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Solution structure of w-conotoxin MVIIA using 2D NMR spectroscopy
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Abstract The solution structure of w-conotoxin MVIIA (SNX-
111), a peptide toxin from the fish hunting cone snail Conus
magus and a high-affinity blocker of N-type calcium channels,
was determined by 2D NMR spectroscopy. The backbones of the
best 44 structures match with an average pairwise RMSD of 0.59
angstroms. The structures contain a short segment of triple-
stranded B-sheet involving residues 6-8, 20-21, and 24-25. The
structure of this toxin is very similar to that of w-conotoxin
GVIA with which is has only 40% sequence homology, but very
similar calcium channel binding affinity and selectivity.
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1. Introduction

Fish hunting snails of the genus Conus have developed a
biochemical arsenal for immobilizing their fast moving prey.
The venom of these snails contains peptides that bind to several
types of ion channels [1]. One class of such peptides are the
w-conotoxins that bind specifically to presynaptic voltage-
gated Ca?" channels, causing inhibition of neurotransmitter
release. w-Conotoxin GVIA (w-CgTx) from Conus geographus
binds specifically to the N-type Ca®* channels and has been
essential in identifying and characterizing these channels [2,3].
Four independent NMR solution structures of this peptide
have been determined recently [4-7]. @-Conotoxin MVIIA (@-
CmTxa), from Conus magus, although having only 40% se-
quence homology to @-CgTx, has the same specificity and
nearly the same apparent binding affinity as w-CgTx to the
N-type Ca”* channel [8]. Interestingly, @-CgTx binds essentially
irreversibly to N-type Ca®* channels, whereas the binding of
@-CmTxa is reversible [1,8). We present here the solution struc-
ture of the chemically synthesized w-CmTxa (also known as
SNX-111) identical to the same peptide found in the fish-hunt-
ing marine snail C. magus. The solution structures that we
report here were obtained by 2-dimensional NMR spectros-
copy with the aid of distance geometry and restrained molecu-
lar dynamics, and with distance constraints obtained using the
complete relaxation matrix analysis program MARDIGRAS
[9]. The structure of the P and Q type Ca®* channel blocker
w-conotoxin MVIIC (w-CmTxc, or SNX-230) has been deter-
mined recently [10,11]. As we show here, most of the three-
dimensional structure is nearly identical for @-CmTxa, w-CgTx
and w-CmTxc. We can now investigate small structural differ-
ences that may underlie the differences in binding properties of
these conotoxins, and begin to correlate these to emerging
models of Ca?* channel structure [12]. @-CmTxa is currently
used in human clinical trials as an analgesic and as a neuropro-
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tectant following ischemic brain injury. The 3-dimensional
structure of w-CmTxa will be useful in designing novel Ca**
channel blocking therapeutics [13].

2. Materials and methods

2.1. Sample preparation

Samples for NMR contained 400 gl of 10mM @-CmTxa in either
99.96% DO or 93% H,0/7% D,0 at pH 4.0 (uncorrected meter read-
ing). w-CmTxa was synthesized on a re-plumbed ABI Model 430A
peptide synthesizer, using standard t-BOC chemistry with some modifi-
cations {14] in the manner previously described [15,16]. Synthetic prep-
arations were subjected to amino acid analyses [16] and the results were
consistent with the expected amino acid composition (data not shown).
The authenticity of the synthetic w-conotoxins were also confirmed by
comparison to the purified, native peptides (kindly provided by Dr. B.
Olivera) using a variety of chemical and biological methods.

2.2. NMR spectroscopy

All NMR spectra were collected on a GE 500 MHz spectrometer
equipped either with a GN console with a Nicolet computer or an
Omega console with a Sun 3/160 computer. A DQF-COSY spectrum
[17] was taken at 15°C. HOHAHA spectra with MLEV-17 {18] were
collected at 15°C, and 25°C with spin-lock times of 50 ms and 75 ms.
NOESY spectra [19] were obtained at 8°C and 15°C with a 200 ms
mixing time. In addition, we collected an E.COSY spectrum [20] at
25°C in D,0 and one-dimensional spectra at all three temperatures.

