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ABSTRACT: We report here the solution structure of w-conotoxin GVIA, a peptide antagonist of the N-type
neuronal voltage-sensitive calcium channel. The structure was determined using two-dimensional NMR
in combination with distance geometry and restrained molecular dynamics. The full relaxation matrix
analysis program MARDIGRAS was used to generate maximum and minimum distance restraints from
the crosspeak intensities in NOESY spectra. The 187 restraints obtained were used in conjunction with
23 angle restraints from vicinal coupling constants as input for the structure calculations. The backbones
of the best 21 structures match with an average pairwise RMSD of 0.58 A. The structures contain a short
segment of triple-stranded §-sheet involving residues 68, 18-21, and 24-27, making this the smallest
published peptide structure to contain a triple-stranded 8-sheet. Conotoxins have been shown to be effective
neuroprotective agents in animal models of brain ischemia. Our results should aid in the design of novel
nonpeptide compounds with potential therapeutic utility.

w-Conotoxins are a subclass of the large family of peptide
toxins found in the venom of fish-hunting sea snails of the
genus Conus (Gray et al., 1988). Peptides from this class
bind to certain subtypes of Ca2* channels and thus are used
to distinguish between these different subtypes (Tsien et al.,
1991; Hillyard et al., 1992). w-Conotoxin GVIA (w-CgTx!),
found in the venom of Conus Geographus, contains 27 amino
acid residues and three disulfide linkages and has an amidated
acyl terminus (Olivera et al., 1984). w-CgTx binds with high
affinity to neuronal N-type Ca?* channels. It thus blocks the
Ca?* currents across the membrane of neuronal cell bodies
mediated by these channels (McClesky et al., 1987) and
inhibits neurotransmitter release from some presynaptic nerve
terminals as well (Lipscombe et al., 1989). Administration
of w-conotoxins to rats subjected to temporary forebrain
ischemia has been shown to protect neurons from subsequent
neuronal degeneration (Valentino et al., 1992), presumably
by inhibiting N-type Ca?* channels. The three-dimensional
structure of w-CgTx reported here will aid in the design of
novel nonpeptide compounds with potential therapeutic value
as neuroprotective agents.
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We have determined a solution structure of w-conotoxin
GVIA by two-dimensional NMR spectroscopy with the aid
of distance geometry and restrained molecular dynamics
calculations. The complete relaxation matrix analysis program
MARDIGRAS (Borgias & James, 1989, 1990) was used to
convert NOE data to distance restraints. To date, there have
been published NMR structures of only - (Pardi et al., 1989;
Kobayashi et al., 1989) and u- (Ott et al., 1991; Lancelin et
al., 1991) conotoxins and no published X-ray structures of
any conotoxins. A preliminary NMR study of w-CgTx was
reported by Kobayashi et al. (1988), but as it contains no
assignments or detailed structural information, we initiated
the independent study reported here.

MATERIALS AND METHODS

Sample Preparation. w-Conotoxin GVIA was synthesized
on a replumbed ABI Model 430A peptide synthesizer, using
standard t-BOC chemistry with some modifications (Ya-
mashiro & Li, 1988), in the manner previously described for
w-conotoxins MVIIC (Hillyard et al., 1992) and SVIA and
SVIB (Ramilo et al., 1992). The synthetic preparation of
w-CgTx was subjected to amino acid analyses [described in
Ramiloet al. (1992)], and the results were consistent with the
expected amino acid composition (data not shown). The
authenticity of our synthetic w-CgTx was also confirmed by
comparison to purified, native w-CgTx (kindly provided by
Dr. B. Olivera) and to commercially available synthetic
w-CgTx (Peninsula Laboratories, Belmont, CA) using a variety
of chemical and biological methods. In particular, the
chromatographic behaviors by HPLC [method described in
Ramilo et al. (1992)] of all three preparations of w-CgTx
were identical (data not shown). In addition, the binding
affinities of our material and the commercial w-CgTx to rat
brain synaptosomes [method described in Ramiloet al. (1992)]
were the same (data not shown).

NMR Spectroscopy. Samples for NMR contained 400 uL
of 10 mM protein in either 99.96% D,0 or 93% H,0/7% D0
at pH 4.4. All NMR spectra were collected on a GE 500-
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MHz spectrometer equipped either with a GN console with
a Nicolet computer or an Omega console with a Sun 3/160
computer. A DQF-COSY spectrum (Ranceetal., 1983) was
taken at 15 °C. HOHAHA spectra with MLEV-17 (Bax &
Davis, 1985) were collected at 15 °C and 25 °C with a spin-
lock time of 40 ms and at 5 °C with a spin-lock time of 70
ms. NOESY spectra (Jeener et al., 1979) were obtained at
5 and 15 °C with a 200-ms mixing time. In addition, we
collected an E.COSY spectrum (Griesinger et al., 1985) at
25 °C in D;O and one-dimensional spectra at all three
temperatures.

Slowly exchanging amide protons were determined by
dissolving the sample in 400 uL of DO and adjusting the pH
to 4.4. The sample was then immediately placed in the
spectrometer at the same depth as a sample of D,O of equal
volume with which we had preshimmed the magnet. A 1-D
spectrum was obtained about 20 min after the exchange was
initiated. A 2-D NOESY spectrum was then collected to give
unambiguous assignments of the nonexchanged protons. This
entire procedure was carried out at 5 °C.

In order to determine the correlation time 7., the 13C T
and T, relaxation times were determined at natural abundance,
using a sample dissolved in 99.96% D;0. These experiments
were carried out using a double-DEPT technique with proton
detection for maximum sensitivity. For T we used the double-
DEPT with inversion-recovery (Sklenir et al., 1987), and for
T> we used the double-DEPT sequence with a Carr—Purcell-
Meiboom~Gill modification using a series of 180° pulses with
a repetition rate of 1 ms to replace the single 180° refocusing
pulse in the sequence of Nirmala and Wagner (1989). The
data were analyzed by fitting to the proper exponential decay
function.

