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R. Andrew Atkinson,® Bruno Kieffer, Annick Dejaegere, Finton Sirockin, and Jean-Foantefevre
UPR 9003 du CNRS, Ecole Suigeire de Biotechnologie de Strasbourg, Bldb&sgtien Brant, 67400 lllkirch, France
Receied Naoember 16, 1999; Résed Manuscript Recegéd January 20, 2000

ABSTRACT. w-Conotoxin MVIIA is a 25-residue, disulfide-bridged polypeptide from the venom of the
sea snaiConus maguthat 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 contributiond(@p from °C relaxation measurements reveal that
conformational exchange affects the residues in this loop. The effects of this exchange on the calculated
structure ofw-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 ef-tteotoxins

as a scaffold for carrying other functions is discussed.

Sea snails of the genuBonususe venom containing a example, bind to neuronal N-type calcium channels, but
battery of molecules for hunting. Each species of sea snailw-conotoxin GVIA is rich in hydroxyl groups, while
produces a distinct set of toxins adapted to its particular food w-conotoxin MVIIA contains a large number of positively
source 1). The components of these toxins are targeted to charged side chains. Chemical modification and peptide
specific receptors in the sea snail's prey. These molecules,synthesis have identified a number of key residues for
termed conotoxins, are also subtype-specific ligands for binding, including several located in the central loop between
analogous receptors in mammaB).(Thus, for example, the second and third cysteine residue3-15). In particular,
o-conotoxins bind specifically to nicotinic acetylcholine it has been shown that the hydroxyl group of the tyrosine
receptors andw-conotoxins to neuronal N-type calcium residue at position 13 is essential for the activity of
channels §). Each of these ligands may serve as a pharma- w-conotoxins 16) and that, while residues-a4 all play a
cological toot-indeed,w-conotoxin binding is widely used  role in binding to calcium channels, Leull and Tyrage
in defining calcium channel typesand as a template for drug  the most important residue&®, 18.
design §). Initial reports of the determination of the structure of

Many of the conotoxins are short peptides-@ amino w-conotoxin MVIIA (8,9) suggested that its binding loop
acids) and contain a high proportion of cysteine residues, exhibited greater flexibility than the cross-linked core of the
forming distinctive sets of disulfide bridges. The pattern of molecule. Nielsen et al1() noted, however, that broadening
cross-links is often conserved among the conotoxins of of residues 1+13 indicated the presence of conformational
different species that bind to the same class of receptors.exchange in this key loop. This phenomenon is explored in
The structures of severakconotoxins have been determined, detail here through the effects of temperature variatiéd,
each describing a small, triple-strang®dheet, tightly cross-  relaxation at natural abundance, structure determination, and
linked by three disulfide bridge${11). The same topology ~ chemical shift calculations. The possible origins and con-
was identified in a number of other polypeptides with diverse sequences of conformational exchange drconotoxin
functions (2). The toxins from different species of sea snail MVIIA are discussed as are its implications for understanding
show great variety, however, in the nature of the side chainsconotoxin binding.
at other positions, even when exhibiting similar binding
properties: bothw-conotoxins GVIA and MVIIA, for EXPERIMENTAL PROCEDURES

Sample PreparationA lyophilized sample of 10 mg of
tR.A.A. gratefully thanks Eli Lilly for the award of a postdoctoral ~ w-conotoxin MVIIA was dissolved in 60@L of H,O (10%
fellowship as part of the CNRS-ULP-E.Lilly research agreement. D,0) to give a final concentration of 6.3 mM. Small aliquots

* Coordinates ofv-conotoxin MVIIA determined with and without
x3 constraints on disulfide bridges have been deposited at the Protein
Data Bank under accession numbers 1DW4 and 1DWS5, respectively. ! Abbreviations: COSY, 2D correlated spectroscopy; CPMG: €arr

§ Present address: National Institute for Medical Research, The Purcel-Meiboom-Gill; HOHAHA, 2D homonuclear HartmannHahn
Ridgeway, Mill Hill, London NW7 1AA, U.K. spectroscopy; HSQC, heteronuclear single quantum coherence spec-

* Address correspondence to this author at the National Institute for troscopy; NOE, nuclear Overhauser enhancement; NOESY, 2D NOE
Medical Research, The Ridgeway, Mill Hill, London NW7 1AA, U.K.  spectroscopy; TPPI, time-proportional phase incrementation. Standard
Tel: (+44) (0)208 959 3666. Faxt44) (0)208 906 4477. E-mail: one- and three-letter abbreviations are used for the amino acids
aatkins@nimr.mrc.ac.uk. throughout.
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of HCI were used to adjust the pH to 3.5 (direct meter
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points per increment. Spectral widths of 7003 and 20 000

reading). For hydrogen exchange measurements, diffusion,Hz were set foit, (*H) andt; (*3C), respectively.

and*3C relaxation experiments, the sample was lyophilized
and dissolved in BD. A small amount of DSS (sodium 2,2-

A full set of 13C relaxation measurement$( T,, and
heteronuclear NOE) were carried out at both 500 and 600

dimethylsilapentane 5-sulfonate) was used as an internalMHz (*H frequency) using the sample of unlabetegtono-

reference.
1H NMR MeasurementAll NMR measurements were

toxin MVIIA transferred into DO. Experiments used to
measure the rates of longitudinal and transverse relaxation

carried out at 283 K (unless stated otherwise) and at 500 or(R-(C,) andRc(Cy,)) and the heteronuclear NOR{ (H, —

