potential. The van der
decay curves using Kaleidagraph version 2.1.3 (Abelbeck Waals radius was initially set to 0.825, and then increased
Software). Data acquisition, sequential assignments, andto 1.00 during the final minimization steps. A total of 100
spectral interpretation were performed on SPARCstation IPX SA rounds were run to sample sufficient conformational
or Ultra 1 Creator workstations (Sun Microsystems) running space.
VnmrX 6.1A software (Varian Associates, Inc.). Assessment of Structure Quality and Display of Structures
Computation of StructureSwo-dimensional NMR data  The R, andR, factors 63) were calculated using CORMA
were processed using the Felix 95.0 module of Insight Il version 5.2 %4) for the final ensemble of 30 structures. In
97.0 (Biosym/MSI) on Indigd xL or Indy workstations addition, the stereochemistry of the computed structures was
(Silicon Graphics). NOE interproton distance constraints were analyzed with PROCHECK version 3.55). The three-
derived primarily from the NOESY spectrum recorded at 4 dimensional display of structures was performed using either
°C with a mixing time of 150 ms. Prior to Fourier Insight 1l 97.0 (Biosym/MSI) or GRASP version 1.3.56).
transformation, FIDs were reconstructed using linear predic- Generation of nAChR-Bound ACh and TC Structures
tion, apodized with a 75sine-bell window function in both  Three-dimensional structures of acetylcholine (ACh) and
dimensions, and baseline corrected using the FLATT algo- d-tubocurarine (TC) bound to the nAChR or #td484—200
rithm (47). NOE cross-peak volumes were measured with fragment were generated using the previously reported
Felix 95.0 and converted into upper bounds of interproton structures and interproton distanceS7,( 58). A two-
distances, using a distance of 1.8 A as a reference fordimensional model of TC was initially built using the Builder
nonoverlapping gemingl-proton cross-peaks. To allow for  module of Insight 97.0 (Biosym/MSI), followed by genera-
volume integration errors and possible conformational av- tion of the preliminary three-dimensional structure using
eraging, 0.5 A additions to constraints involving only DGII. The initial energy setting was 3000 kcal/mol; the
backbone protons, and 1.0 A for cases where at least onenumber of steps for simulated annealing was 10 000, and
side chain proton existed, were performed. Additional the step size was 2.0 ps. The resulting structure was visually
allowances for pseudoatoms and pseudoatom pairs weradentical to the previously reported on&gj, including the
given, ranging from 1.5 to 2.5 A. In addition to the presence of severely distorted aromatic rings. To alleviate
interproton distance restraints, dihedral angle restraintsthese structural abnormalities, a restrained energy minimiza-
measured fromPJunne and 3J.s coupling constants were  tion calculation was performed on the DGIll-generated
included for structure calculations. A total of 108 distance structure. Interproton distance restraints that were not
constraints, including nine medium-range constraints and onedramatically affected by the free-to-bound conformational
long-range constraint, together with twoconstraints and  rearrangement of TC were modified to accommodate further
oney! torsion angle constraint were used for the computation distance violations. The minimization protocol involved an
of structures. alternate application of steepest descent and conjugate
The preliminary structures were generated using the DGII gradient methods for a total of 30 000 steps. The total energy
distance geometry packag#g] included in the NMRchitect  values decreased from an initial value of 7001 kcal/mol to a
module of Insight Il 97.0. An extended molecule with one final value of 829.6 kcal/mol, and all of the aromatic rings
disulfide bridge and a formal charge ©f83 was constructed appeared to be free of distortions. The three-dimensional
using the potentials and partial charges provided by the structure of bound ACh was generated on the basis of the
consistent valence force field (CVFF9). For DGill, all intact NAChR-bound ACh daté&).
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FicUre 1: Portion of the 500 MHz two-dimensional NOESY NMR  @bove, no indication, and below the horizontal line, respectively.
spectrum of 5 mM des-Glul-[Cys3Ala]-des-Cys13-conotoxin Gl