Data Processing. Two-dimensional NMR spectra were
processed on Sun Microsystems Sparcl workstations, net-
worked through a Suné4 server and running the UNIX
operating system. The software used was originally developed
inthelaboratory of Dr. Kaptein at the University of Groningen,
The Netherlands. Many modifications have been made by
Dr. R. M. Sheek, Dr. S. Manogaran, and Mr. M, Day at
USCF. For 2-Dspectra, the apodization consisted of Gaussian
multiplication in the > dimension and sin? multiplication with
a 70° shift in the ¢#; dimension, with zero filling in some cases.
The typical spectrum size was 2048 complex points in the 7,
dimension and 512 complex points in ¢, zero-filled to 1024
points. Spectral widths were 6024 Hz, for a final resolution
of 3Hzint,and 6 Hzin ¢,. One-dimensional spectra consisted
of 16K complex points. Quadrature detection in the £
dimension was achieved by the method of States et al. (1982)
in NOESY and HOHAHA spectra and by TPPI (Marion &
Wiithrich, 1983) in COSY spectra. For coupling constant
determination, 1-D spectra were apodized by application of
a Lorenzian-to-Gaussian transformation in order to enhance
the resolution. This apodization function was applied several
times until the individual peaks of each multiplet were clearly
resolved, while preserving enough signal-to-noise to clearly
determine the resonance positions. Peak volumes were
obtained either by summing up the points within a manually
selected rectangular area surrounding the crosspeak or, in
case of overlap, by fitting the region to be integrated with a
collection of Lorentzian lines to best represent the data, using
the Sparky program? developed at UCSF (D. Kneller and 1.
D. Kuntz, manuscript in preparation).

Restraints from MARDIGRAS. Distance restraints were
calculated from experimental NOESY intensities using the

2 For software availability, please contact 1. D. Kuntz.
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program MARDIGRAS (Borgias & James, 1989, 1990),
MARDIGRAS uses the complete relaxation matrix to produce
an upper and lower distance bound for each experimental
intensity. Because it was designed to take spin-diffusion into
account, MARDIGRAS eliminates the need to collect
NOESY spectra at more than one mixing time. Therefore,
all our data were obtained from NOESY spectra with 200-ms
mixing times. Methyl groups, é and ¢ pairs in the tyrosine
rings, and nondistinguishable methylene pairs were treated as
pseudoatoms by MARDIGRAS, with the resulting distances
to the geometrical center of the proton group. For use in DG
and MD calculations, these pseudoatom distances were
converted into distances to the nearest heteroatom and the
upper and lower bounds increased and decreased, respectively,
by the distance between the pseudoatom location and the
nucleus of the heteroatom. Nonstereospecifically assigned
methylene protons distinguishable by chemical shift were
treated individually by MARDIGRAS, but for use in
calculations, a restraint to a methylene proton was converted
into a restraint to the attached carbon atom, with 1 A added
to the upper bound and 1 A subtracted from the lower bound.
Theexception to this conversion was when there were restraints
between each of the protons of the methylene pair and another
proton; in these cases the largest upper bound and smallest
lower bound were used for both restraints.

Distance Restraints from Dihedral Angle Constraints. The
distance geometry program used in this study cannot accept
dihedral angle constraints, and many other studies do not
include such constraints for DG structure calculation. We
have developed a simple method of converting ¢ or x! dihedral
angle constraints intodistance restraints usable by DG. When
a bond is rotated, there is a certain set of distances between
pairs of atoms that vary in a sinusoidal manner and that are
fixed in the absence of bond rotation. Our method places
upper and lower bounds on three of these interatomic distances
to uniquely define an allowed range for a torsional angle. The
three atom pairs are chosen so that for any angle constraint
as large as possible a distance penalty is incurred when an
angle falls outside its allowed range. The distances between
all relevant atom pairs were derived by rotating the bond on
an amino acid model with standard geometry. To constrain
a x! angle, we chose the intraresidue atom pairs H82 to C,
Hp3 to C, and HB3 to N. By limiting these three distances
to those found at the limits of the desired range around the
x! angle (we used £40° from the ideal staggered conforma-
tion), the bond is allowed to rotate freely within the range,
but outside the range the amount of violation of at least one
distance is rapidly increasing as the violation of the angle
increases. The same approach was used for the ¢ angle; in
a residue n, to constrain ¢, we used the three interresidue
distances between the O,., and C,, Ha,, and CB,.

Structure Calculations. Distance geometry calculations
were performed on the Cray Y-MP at the San Diego
Supercomputer Center using the distance geometry program
VEMBED (Kuntz et al., 1989), a vectorized version of
EMBED (Haveletal., 1979). Restrained molecular dynamics
calculations (rMD) and energy minimizations were carried
out with the GROMOS-87 programs (van Gunsteren et al.,
1983) using Sun Sparc2 workstations. The 37D4 force field
was used, and all the calculations were performed in vacuo
with all charged groups neutralized, using the SHAKE
algorithm (van Gunsteren & Berendsen, 1987) to keep all
bond lengths constant. The distance restraint constant K
was increased linearly from 0.6 to 10 kcal mol-! A-2 in the
first 3 ps, while the temperature was kept at 600 K, followed
by 2 ps at 600 K with Kais = 10 kcal mol! A-2, The time
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constant 7 for coupling to the thermal bath was set to 0.2
ps for the first 5 ps of the rMD runs and 2 ps for the next 6
ps where the temperature was allowed to drop (final tem-
perature setting 0 K). The long time constant helps the
structures to avoid getting trapped in local minima as the
temperature is lowered in the annealing phase of the tMD
calculations (Gippert et al., 1990). At the end of the 11-ps
run, the final temperatures found were in the range of 200~
300 K. These final structures were then energy minimized
including a Kg;; = 10 kcal mol-! A-2. The refinement of a
single structure used 2 h of CPU time on a Sparc2 workstation.

Evaluation Methods. There are many ways to evaluate
the quality of an NMR structure. We evaluate the structure
of w-CgTx using some of the standard methods, such as
measuring the RMSD of the matched structures® and listing
the violations of the input distance restraints. However, the
structure of a protein backbone is fully defined by its dihedral
angles, and some of these angles can be evaluated both for
their fit to the accepted ailowed ranges and for their match
to the data and to each other. The first of these criteria is
measured by a Ramachandran plot (Ramachandran et al,,
1963), which shows how well the ¢/ angles fall into the
allowed regions. To evaluate the fit of the final structures to
the data, the expected *Jyn. coupling constant is calculated
from the ¢ angle of a given amino acid, and this is compared
to the measured coupling constant.