600 MHz on Bruker AMX500 or DRX600 spectrometers.
Standard two-dimension&t experiments were carried out

C,)) for B*Ca. and threoniné3Cp nuclei were based on those
described by Dayie and Wagne3Qj. All pulse sequences

at 600 MHz in phase-sensitive mode, using either the methodemployed!H detection, sensitivity enhancement by echo-

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. CO2Y)(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

antiecho gradient selection, anldC decoupling during
acquisition using a GARP sequence. For all experiments,
the residual water signal was suppressed by irradiation during
the relaxation delay (33.5 s), and 2K data points were
acquired int;. At 600 MHz, the spectral widths were set to
6009 and 6000 Hz far (*H) andt; (*3C), respectively, while

at 500 MHz, the spectral width was set to 5000 Hz in both

(24) spectra were recorded with suppression of the water dimensions. A total of 48 or 64 transients were acquired for

signal using a WATERGATE sequenc@5(26 prior to
acquisition and with mixing times of 50, 100, 150, 200, 250,

each of 25@; increments folRe(C,) andRc(Cyx,) measure-
ments; only 128; increments were made for the hetero-

and 300 ms. In most cases, 32 transients of 2K data pointsnuclear NOE measurements.

were acquired pet; increment, with 512; increments for

In Re(C,) experiments at 600 MHz, the values of the

experiments using TPPI and 256 increments for those usingrecovery delay were 0.001, 0.01, 0.02, 0.05, 0.%)(2.2,

the method of States et all9).

0.3,0.4,0.5,0.6,0.7,0.8, 1.0, and 1.5 s, while at 500 MHz,

Spectra were processed using the manufacturer’s softwarethe delays were: 0.001, 0.002, 0.005, 0.01, 0.02, 0.04, 0.06,

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 98hifted sine
bell prior to zero-filling once and Fourier transformation.
Hydrogen Exchangédydrogen-deuterium exchange was
investigated by recording a series of one-dimensidhil

0.08, 0.12, 0.2, 0.4, 0.5, 0.75, and 1.0 s. Ra(Cyy)
experiments at 600 MHz, the total delays for the CPMG
sequence (with 0.4 ms between pulses) were 2.7, 164 (2
32.8,41.0, 49.2, 57.5, 65.7, 98.5x}, 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 (), 26.4, 34.7,51.3, 67.8, 101.0,

spectra and NOESY spectra (as above, except that only 256134.1, and 167.2 ms. In the heteronuclear NOE experiments,

t; increments were acquired) at 600 MHz, immediately
following dissolution in BO and over the subsequent 24 h.

the 'H nuclei were irradiated (or not) during 6.5 s, using a
series of 4Qus pulses at 5 ms intervals.

Intensities of amide HN peaks in 1D spectra were measured, Analysis of Relaxation Datdhe intensities of cross-peaks
scaled to the intensity of the peaks of the single aromatic in the series ofRe(C,), Rc(Cyy), and heteronuclear NOE

residue, Tyrl3, and fitted with a single exponential in Matlab
(The MathWorks Inc., Natick, MA) by simplex minimization
and LevenbergMarquardt 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 Studie©One-dimensionatH spectra were

recorded at lintervals 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 bitervals between 275

and 304 K, all as described above, except that only eight
transients were acquired per increment and, for the NOESY

spectra, only 384, increments were made. The slopes of

measurements were extracted. Curves¥{C,) andRc(C,,)
were fitted in Matlab, using a single exponential, by simplex
minimization and LevenbergMarquardt nonlinear regres-
sion to give values oR:(C, and Rc(Cxy). The fit was
checked visually and by verifying the linearity of the plot
of the log of the intensity versus time. ValuesRf(H, —

C,) were calculated from the intensities of the experiments
recorded with and without saturation of the nuclei, using
the values ofR:(C)

Re(H,—~ C) = (Z—:)ch(cz) )

the plots of the chemical shifts of the amide HN resonances Where

versus temperature were determined by linear regression

using Matlab.

3C NMR Measurement&C-'H HSQC spectral7) were
acquired at 600 MHZz'H frequency) and at 275 and 283 K,
using the sample of unlabelegtconotoxin MVIIA in H,O
(10% D,O). The water signal was suppressed by irradiation

=)
Iuns,at_1

In the reduced spectral density function approa@h—(
36), the relaxation rates are expressed in terms of the spectral

during the relaxation delay (3 s). The pulse sequence density,J(w), at frequecies Owc and [l

employed echo-antiecho gradient selection to achieve sen-

sitivity enhancement28), and *3C nuclei were decoupled
during acquisition by a GARP sequen@9); A total of 512
t; increments were acquired with 32 transients of 2K data

R(C) o E 7A |[J0)
R(C) =|2E/3 E/2 1382 |[Iwc)
Re(H,—C) 0 0 A (wy)
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or produce double quantum coherence &nek Pgo — € — P1go
— (e — 0) — 6(2g,) converts double quantum coherences
R=Cx]J ) back into in-phase observable magnetization. The intensities
where of the peak heights measured at increasing values of the delay
t; could be fitted to the following expressioA4)
#o\2 v veh?
e : ofs
I "t M(t) = M, exp(—(ZyHsté) Dt(A = §)) (5)
E=3A+B whereA = 6 + Pigo + 2t;, M, is the magnetization dt =
and 0, y is the gyromagnetic ratio dH, Dy is the translational
diffusion coefficient,s is a gradient shape factdg; is the
B= Aé wé/g Z-gradient intensity, and is the gradient length.

