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ABSTRACT: The three-dimensional solution structureue€onotoxin GllIB, a 22-residue polypeptide from

the venom of the piscivorous cone sn@ibnus geographuyshas been determined using 2B NMR
spectroscopy. GIIIB binds with high affinity and selectivity to skeletal muscle sodium channels and is
a valuable tool for characterizing both the structure and function of these channels. Structural restraints
consisting of 289 interproton distances inferred from NOEs and 9 backbone and 5 side chain dihedral
angle restraints from spirspin coupling constants were used as input for simulated annealing calculations
and energy minimization in the program X-PLOR. In addition totHeNMR derived information, the

13C resonances of GIIIB were assigned at natural abundance, and hydroxyprglaedG3, chemical

shifts were used to distinguish between tieandtrans peptide bond conformations. The final set of 20
structures had mean pairwise rms differences over the whole molecule of 1.22 A for the backbone atoms
and 2.48 A for all heavy atoms. For the well-defined region encompassing residt@k, 3he
corresponding values were 0.74 and 2.54 A, respectively. GlIIB adopts a compact structure consisting of
a distorted gr-helix, a smal|3-hairpin, acis-hydroxyproline, and several turns. The molecule is stabilized

by three disulfide bonds, two of which connect the helix andAtsheet, forming a structural core with
similarities to the C8p motif [Cornet, B., Bonmatin, J.-M., Hetru, C., Hoffmann, J. A., Ptak, M., &
Vovelle, F. (1995)Structure 3 435-448]. This motif is common to several families of small proteins
including scorpion toxins and insect defensins. Other structural features of GllIB include the presence of
eight arginine and lysine side chains that project into the solvent in a radial orientation relative to the core
of the molecule. These cationic side chains form potential sites of interaction with anionic sites on sodium
channels. The global fold is similar to that reported geconotoxin GIIIA, and the structure of GllIB
determined in this study provides the basis for further understanding of the struattingty relationships

of the u-conotoxins and for their binding to skeletal muscle sodium channels.

Voltage-dependent sodium channels mediate changes inrcholine, NMDAY in excitable tissues (Myers et al., 1993;
sodium permeability across the membranes of electrically Olivera et al., 1990, 1991). The-conotoxins, from the
excitable cells. The primary structure of a number of Ppiscivorous cone snaiConus geographysare a family of
subtypes of these channels from various tissues and specieg2-residue polypeptides containing three hydroxyproline
has been identified (Kallen et al., 1993, and references residues and three intramolecular disulfide bonds (Sato et
therein). A large number of neurotoxins including tetrodot- @l., 1983; Cruz et al., 1985; Hidaka et al., 1990) as shown
oxin, batrachotoxing- and B-scorpion toxins, and cigua- N Figure 1. These toxins specifically block skeletal _muscle
toxins bind with high affinity and specificity to the sodium Sodium channels (Cruz et al., 1985; Moczydlowski et al.,
channels at six or more sites. These neurotoxins provide 1986). By contrast, classical sodium channel blockers
specific probes for distinct regions of the sodium channels, tetr(_)dotoxm (TTX) and saxitoxin (STX). block neuronal
greatly facilitating the study of their functional and structural sodium channels as well as muscle sodium channels.

properties [for reviews see Strichartz et al. (1987) and >0dium channel blockers such as theonotoxins serve
Catterall (1988, 1995)]. as molecular markers and specific probes of the pore region

of the channel. Identification of the segments which line
Peptide toxins fromConussnail venoms are valuable  the transmembrane pore and define the conductance and ion
research tools in many fields of neurobiology since they selectivity of the channels is of great interest and importance
provide high-affinity antagonists for voltage-gated ion chan-

nels (sodium, calcium) and ligand-gated receptors (acetyl- 1 pppreviations: GIIIA(B), u-conotoxin GIIIA(B) from Conus
geographus TTX, tetrodotoxin; STX, saxitoxin; NMDAN-methyl-
p-aspartate; Hyp (O), #ansL-hydroxyproline; Boctert-butoxycar-
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NMR Structure ofu-Conotoxin GllIB
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Ficure 1: Amino acid sequences and disulfide bondg:afono-
toxins GIIIA, GlIIB, and GlIIC fromC. geographu¢O = 4-trans-
L-hydroxyproline). Residues that differ in sequence from GIIIA are
highlighted in bold type.

(Catterall, 1995). Thg-conotoxins bind competitively with
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25°C on a Bruker ARX-500 spectrometer equipped with a
shielded gradient unit. Low-temperature studies employed
a temperature-controlled stream of cooled air using a Bruker
BCU refrigeration unit and a B-VT 2000 control unit. 2D
NMR spectra were recorded in phase-sensitive mode using
time-proportional phase incrementation for quadrature detec-
tion in thet; dimension (Marion & Wthrich, 1983). The

2D experiments included DQF-COSY (Rance et al., 1983),
E-COSY (Griesinger et al., 1987), TOCSY (Braunschweiler
& Ernst, 1983) using a MLEV-17 spin lock sequence (Bax
& Davis, 1985) with a mixing time of 80 ms, and NOESY

TTX and STX for site 1, however, recent mutagenesis studies (Jeener et al., 1979) with mixing times of 100, 250, and 350
suggest that they have distinct attachment sites (Stephan eins. For DQF-COSY and E-COSY experiments, solvent

al., 1994). The high affinity and selectivity pfconotoxins

suppression was achieved using selective low-power irradia-

for skeletal muscle sodium channels make them valuable fortijon of the water resonance during a relaxation delay of 1.8
characterizing both the structure and function of these s. Solvent suppression for NOESY and TOCSY experiments

channels and for probing variability in sodium channel
structures.