The amount of variation among the structures can be
measured by an order parameter Sy (Hyberts et al., 1992)
that indicates the homogeneity of a dihedral angle 6 (eq 1).

=— ((Zsm 6)% + (Zcos 8)H)!/2 1)

j=1 Jj=1

Here, 6; is a particular dihedral angle 6 from the jth structure
out of NV structures. Spis calculated for that particular angle
only; the value of S for a single amino acid’s backbone would
be the average of S and Sy. Ss is functionally equivalent to
the length of the vector resulting from the addition of the unit
vectors representing the dihedral angles, divided by the number
of vectors that were summed.

RESULTS

Identification of Spin Systems. The first step in NMR
structural analysis is assignment of the NMR spectrum. We
used the methods of spin-system identification and sequential
linking developed by Wiithrich and co-workers (Wiithrich,
1986). In the sequence of w-CgTx, certain residue types have
chemical shift patterns in the COSY and HOHAHA spectra
that allow immediate identification, while others must await
sequential assignment. The most easily identified aminoacids
were the glycine, the hydroxyprolines, the threonines, and the
four basic residues. The assignment of these residues was
straightforward, with two exceptions; in one of the threonines
(T23) Ha and H@ have the same chemical shift, so there
appears to be a COSY crosspeak between the methyl and the
Ha. This mimics the spin system appearance of Ala; since

3 We use two methods of evaluating the RMSD: the first is pairwise,
where each pair of structures is matched and its RMSD calculated and
then the average taken over all pairs. The second is RMSD from the
average, where for each nucleus an average position is calculated, and
then the RMS deviation from that position is calculated. The second
method is used primarily when the matching takes place over a different
portion of the molecule than does the RMSD measurement. In general,
when examining the whole molecule with both methods, pairwise RMSD
values are about 50% higher than RMSD from the average. Someauthors
prefer touse RMSD from the average for all evaluations, and their numbers
are correspondingly lower.
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FIGURE 1: Sequential connectivities generated from NOE peaks.
The intensity of the connection is indicated by the height of the box.
Opensquaresindicate that an NOE peak was present, but the intensity
could not be resolved due to overlap. Brackets above the sequence
show the disulfide bonding pattern. * For Hyp residues the §-carbon
protons were used in lieu of the amide proton.

there is no Ala in w-CgTx, the degeneracy was immediately
identified. Determining the spin system of Hyp-21 was
complicated by the & and + protons having the same chemical
shift. Only after the Cé protons were positively identified by
the NOE pattern could we be sure of the assignments. The
lysine and arginine residues were fully assigned, and the
characteristic patterns of crosspeaks were found in the COSY
and in the HOHAHA spectra.

The other 17 residues all have AMX backbone spin systems
(Wiithrich, 1986) and so could not be identified from only the
COSY and HOHAHA spectra. Fromthe NOESY spectrum,
tyrosines were identified by the presence of crosspeaks between
B and & protons and asparagine residues identified by
crosspeaks between § protons and side-chain NH; groups.
The remaining NH5, present in the HOHAHA and COSY,
was assigned to the amidated carboxyterminus of the protein.
The six serines and the six cysteines were not distinguishable
until sequentially assigned.

The initial assignments were from a set of H,O spectra at
15 °C. Water presaturation supressed the Ha resonances
around 4.95 ppm, so at first we had fewer than the expected
23 amide spin systems. Spectra at 25 and 5 °C were used to
find the missing peaks. Table I shows the assignments of
w-CgTx at 15 °C, with adjustments indicating the change in
the chemical shift with a 10° decrease in the temperature.

Sequential Assignment. Residues are sequentially linked
by NOESY crosspeaks, mostly from NH;, Ha;, and Hg; to
HN;41. In Hyp residues we used HCS protons in lieu of NH.
Figure 1 shows the connectivities observed in w-CgTx.
Connectivities are categorized as strong and weak, indicated
by the height of the bar. In cases of severe overlap, an open
bar indicates that there is a peak in the expected location, but
no strength category should be inferred, since there could be
other contributions to the intensity.

The sequences T11-N20 and Y22-Y27 were assigned first,
as the majority of residues in those sections are of identifiable
type, and so sequential assignments proceeded with great
confidence. Starting with G35, the next four residues are all
Ser or Cys, but there are strong Ha; — HN;+; NOEs, so again
there was no problem with the assignments. C1 was assigned
as the AMX spin system that did not have an amide proton,
and residues 1-3 were sequentially assigned. The C-terminal
NH2 was confirmed by the presence of strong NOEs toseveral
resonances of Y27. Finally, we identified sequential NOEs
to the HB and HCS protons of the Hyp residues, completing
the assignment of the protein. Table I lists the complete
assignments.

Calculation of .. The rotational correlation time r. was
measured using natural abundance 1*C-proton 7) and T;
measurements as described in the Experimental Section. Since
these measurements were made with indirectly detected one-
dimensional spectra, the only carbon whose relaxation times
could be measured individually was the a-carbon of Arg-25,
whose attached proton is the only one completely resolved
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Table I: 'H Resonance Assignments of Conotoxin GVIA at 15 °C, pH 4.4¢

