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ABSTRACT: ω-Conotoxin MVIIA is a 25-residue, disulfide-bridged polypeptide from the venom of the
sea snailConus magusthat binds to neuronal N-type calcium channels. It forms a compact folded structure,
presenting a loop between Cys8 and Cys15 that contains a set of residues critical for its binding. The loop
does not have a unique defined structure, nor is it intrinsically flexible. Broadening of a subset of resonances
in the NMR spectrum at low temperature, anomalous temperature dependence of the chemical shifts of
some resonances, and exchange contributions toJ(0) from 13C relaxation measurements reveal that
conformational exchange affects the residues in this loop. The effects of this exchange on the calculated
structure ofω-conotoxin MVIIA are discussed. The exchange appears to be associated with a change in
the conformation of the disulfide bridge Cys8-Cys20. The implications for the use of theω-conotoxins
as a scaffold for carrying other functions is discussed.

Sea snails of the genusConususe venom containing a
battery of molecules for hunting. Each species of sea snail
produces a distinct set of toxins adapted to its particular food
source (1). The components of these toxins are targeted to
specific receptors in the sea snail’s prey. These molecules,
termed conotoxins, are also subtype-specific ligands for
analogous receptors in mammals (2). Thus, for example,
R-conotoxins bind specifically to nicotinic acetylcholine
receptors andω-conotoxins to neuronal N-type calcium
channels (3). Each of these ligands may serve as a pharma-
cological toolsindeed,ω-conotoxin binding is widely used
in defining calcium channel typessand as a template for drug
design (4).

Many of the conotoxins are short peptides (9-35 amino
acids) and contain a high proportion of cysteine residues,
forming distinctive sets of disulfide bridges. The pattern of
cross-links is often conserved among the conotoxins of
different species that bind to the same class of receptors.
The structures of severalω-conotoxins have been determined,
each describing a small, triple-strandedâ-sheet, tightly cross-
linked by three disulfide bridges (5-11). The same topology
was identified in a number of other polypeptides with diverse
functions (12). The toxins from different species of sea snail
show great variety, however, in the nature of the side chains
at other positions, even when exhibiting similar binding
properties: bothω-conotoxins GVIA and MVIIA, for

example, bind to neuronal N-type calcium channels, but
ω-conotoxin GVIA is rich in hydroxyl groups, while
ω-conotoxin MVIIA contains a large number of positively
charged side chains. Chemical modification and peptide
synthesis have identified a number of key residues for
binding, including several located in the central loop between
the second and third cysteine residues (13-15). In particular,
it has been shown that the hydroxyl group of the tyrosine
residue at position 13 is essential for the activity of
ω-conotoxins (16) and that, while residues 9-14 all play a
role in binding to calcium channels, Leu11 and Tyr131 are
the most important residues (17, 18).

Initial reports of the determination of the structure of
ω-conotoxin MVIIA (8,9) suggested that its binding loop
exhibited greater flexibility than the cross-linked core of the
molecule. Nielsen et al. (11) noted, however, that broadening
of residues 11-13 indicated the presence of conformational
exchange in this key loop. This phenomenon is explored in
detail here through the effects of temperature variation,13C
relaxation at natural abundance, structure determination, and
chemical shift calculations. The possible origins and con-
sequences of conformational exchange inω-conotoxin
MVIIA are discussed as are its implications for understanding
conotoxin binding.

EXPERIMENTAL PROCEDURES

Sample Preparation.A lyophilized sample of 10 mg of
ω-conotoxin MVIIA was dissolved in 600µL of H2O (10%
D2O) to give a final concentration of 6.3 mM. Small aliquots
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of HCl were used to adjust the pH to 3.5 (direct meter
reading). For hydrogen exchange measurements, diffusion,
and13C relaxation experiments, the sample was lyophilized
and dissolved in D2O. A small amount of DSS (sodium 2,2-
dimethylsilapentane 5-sulfonate) was used as an internal
reference.

1H NMR Measurements.All NMR measurements were
carried out at 283 K (unless stated otherwise) and at 500 or
600 MHz on Bruker AMX500 or DRX600 spectrometers.

Standard two-dimensional1H experiments were carried out
at 600 MHz in phase-sensitive mode, using either the method
of States et al. (19) or time-proportional phase incrementation
(TPPI, 20), with a spectral width of 7003 Hz in both
dimensions and a relaxation delay of 3 s. COSY (21) and
HOHAHA (22,23) spectra were recorded with presaturation
of the water signal during the relaxation delay, and, for the
HOHAHA experiment, with a spin-locking rf field strength
of ca. 8.5 kHz and mixing times of 40 and 80 ms. NOESY
(24) spectra were recorded with suppression of the water
signal using a WATERGATE sequence (25,26) prior to
acquisition and with mixing times of 50, 100, 150, 200, 250,
and 300 ms. In most cases, 32 transients of 2K data points
were acquired pert1 increment, with 512t1 increments for
experiments using TPPI and 256 increments for those using
the method of States et al. (19).

Spectra were processed using the manufacturer’s software,
UXNMR, and using Felix (v2.1, Biosym Technologies, San
Diego, CA). COSY data was multiplied by an unshifted sine
bell and HOHAHA and NOESY data by a 90°-shifted sine
bell prior to zero-filling once and Fourier transformation.

Hydrogen Exchange.Hydrogen-deuterium exchange was
investigated by recording a series of one-dimensional1H
spectra and NOESY spectra (as above, except that only 256
t1 increments were acquired) at 600 MHz, immediately
following dissolution in D2O and over the subsequent 24 h.
Intensities of amide HN peaks in 1D spectra were measured,
scaled to the intensity of the peaks of the single aromatic
residue, Tyr13, and fitted with a single exponential in Matlab
(The MathWorks Inc., Natick, MA) by simplex minimization
and Levenberg-Marquardt nonlinear regression to give
values ofkex. The fit was checked visually and by verifying
the linearity in a log plot of the signal intensity versus time.