(GI-15) obtained with a mixing time of 150 ms in 90%®10% is evident that due to the absence of long-range NOE
?H20 at pH 3.8 and 4C. Thed,y NOE cross-peaks are connected yastraints between the disulfide loop and the C-terminal tail,

by lines, and the residues are labeled along their amide NH . .
resonances. The presence of the 4P residue results in a broked'€ WO regions of the molecule are structurally independent

connectivity between 3N and 5A. from each other, separated by a hinge near 7G. Segmental
motion of the C-terminal tail relative to the disulfide loop
RESULTS appears to exist (see below) even though full rotational

Resonance Assignmefithe complete'H resonance as- ~ freedom around 7G is not allowed as the intraresidu7)
signment for GI-15 was achieved in a straightforward manner distance and the sequenti(7,8)dwn(7,8) distances are
using DQF-COSY, TOCSY, and NOESY/ROESY spectra strongly dependent upon one another. Despite torsional
following the standard sequential assignment procedigie (  freedom near the hinge (Figure 3), the values obtained from
To prevent confusion between residue numbering of the @ngular order parameter analysis show relatively good
native conotoxin sequences (Table 1) and the N-terminal des-internal agreement among the structures (Figure 4). As a
Glul ana|ogue5, we will use the three-letter amino acid reSUlt, the pairWise rmsds among the 30 final structures are
residue notation for the nativeconotoxin Gl sequence (e.g., duite reasonable if the disulfide loop (+®8C) and the
Cys2-Cys7 disulfide loop). On the other hand, one-letter C-terminal tail (7G-11S) are compared separately (Figure
amino acid symbols will be exclusively used for the sequence 3) €ven though the overall rmsd for the entire GI-15 ensemble
numbering of the analogues starting from the N-terminal is relatively large (Table 2). The fact that the heavy atom
cysteine residue (e.g., HBC disulfide loop). Unambiguous ~ rmsd for the C-terminal tail is relatively poor (2.10 A) in
assignment of some amino acids such as 8R and 9H wascontrast to the backbone rmsd value (0.645 A) suggests that
immediately possible by taking advantage of characteristic the side chain orientations of the C-terminal region are
back-transfer cross-peaks. Once the individual spin systemg'elatively disordered. The mobilities of the side chain
were classified according to the spin systems along the NH orientations of Arg9 and His10 have been noticed in the
resonances, sequential NOE cross-peaks were used to finalizMR structure ofa-conotoxin Gl as well 21).
the assignment. Figure 1 shows the fingerprint region of the  An interesting feature appears to be the occurrence of a
150 ms mixing time NOESY spectrum of GI-15 at°€, subgroup of GI-15 structures (four out of the 30 final
and Figure 2 is a summary of sequential and medium-rangestructures) that have their C-terminal tails in close proximity
NOEs used for resonance assignment along Rt with the N-terminal residues (Figure 3a). Because GI-15
values and the chemical shift indices (CSI6P)( Except  lacks the second disulfide bridge (CysGys13), the fact
for resonance overlap between sequerdigl NOE peaks  that the C-terminal end is able to wrap itself toward the

for 7G, 10Y, and 11S with the intraresidagy(10), all of N-terminal residues was somewhat unexpected. However,
the sequential NOEs were clearly resolved atGt The as noted in Table 2, the total energies of the individual
intraresidued,n(3) cross-peak and the sequentigh(3,4) structures within the computed ensemble are quite similar,

cross-peak could not be observed at@ due to solvent sgggesting that conformational heterogeneity is indeed pos-
suppression, but were unambiguously detected at 14 and 24&ible.