Investigation of the three-dimensional structure of GIIIA
by 2D *H NMR spectroscopy (Lancelin et al., 1991; Ott et

was achieved using a modified WATERGATE sequence
(Piotto et al., 1992) in which two gradient pulses of 2 ms
duration and 6 G crt strength were applied on either side
of a binomial 3-9—19 pulse. Spectra were routinely

al., 1991; Wakamatsu et al., 1992) has shown that the overallacquired over 6024 Hz with 4096 complex data pointg4n

shape is that of a disk6 x 15 A for the backbone, from

and 406-600 increments in thE; dimension, with 32 scans

which seven arginine and lysine side chains project radially per increment (64 for NOESY). Slowly exchanging NH

into the solvent. The important residues for activity (Arg13,

protons were detected by acquiring a series of 1D and

Lys16, Hypl7, and Argl19) are clustered on one side of the TOCSY spectra of the fully protonated peptide immediately
molecule, suggesting that this face associates with thefollowing dissolution in BO. 3Ju,-ns coupling constants
receptor site (Wakamatsu et al., 1992). Detailed information were measured from E-COSY spectra, &hgh—n. coupling

on the conformation of othar-conotoxins is necessary for

constants were measured from DQF-COSY spectra, strip-

defining sites that interact with the sodium channels and for transformed to 8kx 1K. 1D slices from this spectrum were
probing the molecular arrangement of the skeletal muscle analyzed using a simple peak simulation routine to obtain
sodium channel. This paper describes the three-dimensionabpproximate coupling constants.

structure of GIIIB in agueous solution, as determined using

2D 'H NMR spectroscopy. GlIIB differs from GIIIA at four

H-13C HMQC (Bax et al., 1983) and HMQC-TOCSY
(Lerner & Bax, 1986) spectra were recorded for a 13 mM

positions as illustrated in Figure 1, with the net result being peptide sample in 99.99%,D. Spectral widths in théH
the presence of one more positive charge in GIIIB. It has and*3C dimensions were 5050 and 12577 Hz, respectively,
been suggested that the guanidino group at residue 14 inand 4096 complex data points were acquired with E56

GIIIB may be responsible for its enhanced toxicity over
GIIIA (Sato et al., 1983), and it is of interest to determine if
the amino acid substitutions from GIIIA have a significant
effect on the conformation. The structure of GIIIB deter-

increments. Th&*C HMQC spectrum was accumulated with
32 scans per increment and 128 scans for'#tieHMQC-
TOCSY spectrum.

Spectra were processed on a Silicon Graphics Indigo

mined in this study provides the basis for further understand- workstation using UXNMR (Bruker) and FELIX (Biosym

ing of the structure activity relationships of thg-conotoxins

Technologies, San Diego, CA) software. Theimension

and for their binding to skeletal muscle sodium channels. was zero-filled to 2048 real data points, and phase-shifted

Structural similarities with other polypeptides are also
discussed.

EXPERIMENTAL PROCEDURES

Materials GIIIB was prepared by Boc chemistry solid-

sine bell window functions were applied prior to Fourier
transformation. Spectra were referenced to external 4,4-
dimethyl-4-silapentane-1-sulfonate (DSS).

Structural Restraints Distance restraints were derived
primarily from the 250 ms NOESY spectrum recorded at
10°C. A small number of restraints were also derived from
spectra recorded at PC, 350 ms and 25C, 250 ms. Peak

phase peptide synthesis, and the disulfide bonds were formedolumes were classified as strong, medium, or weak,
by air oxidation (Hill et al., to be published elsewhere). corresponding to upper bound interproton distance restraints
Analytical reverse-phase HPLC and electrospray massof 2.7, 3.5, and 5.0 A, respectively (Williamson et al., 1985;
spectrometry confirmed the purity and molecular weight of Clore et al., 1986a). Peaks that were observed only in the
the synthetic peptide. Coinjection of equal amounts of 350 ms spectrum were classified as very weak and assigned
synthetic and natural GIIIB resulted in a single symmetrical to an upper bound distance restraint of 6.0 A. Appropriate
peak which eluted with a retention time identical with times pseudoatom corrections were applied to nonstereospecifically
determined for the individual peptides. ;@ (99.9% and assigned methylene and methyl protons”(kvich et al.,
99.99%) was obtained from Cambridge Isotope Laboratories, 1983). Backbone dihedral restraints were inferred from
Woburn, MA. 3JNH-Ho COUpling constants, witky restrained to—120 +

NMR SpectroscopySamples fotH NMR measurements
contained 3 mM peptide in either 99.99%Mor 90% HO/

40° for a3Jn-ne greater than 8 Hz and te65 4 25° for a
3INH-Ha less than 5 Hz (Pardi et al., 1984). Several side

10% DO (v/v) at pH 3.5. Spectra were recorded at 10 and chainy! angles were restrained on the basis of observed NOE
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and®Jsq-rs coupling patterns. A2ge side chain conforma-
tion restrained they! angle to —60 4+ 30° and ag’g®
conformation to+60 4+ 30° (Wagner et al., 1987). g

Structure Calculations Three-dimensional structures were
calculated using a simulated annealing and energy minimiza-
tion protocol in the program X-PLOR 3.1 (Bmnger, 1992).

In the first step arab initio simulated annealing protocol
(Nilges et al., 1988) was used, starting from template
structures with randomized and iy angles and extended
side chains, to generate a set of 20 structures. At this stagq ., 4
the disulfide bonds were included as pseudo-NOE restraints,| Xgg dris (o

and the simulated annealing protocol consisted of 20 ps of - 20 & o
high-temperature molecular dynamics (1000 K) with a low D2 K9
weighting on the repel force constant and NOE restraints.
This was followed for a further 10 ps with an increased force
constant on the experimental NOE restraints. The disulfide
bonds were then formally included, and the dihedral force
constant was increased prior to cooling the system to 300 K
and increasing the repel force constant over 15 ps of
dynamics.

The NOE restraints were checked for violations, and
ambiguous cross peaks were resolved on the basis of
interproton distances in the initial family of structures. A
further 50 structures were calculated with the inclusiog of
and y! dihedral angle restraints derived from spspin
coupling constants and tightened distance restraints involving s -
stereospecifically assigned protons that had been given
pseudoatom status in the initial calculations. Refinement of ' ' ' '

1
. . . . 9.0 8.5 8.0 7.5 7.0
these structures was achieved using the conjugate gradient F2 (ppm)