Temperature Studies.One-dimensional1H spectra were
recorded at 1° intervals between 275 and 304 K, at 600 MHz.
At 275 K, HOHAHA spectra with mixing times of 40 and
80 ms were recorded, and NOESY spectra with a mixing
time of 150 ms were recorded at 5° intervals between 275
and 304 K, all as described above, except that only eight
transients were acquired per increment and, for the NOESY
spectra, only 384t1 increments were made. The slopes of
the plots of the chemical shifts of the amide HN resonances
versus temperature were determined by linear regression
using Matlab.

13C NMR Measurements.13C-1H HSQC spectra (27) were
acquired at 600 MHz (1H frequency) and at 275 and 283 K,
using the sample of unlabeledω-conotoxin MVIIA in H2O
(10% D2O). The water signal was suppressed by irradiation
during the relaxation delay (3 s). The pulse sequence
employed echo-antiecho gradient selection to achieve sen-
sitivity enhancement (28), and 13C nuclei were decoupled
during acquisition by a GARP sequence (29). A total of 512
t1 increments were acquired with 32 transients of 2K data

points per increment. Spectral widths of 7003 and 20 000
Hz were set fort2 (1H) and t1 (13C), respectively.

A full set of 13C relaxation measurements (T1, T2, and
heteronuclear NOE) were carried out at both 500 and 600
MHz (1H frequency) using the sample of unlabeledω-cono-
toxin MVIIA transferred into D2O. Experiments used to
measure the rates of longitudinal and transverse relaxation
(RC(Cz) andRC(Cx,y)) and the heteronuclear NOE (RC (Hz f
Cz)) for 13CR and threonine13Câ nuclei were based on those
described by Dayie and Wagner (30). All pulse sequences
employed1H detection, sensitivity enhancement by echo-
antiecho gradient selection, and13C decoupling during
acquisition using a GARP sequence. For all experiments,
the residual water signal was suppressed by irradiation during
the relaxation delay (3-3.5 s), and 2K data points were
acquired int2. At 600 MHz, the spectral widths were set to
6009 and 6000 Hz fort2 (1H) andt1 (13C), respectively, while
at 500 MHz, the spectral width was set to 5000 Hz in both
dimensions. A total of 48 or 64 transients were acquired for
each of 256t1 increments forRC(Cz) andRC(Cx,y) measure-
ments; only 128t1 increments were made for the hetero-
nuclear NOE measurements.

In RC(Cz) experiments at 600 MHz, the values of the
recovery delay were 0.001, 0.01, 0.02, 0.05, 0.1 (2×), 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, and 1.5 s, while at 500 MHz,
the delays were: 0.001, 0.002, 0.005, 0.01, 0.02, 0.04, 0.06,
0.08, 0.12, 0.2, 0.4, 0.5, 0.75, and 1.0 s. InRC(Cx,y)
experiments at 600 MHz, the total delays for the CPMG
sequence (with 0.4 ms between pulses) were 2.7, 16.4 (2×),
32.8, 41.0, 49.2, 57.5, 65.7, 98.5 (2×), 114.9, 131.3, 147.7,
164.2, 180.6 and 197.0 ms, while at 500 MHz the total delays
were: 1.6, 4.4, 9.9, 18.2 (2×), 26.4, 34.7, 51.3, 67.8, 101.0,
134.1, and 167.2 ms. In the heteronuclear NOE experiments,
the 1H nuclei were irradiated (or not) during 6.5 s, using a
series of 40µs pulses at 5 ms intervals.

Analysis of Relaxation Data.The intensities of cross-peaks
in the series ofRC(Cz), RC(Cx,y), and heteronuclear NOE
measurements were extracted. Curves forRC(Cz) andRC(Cx,y)
were fitted in Matlab, using a single exponential, by simplex
minimization and Levenberg-Marquardt nonlinear regres-
sion to give values ofRC(Cz) and RC(Cx,y). The fit was
checked visually and by verifying the linearity of the plot
of the log of the intensity versus time. Values ofRC(Hz f
Cz) were calculated from the intensities of the experiments
recorded with and without saturation of the1H nuclei, using
the values ofRC(Cz)

where

In the reduced spectral density function approach (31-
36), the relaxation rates are expressed in terms of the spectral
density,J(ω), at frequecies 0,ωC and 〈ωH〉.
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or

where

and

whereµ0 is the permeability of the vacuum,γH andγC are
the gyromagnetic ratios of the1H and13C nuclei, respectively,
rCH is the internuclear13C-1H bond distance (rCH ) 1.07
Å), and∆C is the chemical shift anisotropy of13C (∆CR )
25 ppm,37).

The values of the spectral density,J(ω), at frequencies 0,
ωC, and〈ωH〉 may thus be obtained simply by inverting eq
2:

This approach assumes that the spectral density is the same
betweenωH - ωX andωH + ωX. While this has been shown
to introduce little error for15N measurements (34), where
〈J(ωH)〉 ≈ J(ωH + ωX), it introduces considerable error for
13C data (38). The spectral density aroundωH was therefore
also modeled as a single Lorentzian, characterized by a time,
τH. The measured relaxation rates were fitted using three
parameters,J(0), J(ωC), andτH. The values ofJ(ωH - ωC),
J(ωH), andJ(ωH + ωC) were recalculated using the trial value
of τH using

and the trial values of the relaxation rates,RC(Cz), RC(Cx,y),
and RC(Hz f Cz), were calculated as in eq 2. Here, a
simulated annealing algorithm, as described by Kirkpatrick
et al. (39) and implemented by Goffe et al. (40), was used,
although any other minimization protocol might be used.

Modules of the suite of programs Relaxmax (J.-F. Lefe`vre,
unpublished) were used to analyze the spectral density values
and extract the correlation times for overall motion and rapid
internal motion.