Measured diffusion coefficients were corrected to standard
whereuo is the permeability of the vacuunyy andyc are conditions (HO at 293 K) using a viscosity.ratio of 1.23
the gyromagnetic ratios of tiel and'®C nuclei, respectively, — between HO and DO. A total of 64 experiments were

rch is the internucleat®C—'H bond distancer¢y = 1.07 recorded with d; increment of 1 ms and with the following
A), and A¢ is the chemical shift anisotropy étC (Aca. = parametersG; = 28 G cntt, gz =7 G cnt, 6 =3 ms,t
25 ppm,37). = 65 ms ande = 10 ms. The gradient strengths were

The values of the spectral densiffw), at frequencies 0,  calibrated by imaging a hole of known length in a Teflon
wc, and wyOmay thus be obtained simply by inverting eq phantom and by measuring the diffusion of the residual water
2: using a single quantum gradient-stimulated echo sequence.

Structural ConstraintsThe intensities of cross-peaks in
J=C'xR 3 the NOESY spectrum recorded with a mixing time of 50
ms were measured. An initial calibration based on the
This approach assumes that the ;pectral density is the SaMehtensity of vicinal protons was relaxed such that the
bet_weeer — wx andwy + wx. While this has been shown  jistances corresponding to HNHN; 1, HNi—Has, and Hy—
to introduce little error fpr15N measurem_ents3€l), where HNi;1 cross-peaks satisfied the expected ranges. This
J(wn)U~ wn + wx), it introduces considerable error for  gpectrum was estimated to contain data between pairs of
13C data 88). The spectral density arounsl, was therefore  protons up to 4.0 A apart. Intensities were divided into five
also modeled as a single Lorentzian, characterized by a time g psets corresponding to upper distance limits of 2.7, 3.0,
th. The measured relaxation rates were fitted using three3 3 3.7 and 4.0 A. Cross-peaks from the NOESY spectrum

parameters)(0), J(wc), andzy. The values ofi(wn — w), recorded with a mixing time of 100 ms were added, using
J(wn), andJ(ww + wc) were recalculated using the trial value  the ratio of intensities of HN—HN;.; cross-peaks to scale
of 7 using the intensities to the 50 ms NOESY spectrum. Data between
. pairs of protons up to 4.7 A apart could thus be included.
Jw) = 2™ (4) A total of 381 distance constraints, derived from 50 and
S1+ w’f 100 ms NOESY spectra, were used as upper limits on
interproton distances, with no lower limit specified, and
and the trial values of the relaxation rat&(C,), Rc(Cxy), applying standard pseudoatom corrections where required

and Re(H, — C,), were calculated as in eq 2. Here, a (45). Of these constraints, 197 were intraresidue, 95 sequen-
simulated annealing algorithm, as described by Kirkpatrick tial, 30 short range (i.e.j,[) wherej < i + 4), and 59 long
et al. 39) and implemented by Goffe et ak(@), was used, range. Where NOEs to both resonances of unresolved
although any other minimization protocol might be used. prochiral pairs were observed, both constraints were set to
Modules of the suite of programs Relaxmax (J.-F. kede the longer distance with no correction. Disulfide bridges were
unpublished) were used to analyze the spectral density valueslefined in the topology file with no further constraints.
and extract the correlation times for overall motion and rapid  Coupling constants were measured on cross-sections
internal motion. extracted from a COSY spectrum recorded acquiring 8K data
Diffusion Measurement3he translational diffusion con-  points int,. Intensity, line width, phase, and coupling constant
stant ofw-conotoxin MVIIA was measured in O at 298 were fitted in the time domain, using an in-house program,
K by observing the decay of double quantum coherencesfftjyal (P. Koehl, unpublished). Possible valuesgoangles
using a gradient-stimulated sptecho sequenced{—43). were calculated fronfJun-na values using the Karplus
This procedure allows a scale-up of the gradient effects by relationship 46) and the parameters of Pardi et ad7)
a factor of 4 and thus increases the precision of the diffusion Ranges around the calculated value were definedipy 1
coefficient measurement. A modification of the double + 1 Hz. The intensities of HN-Ha; NOE cross-peaks were
guantum spir-echo sequencet) was used here, in which  measured to identify positive angles 48).

the total length of the echo {2+ 49) is kept constant: Intensities of HN-HS and Hu—HS NOE cross-peaks,
together with®J,,—np values were used to assign prochiral
dl1 -8 —-96(9) —(r —t) = (G —t; = Prgo—t, — Hp resonances stereospecifically, where possi@, @nd