°C to show that the 3N4P peptide bond was in theans Backbone Dynamics of GI-1%0 gain better insight into
configuration. In addition, a small number of minor cross- the observed segmental motion of the C-terminal tail relative
peaks involving 7G, 8R, and 10Y were observed. to the disulfide loop, natural abundané®¥, T, and T,

Description of Structured-igure 3 shows the superposition relaxation times were determined for 10 out of the 11
of a final ensemble of 30 structures calculated after simulatedresidues of GI-15. At 4C the H, of 3N resonates close to
annealing refinement. Pairwise superpositioning was per-water resonance, preventing measurement of its relaxation
formed using two different regions of the peptide, one on times.T; values are sensitive to motions on the scale 810
the disulfide loop (1&-6C) and another for residues #G 10* s7%, while T, values are sensitive to dynamics on the
11S, as shown in panels a and b of Figure 3, respectively. It 10°>-10° s* scale 61). As summarized in Figure 5, thg



NMR Structure of an Antitoxiax-Conotoxin Gl Analogue Biochemistry, Vol. 38, No. 37, 19991899

(b)

Ser 11 Ser 11

Ficure 3: Stereoviews of the 30 final structures of GI-15 superimposed over the backbone atonts Q\,abd O) of (a) residues—16
and (b) residues-#11. Residues 16 are not shown in panel b. Selected residues are labeled.

and especiallyT, relaxation times increase progressively 21), toxin activity (19), and subunit selectivity ai-conotoxin
as one moves away from 7G. Such a trend is particularly GI (21). As noted above, a small subgroup populatiei@%
notable for the C-terminal tail, whereas the relaxation times within the ensemble) of GI-15 structures have their C-
remain similar for all residues within the disulfide loop. The terminal tails in close proximity with the N-terminal residues
data suggest that the backbone dynamics of GI-15 point to (Figure 3a), suggesting that a nativeconotoxin Gl-like fold
conformational flexibility involving segmental motion of the may be possible for GI-15. In fact, the side chain of the

C-terminal tail centered near 7G. receptor-binding residue Arg9 points in the opposite direction
with respect to that oft-conotoxin Gl (Figure 6). This is
DISCUSSION also the case when comparing GI-15 with te€onotoxin

Structural Comparison withe-Conotoxin Gl Figure 6 Gl NMR solution structure ensembl@1), where Arg9 is