Diffusion Measurements.The translational diffusion con-
stant ofω-conotoxin MVIIA was measured in D2O at 298
K by observing the decay of double quantum coherences
using a gradient-stimulated spin-echo sequence (41-43).
This procedure allows a scale-up of the gradient effects by
a factor of 4 and thus increases the precision of the diffusion
coefficient measurement. A modification of the double
quantum spin-echo sequence (43) was used here, in which
the total length of the echo (2τ + 4δ) is kept constant:

The sequenceS1 ) P90 - ε - P180 - ε - P90 is used to

produce double quantum coherence andS2 ) P90 - ε - P180

- (ε - δ) - δ(2gz) converts double quantum coherences
back into in-phase observable magnetization. The intensities
of the peak heights measured at increasing values of the delay
t1 could be fitted to the following expression (44)

where∆ ) δ + P180 + 2t1, Mo is the magnetization att1 )
0, γH is the gyromagnetic ratio of1H, Dt is the translational
diffusion coefficient,s is a gradient shape factor,GZ is the
Z-gradient intensity, andδ is the gradient length.

Measured diffusion coefficients were corrected to standard
conditions (H2O at 293 K) using a viscosity ratio of 1.23
between H2O and D2O. A total of 64 experiments were
recorded with at1 increment of 1 ms and with the following
parameters:GZ ) 28 G cm-1, gZ ) 7 G cm-1, δ ) 3 ms,τ
) 65 ms andε ) 10 ms. The gradient strengths were
calibrated by imaging a hole of known length in a Teflon
phantom and by measuring the diffusion of the residual water
using a single quantum gradient-stimulated echo sequence.

Structural Constraints.The intensities of cross-peaks in
the NOESY spectrum recorded with a mixing time of 50
ms were measured. An initial calibration based on the
intensity of vicinal protons was relaxed such that the
distances corresponding to HNi-HNi+1, HNi-HRi, and HRi-
HNi+1 cross-peaks satisfied the expected ranges. This
spectrum was estimated to contain data between pairs of
protons up to 4.0 Å apart. Intensities were divided into five
subsets corresponding to upper distance limits of 2.7, 3.0,
3.3, 3.7, and 4.0 Å. Cross-peaks from the NOESY spectrum
recorded with a mixing time of 100 ms were added, using
the ratio of intensities of HNi -HNi+1 cross-peaks to scale
the intensities to the 50 ms NOESY spectrum. Data between
pairs of protons up to 4.7 Å apart could thus be included.

A total of 381 distance constraints, derived from 50 and
100 ms NOESY spectra, were used as upper limits on
interproton distances, with no lower limit specified, and
applying standard pseudoatom corrections where required
(45). Of these constraints, 197 were intraresidue, 95 sequen-
tial, 30 short range (i.e., (i,j) wherej e i + 4), and 59 long
range. Where NOEs to both resonances of unresolved
prochiral pairs were observed, both constraints were set to
the longer distance with no correction. Disulfide bridges were
defined in the topology file with no further constraints.

Coupling constants were measured on cross-sections
extracted from a COSY spectrum recorded acquiring 8K data
points int2. Intensity, line width, phase, and coupling constant
were fitted in the time domain, using an in-house program,
fftjVal (P. Koehl, unpublished). Possible values ofφ angles
were calculated from3JHN-HR values using the Karplus
relationship (46) and the parameters of Pardi et al. (47).
Ranges around the calculated value were defined by3JHN-HR

( 1 Hz. The intensities of HNi-HRi NOE cross-peaks were
measured to identify positiveφ angles (48).

Intensities of HN-Hâ and HR-Hâ NOE cross-peaks,
together with3JHR-Hâ values were used to assign prochiral
Hâ resonances stereospecifically, where possible (49), and
to defineø1 angles. Constraints on these angles were set to
the value of the corresponding rotamer(60° or to exclude
one rotamer where data permitted.

R ) C × J (2)

A ) (µ0

4π)2 γH
2 γC

2h2

4rCH
6

E ) 3A + B

B ) ∆C
2 ωC

2/3

J ) C-1 × R (3)

J(ω) ) 2
5

τH

1 + ω2τH
2

(4)

d1 - S1 - δ(gZ) - (τ - t1) - δ(GZ) - t1 - P180 - t1 -
δ(GZ) - (τ - t1) - δ(gZ) - S2 - acq

M(t1) ) Mo exp(-(2γHGZsδ)2Dt(∆ - δ
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Structure Calculations.All calculations were carried out
on IBM RS/6000 machines, using standard protocols
(dg_sub_embed, dgsa, refine, accept) in X-PLOR 3.1 (50),
with no modification except as noted. Briefly, substructures
are generated using a distance geometry algorithm, then full
structures generated and regularized using simulated anneal-
ing. Finally, structures are refined, again using a slow-cooling
simulated annealing protocol, and structures with poor
geometries or large violations of experimental restraints are
rejected. Analysis of sets of calculated structures was carried
out using in-house X-PLOR scripts and FORTRAN pro-
grams. Structures were visualized using Insight (Biosym
Technologies, San Diego, CA).

Initial calculations were carried out with no stereospecific
assignments and no dihedral angle constraints. Resulting
structures were analyzed for consistency with dihedralφ and
ø1 angle values and stereospecific assignments derived from
spectra and the constraint lists updated. Finally, hydrogen
bonds present in more than 80% of calculated structures and
for which the HN resonance was observed to exchange
slowly into D2O were added as distance constraints between
the HN proton and the acceptor and between the amide
nitrogen and the receptor: 1.5 Å< dHN-A < 2.5 Å, 2.5 Å<
dN-A < 3.5 Å.

In a further round of calculations, theø3 angle across the
three disulfide bridges was forced to adopt values around
+90° and-90°. To achieve this, the force constant on the
dihedral angle Câi-Sγi-Sγj-Câj was set to 40.0 kcal mol-1.