Powell algorithm with 1000 cy_cles of energy minimization g re 2: Regions of (A) 80 ms TOCSY and (B) 250 ms NOESY
(Clore et al., 1986b) and a refined force field based on the spectra of 3 mM GIIIB in 90% KD/10% D:O at 10°C, pH 3.5. In
program CHARMmM (Brooks et al., 1983). The C-terminal the TOCSY spectrum, connectivities from lysine side chain NH
amide group was excluded from the calculations as no ﬁso'?\lagcescggﬁeré%tvi'gebsefg fsor:oairi%/r- rlgsitgﬁeglz?ﬁszsgﬁmm’
medium- or long-range NOEs were observed fpr this part 1;1—21. I|r+1tlraresidue NHHa cross peaks are marked with the one-
of the molecule. w angles were set tarans with the letter code for the amino acid and residue number.
exception of Hyp6-Hyp7, which was set to theis config-
uration. Structures were analyzed using SSTRUC (D. Smith, using sequential connectivities in the NOESY spectrum. The
unpublished program), based on the algorithm of Kabsch andfingerprint region of the NOESY spectrum illustrating the
Sander (1983), and displayed using INSIGHT (Biosym Ho—NH;1; connectivities is shown in Figure 2B. For
Technologies, San Diego, CA). hydroxyproline residues, eitherotHodir1 or Ho—Haoit1
connectivities were used instead obtHNH;;. The se-
RESULTS guential assignment was supported by-NKH;;; and H3—

IH Resonance AssignmentSequence-specific resonance NHi+; NOE connectivities as summarized in Figure 3.
assignment of GIIIB was achieved using well-established Stereospecific assignments of several nonequivalent AMX
techniques (Wihrich, 1986). Any ambiguities due to peak Hg protons were made by identifying the classical staggered
overlap with the water resonance or chemical shift degen- ! conformations through analysis 0fu,-ng coupling
eracy were resolved by comparison of TOCSY and NOESY constants determined from E-COSY spectra and the strength
spectra recorded at 10 and 25. The first step in resonance of Ho—Hp and NH-Hp intraresidue NOEs in the 100 ms
assignment, i.e., identification of the individual spin systems NOESY spectrum (Wagner et al., 1987; Hyberts et al., 1987).
and assignment to amino acid type, is illustrated by the Stereospecific assignments were determined for cysteine
TOCSY spectrum in Figure 2A. This shows connectivities residues 3, 4, 10, 20, and 21, gridestraints were obtained
from backbone amide and several side chain NH resonancesfor residues 3, 4, 10, and 2160 + 30°) and for residue
The behavior of the amide NH proton of Cysl0 was 20 (+60+ 30°). The!H chemical shifts and stereospecific
temperature dependent. At 28 the resonance was assignments of GlIIB are listed in the supporting information
extremely broad; however, at PC it sharpened and gave (Table S1).
rise to visible cross peaks. This broadening of the resonance 3C Resonance Assignment$C chemical shifts were
at higher temperature has previously been observed for Cys1Getermined by combined analysis of proton-detected HMQC
in the related peptides GIIIA and [AGIIIA (Lancelin et and HMQC-TOCSY spectra. Using thid chemical shifts,
al., 1991; Wakamatsu et al., 1992), when it was suggestedand the fact that3C chemical shifts are located in charac-
to be due to chemical exchange between two or more teristic regions of the spectrum depending on the carbon and
different states. residue types (Whhrich, 1976; Howarth & Lilley, 1978),

The second step in the assignment process was to alignmany of the resonances could be assigned unambiguously
the spin systems according to the primary structure of GIlIB in the HMQC spectrum. HowevertH chemical shift
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doy  Hemi ieenllw: sl Table 1: 13C Chemical Shifts (ppm) for the Hydroxyproline
gNN H el s Residues of GIIIB at 10C, pH 3.3
BN =~ =9 —— L [ | R
RDCCTOORKCKDRRCKOMKCC ANH, residue @ cs Cy co Adeycs
1 5 10 15 20 Hyp6 59.4 38.9 72.4 58.3 33.5
3TNH-Ha 1 Mt Lt Hyp7 60.5 40.6 70.5 57.6 29.9
NH . . . ce o s Hypl7 61.6 38.9 72.0 58.0 33.1
dNN“j‘_*Z) - a13C chemical shifts are reported relative to the methyl resonance
ONGi2) - — of external DSS at 0 ppnf.Completel3C resonance assignments of
Zg‘(f‘f*j)’ —_— GIIIB are listed in the supporting information (Table S2A decreased

_ _ 13C chemical shift dispersion ofyCand @3 in a Hyp residue £dc,—cp
FicURe 3: Summary of the sequential and medium-range NOE ~ 30 ppm) suggests that the preceding carbonyl is configurectia a
connectivities3Jyn-nq coupling constants, and slowly exchanging peptide bond, while Hyp having a more comminans peptide bond
NH protons observed for GlIIB. Filled bars indicate sequential shows greater chemical shift dispersiax¢,—cs ~ 33 ppm).
connectivities observed in a 250 ms NOESY spectrum atC,0
pH 3.5. Shaded bars correspond to sequentiatHo;;; and NH- 1.
Hoi+1 connectivities for hydroxyproline residues. Open bars indicate
connectivities observed at 2&. The height of the bar indicates (A) Ho

04

.14
1 4
N
14

the strength of the NOE. Overlapping NOEs are indicated by an
asterisk (*).} indicate3Jyy—no coupling constants 5 Hz,t indicate
3JnH-Ha coupling constants 8 Hz. Slowly exchanging backbone
NH protons (observed in a TOCSY spectrum recorded @)are
indicated by filled circles.

degeneracies prevented the unique determination of several

13C resonances, and these were assigned using the HMQC- (B) co
TOCSY spectrum. The aliphaticoC-Ha region of the
HMQC spectrum of GIIIB and th&C resonance assignments
are available as supporting information (Figure S1 and Table
S2, respectively).

Conformation of Hydroxyproline Residue&llIB contains
three hydroxyproline residues, the conformation of which
may be inferred from sequential NOE connectivities. As is
the case for proline (Wthrich, 1986), strong NOESs between
the HY protons of Hyp and the & proton of the preceding
residue indicate the presence dfanspeptide bond, whereas
NOEs between the d¢dproton of Hyp and the H proton of
the preceding residue indicate the presence @§ aeptide
bond. The conformations of the peptide bonds preceding
Hyp6 and Hypl7 appear to ans based on the observation
of strong Hx—HJdi+1 and NH-Hd; 11 connectivities, respec-
tively. However, chemical shift degeneracy of thexH
protons of Hyp6 and Hyp7 at both 10 and 25 prevented
the observation of eitherdd-Hodi;1 or Ha—Hai 1 connec-
tivities for Hyp7, so the conformation of the peptide bond
could not be determined solely from NOE connectivities.