0(Gy) — (r—t) —0(g,) — S, — acq to definey; angles. Constraints on these angles were set to
the value of the corresponding rotane80° or to exclude
The sequenc&, = Pgy — € — P1gp — € — Py is used to one rotamer where data permitted.
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Structure CalculationsAll calculations were carried out RESULTS

on IBM RS/6000 machines, using standard protocols )
(dg_sub_embed, dgsa, refine, accept) in X-PLOR 80}, ( Assignment ofH and*3C Resonancegll *H resonances

with no modification except as noted. Briefly, substructures i':pg:; ﬁgiﬁguggjertiZISiggiZiEeitsazfzghrggorgifegzgng
are generated using a distance geometry algorithm, then full®FF Y% o ’

structures generated and regularized using simulated anneal\-lilvouggih (9. toa COme'nat'on of ICfOSY’ HOH'?_';A’ anq
ing. Finally, structures are refined, again using a slow-cooling spectra (see Supporting Information). The assign-
simulated annealing protocol, and structures with poor ments were in good agreement with those reported previously

geometries or large violations of experimental restraints are (if'g’l])dwt')th minor dn‘ferenc_zs f_orf some side chain protons,
rejected. Analysis of sets of calculated structures was carried?fected by temperature (vide infra). _
out using in-house X-PLOR scripts and FORTRAN pro- 13C resonances were assigned to carbon atoms carrying at

grams. Structures were visualized using Insight (Biosym !€@st one hydrogen atom in the covalent structure (see
Technologies, San Diego, CA). Supporting Information), from thBC—'H HSQC spectrum.

Only the assignment of some carbon atoms of lysine (Lys2,
assignments and no dihedral angle constraints. ResultingLyS4' and Lys24) and arginine (Arg10 and Arg21) side

structures were analyzed for consistency with dihedliahd chains remained ambiguous.

y1angle values and stereospecific assignments derived from Hydrogen Exchangén a NOESY spectrum, recorded 1
spectra and the constraint lists updated. Finally, hydrogenh after dissolution of lyophilized»-conotoxin MVIIA in
bonds present in more than 80% of calculated structures and?2C; five HN resonances remained. These were assigned to
for which the HN resonance was observed to exchange”la6, Cys8, Gly23, Lys24, and Cys25 (Figure 1) and
slowly into DO were added as distance constraints betweenPersisted in a NOESY spectrum recorded 15 h after dissolu-
the HN proton and the acceptor and between the amidetion. The rate constants for the exchange lie in the range

nitrogen and the receptor: 1.5Adun s < 2.5 A, 2.5 A< 0.0017> ke > 0.0036 mint, except that of Gly23 which
dnop < 3.5 A. exchanges much more slowly. In the first 1D spectra recorded

after dissolution in RO, the HN resonances of Gly5, Cys15,
and Cys16, and a further resonance at 8.37 ppm (Lys7 or
Serl9), were also detected. These protons exchange with rate
constantey > 0.015 min™.

Indications of Secondary StructurEhe smoothed plot of
secondary chemical shifts ofdtresonancesg) is negative
between Arg10 and Cys15 (suggestimdnelical structure)
and positive from Cysl16 to the C-terminus (suggesting
p-structure), although the effects are not very pronounced
(Figure 1). Analysis of the chemical shift indices for the H
resonances() identifies only Lys7-Ser9 asfastrand, while
those for the @ resonances5@) 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
The local contributions are not computed, but are ap- jrregular.

proximated by the observed chemical shifts of short, “random  \jost striking in the list of distance constraints extracted
coil” peptides 62). The conforr_nanor_rdependent contribution  from NOESY spectra is the wealth of NOEs from Lys24,
to the proton chemical shift is estimated by Cys25, and the C-terminal amide group to protons in the
sequence Lys4-Cys8, as well as Cys15 and Cys20. Further-
Ocont = Otot ~ Orandomeoi™ Orc T Oma T Ol T Ot (7) more, Hy—Ha; NOEs from Lys24 and Cys25 to Lys7 and
Cys20, respectively, indicate that the C-terminus forms a tiny
where “rc”, "ma”, and “el” refer to ring current, magnetic  -sheet with Ala6-Cys8 and with residues around Cys20.
anisotropy of the peptide group, and electrostatic interactions, The HN protons of Alaé and Cys8 exchange slowly into
respectively. Parameters for these contributions are as defined,0, as do those of Lys24 and Cys25. While the HN proton
in the programnshiftsversion 3.0b2 (http://www.scripps.edu/  of Arg21 does not exchange slowly into®, the resonance
case), using therotein.amber94 nmset for the partial at 8.37 ppm might arise from the HN proton of Ser19. The
charges. Thé.sterm is an adjustable parameter that reflects former observation is rather surprising since, in a regular
in part the effects of magnetic anisotropy and electrostatics structure, the amide HN of Arg21 is expected to form a
that are present in the “random coil” peptide3). hydrogen bond acrossturn (Arg21-Lys24) while the latter
The program was modified to accept the C-terminal amide does not have an obvious hydrogen bonding partner since
group of w-conotoxin MVIIA. The charges used for this the sequence ends with the amide group on Cys25.
group were—0.908 e for N and +0.415 e for both H Within this small structural element, values®dfin-n, are
atoms, and it was attributed the same magnetic anisotropylarge =8 Hz, characteristic ofs-conformation) only for
as a peptide bond\y —7.9 erg G2mol™2). The calculations  Serl9, Arg21, and Lys24 (Figure 1): those for Ala6, Lys7,
were performed only for protons directly attached to carbon, and Cys25 are surprisingly small, while that for Cys20 is
since amide proton chemical shifts are influenced by intermediate, indicating that the structure is rather irregular.
hydrogen bonding and are not well described by the current Thus, while Ser19-Arg21 has a more regylazonformation,
model 64). the opposite strand, Ala6-Cys8, is more stable, as judged by

Initial calculations were carried out with no stereospecific

In a further round of calculations, thg 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 Bi—Sy;—Sy;—Cf; was set to 40.0 kcal mol.