Spectra were processed using software developed at UCSF. For 2D
spectra, the apodization consisted of gaussian multiplication in the ¢,
dimension, and sine squared multiplication with a 70° shift in the ¢,
dimension, with zero filling in some cases. The typical spectrum size was
2048 complex points in the £, dimension, and 512 complex points in ¢,
zero filled to 1024 points. Spectral widths were 6024 Hz, for a final
resolution of 3 Hz in ¢, and 6 Hz in ¢,. For quadrature detection in the
t, dimension we used the method of States et al. [21] in NOESY and
HOHAHA spectra, and TPPI [22] in COSY spectra.

In order to determine the correlation time 7., the *C T, and T,
relaxation times were determined at natural abundance, using the sam-
ple dissolved in D,O described above. These experiments were carried
out using a double-DEPT technique with proton detection for maxi-
mum sensitivity. For 7, we used the double-DEPT with inversion-
recovery [23], and for T, we used the double-DEPT sequence with a
Carr-Purcell-Meiboom-Gill modification using a series of 180° pulses
with a repetition rate of lmsec to replace the single 180° refocusing
pulse in the sequence of Nirmala and Wagner [24]. The data were
analyzed by fitting to the proper exponential decay function.

Spectrum processing and molecular dynamics refinement were per-
formed on Sun Sparc2 or IPX workstations. Peak volumes were ob-
tained either by summing up the points within a manually selected
rectangular area surrounding the crosspeak, or, in case of overlap, by
fitting the region to be integrated with a collection of lorentzian lines
to best represent the data, using the Sparky program developed at
UCSF [25].

2.3. Restraints from MARDIGRAS

Distance restraints were calculated from experimental NOESY inten-
sities using the program MARDIGRAS [9,26], a program that calcu-
lates distances from the complete relaxation matrix. Methyl groups, &
and ¢ pairs in the tyrosine rings, and non-distinguishable methylene
pairs were treated as pseudo-atoms by MARDIGRAS, with the result-
ing distances to the geometrical center of the proton group. For use in
DG and MD calculations, these pseudo-atom distances were converted
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into distances to the nearest hetero-atom, and the upper and lower
bounds increased and decreased respectively by the distance between
the pseudo-atom location and the nucleus of the hetero-atom. Non-
stereospecifically assigned methylene protons distinguishable by chem-
ical shift were treated individually by MARDIGRAS, but for refine-
ment, restraints to those protons were converted to a restraint to the
attached hetero-atom, with 1 A added to the upper bound and 1 A
subtracted from the lower bound. The exception to this conversion was
when there was a restraint between a proton and both the protons of
an unassigned methylene pair; in these cases the largest upper bound
and smallest lower bound were used for both restraints.

2.4. Other distance restraints

DG cannot accept torsional angle restraints, so for those f methyle-
nes whose rotamer orientation was determined, we generated a set of
three intra-residue bounds (the H?? to carbonyl carbon, H? to the
backbone nitrogen, and H? to carbonyl carbon distances) to constrain
the side-chain into the proper rotamer [4]. For the ¢ angle, if the
measured *Jyn, was >8.5 Hz we restrained the ¢ angle to
-160°<p<—80°. If *Jyn, Wwas <55 Hz we restrained ¢ to
—90°<¢p<—40°. Again we used distances, this time inter-residue from
the carbonyl carbon, a-proton, and S-carbon, to the carbonyl oxygen
of the preceding residue, as previously described [4].

2.5. Structure calcylations

Distance geometry calculations were performed on the Cray Y-MP
at the San Diego Supercomputer Center using the distance geometry
program VEMBED, a vectorized version of EMBED [27]. Restrained
molecular dynamics calculations (rMD) were carried out with the 4-
dimensional modifications [28] to the GROMOS-87 programs [29]
using the Sparc2 workstation. The 37D4 force field was used, and all
the calculations were performed in vacuo with all charged groups neu-
tralized, with the mass of the hydrogens set to 10 a.m.u. The distance
restraint constant Ky, was set to 10,000 kJ/mol-nm?, with an initial
temperature of 800°K. 3 ps of dynamics was run followed by 5 ps when
the 2D-projection force constant K;; was increased from 0 to 5,000
kJ/mol'nm?, and at the same time the temperature was slowly lowered
in an annealing procedure over the next 13 ps with the final temperature
set to 0°K. The time-constant 7, for coupling to the thermal bath was
set to 0.005 ps.