shows ribbon diagrams of three representative structures fromparticularly Shf?W” to be mOb'lf'- GI-15 therefore seems to
the GI-15 ensemble (Figure 3a) superimposed with the X-ray Nave lost the “selectivity face"2(), a region of residues
structure ofa-conotoxin Gl ((7) (Protein Data Bank file known to target the nony subunit interface of the nAChR.
name 1NOT) along the backbone of the Cy§/s7 disulfide In vitro activity and in vivo antagonistic activity assays
loop. The backbone and heavy atom rmsds of superpositionedPn the six-residue disulfide-looped analogue Cys2-Ala3-
residues comprising the CysZys7 disulfide loop are 0.880  Asn4-Pro5-Alaé-Cys7-Nk(*analog 11" from ref36) dem-
and 1.270 A, respectively, indicating a high degree of onstrated neither toxic nor antitoxic activity, indicating that
structural equivalence between GI-15 amaonotoxin Gl the N-terminal disulfide loop alone cannot inhibit the toxin’s
in this region. Superpositioning the representative structuresaction @6). It is when successive-conotoxin Gl residues
of GI-15 with the recently determined NMR solution are attached to the N-terminal (Gly8, then Arg9, then His10,
structure 21) (Protein Data Bank file name 1XGA) results etc.) that the fraction of antitoxic activity increases, finally
in similar agreement (data not shown). Therefore, the absencg€aching its maximum with the structure of GI-1). Thus,
of the second disulfide bond (Cys&ys13), which confor- segmental mobility notwithstanding, the C-terminal tail
mationally restricts the C-terminal end ofconotoxin GI ~ appears to contribute to the antitoxic activity of GI-15 in
and additionally provides long-range interactions such as Some yet-undetermined way. In light of the facts that
Cys2-Ser12 and GlutCys13 hydrogen bondind.{), does o-conotoxins are rigid three-dimensional scaffolds stabilized
not appear to influence the local conformation of the Gys2 by disulfide bridges, and that each has a small but distinct
Cys7 loop. number of variable residues that confer species and receptor
In contrast, when the 7611S backbone is superimposed Subtype selectivity4), preserving the first disulfide loop
with the corresponding Gly8Ser12 segment in the X-ray ~ While allowing flexibility for toxicity-conferring residues may
structure of-conotoxin Gl, the rmsd amounts to a relatively be a viable solution for obtaining antitoxic properties
high value of 1.627 A. The same superpositioning of this otherwise difficult within a given ligand-binding pocket.
region between GI-15 and the NMR structurexe€onotoxin Identification of a Common Binding Surface among
Gl (21) is similarly high (1.659 A), confirming the role of ~ Various Ligands The CC(N/H)PAC motif is commonly
the Cys3-Cys13 disulfide bridge on the backbone foldr7( found in all members of thet-conotoxin o3/5 subfamily
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(a) 6.0 Table 2: NMR Structure Determination Statistics of GI-15 for an
z i-g 1 Ensemble of 30 Structures
0O 3.0 rms deviations from experimental restraints
g 20 ] interproton distances (A) 0.05860.003
€ 10] maximum NOE violation (A) 1.039
0.0 - maximum torsional angle violation (deg) 0.12
3 4 5§ 6 7 8 9 10 11 energies
mean total energy (kcal/mol) 172.1#42.51
1.0 - mean constraint violation energy (kcal/mol) 662.95
(b) 0.8 Ramachandran plot statistics
] no. of residues in the most favored region (%) 54.9
s %8 no. of residues in additionally allowed region (%) 44.0
; 0.4 no. of residues in generously allowed region (%) 11
0.2 no. of residues in disallowed region (%) 0.0
0.0 ensembleR factor®
3 45 6 7 8 9 1 11 Ra 0.527+ 0.026
Ry 0.138+ 0.005
rms deviations from the average structure
(©) 104 disulfide loop (1-6)
084 backbone atonitheavy atoms (A) 0.580/0.987
< 06 - C-terminal tail (7~11)
c\o’ 0.4 4 backbone atoms/heavy atoms (A) 0.645/2.100
0.2 4 entire chain (+11)
0.0 . backbone atoms/heavy atoms (A) 1.929/2.869
3 4 5 6 7 8 9 10 11 aValues where applicable are meahstandard deviationg.R, and
Ry, values are computed as defined by Thomas e8). ¢ Backbone
1.0 - atoms are € N, C, and O.
d) o)
e 06 -
= o8 (a) (b)
@ 0.2 4 . 05 0.5
0.0 - T T 04 0.4

1 2 3 4

5 6 7 8 9 10 11 T o3 03 15

Lz —

. ~ 0

Residue Number < 02 °z 8
01 0.1

Ficure 4: Plots as a function of residue number of (a) the average
rmsd for the backbone heavy atoms when superimposed over 00 0.0
residues +6 and (b-d) the angular order parameters for the 1028 N 4P S BC TG 8R SHIOVTIS - 1C 2R 3 4P SA B¢ TG &R on1OYIIS
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Ficure 5: Plots of backbone (a); and (b)T, 13C, relaxation times

(Table 1) @). On the basis of the cumulative data, the CC(N/ against the sequence of GI-15. THE, relaxation times for 3N
. . . could not be measured because theresonates too close to the

H)PAC motif of thea3/5 subfamily has been hypothesized | ater resonance.
to bind theoy-subunit of the nAChRZ1). A recent high-
resolution NMR structural study ef-conotoxin El (K. Han,  charged acetyl oxygen aton7j. The solution conformation
unpublished results), which preferentially targets the neu- of TC bound to thex-subunit 184-200 fragment of nAChR
romuscular NAChRxy/6 subunit interface but belongs to the has also been studied using transferred N&d. Extensive
a 4/7 subfamily instead of the3/5 subfamily, suggests the  conformational change is observed upon binding to the
homologously positioned His7-Pro8-Thr9 segment (Table 1) receptor fragment, resulting in a positively charged hydro-
to be the putativey-subunit binding region even in thet/7 phobic segment formed by the quaternary ammonium methyl
subfamily. Another-conotoxin subfamily known as theA- groups, with dimensions similar to those of the bound ACh
conotoxins, though possessing a completely different disul- structure.
fide bridge framework (Table 1), attacks bath'y andau/o In Figure 7, we show electrostatic potential surfaces
subunit interfaces of the neuromuscular nACIE2)( The generated by GRASPS6) for ACh and TC (both receptor-
common structural features among theandoA-conotoxins bound states), the-conotoxins Gl, GI-15, and El andA-
responsible for binding to the invariant NAChR-subunit  conotoxin PIVA to elucidate potentially similar structural
has yet to be established. regions. The electrostatic potential surface of the heat-stable