Chemical Shift Calculations'he empirical model devel-
oped by Gapay and Cas&1) 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:

6t0t = 6I0cal + aconf (6)
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Ficure 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

D,0. AdHa: secondary chemical shifts ofdHresonances from “random coil” valueédnn,: horizontal dashed lines are plotted at 5.5
and 8.0 Hz.dun-nn, Oro—nn, Dug—nn: intensity of sequential NOEAO(HN): rate of change in chemical shift of HN resonances with

temperature.

the slow exchange of HN protons inta®. This structural
element, involving Ala6-Cys8, Lys24-Cys25, and Serl9-
Arg21, has been called a triple-strangiedheet 8,9,19) but

is remarkably small and irregular, both in terms of structure
and stability.

A 3Jun-Ho Value close to 6.6 Hz, together with a strong
HN;—Ha; NOE, indicates a positive backbopengle. Only
Ser22 could be clearly identified in this way, although
positive¢ angles could not be excluded for Leull and Tyrl3.

Temperature Studie¥ariation of the temperature between

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, Leull, Metl12, and Tyrl3 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 @—Ha cross-peaks of Argl0, Leull, Metl2,
Aspl4, and Cys15 in th&C-'H HSQC spectrum (Figure

275 and 304 K did not result in considerable changes in the 2). The localization of a group of broad resonances that
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FiGure 2: 13C-'H HSQC spectrum of»-conotoxin MVIIA recorded at 600 MHZA frequency), 283 K, and at natural abundance. Sample
conditions were as described in Experimental Procedures3@dl'—Ha and the*Cs—Hp cross-peaks of serine and threonine residues
are labeled.

sharpen with increased temperature suggests the presendiose for Ser9, Argl0, Cysl15, Glyl18, Serl9, Ser22, and
of a conformational exchange on the millisecond time scale, Gly23 are exceptionally high, rising to almost twice the
just fast enough to average the chemical shift position in values for the same residues in “random coil” peptides. In
spectra recorded at the lowest temperature, but sufficiently contrast, the temperature coefficients for Metl2, Tyrl3,
slow for some broadening to be observed. The exchange rateAspl14, and Cys25 are not merely reduced (as observed for
must be slightly faster than the chemical shift differences Ala6 and Cys8), but lie close to zero. Of these residues, both
between the exchanging species. As a rough estimate, thehe HN proton of Gly23, in the first group, and that of Cys25,
maximal difference in . chemical shifts of the exchanging in the second, were observed to exchange slowly in©,D
species cannot reasonably exceed 1.5 ppr ¢r 750 Hz, with the HN proton of Gly23 exchanging the most slowly
giving a time scale for the exchange greater than 1.3 ms. of all. Similarly, the temperature coefficient for Ser19 is high
Temperature Coefficient$he temperature coefficients of ~ while that for Arg21 is low: the HN proton of Serl9 may
HN resonances are related to temperature-dependent lengthexchange slowly into BD, while that of Arg21 does not.
ening of average hydrogen bonding distanceS).(Values A number of aliphatic resonances also move considerably
that are smaller than “random coil” values are sometimes on raising the temperature. Those with the greatest changes
taken as an indication of involvement in hydrogen bonding in chemical shift between 275 and 304 K were Cys& H
and/or secondary structurg9). The temperature coefficients and H3, Ser9 H5, Arg10 Ha, Leull Hx, Met12 Hu, Tyrl3
for residues Lys2-Cys8 (Figure 1) lie close to the values for Ho. and H3, Aspl4 H3, Cys15 K3, Cys20 K5, Arg21 Ha,
the same residues in “random coil” peptid&g)( with those and Cys25 IA.
of Ala6 and Cys8 dropping to lower values. This is consistent A conformational exchange involving this sequence ex-
with Ala6-Cys8 forming g3-strand in which the HN proton  plains the observed broadeniigQ relaxation data confirm
of Lys7 is accessible to solvent while those of Ala6 and Cys8 this, vide infra), and the effects of temperature on the
are involved in hydrogen bonds. Indeed, the HN protons of chemical shifts of some resonances of aliphatic protons also
Ala6 and Cys8 exchange slowly into,O (see above), and reflect a conformational equilibrium. The affected residues
the Ha proton of Lys7 gives a Bi—Ha; NOE to Lys24. include not only the central binding loop but also the residues
The remaining two-thirds of the sequence exhibits highly of the flanking disulfide bridges (Cys8-Cys20 and Cys15-
anomalous behavior (Figure 1), possibly reflecting a loss of Cys25) and Arg21.
defined structure at higher temperatus®)( While the low Relaxation Measurements and Spectral Density Values.
temperature coefficients for Cys16-Thrl7 and Cys20-Arg21 To provide an indication of the quality of the relaxation data,
might indicate hydrogen bonding or low solvent accessibility, measured at 600 MH2HK frequency) and natural abundance
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while those of Ser9 and Cys20, resolved at higher field
10 4 < . . 1 . LE— strength, overlap partially.