residue HN Ha HpB2 HB3 others
Cys-1 4.57 3.04 3.25
Lys-2 9.44 [+5]° 4.65 1.87 1.94 Hy (1.45, 1.54);c Hé (1.67, 1.61); He 3.00
Ser-3 9.01 [+6] 4.55 4.01)
Hyp-4 422 2.13 245 Hy 4.73; HOé 6.7 [+11]; HCé2 3.83; HCé3 3.86
Gly-5 9.29 [+4] (4.54, 3.66)
Ser-6 7.72 {+1] 4.50 (3.94 3.86)
Ser-7 8.92 [+5] 4.75 (3.91)
Cys-8 8.40 [+1] 4.97 3.10 2.98
Ser-9 8.41 [+10] 4.93 (4.02 3.73)
Hyp-10 4.44 2.10 2.38 H~y 4.58; HC62 3.65; HC63 4.04
Thr-11 7.63 [+3] 4.12 4.49 +¥CH; 1.15
Ser-12 7.52 [0] 4.40 (3.86)
Tyr-13 8.13 [+2] 4,51 2.95 3.29 H$ 7.09; He 6.85
Asn-14 8.28 [+3] 491 (3.03 2.74) 8NH, (7.58 [+5], 7.03 [+7])
Cys-15 8.74 [+5] 4.67 2.46 3.02
Cys-16 9.51 [+3] 4.56 2.80 3.26
Arg-17 8.40 [+3] 4.62 1.71 2.04 Hy (1.69, 1.55); Hé (3.18, 3.09); He 7.22 [+1]
Ser-18 7.22 [+1] 4.62 (4.04)
Cys-19 8.89 [+6] 4.80 2.97 2.80
Asn-20 7.93 [+1] 4.55 1.28 3.50 SNH; (7.49 [+6], 6.80 [+5])
[-8] (2]
Hyp-21 4.32 (2.25 1.72) H«y 4.32; HCé (4.51, 3.94)
Tyr-22 8.35 [+3] 441 (3.16) Hé 7.29; He 6.90
Thr-23 7.10 [0] 4.25 425 ~CH; 1.17
Lys-24 8.57 [+1] 3.64 2.07 2.37 H~y (1.33); Hé (1.72, 1.65); He 3.04; {NH; 7.57
Arg-25 7.33 [0] 5.26 1.48 1.30 Hey (1.64, 1.39); Hé (3.16); He 7.20 [+2]
Cys-26 9.26 [+1] 4,95 2.81 3.68
Tyr-27 9.32 [+1] 448 2.87 3.18 Hd 7.31; He 6.87
NH, H147.47 [+7]; H2 8.14 [+7]

@ Chemical shifts are relative to internal TSP at 15 °C. > Numbers in square brackets indicate the change in chemical shift for a 10° drop in
temperature, in units of 0.01 ppm. ¢ Assignments in parentheses are not stereospecifically assigned. 4 Nomenclature of amidated C-terminus: H1 is

cis to the carbonyl O, H2 is trans.

from all other proton resonances. Measurements were also
made for the carbons whose attached protons overlapped at
4.3 ppm. The results for these two different proton chemical
shifts were the same within the experimental error, with 7
=0.24 £ 0.04 sand T, = 0.16 = 0.03 s. These values yield
an estimate for the correlation time 7. equal to 1.1 £ 0.5 ns,
based on a pure dipole—dipole relaxation mechanism dominated
by the directly attached proton. The contribution to the
relaxation times for the chemical shift anisotropy mechanism
can be estimated based on the parameters obtained by Norton
etal. (1977) for the a-protons of proteins. These contributions
were about 2 orders of magnitude longer than the observed
T) and T, relaxation times, so it is a reasonable assumption
to consider only the dipole-dipole mechanism.

Distance Restraints. The volume integrals obtained from
the NOESY spectra were used to generate distance restraints
with the aid of the program MARDIGRAS (Borgias & James,
1989, 1990). This program analyzes the complete NOE
relaxation matrix to generate upper and lower bound distance
restraints. Since MARDIGRAS results are quite sensitive to
the estimated correlation time, we ran the program with three
different input correlation times ranging from 0.6 to 1.6 ns,
in order to cover the range calculated from relaxtion mea-
surements. Each NMR restraint was given a upper and lower
bound by MARDIGRAS, and we took for each final restraint
the maximum upper and minimum lower bound from all runs,
thus decreasing the probability that the bounds were overly
tight or incorrect due to an error in the correlation time.
MARDIGRAS requires a starting structural model, which it
uses to supply distances where there are missing NOEs in the
data. It has been shown (Thomas et al., 1991) that the
distances obtained by MARDIGRAS are not very sensitive
tothe starting model, so for the initial set of distance restraints
we used an extended chain, and the restraints produced by the
program were good enough to generate a family of reasonable
starting structures. These initial calculations used only those

NOESY crosspeaks that had unambiguous assignments. For
subsequent calculations, we used as starting structural models
each of the structures obtained from the most recent refine-
ment.

MARDIGRAS calculates each restraint individually, so
there is not a uniform range to the bounds. But to give some
idea of what MARDIGRAS restraints look like, we present
several examples (for reference, a fixed-distance pair of
B-methylenes has intensity 700): R25 NH - K24 HN, a very
strong NOE with intensity 120, has distance bounds of 2.75
+ 0.25 A; R25 HN - N20 HN, a medium-strong NOE with
intensity 64, has bounds of 3.1 £ 0.3 A; K24 HA - C8 HN,
a weaker NOE with intensity 9, has bounds of 3.95 £ 0.75
A; and R25 HA - 87 HN, a weak NOE of intensity 3.5, has
bounds of 4.6 + 0.4 A, The complete table of restraints has
been deposited in the Brookhaven Protein Data Bank, along
with the coordinates of the final structures.

Stereospecific Assignments. A protein solution structure
benefits greatly from the stereospecific assignment of as many
methylene protons as possible (Giintert et al., 1989). -
Methylene protons can be stereospecifically assigned from a
combination of the x! angle coupling constant and NOE-
derived distances between the 8 protons and the intraresidue
amide proton (Wagner et al., 1987; Basus, 1989). In difficult
cases, distances to neighboring residues can provide the needed
information. Tomakeinitial assignments we used an extension
of the method of Wagner et al. (1987) that includes the
MARDIGRAS distance restraints (upper and lower bounds)
and the 3Jun, value. In this method we calculated expected
Hp to HN distances (assuming staggered geometry) for each
rotamer position that was consistent with the coupling data,
given the possible ¢ angles calculated from 3Juna. These
expected distances were compared to the upper and lower
bounds generated by MARDIGRAS, and an assignment was
made if a consistent and unique pattern was seen. Subse-
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quently, other data such as sequential NOEs were used to
confirm the x! rotamers.

1-D spectra provided the 3Jun, values (see Table II) as
described in the Materials and Methods section. We measured
the 3JuNeq coupling constants for 15 of the residues from the
15° spectrum. Four of the amide protons that are overlapped
at 15° could be measured in the 25° or 5° spectrum, due to
thedifferences in temperature dependence of the HN chemical
shifts (see Table I). To confirm that measurements taken at
different temperatures can be combined, we compared the
splitting of several amides that are measurable in all three
spectra, and the values agreed to within 10%. Since the 3Junq
coupling constant is dependent on structure, the observation
that these values remain essentially the same over a 20°
temperature range increases our confidence that the structure
remains the same and therefore that data from spectra at
different temperatures within that range can be combined.