Equally important when probing the neuromuscular nAChR enterotoxin (ST) Mpr-ST,(5—17) (62) is also shown, as the
binding site should be structural comparisons of the confor- CC(N/H)PAC sequence is present in this peptide as @&l (
mations of ligands other than tle or aA-conotoxins such For the cases of the-conotoxins and enterotoxin, a common
as ACh and TC, a strong antagonist of the nAChR frequently weakly positively charged hydrophobic surface consisting
used in probing ligandnAChR interactions. The solution of two protruding lobes interacting at right angles is
conformations of ACh bound to the whole californica generated by adjacent or nearby Pro and Ala/Thr residues.
NAChR (7) or alternatively to theoy-subunit fragment  The horizontal lobe, formed by the Ala/Thr residue, is
consisting of residues 18400 68) have been studied using  positioned slightly underneath the vertical lobe, which is the
two-dimensional NMR. In both cases, ACh adopts a con- Pro side chain. The indicated Pro and Ala/Thr residues are
formation where the quaternary ammonium methyl groups all present within the putative CC(N/H)P(A/T)&-subunit
form a hydrophobic surface separated from negatively binding consensus sequence (Table 1), with the exception
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Ficure 6: Stereoview ribbon diagrams of the backbone of three representative GI-15 structures (green, red, and purple) and the X-ray

structure ofa-conotoxin Gl (yellow, PDB file name 1NOTL7). Superimposition was achieved along the Cy€3s7 disulfide loop of
a-conotoxin Gl against the (1:66C) loop in GI-15. The side chains of the Arg9 residue are shown.
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FiGUurRe 7: Electrostatic surface potential representations of ACh,
TC, a-conotoxins Gl and GI-15, ElgA-conotoxin PIVA, and
enterotoxin Mpf-ST,(5—17). The structures are oriented so that
the putative commor,-subunit binding surface, which is com-

PIVA

prised of two lobes joined at right angles and the pocket surface

formed by them, can be directly viewed. The protruding common
surfaces are aligned horizontally to aid in visual identification.

The putativen;-subunit binding surface can also be found
in the small molecule ligands ACh and TC, despite their
marked size difference from the or aA-conotoxins. Due
to the smaller total surface area of ACh and TC, the
calculated electrostatic potential surrounding the two lobes
appears to be slightly more positive than those in the peptide
toxins. Nevertheless, the spatial orientation of the two lobes
in ACh and TC is the same as in tleconotoxins. Such
specific orientation of the two lobes could be observed only
in the three-dimensional structures of the bound states of
ACh and TC b7, 58). The underlying vertexes that constitute
the protruding surface of ACh are one methyl group bound
to the quaternary nitrogen atom, one methylene group, and
the acetyl methyl group. In the case of TC, the “induced
cup shape”%8) of the molecule allows for a phenolic ring
carbon to serve as one vertex of the surface, while the
quaternary nitrogen methyl group and a methoxy group
comprise the other vertexes. In contrast, the same surface
for the peptidic ligands and enterotoxin results from the C
methyl/methylene group of Ala/Thr and theg @nd C, ring

Regions of the surface with electrostatic potentials greater than methylene groups of Pro. Not only do the surfaces appear

+15kT, equal to 0, and less thanl5kT are colored blue, white,

and red, respectively. The atomic charges were taken from the CVF

(49), and the calculations and generation of the diagram were
performed with GRASPHE). o.- andoA-conotoxin and enterotoxin
residues that constitute the putative binding surface are labeled.