Typically, a plot of J(O) 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. T(® 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 hayéd) values close to
those of the baseline, indicating that both termini are
intimately involved in the tertiary structure (Figure 4).
Increases id(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 dfwc) and LJ(wy)Oare quite
large (Figure 4), especially for the measurements made at
500 MHz (H 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, wh&gC,,) rates are
fast. Values of the spectral density@¢ calculated taking
the form of the function aroundy to be Lorentzian are
systematically lower than those assuming the function to be
, , , . , , , ‘ 1 flat, while the corresponding valueslatyCare systematically
002 004 006 008 01 012 014 016 0.18 02 higher. Only atidy[0do the values exceed the error on the

time (s) latter value.

The most striking feature of the plot af(0) versus
' ' ' ‘ sequence is the large increasel{f) for the segment Ser9-
Cys15, indicating a significant contribution of exchange to
Asp14 J(0). The residues most affected are Leull and Asp14, but
the exchange contribution td(0), Rex, depends on the
difference in chemical shifts of the®C nuclei of the
exchanging conformationg\¢):

Intensity (arbitrary units)

_ 47T2AV2I3AI3|3Te>< (8)

X 2 2
4 1+ ol 1ey

(wherepa andpg are the populations of the states A and B,

Tex IS the exchange time, angh is the frequency of the spin-

lock field), such that the term may be rendered nullif =

0; that is, if the chemical shifts of a particular nucleus in the

exchanging states happen to be identical. Sikeepa and

° . Ps are unknownzey cannot be reliably estimated. Settipg

= pg = 0.5 andrex = 27/Av, the maximum possible value

of Rex can be estimated for values afv. This suggests a

maximum value ofrex of around 4 ms.

o After manual filtering of spectral density values affected

o- ° o by exchange, a fit to the plot a{wc) 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 of(wc) makes the estimate of the correlation

FIGURE 3: Rc(Cyy) relaxation rates for two & nuclei in w-cono- time for overall tumbling rather imprecise: taking instead

et pore st o et e bkt of e baselne vales aK0) at 500 and 600 Mz

a sFi)ngIe expor?ential decay is rep);es%nted by the solid line. frequency)_and assuming an order parameter of 0,'8 for these
residues gives correlation times for overall tumbling of 2.8

13C, the rawR(Cy,) data for the*Co. nuclei of two residues,  and 2.7 ns. These values are rather large for a molecule of

Thrl7 and Aspl4, having small and large values, respec-the size ofw-conotoxin MVIIA but are sensitive to the setting

tively, are shown in Figure 3. The cross-peak for Arg10 is of the baseline and assume no exchange contributions to these

weak and overlaps with the stronger cross-peak of Ser22,points.

Intensity (arbitrary units)

_2 1 . ] 1 1 L 1 1 |
0 002 004 006 008 01 0.12 014 0.16 0.18 0.2
time (s)
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Ficure 4: Values of the spectral density functialfw), determined for thé3Co nuclei of w-conotoxin MVIIA at 283 K and at (A) 500

MHz and (B) 600 MHz {H frequency). The solid line connects points calculated using the reduced spectral density mapping approach,
assumingl(w) 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 (TH€) and 18 (Thr17:Cp).

Diffusion MeasurementsThe value of the translational Table 1. Energy Terms of Final Sets of Structuresse€onotoxin
diffusion constant for-conotoxin MVIIA in H,O at 293 K MVIIA @

is 2.0x 10®m? s 4 0.05. Extrapolation from values for noys x3positive 3 negative
lysozyme (used as a model monomeric protein for which g 27.97 (2.86) 51.93(4.52) 50.95(3.92)
the diffusion coefficient has been determined by several Eponas 2.10 (0.30) 4.29 (0.51) 3.50 (0.40)
techniques §0,61) to the molecular mass af-conotoxin Eangles 8.46 (1.00)  16.84(1.95)  16.06(2.16)
MVIIA, assuming both molecules to be spherical, gives a Eimpf 2.91 (1.35) 3.39(1.56) 2.40(0.49)
- . : vaw 3.29(0.81) 6.71(1.55)  5.20(0.96)
value of 1.8x 10712 m2 s1, This small difference may be Enoe 10.81 (1.63) 19.38 (2.07) 23.35 (2.04)
due to the slightly flattened shape of the conotoxin (the axial Egpe 0.41 (0.39) 1.32(0.62) 0.44 (0.47)
ratio is 1.4). The value indicates thatconotoxin MVIIA pairwise rmsd (8~ 0.55(0.19)  0.53(0.15)  0.46(0.13)

is monomeric in solution under these conditions and may 2The average energies are reported in kcalfstandard deviation
be translated into a rotational correlation time of 2.2 ns in is given in parentheses. Statistics for structures calculated wify no
D,O at 283 K. This value is in good agreement with that constraints and for those with positiyg for Cys8-Cys20 are from

. ; . : sets of 25 structures; those with negatpgefor Cys8-Cys20 are from
estimated from the longest axis ei-conotoxin MVIIA a set of seven structures selected using the dageut-off as for the