To determine the x! angles, we used an E.COSY spectrum
takenat 25 °C to decrease line width and maximize resolution.
We measured the a/8 coupling constants from the passive
coupling in the crosspeaks. Stereospecific assignments and
x! rotamer values were determined for 13 of the 27 residues
in w-CgTx (see Table II). In addition, Hyp-4 and Hyp-10
were stereospecifically assigned on the basis of intraresidue
NOE data and coupling constants. For Ser-6 and Ser-9 the
a/B coupling constants were not consistent with any of the
three possible rotamer conformations, indicating motional
averaging. The other four serine residues and Tyr-22 have
degenerate 8 chemical shifts, so nothing can be concluded
about their orientation.

Structure Determination. The structure of w-CgTx was
determined using distance geometry (DG) to calculate initial
structures and restrained molecular dynamics (rMD) torefine
the structures. If a substantial number of restraints were
added or changed after a rMD run, the new restraints list was
given to DG, and a new set of structures was calculated and
refined. New restraints were obtained by eliminating all but
one possible assignment for the observed NOESY crosspeaks
that had multiple assignment possibilities due to resonance
overlap, based on the distances found in the previous set of
calculated structures.

For the DG calculations, disulfide bonds were defined by
a set of distances between each Sy and the partner’s Sy and
HpBs. We used the disulfide pairing pattern C1-C16, C8-
C19, and C15-C26, as first determined for w-CgTx by
Nishiuchi et al. (1986) and confirmed specifically for the
synthetic material employed in this study using a series of
specific enzymatic cleavages, HPLC purification of the
products, and amino acid analysis and/or amino acid se-
quencing (D. Chung, S. Gaur, J. Bell, L. Nadasdi, and J.
Ramachandran, unpublished results). The disulfide con-
straints were combined with the initial MARDIGRAS distance
restraints into a file which was input for DG to generate 20
starting structures. Fourteen of these 20 were kept, and the
remaining six were discarded because they had the mirror
image global fold. The incorrect structures were recognizable
because they were in the minority and had much higher final
energy values than the group of correctly folded structures.
We then refined the 14 structures with rMD. Early attempts
with the rMD calculations produced problems in the regions
involving the disulfide linkages, so we developed a protocol of
running rMD twice on each structure; for the first run we
included no disulfides and used a restraint of 5 A between the
sulfur atoms of each disulfide pair. For the second run we
removed that restraint and included the normal disulfide
linkage in MD. The purpose was to allow MD to overcome

Dihedral Angle and Hydrogen Bond Data®

Table II:

O

).

-73 48 -50 105 -62 -69 -143 94 -52 -82 -115 -39

-0

67

~14
1.0 099
28 50
tz;! tzzz

)

135
L]

130 66

1.0 099 098 099 099 0.99 0.99
145
-72 60

41 44 6

31
1.0 099 099 099 099 1.0
—65

-55 —62 -103 57
-162 -169 -174 27 96 62

1.0 098 0.61 092 098 1.0

88
111
1.0

157 136
099 0.68 099 0.99

-62 64 67
1.0

-86 -117 -60 -115 -17 -82
153 -43 84

098 092 1.0 0.99 099 099 098 098 099 095 092 0.52¢ 099 099 1.0 0.99 066 097 098
092 098 0.98 098 043

39
62

43
67
1.0

~35 -13 47
0.98 090 0.99 099 099 099 098 0.99 098 0.96 0.96 0.58¢ 099 0.99 1.0
-25 61 17

144

58 161
0.57 0.35 0.99 0.71 0.96 0.60 0.51

-63 -5

132 -34 148 128 161

34

139
-73 30

125
099 099 0.27 1.0

149
69

¢ angle (avg)
order param S¢
¥ angle (avg)
order param S
x! angle (avg)
order param S

72 9.7

tZgJ
L]

79

43 9.7
tZgJ t2g3

8.5

6.6

87 19

78

54 40 85

4.2

6.8
g283 t283

3 JuNa coupling, Hz

x! rotamer®

t233
*

gzta

g’t’

tlg.‘!

tZgJ

g8}

slow HN exch

N20 N20 S6 Si8

b

R25
-2.5
21

C15
-1.6

K2

S9

S9

K24
-2.6
21

C26 S3
-2.1 2.0

N14
-2.3
21

H-bond acceptor/
H-bond energy*

-1.5 0.8 -2.2 -26

-24
20

-1.7
8

-1.2
18

21

aStructural data from the 21 best structures. » We use X as the one-letter abbr. for hydroxyproline. ¢ Order parameter Sy of preceding dihedral angle (see eq 1) (Hyberts et
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no. of structures’

¢ Entries indicate the rotamers that were determined from coupling constant and NOE data. Nomenclature taken from Withrich (1986).

the S parameter values are near 1.0.
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, averaged among all structures where hydrogen bond was formed (hydrogen bond is formed when energy <-0.5

ydrogen bond from the residue in the current column. £ Unknown H-bond acceptor, but we speculate it may be Od of
i Number of structures in which the hydrogen bond energy was below the cutoff energy.

& Average energy in kcal of hydrogen bond

kcal). Evaluated by program DSSP (see text).

/ Residue containing the carbonyl oxygen that accepts the h

N20, see Figure 2a.
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some of the high barriers that may have existed when the
sulfur atoms were bonded to form the disulfide linkages. rMD
refinement resulted in a set of structures with lower final
energies and a pairwise RMSD value of the backbone atoms
of 2.5 A.

With initial structures in hand, we could then assign
NOESY peaks where there were originally at least two possible
assignments. In most cases the correct assignment became
obvious when the possibilities were compared to the structure.
We added the volume integrals for the newly assigned
crosspeaks to the original peak list and thenran MARDIGRAS
again to calculate a second generation list of restraints. This
time instead of an extended chain for the starting structure,
we had the 14 structures from the previous round, but we had
no way of choosing one structure as better than another, so
we ran MARDIGRAS 42 times, with 14 starting structures
at each of the three 7. values used before. For each restraint,
from the 42 possibilities the highest and lowest distances were
selected to become the upper and lower bounds.