Chemical Shift Calculations.The empirical model devel-
oped by Ösapay and Case (51) was used to calculate proton
chemical shifts. The chemical shift is divided into local
diamagnetic and paramagnetic contributions and nonlocal
conformation-dependent contributions resulting from the
influence of parts of the protein remote in the sequence:

The local contributions are not computed, but are ap-
proximated by the observed chemical shifts of short, “random
coil” peptides (52). The conformation-dependent contribution
to the proton chemical shift is estimated by

where “rc”, “ma”, and “el” refer to ring current, magnetic
anisotropy of the peptide group, and electrostatic interactions,
respectively. Parameters for these contributions are as defined
in the programshiftsversion 3.0b2 (http://www.scripps.edu/
case), using theprotein.amber94_nmrset for the partial
charges. Theδcst term is an adjustable parameter that reflects
in part the effects of magnetic anisotropy and electrostatics
that are present in the “random coil” peptide (53).

The program was modified to accept the C-terminal amide
group of ω-conotoxin MVIIA. The charges used for this
group were-0.908 e- for N and +0.415 e- for both H
atoms, and it was attributed the same magnetic anisotropy
as a peptide bond (∆ø -7.9 erg G-2 mol-1). The calculations
were performed only for protons directly attached to carbon,
since amide proton chemical shifts are influenced by
hydrogen bonding and are not well described by the current
model (54).

RESULTS

Assignment of1H and13C Resonances.All 1H resonances
in the spectrum were assigned in a straightforward manner
applying the sequential assignment method, pioneered by
Wüthrich (55), to a combination of COSY, HOHAHA, and
NOESY spectra (see Supporting Information). The assign-
ments were in good agreement with those reported previously
(8,9,11) with minor differences for some side chain protons,
affected by temperature (vide infra).

13C resonances were assigned to carbon atoms carrying at
least one hydrogen atom in the covalent structure (see
Supporting Information), from the13C-1H HSQC spectrum.
Only the assignment of some carbon atoms of lysine (Lys2,
Lys4, and Lys24) and arginine (Arg10 and Arg21) side
chains remained ambiguous.

Hydrogen Exchange.In a NOESY spectrum, recorded 1
h after dissolution of lyophilizedω-conotoxin MVIIA in
D2O, five HN resonances remained. These were assigned to
Ala6, Cys8, Gly23, Lys24, and Cys25 (Figure 1) and
persisted in a NOESY spectrum recorded 15 h after dissolu-
tion. The rate constants for the exchange lie in the range
0.0017> kex > 0.0036 min-1, except that of Gly23 which
exchanges much more slowly. In the first 1D spectra recorded
after dissolution in D2O, the HN resonances of Gly5, Cys15,
and Cys16, and a further resonance at 8.37 ppm (Lys7 or
Ser19), were also detected. These protons exchange with rate
constantskex > 0.015 min-1.

Indications of Secondary Structure.The smoothed plot of
secondary chemical shifts of HR resonances (56) is negative
between Arg10 and Cys15 (suggestingR-helical structure)
and positive from Cys16 to the C-terminus (suggesting
â-structure), although the effects are not very pronounced
(Figure 1). Analysis of the chemical shift indices for the HR
resonances (57) identifies only Lys7-Ser9 as aâ-strand, while
those for the CR resonances (58) are less conclusive. Of
course, a lack of elements of regular secondary structure does
not imply a lack of defined structure, merely that it may be
irregular.

Most striking in the list of distance constraints extracted
from NOESY spectra is the wealth of NOEs from Lys24,
Cys25, and the C-terminal amide group to protons in the
sequence Lys4-Cys8, as well as Cys15 and Cys20. Further-
more, HRi-HRj NOEs from Lys24 and Cys25 to Lys7 and
Cys20, respectively, indicate that the C-terminus forms a tiny
â-sheet with Ala6-Cys8 and with residues around Cys20.
The HN protons of Ala6 and Cys8 exchange slowly into
D2O, as do those of Lys24 and Cys25. While the HN proton
of Arg21 does not exchange slowly into D2O, the resonance
at 8.37 ppm might arise from the HN proton of Ser19. The
former observation is rather surprising since, in a regular
structure, the amide HN of Arg21 is expected to form a
hydrogen bond across aâ-turn (Arg21-Lys24) while the latter
does not have an obvious hydrogen bonding partner since
the sequence ends with the amide group on Cys25.

Within this small structural element, values of3JHN-HR are
large (>8 Hz, characteristic ofâ-conformation) only for
Ser19, Arg21, and Lys24 (Figure 1): those for Ala6, Lys7,
and Cys25 are surprisingly small, while that for Cys20 is
intermediate, indicating that the structure is rather irregular.
Thus, while Ser19-Arg21 has a more regularâ-conformation,
the opposite strand, Ala6-Cys8, is more stable, as judged by

δtot ) δlocal + δconf (6)

δconf ) δtot - δrandomcoil) δrc + δma + δel + δcst (7)
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the slow exchange of HN protons into D2O. This structural
element, involving Ala6-Cys8, Lys24-Cys25, and Ser19-
Arg21, has been called a triple-strandedâ-sheet (8,9,11) but
is remarkably small and irregular, both in terms of structure
and stability.

A 3JHN-HR value close to 6.6 Hz, together with a strong
HNi-HRi NOE, indicates a positive backboneφ angle. Only
Ser22 could be clearly identified in this way, although
positiveφ angles could not be excluded for Leu11 and Tyr13.