of aA-conotoxin PIVA. Interestingly, the Pro5 and Ala6
residues are adjacent in sequence-iconotoxin Gl, GI-15,
and MpP-ST,(5—17), whereasi-conotoxin El has a Ala—~
Thr substitution. Furthermore, mA-conotoxin PIVA, Pro7

to be similar to one another, but the distance between the
Ala/Thr C; and Pro G atoms is also consistently 5-5.2 A
regardless of the identity of the ligand. The distance between
comparable vertexes of TC falls within this range at 6.0 A.
The distance between the acetyl methyl group and quaternary
nitrogen methyl group of ACh is slightly shorter, being 5.4
A. However, a distance of 5.7 A appears to be easily
achievable without large changes in conformational energy
due to the torsional freedom that is available for AGH)(

and Ala9 are separated by an additional residue. Hence, our - c5jcylation of electrostatic surface potentials with GRASP

analyses of the electrostatic potential surfaces show that th
putative common,-subunit binding motif need not originate
exactly from the CC(N/H)P(A/T)C sequence as long as the
Pro side chain is interacting with g@ossessing amino acid
residue within the given orientation. Biochemically, the

&56) shows that quaternary ammonium groups and their

attached methyl groups present in ACh and TC can take on
weakly positively charged hydrophobic surfaces similar to

that of the Ala/Thr and Pro side chains present in the CC(N/
H)P(A/T)C-like sequence ai- or aA-conotoxin. Hence, in

importance of the Pro side chain is further evidenced by the terms of shape, size, surface properties, and sequence for

complete loss of activity for the des-Glul-[Pro5Gty]-
conotoxin Gl B0, 36) and the [Pro6Glyl-conotoxin Ml
analogues 33). Despite the two intact native disulfide

the case of peptides, the common protruding surface found
for ACh, TC, ora- or aA-conotoxin appears to be very likely
to interact with a common region found on the-subunit

bridges, these analogues nevertheless fail to exhibit any toxicof the nAChR. Consistent with this finding is the previous

or antitoxic effects.

observation that interactions of TC, ACh, aneconotoxin
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(a)

Mok and Han

(b) (©) (d)

nAChR
Subunit v v Oq v Oq

Ficure 8: Revised schematic diagram of the original macrosite hypoth8gifol ligands binding to the neuromuscular nAChR. The
ligands are shown in black and are as follows: (a) ACh, (b) TCea{cpnotoxin Gl, and (d) GI-15. The agonist binding site is denoted with

the asterisk. The invariawnt;-subunit binding site is shared among all ligands, while the interaction with eithershbunit or the)-subunit

(not shown) depends on other binding determinants. The conumgnbunit binding surface is schematically shown as the round projection
existing in all ligands. The Arg9 residue afconotoxin Gl is shown as a four-sided projection interacting withTthealifornicaspecies
y-subunit, which, in GI-15 (d), is highly mobile and does not appear to make contact with the Arg9-binding sitg suthanit of NAChR.

The binding site for TC on the-subunit is shown separately, as experimental data suggest that the receptor residues responsible for
binding TC may be different from those of theeconotoxins 65, 66).

Y

MI with receptor os-subunit residues are mediated by amino acid sequence without creating any unforeseen
common residues such as Tyr190, Tyr198, and TyB8 (  substitution-induced effects.

64). The importance of satisfying all four factors, shape, size, An intuitive structural model describing interactions
surface property, and sequence, is evident when consideringhetween nAChR and-conotoxins, including the antitoxic
the case of the enterotoxin MpBT,(5—17), implicated in GI-15, called the “macrosite binding hypothesis model”, was
enterotoxicity 62). The distributions of positive and negative previously proposed when high-resolution structures.of
electrostatic surface potentials of Mi8T,(5—17) are clearly or aA-conotoxins that are now known were not available
different from those of the.- andaA-conotoxins, ACh, and (3, 4). This original model suggests that when a toxin is
TC. In addition, whereas an “armpit-like pocket” is clearly bound to nAChR the agonist-binding site would be blocked
formed by the perpendicular lobes of ACh, TC, andéhe  such that ACh is unable to reach its binding site. Antitoxin,
andoA-conotoxins, no appreciable pocket-like space is found by virtue of its different conformation, was hypothesized to

in the same region for MprST,(5—17). These structural
features seem to explain why MpBT,(5—17), having

not only physically block the toxin from binding in a
competitive fashion but also simultaneously permit unim-

surface contour and sequence similar to those of the peded binding of the endogenous ligand A@h Now, with
a-conotoxins, is not an antagonist for the neuromuscular the NMR structural information for the antitoxin GI-15 and

NAChR.