For the final refinement, we added to the restraint file all
usable torsional angles obtained from vicinal coupling con-
stants, and we removed all NOE restraints that became
redundant due to the coupling constant data. 3Jyn, coupling
constants were converted to ¢ angle constraints according to
the following rules: if 3Jun, < 5.5 Hz, then we constrained
¢ to the range -90° < ¢ < —40°, and if 10.0 Hz = 3Jyn, 2
8.5 Hz, then the range was ~160° < ¢ < —80° (Pardi et al,
1984). Five residues with 3Jyn, < 5.5 Hz and three with
3Juna 2 8.5 Hz were constrained by these rules. (Three other
residues that fell into one or the other of these categories were
not constrained, but their ¢ angles after refinement agreed
with their 3Jyn., as shown in Figure 6). The 13 x! angles
whose orientations had been determined were constrained such
that there was no penalty for deviation of £40° from the ideal
rotamer position (x! = +60°,~60°, or +180°). Furthermore,
we included the stereospecific assignments, and with these
new constraints we generated 38 DG structures, of which the
best 21 were chosen. These were refined with rMD as before,
and the pairwise RMSD of the backbone atoms was 0.93 A.
The number of substantial distance violations was reduced
from the earlier structures, but there were still some restraints
that were violated in most of all structures by >0.5 A. We
carefully examined all restraints that were violated in many
structures and found two that were determined to be noise
and two others whose assignments were stillambiguous. These
four restraints were removed from the file. There were two
restraints whose upper bounds were violated in all structures
and whose MARDIGRAS maximum distances were around
4.0 A. These peaks were small in a NOESY with a 200-ms
mixing time, and since it is common procedure to give a
maximum distance of 5.5 A for such crosspeaks, we loosened
these restraints accordingly.

The already refined structures were then refined once more
with the final restraints file, using a single run of rMD
(including disulfides). This set of structures had an average
pairwise backbone RMSD of 0.58 A, and the RMSD for all
heavy atoms was 1.46 A. The number of violations was low,
and there were no upper bound violations of over 0.5 A in the
entire set of structures (see Table III). At this point we felt
the structural refinement was complete.

DISCUSSION AND EVALUATION OF STRUCTURE

Hydrogen Bonds. The hydrogen-exchange experiment
identified seven slowly exchanging protons in the structure,
and these were examined to find likely bonding partners. The
final structures were also examined for potential hydrogen
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Table III: Restraint Violations®

av no. of av no. of
upper bound lower bound
violation range violations? violations®
violation > 0.5 A 0 0.10
0.5 A 2 violation > 0.4 A 0.24 0.10
0.4 A 2 violation > 0.3 A 0.71 0.29
0.3 A  violation > 0.2 A 1.9 1.3
0.2 A = violation > 0.1 A 7.0 5.8

4 Violations of the restraints used in the structure calculations of the
best 21 structures. © Average number of violations per structure for the
ranges given. ¢ MARDIGRAS provides lower bounds for each restraint,
Violations occur when the distance is less than this lower bound.

bonds whose donors were not found to be slowly exchanging.
We used the program DSSP (Kabsch & Sander, 1983) to
determine hydrogen bonding partners. DSSP evaluates the
energy of the bond, so there is not a specific distance or angle
cutoff, but instead an energy cutoff. In addition, the energy
value gives a good indication of the strength of the bond.
Kabsch and Sander have scaled the calculations such that
ideal hydrogen bond geometry results in an energy of —3.0
kcal/mol. They also suggest a maximum energy cutoff of
-0.5 kcal/mol, above which a hydrogen bond does not exist.
Weused these criteria to identify eight unambiguous hydrogen
bonds that were formed in at least 20 of the 21 refined
structures and that had average energies of <-2.0 kcal/mol.
Four of these hydrogen bonds involved slowly exchanging
amides. Two more slowly exchanging amides, K24 and R25,
form hydrogen bonds to the carbonyl of N20 in all structures,
indicating a bifurcated hydrogen bond. The energy of these
bonds is higher than -2.0 kcal/mol, which is not unexpected
ina bifurcated bond. Several other potential hydrogen bonds
were found in nine or more structures. S12 (HN) to S9 (O)
stabilizes the turn at that location and is formed in 18
structures. A hydrogen bond between S18 (HN) and C15
(O) is present in only nine structures, and the structural
implications of this feature are discussed below.

The other slowly exchanging amide proton belongs to T23,
and it does not have an unambiguous acceptor. One possibility
is that it is hydrogen bonded to the & carbonyl oxygen of N20,
which is oriented approximately correctly. However, the
average distance is 3.28 A, which does not indicate a strong
hydrogen bond. The proposed hydrogen bond network for
the central portion of the molecule is shown in Figure 2a, and
the pairings and energies are summarized in Table II.

Structural Features. »-CgTx has an antiparallel triple-
stranded B-sheet of classification +2x, -1 (Richardson, 1981)
as shown in Figure 2b. The S8-sheet is its best-defined region,
though the molecule has a well-defined backbone over its entire
length, as can be seen from the overlay of structures in Figure
3. The largest portion of the S-sheet is from S18 to the
C-terminal Y27, connected by a hairpin turn from Hyp-21 to
K24. A third, short piece of 3 strand between S6 and C8 is
hydrogen bonded to K24 through C26, making w-CgTx the
smallest known protein with a triple-stranded 8-sheet. When
the structures are matched to the backbones of residues 18—
27, the backbone RMSD (from the average) of the residues
in the sheet is 0.28 A (see Figure 4a).

We examined the structure to identify turns, using the
definition that a turn exists where two Ca’s are separated by
tworesidues and less than 7 A (Lewisetal., 1973). Candidates
were then classified according to published definitions (Ri-
chardson, 1981; Wilmot & Thornton, 1990). Thereisa hairpin
turn between Hyp-21 and Lys-24, with ¢/y dihedral pattern
araryroL. Sibanda et al. (1989) classify this pattern as a
4:4 turn. Position 4 is a Lys, not the preferred Gly, but its
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FIGURE 2: Diagrams of the structure of w-CgTx. (a) A depiction
of the consensus hydrogen bond network. Only the central portion
of the molecule is shown. Note that the HN of S18 is shown rotated
in, making the hydrogen bond with C15. In some of the structures,
the HN of S18 is rotated away from the turn (see Figure 4c).
Although only speculated, the hydrogen bond between HN of T23
and 0481 of N20 is also indicated. (b) Jane Richardson (1981)
diagram of the secondary structure of w-CgTx. The backbone is
shown as either coil or 8-sheet, and disulfide bonds are represented
by small balls and dark sticks. Labeled large balls are a-carbons to
serve as signposts; the terminal residues are black.