Temperature Studies.Variation of the temperature between
275 and 304 K did not result in considerable changes in the

patterns of NOEs detected in NOESY spectra, indicating that
the integrity of the tertiary structure is maintained over this
temperature range. However, a set of HN resonances,
assigned to Arg10, Leu11, Met12, and Tyr13 were broadened
considerably at low temperature. At higher temperatures,
these resonances have line widths similar to those of other
HN resonances. A set of aliphatic resonances, particularly
those of Arg10, Met12, and Tyr13 were also broadened, as
were the CR-HR cross-peaks of Arg10, Leu11, Met12,
Asp14, and Cys15 in the13C-1H HSQC spectrum (Figure
2). The localization of a group of broad resonances that

FIGURE 1: Summary of NMR data. The amino acid sequence is given along the top of the figure and sequence numbering along the
bottom. The disulfide bridging pattern is shown above the amino acid sequence. NH exchange: taller bars indicate slower exchange into
D2O. ∆δHR: secondary chemical shifts of HR resonances from “random coil” values.3JHNHR: horizontal dashed lines are plotted at 5.5
and 8.0 Hz.dHN-HN, dHR-HN, dHâ-HN: intensity of sequential NOEs.∆δ(HN): rate of change in chemical shift of HN resonances with
temperature.
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sharpen with increased temperature suggests the presence
of a conformational exchange on the millisecond time scale,
just fast enough to average the chemical shift position in
spectra recorded at the lowest temperature, but sufficiently
slow for some broadening to be observed. The exchange rate
must be slightly faster than the chemical shift differences
between the exchanging species. As a rough estimate, the
maximal difference in HR chemical shifts of the exchanging
species cannot reasonably exceed 1.5 ppm (57) or 750 Hz,
giving a time scale for the exchange greater than 1.3 ms.

Temperature Coefficients.The temperature coefficients of
HN resonances are related to temperature-dependent length-
ening of average hydrogen bonding distances (59). Values
that are smaller than “random coil” values are sometimes
taken as an indication of involvement in hydrogen bonding
and/or secondary structure (59). The temperature coefficients
for residues Lys2-Cys8 (Figure 1) lie close to the values for
the same residues in “random coil” peptides (52), with those
of Ala6 and Cys8 dropping to lower values. This is consistent
with Ala6-Cys8 forming aâ-strand in which the HN proton
of Lys7 is accessible to solvent while those of Ala6 and Cys8
are involved in hydrogen bonds. Indeed, the HN protons of
Ala6 and Cys8 exchange slowly into D2O (see above), and
the HR proton of Lys7 gives a HRi-HRj NOE to Lys24.

The remaining two-thirds of the sequence exhibits highly
anomalous behavior (Figure 1), possibly reflecting a loss of
defined structure at higher temperature (59). While the low
temperature coefficients for Cys16-Thr17 and Cys20-Arg21
might indicate hydrogen bonding or low solvent accessibility,

those for Ser9, Arg10, Cys15, Gly18, Ser19, Ser22, and
Gly23 are exceptionally high, rising to almost twice the
values for the same residues in “random coil” peptides. In
contrast, the temperature coefficients for Met12, Tyr13,
Asp14, and Cys25 are not merely reduced (as observed for
Ala6 and Cys8), but lie close to zero. Of these residues, both
the HN proton of Gly23, in the first group, and that of Cys25,
in the second, were observed to exchange slowly into D2O,
with the HN proton of Gly23 exchanging the most slowly
of all. Similarly, the temperature coefficient for Ser19 is high
while that for Arg21 is low: the HN proton of Ser19 may
exchange slowly into D2O, while that of Arg21 does not.

A number of aliphatic resonances also move considerably
on raising the temperature. Those with the greatest changes
in chemical shift between 275 and 304 K were Cys8 HR
and Hâ, Ser9 Hâ, Arg10 HR, Leu11 HR, Met12 HR, Tyr13
HR and Hâ, Asp14 Hâ, Cys15 Hâ, Cys20 Hâ, Arg21 HR,
and Cys25 Hâ.

A conformational exchange involving this sequence ex-
plains the observed broadening (13C relaxation data confirm
this, vide infra), and the effects of temperature on the
chemical shifts of some resonances of aliphatic protons also
reflect a conformational equilibrium. The affected residues
include not only the central binding loop but also the residues
of the flanking disulfide bridges (Cys8-Cys20 and Cys15-
Cys25) and Arg21.

Relaxation Measurements and Spectral Density Values.
To provide an indication of the quality of the relaxation data,
measured at 600 MHz (1H frequency) and natural abundance

FIGURE 2: 13C-1H HSQC spectrum ofω-conotoxin MVIIA recorded at 600 MHz (1H frequency), 283 K, and at natural abundance. Sample
conditions were as described in Experimental Procedures. All13CR1-HR and the13Câ

1-Hâ cross-peaks of serine and threonine residues
are labeled.
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13C, the rawRC(Cx,y) data for the13CR nuclei of two residues,
Thr17 and Asp14, having small and large values, respec-
tively, are shown in Figure 3. The cross-peak for Arg10 is
weak and overlaps with the stronger cross-peak of Ser22,

while those of Ser9 and Cys20, resolved at higher field
strength, overlap partially.

Typically, a plot of J(0) versus sequence reveals a flat
baseline corresponding to the majority of residues, whose
movement is largely that of overall tumbling of the molecule
and a small degree of faster internal motion. TheJ(0) values
are expected to drop in the N- and C-termini and in flexible
loops as the amplitude of faster motions increases. Here,
residues in the N- and C-termini haveJ(0) values close to
those of the baseline, indicating that both termini are
intimately involved in the tertiary structure (Figure 4).
Increases inJ(0) from the baseline that are not accompanied
by changes in values of the spectral density at other
frequencies can arise only from exchange contributions (vide
infra).

The errors on the values ofJ(ωC) and 〈J(ωH)〉 are quite
large (Figure 4), especially for the measurements made at
500 MHz (1H frequency). This can be ascribed largely to
the low sensitivity of measurements at natural abundance.
The errors onJ(0) values are smaller, even for the residues
affected by exchange contributions, whereRC(Cx,y) rates are
fast. Values of the spectral density atωC calculated taking
the form of the function aroundωH to be Lorentzian are
systematically lower than those assuming the function to be
flat, while the corresponding values at〈ωH〉 are systematically
higher. Only at〈ωH〉 do the values exceed the error on the
latter value.