13C chemical shifts provided useful additional information
to establish the conformation of the HypBlyp7 peptide
bond. The®C chemical shifts of hydroxyproline ££and
Cy distinguish between the two forms, as thg (38—40
ppm fortransand 4142 ppm forcis) and G/ (71—72 ppm

1 3 5 7 9 11 13 15 17 19 21

residue number

Ficure 4: Chemical shift index derived from (A)ddand (B) Gx
chemical shifts of GIlIB. An index of-1 and+1 indicates a shift
deviation from the random coil value of greater than 0.1 ppm)(H
or 0.7 ppm (@) upfield and downfield, respectively, and those
within the range of the random coil value are indicated by 0
(Wishart et al., 1992; Wishart & Sykes, 1994). A grouping of four
or more successivel (Ho) or +1 (Ca) is often taken as evidence
of helical conformation.

This is supported by the observation of slowly exchanging
NH protons at positions 15, 16, 18, 21, and 22 and small
3JnH-Ho Coupling constants<(5 Hz) at positions 13, 14, 16,
and 19. However, the presence aiHNH;, connectivities
and absence of &#—NH;;4 connectivities over this region
suggest that the;ghelix is the dominant folded form rather
than thea-helix. Any helix present is likely to be distorted
due to a hydroxyproline at position 17 and cysteine residues
at positions 15, 20, and 21 which participate in disulfide
bonds to other parts of the molecule. A larg®y-na
coupling constantX8 Hz) for Cys21 provides evidence for
this distortion from standard geometry. Additional support
for transand 70-71 ppm forcis) resonances are different  for helix is provided by analysis of theddand Gx chemical
(Garbay-Jaureguiberry et al., 1980). In GlIIB, thg @d  shifts (Wishart et al., 1991, 1992; Wishart & Sykes, 1994).
Cy resonances of Hyp6 and Hyp17 appear at 38.9 and72.0 The Hu and Gx resonances of most residues in the sequence
72.4 ppm (Table 1), respectively, suggesting these residuesi 3—22 showed characteristic helical shifts (upfield fos H
adopt thetrans conformation in accordance with the NOE and downfield for @) from their random coil values as
data. By contrast, theffand G’ resonances of Hyp7 appear shown in Figure 4. The data also suggest some distortions
at 40.6 and 70.5 ppm, respectively, indicative afsgpeptide in the helix at positions 15 and 21.
bond. Two B-turns involving residues 25 and 9-12 were
Secondary StructureA qualitative analysis of short- and  identified on the basis of characteristic NOE patterns and
medium-range NOESJy4-no coupling constants, and NH  coupling constants. The slowly exchanging NH protons of

exchange rates (Wharich, 1986) was used to characterize

residues 5 and 12 support the presence of tight turns which

the secondary structure of GIIIB. These data are summarizedmay tentatively be classified as type I. A short stretch of

in Figure 3. The presence of helix from residues-22 is
suggested by several wealktHNH;;; connectivities and a
medium Hx-Hpi+3 connectivity between Cys15 and Met18.

antiparallel 5-sheet involving residues-34 and 8-9 is
inferred from a number of long-range NOEs, includingH
NH connectivities between residues 3, 9 and 4, 9 and.a H
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/ Table 2: Geometric and Energetic Statistics for the 20 Final
H—N Structures of GIIIB
rms deviations from experimental restraints
interproton distances (A) (289) 0.024+ 0.002
dihedral angles (deg) (1%) 0.1164+ 0.082
rms deviations from idealized geometry
bonds (A) 0.007 0.001
angles (deg) 2.0% 0.03
Y \ impropers (deg) 0.1%0.01
energies (kcal mok)

— X e Q

q N Enoe® 1.61+0.28
/ l /& Ecait’ 0.02+ 0.02
—6 OH E.. —-914+31
H >: Ebond+ Eangle+ Eimproper 41.8+ 1.7
| 2The values in the table are the mearstandard deviatiorf. The
/K /* N /u\l number of restraints is shown in parentheses. None of the structures
Y \\2 had distance violations0.2 A or dihedral angle violations3°. ¢ Force
constants for the calculation of square-well potentials for the NOE and
OH dihedral angle restraints were 50 kcal mfofi~1 and 200 kcal moft
rad-2, respectivelyd The Lennard-Jones van der Waals energy was

Ficure 5: Schematic diagram of thg-hairpin region of GIIIB calculated with the CHARMm empirical energy function.

showing the interstrand NOEs (arrows), potential hydrogen bonds
(broken lines), and slowly exchanging amide NH protons (*).

energies were chosen to represent the solution structure of

Ha connectivity between residues 4 and 8 as illustrated in GIIIB. These structures satisfied the experimental restraints,
Figure 5. This structural element is henceforth referred to having no interproton distance violations greater than 0.2 A
as ap-hairpin, although it is important to emphasize that it or torsion angle violations greater thah 3A summary of
is distorted relative to the classigadhairpin conformations  the geometric and energetic statistics for the family of
described by Sibanda et al. (1989). The presence of astructures is given in Table 2. These data show well-
B-hairpin structure is supported by the observation of large converged structures with good stereochemistry.
*InH-Ho Coupling constants<8 Hz) for residues 4 and 9 The rms differences for the backbone atoms when the final
and a slowly exchanging NH at position 9. However, a 20 structures are superimposed over the entire molecule are
coupling constant o&5 Hz for residue 8 suggests distortion  shown as a function of residue number in Figure 6A. These
in this region. data indicate that the structure is well defined, except for