THR)

FIGURE 3: Stereoview of the backbone of the best 21 structures of
w-CgTx, superimposed so as to minimize the pairwise RMSD. Cys
side chains are shown and disulfides indicated by dashed lines.

¢/ is in the small oy region that mimics the conformation
that would be found in a fourth position Gly. S3 to S6 form
a type II turn in all structures, held together by a hydrogen
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FiGURE 4: Various portions of the molecule; in each case the matching
was only over the portion of the backbone pictured. However, RMSDs
reported here are the backbone RMSDs from the average from
globally matched structures, averaged over all residues shown in
fragment. Proposed hydrogen bonds are indicate by a dashed line.
(A) B-sheet portion: S18-Y27 and S6-C8; RMSD is 0.34 A. (B)
Type-II turn: S3-S6; RMSD is 0.31. (C) Type-I or -VIII turn:
C15-S18;RMSDis0.35. (D) Hydrogen bond network at N-terminal
stretch: RMSD is 0.38.

bond between those two residues. The glycine in position 3
of the turn is common for a type II turn, and this Gly (G5)
is conserved in all known w-conotoxins (Hillyard et al., 1989;
Gray et al., 1988), leading to the possibility that the turn also
is conserved among w-conotoxins.

Two turns were found in the stretch from S9 to S18; S9 to
S12 forms a type-I turn, with the hydrogen bond between 9
and 12 formed in 17 of the 21 structures (see Figure 4b).
Between C15 and S18 there is a turn, but its classification
varies among the structures, due to the broad distribution of
the ¢ angles of S18. Innine of the structures a hydrogen bond
is formed between HN of S18 and O of C15, and the turn is
a type I. However, in the remaining structures, the ¢ angle
of S18 is positive and the HN is rotated out of hydrogen
bonding distance (see Figure 4c). Inthese conformations the
turnisclassified as the somewhat unusual type VIII, as recently
defined by Wilmot and Thornton (1990). We are presently
unable to determine whether this ambiguity is due to multiple
conformations or to a lack of restraints on the backbone.

Both termini are well defined in all structures. This is not
surprising, given the presence of disulfide bonds constraining
the ends. Figure 4d shows the hydrogen bonding pattern
between the N-terminal portion and the stretch between N14
and C16, where there are two hydrogen bonds in the absence
of recognizable secondary structure. The é hydroxyl proton
of Hyp-4 is exchanging slowly enough to be seen in the 5° and
15° HOHAHA and NOESY spectra and has NOEs toseveral
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protons on Y27 and the C-terminal NH,. The slow exchange
implies a hydrogen bond, and the likely acceptor is the carbonyl
oxygen of Y27. However, this hydrogen bond is not formed
in the structures reported in this paper, as the average distance
between Hé1 of Hyp-4 and O of Y27 is 3.67 A. The loop
between Cys-8 and Asn-14 is the generally least well-defined
region, but it is still well ordered, with a backbone RMSD
from the average of 0.55 A, when calculated from structures
that were matched over the entire backbone.

Examination of the orientation of the side chains, by looking
at the 2J,5 coupling constants, showed that all the longer side
chains have well-defined x' angles, with the exception of Y22,
which is on the outside of a turn. Thisimpliesthat thelocations
of the positively-charged groups and two of the tyrosine
hydroxyls are at least somewhat constrained, which may have
implications for the function of the molecule. One particular
feature is Tyr-27, which is oriented so that the ring extends
back up over the S-sheet. HB2 of N20 is shifted about 2 ppm
upfield from its expected chemical shift, and it appears to sit
under thering of Y27. All the serines could be rotating freely,
either from the evidence of their averaging coupling constants
or from the fact that their HB chemical shifts are degenerate.
Table I1 shows the average x' angles for all the residues, and
the order parameter S (eq 1) indicates the homogeneity of the
angle among the 21 final structures.

Evaluation of Structure. Kobayashi et al. (1988) have
reported preliminary NMR structural studies on w-CgTx.
Their report contains no NOE, structural, or assignment data
that we can use to compare their structure to ours. There is
a ribbon diagram (not in stereo) that gives an indication of
the topology of their structure. We have carefully examined
the diagram, and it appears that the 8-sheet is not formed,
and several other prominent features are missing (e.g., the
loop from S3 to S6). However, in the absence of more data
it is impossible to quantitatively discuss their work in relation
toours. Since to our knowledge this is their only publication
concerning w-CgTx, we will make no further comparisons to
their work.

Evaluation in the manner outlined in Materials and Methods
(vide supra) indicates that the structure for w-CgTx reported
here is substantially correct. The average pairwise RMSD
of the backbone of the whole molecule among the 21 best
structures is 0.58 A, and the RMSD including all the heavy
atoms is 1.46 A. An examination of the RMSD from the
average of each individual residue, when the backbones are
matched globally, shows no stretch with particularly high
RMSD (see Figure 5). The loop between S9 and N 14 is the
most disordered stretch of backbone, and the side chain of
Tyr-22 is not constrained. The violations of NOE restraints
are shown in Table III. The paucity of large violations
indicates a good fit between the data and the structures. The
average violation of one upper bound restraint is >0.2 A, and
all others are <0.12 A.