Table 1

"H chemical shifts for @-CmTxa at 8°C amd pH 4.0

Residue NH oH BH Others

Cys-1 n.o.* 4.59 3.29, 3.10

Lys-2 931 451 1.81

Gly-3 8.97 4.05,3.82

Lys-4 828 3.80 1.51, 1.3 3.00 (&)

Gly-5 922 4.34,3.58

Ala-6 7.81 4.30 1.44

Lys-7 8.37 4.69 1.27 1.79

Cys-8 824 5.02 3.29,2.97

Ser-9 879 472 3.94, 3.78

Arg-10  8.89 4.06 1.86 1.62, 1.57; 3.23, 3.27 (¢)
Leu-11 810 4.13 1.60 1.61(y); 0.92, 0.89(5,8)
Met-12  7.58 4.45 1.90 2.34, 2.42(y.y")

Tyr-13  8.00 4.53 3.26,3.05  7.11(e), 6.84(5)

Asp-14 8.11 4.84 3.02, 2.61

Cys-15 846 491 3.16, 2.64

Cys-16 991 443 3.27,2.92

Thr-17 836 4.52 4.11 1.14 ()
Gly-18 852 4.14,3.83

Ser-19 836 4.75 3.83,3.74

Cys20 879 4.73 2.99, 2.90

Arg-21  8.63 468 1.85 1.57, 1.67
Ser22 943 407 4.15, 3.93

Gly-23 8.38 4.17,3.83

Lys24  1.76 5.35 1.62,1.53  1.71, 1.38, 1.29
Cys-25 8.86 4.83 3.25, 3.11

NH, 848

*not observed.
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Fig. 1. Diagram showing the sequential NOESY crosspeaks observed.
Crosspeaks intensities were classified into strong, medium and weak,
as indicated by the height of the bar. Asterisks indicate residues with
slowly exchanging amide protons.

3. Results and discussion

3.1. Resonance assignments

The methodology of spin-system identification and sequen-
tial assignment developed by Wiithrich and co-workers [30] was
used to obtain the complete assignments given in Table 1.
Residue types that were immediately identified were Gly, Thr,
Ala and Leu. The arginines were identified based on the obser-
vation of the &-NH which in the HOHAHA spectra showed
connectivities to most of the remaining protons in the spin
system. These matched the connectivities from the backbone
NH. Tyr-13 (the only tyrosine) was identified by observation
of strong NOEs between the S-protons and the d-protons of the
aromatic ring. The remaining spin systems were classified ac-
cording to the length of the sidechain. The remaining NH,,
present in the HOHAHA and COSY, was assigned to the
amidated C-terminus of the protein.

The initial assignments were from a set of H,O spectra at
15°C. Water presaturation suppressed the a-proton resonances
that were around 4.95 ppm, so that fewer than the expected 24
amide spin systems were initially observed. Spectra at 25°C and
8°C were used to find these spin systems. Fig. 1 shows the
sequential connectivities observed in @-CmTxa categorized as
strong, medium and weak, and we have indicated the strength
by the height of the bars in the figure.

3.2. Distance constraints

Volume integrals obtained from the NOESY spectra were
used to generate distance constraints with the aid of the pro-
gram MARDIGRAS [9,26]. A starting structural model is re-
quired in order to supply distances where there are missing
NOE:s in the data. MARDIGRAS also requires an estimate of
the correlation time 7. Since distances obtained by MARDI-
GRAS are not very sensitive to the starting model [31], with the
initial set of distance constraints we used an extended chain
starting model. Since we determined the correlation time to be
1.1 0.5 ns (described below), we ran the MARDIGRAS calcu-
lations three times with 0.6, 1.1, and 1.6 ns for 7. The lowest
lower bound and highest upper bound for each distance con-
straint was used for the structure calculations. For subsequent
calculations, we used each of the structures obtained from the
most recent refinement as starting structural models, keeping
the lowest lower bound and highest upper bound from all the
different calculations based on different starting structures and
the three correlation times (0.6, 1.1 and 1.6 ns).