Disulfide Bonding Pattern The synthetic GIIIB was the N- and C-terminal residues, with rmsd values in the range
observed to coelute with natural GIIIB on reverse-phase 0.4-0.7 A. The majority of backbone dihedral angles are
HPLC, suggesting that the native disulfide bonds had beenwell defined, having angular order paramete&95 (Figure
formed. The NMR data also confirmed the disulfide pairings 6B,C). Residues 9 and 10 are not as precisely defined,
of the six cysteine residues in synthetic GIIIB. Long-range reflecting the small number of medium- and long-range
Ho—Hp connectivities observed between Cys15 and Cys3 NOEs for this region of the molecule; however, for the
and between Cys10 and Cys21 and-+HHpj connectivities purpose of calculating rms differences they have been
between Cys3 and Cysl15 and between Cys4 and Cys2Gncluded with the well-defined residues. Excluding the
suggest the presence of disulfide bridges (Klaus et al., 1993)N-terminal residues-32 and C-terminal residue 22, the mean
between 3-15, 4-20, and 16-21. This pattern of disulfide  pairwise rms differences for the backbone and all heavy
bridges was further verified by statistical analysis of theSS atoms were 0.74 and 2.54 A, respectively. Corresponding
distances in 20 structures calculated without the inclusion values for the whole molecule were 1.22 and 2.48 A,
of disulfide bonding information, as described by Cooke et respectively. The side chain dihedral anglésandy? are
al. (1992). The deviation of the average Sdistance from  not as well defined (Figure 6D,E) due to the fact that many
the ideal bond length (2.02 A) for the 15 possible cysteine side chains are surface exposed. However, among the best
pairings was used to determine which single disulfide pattern defined side chains (other than cysteine residues) are those
was favored. The pairing-315, 4-20, and 16-21 produced of Arg8 and Lys9 which form the second strand of the
the lowest rms deviation from ideaS distance averaged S-hairpin.
over all bridges in all structures, and in all of the 20 structures A Ramachandran plot of the angular average of the family
this pattern gave the lowest rmsd from ideatSdistances  of 20 structures (supporting information, Figure S2A)
(supporting information, Table S3). In conclusion, the demonstrates the high quality of the final structures by the
pattern of disulfide bridges determined from the NMR data fact that most residues occupy the favorable regions, with
is consistent with that proposed for the natural toxin (Hidaka the exception of Asp2 and Cys10. The backbone dihedral
et al., 1990). angles of these residues are apparently poorly defined;

Structure Determination Initial structures were based on however, in the case of Cys10 this is due to the population
289 interproton distance restraints derived from 177 in- of two distinct and well-defined conformations (supporting
traresidual, 64 sequential, and 48 medium- and long-rangeinformation, Figure S2B) as discussed below.
NOEs. These restraints were checked for violations, and Description of the Structure Stereoviews of the 20 final
ambiguous cross peaks were resolved prior to the calculationstructures superimposed over the backbone atoms of residues
of a further 50 structures with the addition of 9 backbone 3—21 are shown in Figure 7. The major structural features
and 5 side chain dihedral angle restraints from sisioin of GIlIB are a distorted helix from residues 422 and a
coupling constants. The 20 structures with the lowest small S-hairpin involving residues -39, having a turn
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(A) 25 a standard turn structure reflects the presence wamrs

2 2 hydroxyproline at position 6 and eis-hydroxyproline at

T position 7. The averagg, v dihedral angles for Hyp6 and

E s Hyp7 are—62°, 136" and —70°, 137, respectively, and
0

therefore the turn may be describedfgres™HP. A third
turn involving residues-912 joins the3-hairpin to the helix.

08 The averagep, 1 angles for Cys10 and Lys1l are61°,
~ 06 11° and —84°, —30°, respectively, and therefore the turn
7 04 may, in principle, be classified asx or type . However,
02 this region is poorly defined and cannot be precisely
0 characterized. Low angular order parameters (Figure 6)
© 1 suggest that the turn involving residues® accesses more
08 than one conformation. This was confirmed by examination
3 06 of the Ramachandran plots for these residues. A Ramachan-
5 :: dran plot for Cys10 in the 20 final structures is shown in
" the supporting information (Figure S2B). This region in the
calculated structures appears to be represented by two
D 1 conformations: either ao type turn (with Aspl12 NH-
038 Lys9 CO hydrogen bond; 6 structures) or a distorted turn
@ (‘;j (14 structures) that does not match any of the established
2 02 types with¢, y angles for Cys10 and Lys11 in tlhe and
0 or regions of the Ramachandran plot, respectively. This
feature of the calculations could result from the small number
(E) 1 of NOE restraints for this region and should not necessarily
_ 08 be taken as evidence of multiple conformations. However,
%gj the broadening of the Cys10 NH proton resonance as a
2 a function of temperature strongly supports the suggestion of
0 interconversion between two or more local conformations.
1 4 7 10 13 16 19 22 Examination of the structures shows that a flip between the
residue number proposed conformations could readily occur in this localized

FiGURE 6: Parameters characterizing the final family of structures region without disrupting the global fold.

for GllIB, plotted as a function of residue number: (A) rms . .
differences from the average structure for the backbone atoms; (8 1 he hydrogen bonds present in the final structures (Table

E) angular order parameters (Hyberts et al., 1992; Pallaghy et al.,3) adequately explain the observed slowly exchanging amide
1993) for the backbone dihedral angleandy and the side chain  protons, with the exceptions being the backbone amides of
anglesy* and?. Thr5 and Asp12. These results indicate that the carbonyl

. ) o oxygen atoms of residues 429 favor the, i + 3 hydrogen
pgntered around. res!dueSB. The helix angs-hairpin are bonds observed in;ghelices over thd, i + 4 hydrogen
joined by two disulfide bonds, CysXys15 and Cys4 bonds observed in regularhelices, suggesting thatghelix
Cys20. Athird disulfide bond, Cys#Cys21, is also located s the dominant folded form in the structural equilibrium.
near the helix ang-hairpin. The hydrogen-bonding pattern of the helix is, however,

Several turns in the peptide were identified using the interrupted by the side chain of Hyp17.

standard criterion that@ s less than 7 A from @3 (Lewis — Te sructure of GIIIB is stabilized by three disulfide bonds
et al., 1973) and by the characteristic distance connectlvmes(3_15 4-20, and 16-21). The conformation of the

of the backbone protons (Wich, 1976). It is convenient disulfide bonds is well defined (Figures 6 and 7), and the

to de§cr|be these in terms of the nomenclature 'r,‘tmd“cedtorsion angles of the CysXysl5 and Cys18Cys21
by Wilmot and Thornton (1990). One of the tums involves g, fige bonds are representative of a left-handed spiral
residues 5. The average, y angles for Cys3 and Cys4  pichardson, 1981; Srinivasan et al., 1990). The conforma-
are—104’, —53° and—89, —3°, respectively, and therefore  jo of the Cys4-Cys20 disulfide bond also hasya angle
this turn may be classified as type (Wilmot & Thomton, ot _gee pyt the combination of side chain dihedral angles