There is a close correlation between the observed *Jyn.
coupling constants and the expected values based on the ¢
angles found in the structures, as shown in Figure 6. Of the
19 coupling constants measured, only eight were used to
generate restraints for structural determination (shown as
open triangles or squares). These eight are at the extreme
limits, where a single range of ¢ angles can be confidently
predicted. Thus, the fact that the remaining 11 measured
values also correspond reasonably well to the ¢ angles of the
refined structures improves our confidence in the reliability
of the structures. In addition, two coupling constant values
at the upper extreme (28.5 Hz) and one in the lower range
(<5.5 Hz) (open circles in Figure 6), which should have been
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RMSD From Average
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Residue 1 3 5 7 9 11131517 1921 23 25 27
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0.5

FIGURE 5: Backbone variability by residue. Top: RMS deviation.
The solid bars rising from the horizontal indicate the RMSD of the
backbone atoms for each residue, and the shaded bars indicate the
RMSD of all heavy atoms. All RMSDs are from the average of
globally-matched structures. The shaded bars include the length of
the solid bars underneath. Bottom: Order parameter S. The
descending bars show the order parameters S of the ¢ (solid bars)
and y (shaded bars) angles, 0 = randomly distributed, and 1 =
perfectly aligned (see eq 1).
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FIGURE 6: Plot of *Jyn. coupling constant vs ¢ angle. Line is
calculated from the equation proposed by Wiithrich (1986): Jyna
= 6.4 cos® p* — 1.4 cos ¢* + 1.9, where ¢* = ¢ — 60°. Data points
indicate the mean values of the ¢ angles among the 21 structures,
for all 19 residues for which coupling constants were measured and
unambiguous. The error bars show one o from the mean ¢ angle
value. Open triangles represent torsional angles that were constrained
to—160° < ¢ <-80°. Open squares represent torsional angles that
were constrained to -90° < ¢ < —40° (see Materials and Methods).
Open circles were not constrained in rMD (see text). Solid triangles
are the two conformations of Y13, treated independently.

converted to angle constraints, were inadvertently omitted
from the restraints file, yet their ¢ angles in the structures
agree with those predicted from the measured coupling
constants. The data for Y13 have been split into two points
(solid triangles) in Figure 6 because that ® angle (and the
of S12) has two distinct conformers (eight with positive & and
13 with negative). Instead of calculating a fairly meaningless
mean and standard deviation for the entire set of 21 structures,
we have treated the two conformers separately, and the data
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FIGURE 7: Ramachandran plot of ¢ — ¢ angles for the best 21
structures of w-CgTx. Open circles are Gly-5.

points reflect this division. Both conformers are consistent
with 3Jyn, data.

A comparison of the order parameter S with the RMSD
data (see Figure 5) highlights an interesting observation that
reflects upon the meaning of some of the numbers that NMR
spectroscopists use to evaluate their structures. In this figure,
thesingle-residue backbone RMSD is calculated asan RMSD
from an average structure, when all structures have been
globally superimposed. There are two main regions of
backbone disorder: residues centering around Ser-12 and those
around Tyr-22. Yet the S parameter plot shows that while
the high RMSD values around S12 are matched by low S
parameters (high disorder), the S parameters around Y22 are
close to 1.0, indicating a well-ordered turn. The source of the
high RMSD for Y22 is in the placement of the turn within
the structure; Y22 is at the outside of a hairpin at the end of
a sheet, where small variations in angles closer to the center
of the molecule areamplified. While this kind of amplification
of small variations can be avoided by matching only a small
portion of the molecule, a decision must be made on which
residues to match, and this decision affects the RMSD values.
In contrast, the S parameter provides a measure that is
completely independent of how the structures match and is
therefore an objective measure of disorder. Furthermore, the
S parameter indicates the source of disorder; in the region
around R17-S18 there is very high disorder of one carbonyl,
resulting in a low S value for the adjoining /¢ pair. Yet the
slight increase in RMSD for this region does not distinguish
between minor disorder over many atoms and large variations
in only a few atoms.

The final evaluating criterion is the Ramachandran plot
(Ramachandranetal.,, 1963). For the 21 structures reported
here, it indicates good overall placement of backbone dihedral
angles within the allowed regions of the plot (see Figure 7).
Almost all of the points in the disallowed region in the top
center area are from S18, which has a poorly-defined ¢ angle.
All other residues are generally within the allowed regions.

Comparisonto Other Toxins. w-CgTxissmaller than most
other known peptide neurotoxins, the exceptions being other
conotoxins. The only conotoxins with previously published
structures are u-conotoxin GIIIA (Ott et al., 1991; Lancelin
etal., 1991) and a-conotoxin G1 (Pardj et al., 1989; Kobayashi
etal., 1989). Both of these peptides are smaller than w-CgTx
and have a substantially-different disulfide topology, and
neither has a triple-stranded 8-sheet. Therefore, we will not
compare them further tow-CgTx. However, the basic topology
of the triple-stranded B-sheet in w-CgTx can be compared to
the similar domain found in other toxin molecules.

The B-sheet topology of +2x, —1 (Richardson, 1981) is
common among many smaller toxins, including the scorpion
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toxin AaH IT (Darbonetal., 1991) and the C-terminal portion
of the sheet of Sh I from the sea anemone Stichodactyla
helianthus (Fogh et al., 1990). This pattern has also been
noticed in defensins suchas HNP-3 (Hill et al., 1991), although
the defensins are dimers and have a method of action
completely different from that of neurotoxins. Itisinteresting
to note that snake neurotoxins such as cobratoxin (Betzel et
al.,, 1991), erabutoxin (Smith et al., 1988), and a-neurotoxin
from Black Mamba (Brown & Wiithrich, 1992) have a
reversed pattern in their triple-stranded g-sheet of -1, +2x.

Conclusion. We have presented the solution structure for
the w-conotoxin GVIA based on NMR spectroscopic data.
Thestructure contains a triple-stranded -sheet and four tight
turns and is well-defined over its’entire length. It differs
significantly from the previously published structures of a-
and u-conotoxins. Such divergence is not unexpected, for
while all are found in the venom of similar organisms, the
w-conotoxins bind to voltage-activated calcium channels, while
the a-conotoxins bind to the nicotinic acetylcholine receptors,
and the u-conotoxins bind to voitage-activated sodium chan-
nels.

The coordinates for the final 21 structures and the input
restraints will be deposited in the Protein Data Bank,
Brookhaven National Laboratory, Upton, NY 11973, from
where these results can be obtained.

NOTE ADDED IN PROOF

While this manuscript was being reviewed, a communication
was published [Sevilla, P., Bruix, M., Santoro, J., Gago, F.,
Garcia, A. G., & Rico, M. (1993) Biochem. Biophys. Res.
Commun. 192, 1238-1244] with a preliminary structure of
w-CgTx, submitted about two months later than our manu-
script. Their structure appears similar toours, but the average
pairwise backbone atom RMSD for their eight final structures
was 1.18 A, while our 21 final structures had an average
pairwise backbone atom RMSD of 0.58 A. Inaddition, there
are some discrepancies in assignments.
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