(approximately 11.4 A) using the StokeBinstein relation  set with positiveys. ® Pairwise root mean square deviation calculated
and allowing for solvationi. = 2.24 ns). over the backbone atoms of residues Cys1-Cys8 and Cys20-Cys25.
Tertiary Structurew-Conotoxin MVIIA adopts a compact
fold defined by a small, irregular triple-strand@esheet and  all backbone atoms is 0.67 A, dropping to 0.55 A when these
three disulfide bridges. Hydrogen bonds and dihedral angle portions are excluded from the fit. The triple-strangesheet
restraints introduced during the calculations are given in is indeed highly irregular, and the sequence between Lys4
Supporting Information. The effects of conformational and Cys8 adopts two well-defined conformations (Figure 6),
exchange on the calculated structures must, however, bewith neither being associated with a lower energy than the
considered. other. The set of structures suffers, however, from very poor
Calculations withoutys; Constraints.The results of cal-  geometry for the disulfide bridges (Figure 5). The structures
culations performed using standard protocols with no con- otherwise have very good covalent geometry and satisfy well
straints on thes angles of the three disulfide bridges appear, the experimental data, but the set of NOEs, coupling
at first, to be reasonable (Table 1, Figure 5). While portions constants, and hydrogen bonds results in distorted bridges.
of the structure are better defined (average pairwise rmsd Residues of the central binding loop af-conotoxin
values, calculated over a five-residue windowQ.35 A), MVIIA are affected by conformational exchange on the
the local structure is less well-defined for residues in the millisecond time scale, fast enough to average chemical
binding loop (Ser9 to Tyrl3) and those following Cys16 shifts. The effects of this exchange on the data used to
(Cys16 to Serl9). The average pairwise rmsd. calculated overcalculate structures must be considered: both the intensity
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A

Cys1-Cys16

Cys8-Cys20

Cys20-Cys25

Cys1-Cys16

Cys8-Cys20

Ficure 6: Families of structures @h-conotoxin MVIIA. For each,

the backbone is shown with the side chains of the six cysteine
residues, Leull and Tyrl3. 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
Ficure 5: Values of they, andys dihedral angles across the three  structures calculated with constraints on the angles of the

disulfide bridges ofs-conotoxin MVIIA in 50 structures calculated ~ disulfide bridges, separated into two sets: 25 structures (middle

(A) without and (B) with constraints on the dihedral angles. panel) gc';h the Cys8-Cys2f; ~ +90° and seven structures with
s~ —IU

Cys20-Cys25

of observed NOEs and the values of coupling constants will solution. Disulfide bridge isomerization of Cys8-Cys20 may

be occurring at a rate that averages the chemical shifts in
fhe two conformations, but broadens a set of resonances at
low temperature and contributes 3(0) (Figure 7).

Chemical Shift CalculationsSemiempirical calculations
of proton chemical shifts were performed for the 50 lowest

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 th%nergy structures @é-conotoxin MVIIA following X-PLOR

disulfide br|dge clonformanons.. N ) refinement withys angles constrained. The set of structures
Calculations withys Constraints.Imposition of dihedral  ¢ontains two families that differ in the conformation of the
angle constraints on the angle across the disulfide bridges  cysg-Cys20 disulfide bridge. Calculated chemical shifts were
forces the geometry of the bridges to be close to ideal (Figure gyeraged over the whole set and over the two families of
5). A penalty is paid in satisfying other experimental stryctures separately, but the results were not statistically
constraints, causing higher total energies for calculated gifferent. For the whole set, the overall average difference
structures (Table 1). Analysis of the disulfide bridge con- petween calculated and observed chemical shifts is 0.04 ppm
formations allows the 50 lowest energy structures to be with a root-mean-square deviation of 0.24 ppm. Individual
divided into two families, differing in the conformation of  stryctures have a significantly larger rms difference between
the disulfide bridge Cys8-Cys20. The families contain 36 calculated and experimental chemical shifts (0.41 to 0.59
and 14 members witlys values around+90° and —90°, ppm), compared to the difference of 0.24 ppm obtained by
respectively. The average pairwise rmsd calculated over allayeraging over the 50 structures. These values are consistent
backbone atoms of the first set remains 0.67 A (dropping to with the error range reported for good quality NMR structures
0.53 A when less well-defined portions are excluded from 62).
the fit), while for the second set the values are 0.55 and 0.46  geveral residues havesHthemical shifts that differ from
A. the “random coil” values by more than 0.3 ppm: Lys4, Gly5,
The division into families caused by imposition of Lys7, Cys8, Argl0, Leull, Cys15, Arg21, Ser22, Lys24.
constraints orys suggests a possible origin for the confor- The conformational shifts calculated for thecHuclei
mational exchange occurring iw-conotoxin MVIIA in explain the observed chemical shifts in many instances. For
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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 Leull and Metl2 (the effect
on Tyrl3 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 Argl0
(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 ofw-conotoxin MVIIA in solution is a
compact fold, defined principally by a set of three disulfide
bridge and a tiny triple-strandg¢tisheet 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 groups8(9,11, although the set of
FiIGURE 7: Lowest energy structures ab-conotoxin MVIIA StrfJCtures from the most detailed studyl) represents a
calculated with constraints on the dihedral angle across disulfide ~ Unique conformation. The authors worked at both 283 and
bridges. The side chains of the six cysteine residues, Leull, and293 K, so similar results would be expected. Fewer backbone
Tyrl3 are shown. Upper panel: structure with Cys8-Cyg26- amide protons were observed to exchange int® i this
+90° is represented by thick sticks while the structure with Cys8- study, and fewer backbong angles could be confidently