199(_)?’ .e., equivalent to a type _ﬁ-turn in the more does not fit any of the classifications of Srinavasan et al.
traditional nomenclature. The amide NH proton of Thr5 (1990).

exchanges slowly; however, the expected hydrogen bond to

the Asp2 carbonyl oxygen is formed in only two of the final pjscussionN

structures. As the central residues of this turn are cysteines

which participate in disulfide bonds and exhibit a number  General Features of the GIIIB Structurdn the present

of long-range Hi—Ha and Huh—NH NOEs consistent with  study, we have determined the three-dimensional structure
them also being in a smafl-hairpin (Figure 5), distortion  of u-conotoxin GIIIB in aqueous solution using 28 NMR

in this region of the structure is not unexpected. A second spectroscopy and simulated annealing calculations. The
turn involving residues 58 reverses the direction of the structure is composed of a sméthairpin involving residues
backbone between the two strands in fhbairpin. These  3—9, a 3¢-helix from residues 1322, and several turns. In
residues are well defined, both in terms of average backboneaddition, there are three disulfide bonds and a number of
rmsd and angular order parameters (Figure 6), but do notintramolecular hydrogen bonds, resulting in a compact and
match any of the established turn types. The deviation from well-defined structure. Many of the secondary structure
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Ficure 7: Stereoviews of the 20 final structures of GIIIB superimposed over the backbone atoms of resi@ie§ Be three disulfide
bonds are shown in lighter shading.

Hyp6, Hyp7, and Hypl7 were determined to to@ns cis,
andtrans respectively, using a combination of sequential
NOE connectivities an&C chemical shift information. In

Table 3: Hydrogen Bond Statistics for Slowly Exchanging Amide
Protons in GIIIB

secondary structure donor acceptor occurrgénce - . ;
S ———— Asp2 CO > previous studies of thg related peptlde.: GIIIA By NMR .
B-hairpin Lys9 NH Cys3 CO 17 spectroscopy (Lancelin et al., 1991; Ott et al., 1991;
B-turn Aspl2NH  Lys9 CO 6 Wakamatsu et al., 1992), @s peptide bond conformation
3io-helix Cys1ISNH  Aspl2 CO 17 for Hyp7 was suggested but not experimentally verified due
tz:%g m: ﬁfgllg gg 13 to chemical shift degeneracy of thextprotons of Hyp6 and
Metl8 NH  Argld CO 3 Hyp7. 13C chemical shifts have previously been used in
Metl8 NH  Cysl5CO 4 conjunction with sequential NOE connectivities to identify
Cys21NH  Metl8 CO 18 the conformation of proline residues [for recent examples,
f\:ggg “: ["yitllgsgg 1;’ see Archer et al. (1993), Chandrasekhar et al. (1994), and

. . _ Toy-Palmer et al. (1995)]. In the case oftrans-proline
a Analysis of 20 final structures generated without hydrogen bond eptide bond conformation. the chemical shift dispersion of
restraints. Hydrogen bonds were identified according to the criteria pep . Lo . . p
of Kabsch and Sander (1983). Cp and G is ~5 ppm, while &cis-proline shows significantly
greater chemical shift dispersiom\dcs-c, = 10 ppm)

elements are distorted; however, this is not unexpected(Wuthrich et al., 1972). By contrast to proline, for hydrox-
considering the small size and high disulfide content of the Yproline, an increaset’C chemical shift dispersion of )€
molecule. Aside from these distortions, it is interesting that and @3 indicates that the preceding carbonyl is configured
such a small molecule is able to adopt a well-defined three- in atrans peptide bondAdc,-cs = 33 ppm), while forcis-
dimensional structure exhibiting characteristics of a protein. hydroxyproline the corresponding value+$0 ppm. This

Important characteristics of the-conotoxins fromC. is illustrated for the hydroxyproline residues of GIIIB in
geographusinclude the presence of three hydroxyproline Table 1. Hydroxyproline residues are not common in many
residues and a large number (46%) of charged residues families of peptides; however, they are highly prevalent in
as shown in Figure 1. In GIlIIB, Hyp6 and Hyp7 are the conotoxins. Hencé3C chemical shifts in combination with
central positions of a tight turn between the two strands in sequential NOE connectivities should be a valuable aid in
the B-hairpin, and Hypl7 is in the helical region of the determining the conformation of hydroxyproline residues in
structure. The conformations of the peptide bonds precedingother conotoxins.
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Ficure 8: Location of the charged amino acid side chains in GIIIB presented in two different orientations. The second view is related to
the first by a rotation of 90about the vertical axis. (A) Side chains of residues Asp2, Arg8, Lys9, Lys11, Aspl12, Argl3, Argl4, Lys16,

and Lys19 for 20 structures are shown. Positively and negatively charged side chains are colored blue and magenta, respectively. The
backbone of the lowest energy structure is represented by a ribbon, and the side chain of Argl has been omitted for clarity. (B) A surface
representation of the lowest energy structure generated with a probe radius of 1.4 A is shown. Surface-associated electrostatic potentials are
represented from electronegative to electropositive by a red to blue continuous color range. The diagram was generated using GRASP
(Nicholls et al., 1991).