The constraints used in the final calculations consisted of 64
intra-residue distances, 77 sequential distances, 66 non-sequen-
tial distances, 9 @ angle and 8 y' angle constraints obtained
from coupling constant measurements, and 67 non-NOE con-
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Fig. 2. (top) RMSD per residue calculated to the average coordinates
for the 44 final structures of @-CmTxa. Solid bars are for the backbone
atoms only, and shaded bars for all heavy atoms. (bottom) Angular
order parameter S [4] for the backbone angles in the final 44 structures
of w-CmTxa.

straints based on distances predicted to be observable accord-
ing to the initial set of structures, individually checked to make
sure there was no reason for the missing peak intensity (such
as overlap or ¢, noise). The constraints used for missing NOEs
were lower bound distance constraints of 3.5 A (although dis-
tances of 4.5 to 5 A were observable in the spectra), to allow
for the possibility of some conformational averaging.

3.3. Calculation of 7,

In order to be able to generate distance constraints using
MARDIGRAS, a reasonable estimate of the rotational correla-
tion time 7, of the molecule must be obtained. For this purpose,
we determined *C T, and T;, relaxation times via indirect detec-
tion, as described in section 2. Since these measurements were
done using 'H detection, as a one-dimensional experiment, the
only carbon whose relaxation times could be measured individ-
ually was the a-carbon of K24, The a-protons of R10 and S22
overlap and their relaxation times were measured together as-
suming the results would be approximately the same for both.
The results for these two different proton chemical shifts were
the same within the experimental error, with 7, = 0.24+0.04 s
and T, = 0.1620.03 s. These values yield an estimate for the
correlation time 7 equal to 1.1+0.5 ns, based on a pure dipole-
dipole relaxation mechanism dominated by the directly at-
tached proton. As demonstrated for other proteins [32], the
chemical shift anisotropy relaxation mechanism for the a-car-
bons of proteins contributes an insignificant amount to the *C
relaxation times 7; and T, in this range of correlation times.

3.4. Stereospecific assignments
Stereospecific assignments of the f-methylene protons were
obtained based on a combination of the y' angle coupling
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constant and NOE-derived distances between the 8 protons
and the intra-residue amide proton [33]. In difficult cases, dis-
tances to neighboring residues were used to obtain these assign-
ments. Stereospecific assignments were obtained for 9 of the 25
residues in @-CmTxa. Table 2 lists the assignments made along
with the average ' angles in the final structures, and the *J,,
coupling constants obtained from E.COSY spectra. >Jyy, val-
ues were measured from 1D spectra. For amide protons that
were overlapped in the 15°C spectrum, the 25°C or 8°C spec-
trum was used, since the temperature dependence of the chem-
ical shifts is different for each amide proton depending on
solvent exposure and hydrogen-bonding.