Revision of the “Macrosite Binding HypothesisNumer-
ous studies on the binding specificities betweenctlg and
ou/6 subunit interfaces of the neuromuscular nAChR have
shown a great deal of complexity among variausono-

the three-dimensional models of otleerandaA-conotoxins
and small molecule ligands, we are able to refine the original
model. Figure 8 is a schematic view of the common modes
of binding of the four ligands ACh, TGg-conotoxin Gl,
and GI-15 with thea;-subunit binding surface. The identi-

toxins. Interestingly, nonequivalent binding between the fication of a common binding surface suggests that a region
subunit interfaces has also been observed for the smallon theoy-subunit is shared among these ligands. As ACh is
antagonist molecules. For example, unlikgonotoxins Gl relatively smaller than the other ligands, the proposed
and MI, TC and dimethyt-tubocurarine prefer binding the  common binding surface in ACh must be the minimum
ay/y site to theay/d site in bothT. californicaand mouse ~ common denominator in terms of binding the-subunit.
muscle receptorseb, 66). This consistent subunit binding Binding of nAChR-targeting ligands other than ACh should
preference of overo of TC toward neuromuscular nAChRs  involve bothay-subunit and nom;-subunit.

regardless of its origin indicates that TC behaves differently  Further evidence supporting the revised model is as
from o-conotoxins Gl or MI in terms of the subunit follows. While most of the previously characterizeetono-
selectivity. Despite the above-mentioned differences, how- toxins and curare-type molecules exhibit preferential binding
ever, a common factor among these ligands is that they allfor one subunit interface over anothdrl{ 34, 35) such a
must interact with they-subunit interface of NAChR. Thus, preference is not observed for ACh or other agonists such
a comparison of the structural details of the ligands along as carbamylcholine, which are known to bind the two
with pharmacological data obtained with various site-directed different subunit interfaces with equal affinitied (In other
mutants should in principle provide us with the common words, any contribution of the nomr-subunit to the binding
structural features present in all ligands. The availability of of endogenous agonist appears to be minimal. Also, the
the solution structure of GI-15, which acts as a competitive cholinergic binding site, which has been deduced from
antagonist against-conotoxin Gl, becomes valuable in this  extensive receptor mutational studies, encompasses residues
aspect since in GI-15 only the “selectivity fac&1( 34, 35) 184—200 of theay-subunit of the NAChR&7). Hence, the

is effectively rendered inactive with minimal change in the  common minimal binding region between ACh, T&Gcono-
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toxin Gl, and GI-15 is most likely to reside only in thea-
subunit of the nAChR. As a result, in contrast to an
unimpeded approach of ACh to the receptor’s ligand binding
site in the presence of GI-15 as hypothesized in the original
model @), competitive binding kinetics appears to be the
key factor in determining which ligand, be it agonist,
antagonist, or antitoxin, is able to bind to the receptor. Gl-
15 appears to exhibit intermediate affinities toward the
receptor, acting as an antagonist toward strongly binding
conotoxin peptides, yet kinetically allowing endogenous ACh
to bind under appropriate conditions.

In summary, using the NMR structure of an antitoxic
analogue ofx-conotoxin Gl, we have been able to identify
a putative nAChRu;-subunit binding surface that appears
to exist in all neuromuscular nAChR-targeting conotoxins
and small ligands. Further investigation will be required to
determine if this common binding surface is also found in
other ligands, or alternatively if this region structurally varies
depending on the subtype of the target nAChR (exg-

(19).
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