A consequence of the global fold of GlIIB is the spatial charybdotoxin, a 37-residue polypeptide from the scorpion
distribution of the different charged side chains. As men- Leiurus quinquestriatus hebraeusich targets many types
tioned previously, there is a large number of exposed of potassium channels, has identified a complementary
residues, most of which bear formally charged groups. This receptor site which has a similar2@5 A diameter (Bontems
toxin contains eight positively (Argl, Arg8, Lys9, Lysl1l, etal., 1992). For-conotoxins and charybdotoxin, a compact
Argl13, Arg14, Lys16 and Lys19) and two negatively charged structural core presents the interactive solvent-exposed amino
residues (Asp2 and Aspl2). Four of these, i.e., Argl3, acid side chains in the appropriate topology for binding
Argl4, Lys16, and Lys19, are located in the helix, and four (Lancelin et al., 1994). Interestingly, these toxins also
others, Arg8, Lys9, Lys11, and Aspl2, are in fhdairpin possess a similar backbone fold as discussed below.
and the region linking the helix to the hairpin. The location =~ Comparison withi-Conotoxin GIIIA A major aim of this
of the charged side chains is illustrated in Figure 8. These study was to compare the structure of GlIIB with that of the
side chains project into the solvent in a radial orientation relatedu-conotoxin GIIIA to determine the effect of amino
relative to the core of the molecule and form potential sites acid substitutions on the conformation. This information in
of interaction with anionic sites (Noda et al., 1989; Terlau combination with structureactivity data should provide
et al., 1991) on the sodium channels. As is common for further insight into the interaction of theconotoxins with
surface-exposed arginines and lysines, they are poorlyskeletal muscle sodium channels.
defined, with the exception of Arg8 and Lys9 (Figures 6  Information on the structural differences between peptides
and 8A). The mobility of these side chains may facilitate can be obtained from chemical shifts, which are sensitive
the initial interactions between the toxin and the skeletal indicators of local conformations. Chemical shift changes
muscle sodium channel. Despite the large number of for the backbone B and NH protons of GIIIB and GIIIA
possible orientations of these side chains, an upper estimat€Wakamatsu et al., 1992), other than the expected differences
of the distance between each cationic site 0f28 A can near the substituted residues, are smald.l ppm), sug-
be made. A functional map of the molecular surface of gesting that the backbone conformation of the peptides is
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Ficure 9: Superimposition of GlIIB (darker line) and GIIIA over the backbone heavy atoms (,G} of the entire molecule. The
coordinates for GIIIA were obtained from the Brookhaven Protein Data Bank (code 1TCG).

essentially identical. This is supported by simifdgy—pq in GllIB adequately explain the slowly exchanging amide
coupling constants and slowly exchanging backbone amideNH protons, whereas in the study of GlIIA (Lancelin et al.,
protons. The observation of similar sequential and medium- 1991) no explanation for the slowly exchanging amide NH
range NOEs also suggests that the secondary structuraproton of Ala22 was provided, and those of Lys16, Met18,
features of the two peptides are the same. However, severaind Cys21 could only be rationalized with distortions on
Ho—NH;i;3 and Hu—Hgi4 5 connectivities indicative of helix =~ N—O distances or NH—O angles. The better definition
were present for the Argt3Ala22 segment of GIIIB. NOE in this region of the structure of GIlIIB compared with GIIIA
connectivities characteristic of helix were not observed for may reflect the larger number of distance restraints for GlIIB.
the corresponding region in GIIIA (Lancelin et al., 1991; In summary, GllIB and GlIIA have a common global fold
Ott et al., 1991; Wakamatsu et al., 1992). (Figure 9) and are also similar at the level of their local
The three-dimensional structure of GIIIA has previously backbone conformations. As the sequences of GIIIB and
been determined using 214 NMR (Lancelin et al., 1991;  GIIIA differ by only four residues, it is not surprising that
Ott et al., 1991; Wakamatsu et al., 1992) and consists of their secondary structures are similar. Differences between
B-turns (Asp2-Thr5 and Thr5-Lys8), a linear extension  the reported structure of GIIIA (Lancelin et al., 1991; Ott et
(Lys8—Aspl2), a non-hydrogen-bonded loop (Aspl2 al., 1991; Wakamatsu et al., 1992) and that determined for
Cys15), and a single right-handed helical turn (Cys15 GIIIB in this study appear to reflect differences in the number
GIn18), with a final loop directing the C-terminus away from of distance restraints and in interpretation rather than major
the core in the opposite direction to the N-terminus. These structural changes.
studies of GIIIA are in general agreement, except that where  Structure-Activity Relationships ofi-Conotoxins The
one (Ott et al., 1991) finds less structured coil between best characterized-conotoxins, GIIIA and GIIIB, exhibit
residues 1518, the others show one turn of helix (Lancelin  strong selectivity between sodium channel subtypes. Both
etal., 1991; Wakamatsu et al., 1992). By contrast, the resultstoxins bind with nanomolar affinity to the skeletal muscle
obtained in the current study indicate that the secondary and eel electroplax sodium channels but exhibit little affinity
structure of GIIIB includes a smalB-hairpin involving for neuronal and cardiac channel subtypes (Cruz et al., 1985;
residues 39 and 3¢-helix from residues 1322. Moczydlowski et al., 1986; Ohizumi et al., 1986; Chen et
The overall fold of GIIIB is essentially the same as that al., 1992). GIIIA and GIIIB have similar biological activity
previously determined for GIlIIA (Wakamatsu et al., 1992), profiles; however, one study (Sato et al., 1983) has suggested
the backbone atoms of the entire molecule superimposingthat the guanidino group at residue 14 in GIlIB enhances its
with an average rms difference of 1.36 A. The backbone biological activity relative to GIIIA (ip L3, in mice of GIIIB
superimposition of GlIIB and GIIIA displayed in Figure 9 and GIIIA are 110 and 34fdg/kg, respectively). The roles
illustrates the structural similarity of these toxins. First, the of various residues in GllIA have been examined by chemical
B-hairpin region of the two structures (residuesd is very modification studies (Sato et al., 1991; Becker et al., 1992);
similar with an average rms difference of 0.67 A for the however, there are no reports of the specific amino acids in
backbone atoms. A-hairpin in this region was not reported  GIIIB that are required for biological activity. Studies of
for GIIIA; however, our examination of the coordinates and GIIIA suggest that amino acid residues sensitive to replace-
analysis of the structures indicate that it is present. Fur- ment by alanine are Argl3 Argl9 > Hypl7 > Lys16 >
thermore, characteristit;(4,8) andd.(3,9) NOEs for this ~ Argl > Lys8, with the extent of activity loss in this order
element of secondary structure were reported for GIlIIA (Sato et al., 1991). The basicity of the molecule is a crucial
(Lancelin et al., 1991), and inspection of the mean structure factor for activity, with mutations of Arg13 having the largest
also indicates the presence of the interstrand Lys9-Riis3 single effect on binding affinity (Sato et al., 1991; Becker
CO hydrogen bond. Second, the helix in GIIIB involves et al., 1992). This implies that a guanidinium group is
residues 1322 by contrast to the single turn of helix (5 required for block of the channel, as is the case with the
18) reported for GIIIA (Lancelin et al., 1991; Wakamatsu neurotoxins TTX and STX [for review see Kao (1986)].
etal., 1992). The hydrogen bonds observed for tlzd8lix However, the interaction appears to be complex, with a
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number of residues significantly contributing to the potency (A)
of the native toxin. Certain residues are important primarily
in the approach and docking of the peptide with the channel
site (Lysll and Argl9), while others are important for
strength of binding once the toxin has attached (Hyp17 and
Argl) (Becker et al., 1992). The binding site is rather wide,
consistent with the macrosite model of Olivera et al. (1991),
allowing multiple interactions between the toxin molecule
and the sodium channel. Effects of amino acid substitutions
may therefore be compensated by the binding of other side
chains, and potentially a large number of diverse peptide
structures could bind different subsets of microsites within
the same macrosite.