Cys20y3~ —90° is in thin lines. Lower panel: residues with slow! . . '
ef(’chaﬁfqmg backbone amide protonspare mapped onto the rigbonconstramed. Nonetheless, the structure is largely well-defined

in light blue: residues affected by exchange contribution¥(®) with residues Ser9-Tyr13 and Cys16-Ser19 being less well-
are mapped onto the ribbon in red. 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
observed for Lys4, Arg21, and Selr22 as well as a large by contributions from slow conformational exchange pro-
number of the smaller structgral shifts th-protgns. ) cesses. Several other lines of evidence show that the molecule

In several cases, the predicted ldhemical shifts are in s yndergoing conformational exchange between two or more
poor agreement with the observed values, such as Cyslgtates on the millisecond time scale. Broad resonances and
Lys2, Gly3, Gly5, Lys7, Cys8, Argl10, Cys15, Cys20, Lys24, the temperature dependence of the resonances of some
and Cys25. This set includes all but one cysteine residue gjiphatic protons all reflect this exchange. Furthermore, the
and other H protons, such as Lys24, that are close in space gata |ocalize the exchange to the peptide sequence between
to the disulfide bridges. On average, disulfide bridges have Cys8 and Cys15, the loop containing a number of residues
a deshielding effect on neighboring atoms (F. Sirockin, required for receptor binding.

manuscript in preparation). This contribution is not taken  The presence of conformational exchange causes problems
into account in the current model and seems to fit the noted i, the interpretation of other NMR data. In particular, the

discrepancies, i.e., calculated Cya bhifts are too shielded  getected nuclear Overhauser effects either result from all
compared to the experlmental values. For Lys2, Gly3, Gly5, species present or are time-averaged, depending on the
Lys7, and Arg10, the discrepancy between calculated andcharacteristic time for the conformational exchange. Since
observed chemical shifts could be due to solvation as thesehese effects are used to derive distance constraints for input
residues are mostly exposed. into calculation of the tertiary structure of the molecule, but

Calculated chemical shifts for other carbon-attached do not arise from a single structure or rapid fluctuations about
protons are generally in satisfactory agreement with observeda single structure, the results of such calculations are
values: discrepancies occur for the same residues asfor H inevitably flawed. This was particularly clear here in the poor
chemical shifts, such as Lys24 and Cys25. geometry of the disulfide bridges.

Motional averaging, as is observed for residues Argl0- Isomerization of the conformation of disulfide bridge
Tyrl3, may also lead to discrepancies between calculatedCys8-Cys20 appears to be central to the conformational
and observed chemical shift€3). In particular, the region  exchange. If conditions could be found in which the
undergoing motion contains the only aromatic residue in exchanging species could be independently observed, the
w-conotoxin MVIIA, Tyrl3. The side chain of Tyrl3 is  hypothesis could be investigated further, but to date, attempts
directed toward to the solvent in calculated structures, suchto work at lower temperature, in aqueous solution, or in cryo-
that the ring current contribution to the chemical shift protective mixtures have not succeeded. In recent studies of

example, the upfield shift of Leull is due to the ring current
of Tyrl3. Peptide bond magnetic anisotropy and electrostatic
contributions vary withp andy angles. These form the basis
of the negative structural chemical shifts fmhelices and
positive chemical shifts fo-sheets, used in the chemical
shift index 63,57. This effect explains the chemical shifts
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BPTI (64), the rates of conformational exchange for a set of designed molecule? If the latter, which of the exchanging
residues were increased more than 2-fold on removal of theconformations should be used as a template?
disulfide bridge Cys14-Cys38. The authors suggest that the More generally, ligands to a particular receptor may often
disulfide bridge is not responsible for the exchange but may be inherently mobile, adopting a more defined, or single,
help accommodate the motions. It may be rather that structure only on binding to the receptor. This loss of
isomerization of the disulfide bridge serves to control the flexibility on binding imposes an entropic penalty on the
rate of the exchange process. This control may or may notinteraction that must be overcome by enthalpic terms or other
have functional significance. Fap-conotoxin MVIIA, in factors, such as the gain of entropy associated with the
which it is the key binding loop that is undergoing confor- displacement of ordered solvent molecules. In such a case,
mational exchange, the rate may well be expected to effectstructural studies of a flexible ligand in solution or in
activity, although this remains to be demonstrated experi- crystalline form may assist only little in understanding its
mentally. interactions with a receptor and guiding subsequent drug
The conformational exchange may require the differing design efforts. Characterization of the nature and the time
stabilities of thes-strands to occur at a certain rate at relevant scales of internal motions may assist, however, in under-
temperatures. A more regular and stable structure mightstanding the mechanisms of action of such ligands.
disfavor the conformational exchange and suggests that its
presence is by design rather than being accidental, possibyACKNOWLEDGMENT
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MVIIA remains to be seen. No evidence for conformational
exchange has been reported.MOnotoxins GVIA b—7) SUPPORTING INFORMATION AVAILABLE

and MVIIC (10). The deposited structures of the latter, )

however, contain significant distortions of backbone 'H and**C resonance assignments and the hydrogen bonds
dihedral angles, suggesting that experimental data from twoand dihedral angles included as restraints in structure
exchanging conformers may have been satisfied at thecalculations.
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