The most striking feature of the plot ofJ(0) versus
sequence is the large increase inJ(0) for the segment Ser9-
Cys15, indicating a significant contribution of exchange to
J(0). The residues most affected are Leu11 and Asp14, but
the exchange contribution toJ(0), Rex, depends on the
difference in chemical shifts of the13C nuclei of the
exchanging conformations (∆ν):

(wherepA andpB are the populations of the states A and B,
τex is the exchange time, andω1 is the frequency of the spin-
lock field), such that the term may be rendered null if∆ν )
0; that is, if the chemical shifts of a particular nucleus in the
exchanging states happen to be identical. Since∆ν, pA and
pB are unknown,τex cannot be reliably estimated. SettingpA

) pB ) 0.5 andτex ) 2π/∆ν, the maximum possible value
of Rex can be estimated for values of∆ν. This suggests a
maximum value ofτex of around 4 ms.

After manual filtering of spectral density values affected
by exchange, a fit to the plot ofJ(ωC) versusJ(0) at 600
MHz (36) indicates a correlation time for overall tumbling
of the molecule of 3.8 ns, while internal motion is character-
ized by a correlation time of 240 ps. The error on the
determination ofJ(ωC) makes the estimate of the correlation
time for overall tumbling rather imprecise: taking instead
the baseline values ofJ(0) at 500 and 600 MHz (1H
frequency) and assuming an order parameter of 0.8 for these
residues gives correlation times for overall tumbling of 2.8
and 2.7 ns. These values are rather large for a molecule of
the size ofω-conotoxin MVIIA but are sensitive to the setting
of the baseline and assume no exchange contributions to these
points.

FIGURE 3: RC(Cx,y) relaxation rates for two CR nuclei in ω-cono-
toxin MVIIA, measured at 283 K and 600 MHz (1H frequency).
Experimental points are shown by open circles, and the best fit of
a single exponential decay is represented by the solid line.

Rex )
4π2∆ν2pApBτex

1 + ω1
2 τex

2
(8)
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Diffusion Measurements.The value of the translational
diffusion constant forω-conotoxin MVIIA in H2O at 293 K
is 2.0× 10-10 m2 s-1 ( 0.05. Extrapolation from values for
lysozyme (used as a model monomeric protein for which
the diffusion coefficient has been determined by several
techniques (60,61)) to the molecular mass ofω-conotoxin
MVIIA, assuming both molecules to be spherical, gives a
value of 1.8× 10-10 m2 s-1. This small difference may be
due to the slightly flattened shape of the conotoxin (the axial
ratio is 1.4). The value indicates thatω-conotoxin MVIIA
is monomeric in solution under these conditions and may
be translated into a rotational correlation time of 2.2 ns in
D2O at 283 K. This value is in good agreement with that
estimated from the longest axis ofω-conotoxin MVIIA
(approximately 11.4 Å) using the Stokes-Einstein relation
and allowing for solvation (τc ) 2.24 ns).

Tertiary Structure.ω-Conotoxin MVIIA adopts a compact
fold defined by a small, irregular triple-strandedâ-sheet and
three disulfide bridges. Hydrogen bonds and dihedral angle
restraints introduced during the calculations are given in
Supporting Information. The effects of conformational
exchange on the calculated structures must, however, be
considered.

Calculations withoutø3 Constraints.The results of cal-
culations performed using standard protocols with no con-
straints on theø3 angles of the three disulfide bridges appear,
at first, to be reasonable (Table 1, Figure 5). While portions
of the structure are better defined (average pairwise rmsd
values, calculated over a five-residue window,<0.35 Å),
the local structure is less well-defined for residues in the
binding loop (Ser9 to Tyr13) and those following Cys16
(Cys16 to Ser19). The average pairwise rmsd. calculated over

all backbone atoms is 0.67 Å, dropping to 0.55 Å when these
portions are excluded from the fit. The triple-strandedâ-sheet
is indeed highly irregular, and the sequence between Lys4
and Cys8 adopts two well-defined conformations (Figure 6),
with neither being associated with a lower energy than the
other. The set of structures suffers, however, from very poor
geometry for the disulfide bridges (Figure 5). The structures
otherwise have very good covalent geometry and satisfy well
the experimental data, but the set of NOEs, coupling
constants, and hydrogen bonds results in distorted bridges.

Residues of the central binding loop ofω-conotoxin
MVIIA are affected by conformational exchange on the
millisecond time scale, fast enough to average chemical
shifts. The effects of this exchange on the data used to
calculate structures must be considered: both the intensity

FIGURE 4: Values of the spectral density function,J(ω), determined for the13CR nuclei of ω-conotoxin MVIIA at 283 K and at (A) 500
MHz and (B) 600 MHz (1H frequency). The solid line connects points calculated using the reduced spectral density mapping approach,
assumingJ(ω) to be flat at high frequency. The dashed line connects points calculated using a Lorentzian fit to the high-frequency data.
Data for Thr 17 are reported at sequence numbers 17 (Thr1713CR) and 18 (Thr1713Câ).

Table 1. Energy Terms of Final Sets of Structures ofω-Conotoxin
MVIIA a

no ø3 ø3 positive ø3 negative

Etot 27.97 (2.86) 51.93 (4.52) 50.95 (3.92)
Ebonds 2.10 (0.30) 4.29 (0.51) 3.50 (0.40)
Eangles 8.46 (1.00) 16.84 (1.95) 16.06 (2.16)
Eimpr 2.91 (1.35) 3.39 (1.56) 2.40 (0.49)
EvdW 3.29 (0.81) 6.71 (1.55) 5.20 (0.96)
ENOE 10.81 (1.63) 19.38 (2.07) 23.35 (2.04)
Edihe 0.41 (0.39) 1.32 (0.62) 0.44 (0.47)
pairwise rmsd (Å)b 0.55 (0.19) 0.53 (0.15) 0.46 (0.13)

a The average energies are reported in kcal mol-1; standard deviation
is given in parentheses. Statistics for structures calculated with noø3

constraints and for those with positiveø3 for Cys8-Cys20 are from
sets of 25 structures; those with negativeø3 for Cys8-Cys20 are from
a set of seven structures selected using the sameEtot cut-off as for the
set with positiveø3. b Pairwise root mean square deviation calculated
over the backbone atoms of residues Cys1-Cys8 and Cys20-Cys25.
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of observed NOEs and the values of coupling constants will
be averaged. Ther-6 dependence of the intensity of the NOE
on the distance between nuclei causes shorter distances to
dominate the observed intensity. The list of distance con-
straints will therefore be biased toward the shorter distances
from each of the two (or more) exchanging conformers. Here,
the set of distances can be satisfied but at the expense of the
disulfide bridge conformations.