Several residues important for the activity of GIIIA are
conserved in GIIIB (i.e., Arg13, Lys16, and Hypl7), sug-
gesting that these residues are also likely to be involved in
binding of GIIIB to the sodium channel. These residues are
located in the @-helix and clearly reside on one side of the
molecule (Figure 8). The corresponding face of GIIIA has
been suggested to interact with the sodium channel (Waka-
matsu et al., 1992), and the helix provides an efficient way
of presenting the side chains to be recognized by the receptor

B)

(Bl T [B2] [ HELIX ]
GIIIB RDCCTOOREKCEKDRRCEKOMEKCCA
T i

] | I

site. Another important residue for the activity of GIIIA, T [F] -
Argl9, is replaced by lysine at this position in GIlIB. csof TC- X -CXXXC-X -C-X-CXC -
J

Mutagenesis of GlIIA has shown that Arg19 can be replaced motit | ' : |

by Lys without significant loss of activity (Becker et al.,  rgure 10: (A) Richardson-style diagram of the backbone of the
1992), implying that conservation of a positive charge at this jowest energy structure of GlIIB, showing tiflesheet (arrows),

position is sufficient. In addition, the extra positively charged the 3c-helix (coil), and the disulfide bonds. The diagram was
residue in GIIIB relative to GIIIA, Argl4, is located in the generated using MOLSCRIPT (Kraulis, 1991). (B) Schematic

. . : : ; ; representation of the secondary structural elements of GlIIB and
helix and oriented so that it may also interact with the sodium -~ cysteine-stabilized (CSa) motif. 8-Strands and helices are

channel. The role of this extra positive charge in GIIIB or jygicated by a rectangle and tumns by the letter T. The disulfide
the effect of a Q14R substitution on the potency of GIIIA connectivities are shown by horizontal lines. In theoSmnotif

has not been studied. However, the suggestion that the(Cornetetal., 1995), the helical conformation of the sequence C-X-
guanidino group at position 14 enhances its activity relative X-X-C is stabilized by disulfide bonds to the sequence C-X-C in a

. : pB-strand. These residues are in bold type. Other elements of
to GlIIA and the fact that the basicity, especially around secondary structure can be summarized as followsoXesponds

residue 13, is important for the activity of GIIIA make it o an N-terminal loop; Xto the end of the helix, the firgt-strand,
worthy of further investigation. and the turn between them; and ¥ the turn between the two

An additional benefit of studying these peptides is that S-strands.
the current methods available for atomic resolution structural
analysis of biomolecules are not amenable to the study of Comparison of the structure of GlIIB and the model for
ion channels directly. Understanding how the topology of GIIIA block of the sodium channel suggests that Arg14 may
rigid peptide ligands determines their interaction with the @lso be in close proximity to E758 in the outer vestibule.
channel provides an indirect view of the ion channel itself The structure of GIIIB determined in this study provides the
and answers important questions regarding the molecularbasis for further understanding of the structuaetivity
basis for binding and selectivity (Reily et al., 1995). While relationships of the:.-conotoxins and for their binding to
GIIIB cannot be regarded as a Comp|ete|y r|g|d ||gand due skeletal muscle sodium channels. As the database of
to evidence Suggesting mu|t|p|e conformations near Cyslo neurotoxin structures increases and further information on
and flexibility of the side chains, its basic fold is well defined. @mino acid residues forming the receptor site of sodium
The size of theu-conotoxins and the broad distribution of channels is obtained from site-directed mutagenesis and
residues that contribute to the toxiohannel interactions ~ €xpression of mutant sodium channel cDNAs, we will be
provide valuable information regarding structural and func- better able to answer questions regarding sodium channel
tional models of the pore region of the sodium channel. structure and the binding specificity of these compounds.
Dudley et al. (1995) have recently described a mutation Comparison with Other Polypeptide Structure&s previ-
E758Q in the outer vestibule region of the skeletal muscle ously mentioned, one characteristic feature of GIIIB is the
sodium channel that decreased the binding affinity of GIIIA stabilization of its structure by disulfide bonds. A MOL-
by 48-fold. Using this information and their previous model SCRIPT representation of the secondary structure and
of the TTX and STX binding site (Lipkind & Fozzard, 1994), disulfide bonds is shown in Figure 10A. Two of the three
they have proposed a model for GIIIA block of the sodium disulfide bonds present connect the helix and ftheheet,
channel. The model involves the interaction of the guani- forming a structural core with similarities to the “cysteine-
dinium group of R13 with a triad of carboxyl groups in the stabilizedos” (CSaS) motif (Cornet et al., 1995). In this
outer vestibule (D400, E755, and E758). However, at presentmotif, the helical conformation of the sequence Cys-X-X-
this model does not explain the strong preference of GIlIIA X-Cys is stabilized by disulfide bonds to the sequence Cys-
for skeletal muscle and electric eel organ sodium channels.X-Cys in ag-strand. The helix and strand run in the same
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direction, and they are separated in the sequence by a stretchonding patterns in GIIIB and figures showing the aliphatic
of residues forming anoth@grstrand in the opposite direction. Ca—Ha region of the HMQC spectrum and Ramachandran
Figure 10B summarizes the secondary structural elementsplots for (A) the angular average and (B) Cys10 for the 20
of the C®5 motif and those determined for GIIIB in this final structures (5 pages). Ordering information is given on
study. The same features are present in GllIB; however, any current masthead page.
the helix is connected to a parallel strand which precedes it
in the sequence. There are also differences in the spacingREFERENCES
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