3.5. Structure determination

Structures were obtained by Distance Geometry (DG) and
restrained Molecular Dynamics (rMD) in an iterative fashion,
using the results of each generation of structures to obtain more
constraints for the succeeding generation. For the final refine-
ment, we edited the restraints file to include all usable torsional
angles obtained from vicinal coupling constants, and we re-
moved all NOE restraints that became redundant due to the
coupling constant data. >Jyy, coupling constants were con-
verted to ¢ angle constraints according to the following rules:
if *Jyne=5.5 Hz, —90°<¢<—40°, if 10.0 Hz="/;;,=8.5 Hz,
—160°<¢p<—-80°, and if *Jy, > 10.0 Hz, —140° < ¢ < —100°
[34]. Furthermore, we included the stereospecific assignments,
and with these new constraints we generated 89 DG structures,
of which 53 were chosen because they had the correct global
fold as indicated by the lower energies and smaller number of
distance constraint violations. These were refined with 4D-
rMD. Seven were not included in the final structures because
they had larger violations and higher total energies, two were
not included because they had a cis-peptide bond that was
clearly not observed in the spectra, due to the lack of NOESY
crosspeaks between the corresponding sequential a-protons.
The average pairwise RMSD was 0.59 A for the backbone
atoms of the final 44 structures, and 1.77 A for all heavy atoms
(0.40 Aand0.79 A, respectively, when calculated as the RMSD
to the average coordinates). Only 13 of the 44 structures had
one or two violations greater than 0.50 A, but none had viola-
tions greater than 0.61 A (including lower bound violations).
Fig. 2 shows the RMSDs to the average coordinates (when the
backbones are matched globally), and the order parameters for
the @ and ¥ backbone angles of the final 44 structures. The
region between S9 and D14 is the most disordered stretch of
backbone. The non-NOE constraints were carefully introduced

Table 2
Stereospecific assignments, y! angles, and af-coupling constants for
@-CmTxa

Residue Hp? Hp? ¥ g2 3o

(ppm)  (ppm)  (degrees) (Hz) (Hz)
Cys-1 3.26 3.08 65+2 3.7 24
Lys-2 1.82 1.79 -6316 12.0 2.9
Cys-8 3.28 2.95 535 2.1 4.5
Tyr-13  3.03 3.24 -52+20 9.0 5.6
Cys-15 2,62 3.14 -68+3 12.1 3.0
Cys-16  2.90 3.25 —-67t2 12.6 3.0
Cys-20 297 2.87 -167+2 4.0 11.5
Lys-24  1.60 1.53 -53+8 10.0 3.9
Cys-25  3.09 3.23 -80+3 11.6 2.3
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as a conservative 0.35 A lower bound constraint, after making
sure there was no NOESY crosspeak in the spectra. In order
to assess the contribution of the non-NOE constraints, the
calculations were repeated without the 67 non-NOE con-
straints, and the backbone atom RMSD increased to 0.85 A.

3.6. Structural features

The main element of secondary structure for @-CmTxa is its
triple-stranded anti-parallel f-sheet of classification +2x, —1 as
its dominant structural motif (Fig. 3a). The largest portion of
the sheet is from S19 to the C-terminal C25, connected by a
hairpin turn consisting of residues S22 and G23. A third, short
piece of f# strand between A6 and C8 is hydrogen bonded to
K24 and C25, making w-CmTxa the smallest known protein
with a triple-stranded f-sheet. We examined the rest of the
structure to identify turns, using the definition that a turn exists
where two Ca’s are separated by two residues and less than 7
A [35]. Candidates were then classified according to published
definitions [36-37]. The turn between residues 21 and 24 can be
classified as a I’ turn [38] in all of the structures. Position 3 is
a Gly, although position 2 usually has a Gly in a type I’ turn.

Fig. 3. Stereopair views of the final 44 structures overlaid for best fit
over the backbone atoms of the f-sheet (a), residues 24 and 1317 (b),
residues 2-7 (c), and all residues (d).
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Fig. 4. Diagram of the secondary structure of @-CmTxa. Hydrogen-
bonds are shown by dashed lines. a-Proton to a-proton NOEs, charac-
teristic of antiparallel f-sheets are indicated by double arrows.

A close inspection of the structure suggests that this type of turn
is created due to the hydrogen bond between C8 and the car-
bonyl oxygen of K24, causing the carbonyl group to move
down into a conformation more consistent with a type I’ than
the type II turn expected due to Gly at position 3. G3 to A6
form a type II turn in all structures (see Fig. 3c), held together
by a hydrogen bond between those two residues. Position 3 is
Gly, the preferred residue here in a type 11 turn. G5 is conserved
in all known w-conotoxins [39], leading to the possibility that
this turn is important for the function or for maintaining the
structure of this molecule. Two turns were found in the stretch
from S9 to G18; S9 to M12 forms a type I turn, though it is not
as well defined. Between C15 and G18 there is a turn, with its
classification closest to the type VIII turn, a somewhat unusual
type recently defined by Thornton [37].