Calculations withø3 Constraints.Imposition of dihedral
angle constraints on theø3 angle across the disulfide bridges
forces the geometry of the bridges to be close to ideal (Figure
5). A penalty is paid in satisfying other experimental
constraints, causing higher total energies for calculated
structures (Table 1). Analysis of the disulfide bridge con-
formations allows the 50 lowest energy structures to be
divided into two families, differing in the conformation of
the disulfide bridge Cys8-Cys20. The families contain 36
and 14 members withø3 values around+90° and -90°,
respectively. The average pairwise rmsd calculated over all
backbone atoms of the first set remains 0.67 Å (dropping to
0.53 Å when less well-defined portions are excluded from
the fit), while for the second set the values are 0.55 and 0.46
Å.

The division into families caused by imposition of
constraints onø3 suggests a possible origin for the confor-
mational exchange occurring inω-conotoxin MVIIA in

solution. Disulfide bridge isomerization of Cys8-Cys20 may
be occurring at a rate that averages the chemical shifts in
the two conformations, but broadens a set of resonances at
low temperature and contributes toJ(0) (Figure 7).

Chemical Shift Calculations.Semiempirical calculations
of proton chemical shifts were performed for the 50 lowest
energy structures ofω-conotoxin MVIIA following X-PLOR
refinement withø3 angles constrained. The set of structures
contains two families that differ in the conformation of the
Cys8-Cys20 disulfide bridge. Calculated chemical shifts were
averaged over the whole set and over the two families of
structures separately, but the results were not statistically
different. For the whole set, the overall average difference
between calculated and observed chemical shifts is 0.04 ppm
with a root-mean-square deviation of 0.24 ppm. Individual
structures have a significantly larger rms difference between
calculated and experimental chemical shifts (0.41 to 0.59
ppm), compared to the difference of 0.24 ppm obtained by
averaging over the 50 structures. These values are consistent
with the error range reported for good quality NMR structures
(62).

Several residues have HR chemical shifts that differ from
the “random coil” values by more than 0.3 ppm: Lys4, Gly5,
Lys7, Cys8, Arg10, Leu11, Cys15, Arg21, Ser22, Lys24.
The conformational shifts calculated for the HR nuclei
explain the observed chemical shifts in many instances. For

FIGURE 5: Values of theø2 andø3 dihedral angles across the three
disulfide bridges ofω-conotoxin MVIIA in 50 structures calculated
(A) without and (B) with constraints on theø3 dihedral angles.

FIGURE 6: Families of structures ofω-conotoxin MVIIA. For each,
the backbone is shown with the side chains of the six cysteine
residues, Leu11 and Tyr13. Atoms are colored according to type.
The upper panel shows 25 structures calculated with no constraints
on the geometry of the disulfide bridges. The lower panels show
structures calculated with constraints on theø3 angles of the
disulfide bridges, separated into two sets: 25 structures (middle
panel) with the Cys8-Cys20ø3 ≈ +90° and seven structures with
ø3 ≈ -90°.
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example, the upfield shift of Leu11 is due to the ring current
of Tyr13. Peptide bond magnetic anisotropy and electrostatic
contributions vary withφ andψ angles. These form the basis
of the negative structural chemical shifts forR-helices and
positive chemical shifts forâ-sheets, used in the chemical
shift index (53,57). This effect explains the chemical shifts
observed for Lys4, Arg21, and Ser22 as well as a large
number of the smaller structural shifts of HR protons.

In several cases, the predicted HR chemical shifts are in
poor agreement with the observed values, such as Cys1,
Lys2, Gly3, Gly5, Lys7, Cys8, Arg10, Cys15, Cys20, Lys24,
and Cys25. This set includes all but one cysteine residue
and other HR protons, such as Lys24, that are close in space
to the disulfide bridges. On average, disulfide bridges have
a deshielding effect on neighboring atoms (F. Sirockin,
manuscript in preparation). This contribution is not taken
into account in the current model and seems to fit the noted
discrepancies, i.e., calculated Cys HR shifts are too shielded
compared to the experimental values. For Lys2, Gly3, Gly5,
Lys7, and Arg10, the discrepancy between calculated and
observed chemical shifts could be due to solvation as these
residues are mostly exposed.

Calculated chemical shifts for other carbon-attached
protons are generally in satisfactory agreement with observed
values: discrepancies occur for the same residues as for HR
chemical shifts, such as Lys24 and Cys25.

Motional averaging, as is observed for residues Arg10-
Tyr13, may also lead to discrepancies between calculated
and observed chemical shifts (63). In particular, the region
undergoing motion contains the only aromatic residue in
ω-conotoxin MVIIA, Tyr13. The side chain of Tyr13 is
directed toward to the solvent in calculated structures, such
that the ring current contribution to the chemical shift

dispersion is small and affects only few residues. The
absolute value of the calculated ring current contribution is
larger than 0.1 ppm only for Leu11 and Met12 (the effect
on Tyr13 itself being included in the “random coil” contribu-
tion). Thus, in this particular case, the discrepancy between
calculated and observed chemical shifts is not significantly
worse for the loop residues, with the exception of Arg10
(see above), since they are largely exposed to solvent and
have chemical shifts that either are close to “random coil”
values or are directly influenced by Tyr13.

DISCUSSION

The structure ofω-conotoxin MVIIA in solution is a
compact fold, defined principally by a set of three disulfide
bridge and a tiny triple-strandedâ-sheet that is irregular both
in terms of its structure and its stability. In most respects,
the calculated structure resembles closely those determined
previously by other groups (8,9,11), although the set of
structures from the most detailed study (11) represents a
unique conformation. The authors worked at both 283 and
293 K, so similar results would be expected. Fewer backbone
amide protons were observed to exchange into D2O in this
study, and fewer backboneφ angles could be confidently
constrained. Nonetheless, the structure is largely well-defined
with residues Ser9-Tyr13 and Cys16-Ser19 being less well-
defined by constraints derived from NMR measurements.
The former segment contains residues critical for binding to
N-type calcium channels.