3.7. Hydrogen bonds

A hydrogen exchange experiment showed seven slowly-ex-
changing protons in the structure, and these were examined to
find likely bonding partners. The final structures were also
examined for potential hydrogen bonds whose donors were not
found to be slowly exchanging, using the program DSSP [40]
to determine bonding partners. We used as a cutoff a maximum
energy of —0.5 kcal/mole, as suggested by the authors of the
program. This criterion identified nine unambiguous hydrogen
bonds that were formed in at least 29 of the 44 refined struc-
tures, and had average energies of < —1.5 kcals (—3.0 kcal is
an ideal bond). Six of these bonds involved the slowly-exchang-
ing amides of residues 5, 6, 8, 16, 24, and 25. The proposed
hydrogen bond network for the central portion of the molecule
is shown in Fig. 4. After 24 h in D,0, only the amide protons
of residues 8, 24, and 25 were observed. These amides form the
hydrogen-bonds important for stabilizing the B-sheet. The
amide of A6 forms a hydrogen-bond to the oxygen of G3 to
form the Type II turn from residues 3 to 6. The amide of G5
forms a hydrogen-bond to the oxygen of C25, stabilizing the
C-terminus which is the middle strand of the f-sheet. One of
the hydrogens in the amidated C-terminus is hydrogen bonded
to the oxygen of §19, stabilizing the S-sheet, however it was not
found to be slowly exchanging. The hydrogen bonds involving
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the amide protons of K2 and C16 are not part of the f-sheet
or any of the turns, C16 was actually found to be slowly ex-
changing, while K2 was not. This unusual set of hydrogen
bonds is seen clearly in Fig. 3b. The amide proton of C16 forms
a hydrogen-bond to the oxygen of K2, while the amide proton
of the latter forms a hydrogen-bond to the oxygen of D14. The
remaining hydrogen-bonds found in the structures were 12—9
and 21—24. The 12—9 hydrogen-bond stabilizes the type I turn
between residues 9 and 12. However, the structures are not well
defined here, and may be flexible enough to allow rapid ex-
change of the amide of M12. There was one slowly exchanging
amide proton that could not be assigned because its chemical
shift overlaps several amide protons, observed after 2 hrs in
D,0, but not in any of the 2D spectra. It could be the amide
of N21, the remaining hydrogen-bond in the f-sheet whose
proton was not identified as slowly exchanging.

3.8. Comparison to other @-conotoxins

Structures of two other w-conotoxins have been obtained to
date: w-CgTx [4-7], and w-conotoxin MVIIC (@-CmTxc) [10-
11] (for sequences see Table 3). The overall fold of these two
molecules as well as @-CmTxa, is very similar. In fact the
structure of @-CgTx has been shown to be similar to several
other unrelated molecules, such as kalata, CMTI-I, EETI-II,
CPI and w-Agatoxins IVA and IVB [41,42]. The common fea-
ture of these proteins is the presence of six cysteines disulfide
bridged in the pattern 1-4, 2-5, and 3-6, and it is very likely
that the similarity in the structures is determined by the pattern
of disulfide linkages. Among the w-conotoxins, there are only
a few conserved residues [43], the cysteines, and G5, and two
with conservative substitutions Lys/Arg at positions 2 and 24
(w-CmTxa numbering) preserving the positive charge at these
positions. It has been demonstrated, with acetylation of each
of the lysines in w-CgTx {44], that no single lysine is very
important for binding. There is some loss of binding when
acetylating the amino-terminus of the peptide, but acetylating
the amino-terminus along with both of the other lysines, at the
positions equivalent to residues 2 and 24 of @-CmTxa, de-
creases the binding affinity by two orders of magnitude com-
pared to native w-CgTx. This suggests that the number of
positively charged residues is important for binding, with rela-
tively little importance to a loss of only one of these charges.
These studies were, however, limited to lysine modifications
only. Synthetic analogues of @-CmTxa have been made replac-
ing each positively charged residue with an alanine, one at a
time, and it was found that positions 2, 10 and 21 are important
for binding, while Ala at position 24 shows no effect [45]. Some
of the ambiguities with these results can be understood by the
fact that most of the positively charged residues have a lot of
flexibility since the charges are at the end of their long flexible
sidechains, so that one missing charge could be replaced with
the sidechain of another positively charged sidechain.
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Fig. 5. Comparison of the @ and ¥ backbone angles for the @-CmTxa
structures reported here and the structures of @-CmTxc [10], and @-
CgTx [4]. Error bars represent one standard deviation based on the
variation of angles on the reported structures. The sequence numbers
are for ®-CmTxa, and for the other molecules, the angles correspond
to the equivalent residue numbers as per the alignment shown in Table
3, based on the three-dimensional structures.

Although »-CgTx and w-CmTxa have only 40% homology,
it can be seen in Fig. 5 that when the alignment is done based
on similarity of structure, 71% of the @ and ¥ angles between
these two molecules are identical within the respective margins
of error. The Ca®* channel specificity of these two toxins is
nearly identical as well [8], both bind with high specificity and

Table 3
Sequence alignment of ®-CmTxa, @-CgTx, and @-CmTxc, based on their structures

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 - - 22 23 24 25 -
wCmlTxa C K G K G A XK ¢ S R L MY DOCTCTGS CR- - S G K C -
w-CgTx C K § X GS s ¢S X TS YNUCCI RS- S CNIXUYTI KU RTZCY
oCmTxce C€C K G K G A P CRKTMYDOCCS GS CG- R RGKC -

All residues are standard one-letter codes except for X, y-hydroxypyroline.
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high affinity to the N-type Ca®* channels and four orders of
magnitude lower affinity to the P/Q Ca®" channels. @-CmTxc,
however, has 81% sequence homology with @-CmTxa, but as
shown in Fig. 5, only 61% of the @ and ¥ angles are identical
within their margins of error. Thus, the structural differences
responsible for Ca?* channel selectivity can be inferred from the
regions that are structurally the same when comparing w-
CmTxa and @-CgTx, and different from @-CmTxc. This com-
parison completely eliminates the region of residues 6-12, 15—
16, and 22-24, as well as residues 1 and 4 in @-CmTxa. In fact,
the region equivalent to residues 21-23 of w-CmTxa is different
for each of the w-conotoxins not only structurally, but even in
the number of residues, indicating that this region is entirely
irrelevant for channel specificity or binding, perhaps being the
portion of the molecule exposed to solvent when bound to the
Ca? channel. The region around G18 is different when com-
paring w-CmTxa to @-CmTxc, however, w-CgTx is missing
G18, so that is probably not the region responsible for Ca®*
channel selectivity. Residue G5 has a slightly different confor-
mation for each of the three conotoxins. In w-CgTXx, there is
an extra tyrosine at the C-terminus which is very close to G5,
so again this is probably not the region involved in selectivity.
That leaves the region of Y13-D14 or the region of K2-G3, as
recently also suggested by systematic alanine substitutions in
w-CmTxa [45]. In both of these regions the @ and ¥ angles in
@-CmTxc are significantly different from w-CmTxa and o-
CgTx, while the latter two have the same backbone angles.
Mutation of Y13 to F reduces the binding of @-CgTx by 3
orders of magnitude [46], and of w-CmTxa by 2.5 orders [45],
which means that this tyrosine is essential for binding. Iodina-
tion of Y13 only slightly alters the binding affinities and selec-
tivities of @-CmTxa and @-CmTxc, suggesting that the phenolic
OH group is important here. Thus, minor structural changes
in the region Y13-D14 may be responsible for the observed
selectivities, although the binding sites on N-type and P/Q-type
channels are able to accomodate iodinated tyrosine. The struc-
tures reported here should aid in the design of nonpeptide
inhibitors with potential therapeutic utility.

The coordinates of the final 44 structures, and the input
restraints will be deposited in the Protein Data Bank,
Brookhaven National Laboratory, Upton, NY 11973, USA.
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