Relaxation measurements do not confirm increased am-
plitudes of fast internal motions for the binding loop. Rather,
they reflect a rather tight fold for the molecule that behaves
essentially as a rigid unit tumbling in solution with a uniform
degree of faster internal motions. The spectral density values
for the residues in the loop are, however, greatly perturbed
by contributions from slow conformational exchange pro-
cesses. Several other lines of evidence show that the molecule
is undergoing conformational exchange between two or more
states on the millisecond time scale. Broad resonances and
the temperature dependence of the resonances of some
aliphatic protons all reflect this exchange. Furthermore, the
data localize the exchange to the peptide sequence between
Cys8 and Cys15, the loop containing a number of residues
required for receptor binding.

The presence of conformational exchange causes problems
in the interpretation of other NMR data. In particular, the
detected nuclear Overhauser effects either result from all
species present or are time-averaged, depending on the
characteristic time for the conformational exchange. Since
these effects are used to derive distance constraints for input
into calculation of the tertiary structure of the molecule, but
do not arise from a single structure or rapid fluctuations about
a single structure, the results of such calculations are
inevitably flawed. This was particularly clear here in the poor
geometry of the disulfide bridges.

Isomerization of the conformation of disulfide bridge
Cys8-Cys20 appears to be central to the conformational
exchange. If conditions could be found in which the
exchanging species could be independently observed, the
hypothesis could be investigated further, but to date, attempts
to work at lower temperature, in aqueous solution, or in cryo-
protective mixtures have not succeeded. In recent studies of

FIGURE 7: Lowest energy structures ofω-conotoxin MVIIA
calculated with constraints on theø3 dihedral angle across disulfide
bridges. The side chains of the six cysteine residues, Leu11, and
Tyr13 are shown. Upper panel: structure with Cys8-Cys20ø3 ≈
+90° is represented by thick sticks while the structure with Cys8-
Cys20ø3 ≈ -90° is in thin lines. Lower panel: residues with slowly
exchanging backbone amide protons are mapped onto the ribbon
in light blue: residues affected by exchange contributions toJ(0)
are mapped onto the ribbon in red.
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BPTI (64), the rates of conformational exchange for a set of
residues were increased more than 2-fold on removal of the
disulfide bridge Cys14-Cys38. The authors suggest that the
disulfide bridge is not responsible for the exchange but may
help accommodate the motions. It may be rather that
isomerization of the disulfide bridge serves to control the
rate of the exchange process. This control may or may not
have functional significance. Forω-conotoxin MVIIA, in
which it is the key binding loop that is undergoing confor-
mational exchange, the rate may well be expected to effect
activity, although this remains to be demonstrated experi-
mentally.

The conformational exchange may require the differing
stabilities of theâ-strands to occur at a certain rate at relevant
temperatures. A more regular and stable structure might
disfavor the conformational exchange and suggests that its
presence is by design rather than being accidental, possibly
allowing the molecule to bind to two different receptor
subtypes in its prey. Whether such processes are common
to other ω-conotoxins or are particular toω-conotoxin
MVIIA remains to be seen. No evidence for conformational
exchange has been reported forω-conotoxins GVIA (5-7)
and MVIIC (10). The deposited structures of the latter,
however, contain significant distortions of backboneω
dihedral angles, suggesting that experimental data from two
exchanging conformers may have been satisfied at the
expense of covalent geometry. The spectra ofω-conotoxin
MVIID reveal a small population of a second conformation
(65) but no exchange between the major and minor conform-
ers was detected.

R-Conotoxins also reveal differing behavior. WhileR-cono-
toxins ImI (66-68) and MII (69) exist as a single conformer
in solution with no evidence of conformational exchange,
R-conotoxin MI shows multiple conformers in slow ex-
change, apparently related tocis- and trans-conformations
of Pro6 (70,71). R-Conotoxin GI, on the other hand, has two
distinct conformations in solution that are in fast exchange
(72). While the pattern of disulfide bridges in all four
molecules is identical, the number of residues separating the
cysteines differs, offering a straightforward explanation for
part of the observations. The differences betweenR-cono-
toxins MI and GI, however, must relate to specific differences
in the amino acid side chains. Such considerations are clearly
of importance for other classes of biologically active
molecules (see, for example, ref73).

The compact, triple-strandedâ-structure ofω-conotoxin
MVIIA presents to the receptor a set of functional groups
that defines its affinity and specificity. The structure cannot,
however, be viewed simply as a rigid scaffold supporting a
function defined by the nature of the side chains and cannot,
therefore, be considered either as a scaffold onto which an
alternative function may be grafted. This appears to be
equally true of someR-conotoxins. The studies presented
here show that the framework has a number of characteristics
that bear on its function and emphasize the importance of
the dynamic characterization of molecules of biological
interest.

In light of these observations, the suggestion that the
structures of molecules such as conotoxins may be useful
for ligand design requires careful consideration. In designing
ligands, is a more or less rigid scaffold required? Is the
exchange process of use or should it be eliminated from a

designed molecule? If the latter, which of the exchanging
conformations should be used as a template?

More generally, ligands to a particular receptor may often
be inherently mobile, adopting a more defined, or single,
structure only on binding to the receptor. This loss of
flexibility on binding imposes an entropic penalty on the
interaction that must be overcome by enthalpic terms or other
factors, such as the gain of entropy associated with the
displacement of ordered solvent molecules. In such a case,
structural studies of a flexible ligand in solution or in
crystalline form may assist only little in understanding its
interactions with a receptor and guiding subsequent drug
design efforts. Characterization of the nature and the time
scales of internal motions may assist, however, in under-
standing the mechanisms of action of such ligands.
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