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Three-Dimensional Solution Structure @fConotoxin TxVIl, an L-Type Calcium
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ABSTRACT. We determined the three-dimensional structurevefonotoxin TxVII, a 26-residue peptide

that is an L-type calcium channel blocker, #y NMR in aqueous solution. Twenty converged structures

of this peptide were obtained on the basis of 411 distance constraints obtained from nuclear Overhauser
effect connectivities, 20 torsion angle constraints, and 21 constraints associated with hydrogen bonds and
disulfide bonds. The root-mean-square deviations about the averaged coordinates of the backbone atoms
(N, Cy, C, and O) and all heavy atoms were 050.09 A and 0.99+ 0.13 A, respectively. The structure

of w-conotoxin TxVII is composed of a triple-stranded antiparaflesheet and four turns. The three
disulfide bonds inw-conotoxin TxVII form the classical cystine knot motif of toxic or inhibitory
polypeptides. The overall folding @f-conotoxin TxVIl is similar to those of the N-type calcium channel
blockers,w-conotoxin GVIA and MVIIA, despite the low amino acid sequence homology among them.
w-Conotoxin TxVII exposes many hydrophobic residues to a certain surface area. In cantrasgtoxin

GVIA and MVIIA expose basic residues in the same waywasonotoxin TxVIl. The channel binding

site of w-conotoxin TxVII is different from those ab-conotoxin GVIA and MVIIA, although the overall

folding of these three peptides is similar. The gathered hydrophobic residwesaoiotoxin TxVII probably

interact with the hydrophobic cluster of tlee subunit of the L-type calcium channel, which consists of

13 residues located in segments 5 and 6 in domain Ill and in segment 6 in domain IV.

Voltage-gated calcium channels are classified into severalreagents that specifically block N-type voltage-sensitive
subtypes, according to their electrophysiological and phar- calcium channels 4). »-CTX GVIA and MVIIA are
macological featuresl-3). Variousw-conotoxins fromthe ~ composed of 27 and 25 amino acid residues, respectively,
venoms of marine snails block diverse ion channels and including six Cys residues that form three disulfide bonds.
neurotransmitter receptors. Due to their various blocking In our previous study, we showed that the replacement of
activities, these peptide toxins are used as reagents taTyrl3 with Ala resulted in about 1000 times reduction in
pharmacologically probe the functions of channels and the binding affinity and that Tyrl3 o&-CTX GVIA and
receptors. Thev-conotoxin GVIA @-CTX GVIAL) from MVIIA is essential for the binding to the channél, ©). We
Conus geographuand thew-conotoxin MVIIA (w-CTX also showed that the replacement of Lys2 with Ala resulted
MVIIA) from Conus magusare well-known as examples of  in about 40 times reduction in the binding affinity and that

Lys2 is also important for the binding7), The three-

T This work was supported in part by a project grant from the Japan dimensional StrUCtur.es @f-CTX GVIA (8—12) and MV”A
Health Science Foundation, Program for Promotion of Fundamental (13, 14 were determined by NMR spectroscopy. Functional
Studies in Health Sciences of Organization for Drug ADR Relief, R&D  and structural analyses revealed that hot6BTX GVIA and

Promotion and Product Review of Japan. ; i ;
* Atomic coordinates for the 20 converged structures-afonotoxin MVIIA retain a similar conformation to place Lys2 and

TxVII have been deposited in the Protein Data Bank for release upon 1Yr13 in the appropriate position to bind to N-type calcium
publication (accession code 1F3K). channels.
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1 Abbreviations: BTZ, benzothiazepine; CTX, conotoxin; DHP, from the splder Venoml@ are the only known peptlde

dihydropyridine; DQF-COSY, double quantum-filtered correlation toXins blocking L-type calcium channels, although they
spectroscopy; DSS, 4,4-dimethyl-4-silapentane-1-sulfonic acid; MALDI- possess weak efficacy and low specificity. Recently, a novel

spectrometry; NOE, nuclear Overhauser effect; NOESY, NOE spec- . " -
troscopy; NMR, nuclear magnetic resonance; PAA, phenylalkylamine; from the venom of the molluscivorous marine sn@ignus

PE-COSY, primitive exclusive correlation spectroscopy; PDB, protein textile, was found to block the DHP-sensitive L-type calcium
data bank; RMS, root-mean-square; RMSD, root-mean-square deviation;channels 19). w-CTX TxVIl consists of 26 amino acid

RP-HPLC, reversed-p_hase high-performance liquid chromatography; residues with three disulfide bonds. similaeCTX GVIA
TOCSY, total correlation spectroscopy:CTX GVIA, w-conotoxin ! .
GVIA; ©-CTX MVIIA, -conotoxin MVIIA; o-CTX TxVII, -cono- and MVIIA. »-CTX TxVII has the 6-Cys/4-loop cysteine

toxin TxVII. Standard abbreviations are used for amino acids. framework @0), CX,CX,CCX,CX,C, where C represents a
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2048 x 2048 real points, except for PE-COS22}. High-
resolution DQF-COSYZ3) and PE-COSY spectra were strip

I |
o-CTX TxVIl CXQEDEPCD VIS LDCCTG1C--LEV-C! transformed to 1024 8192.
= = =% The following *H NMR spectra were recorded: DQF-

COSY, NOESY 24, 25 with mixing times of 100, 200,
and 300 ms, TOCSY using a MLEV-17 pulse scher2@ (
with isotropic mixing times of 65 ms, and PE-COSY. These

1 - 10 15 20 25
w-CTX GVIA CK[SOGS|SC[SOTS NCCRS-CNOYTKRCY
! | 2 i
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©-CTX MVIIA CEGEGAKCERLI] DCCTGSC-ESGH-C spectra were recorded at 288, 298, and 310 K. The spectral
T T e width was 6250 Hz, and the data size used for acquisition
" " : was 512 {;) x 2048 (), except for PE-COSY. High-

Ficure 1. Comparative arrangements of amino acid sequences, resolution DQF-COSY and PE-COSY spectra were recorded

based on the distribution of secondary structure elements and : . . i
disulfide bonds inw-CTX TxVII, GVIA. and MVIIA. The amino to obtain the constraints for torsion angle and stereospecific

acid denoted O represents hydroxyproline, and the lines indicate @8SSignments, and' thgse _da}ta SiZ?S for acquis'ition were
disulfide bridges. Cys residues are shown in bold letters, and 512 x 8192. Selective irradiation during the relaxation delay

disulfide connectivities are also indicated. Blue, red, and green period was used to suppress the solvent resonance.
indicate basic, acidic, and hydrophobic residues, respectively. Each T identify the slow exchange of backbone amide protons,
yeIIlow residue inw-conotoxin QVIA_and MVIIA represents the th le] hilized f B soluti di ived
residue essential for the activity. Six Cys residues are shown in € sampie lyophilized irom anz9 solution was redissoive

bold letters and form three disulfide bonds. Note that Lys2 is iN D20. NOESY spectra with a mixing time of 200 ms were
conserved among these three conotoxins. Arrows and rectanglesmeasured after 20 min and 2 h, and subsequently every 1.5
represenj-strands and turns, respectively. h up to 76 h.

) ) ) Chemical shifts were referenced to the methyl resonance
cysteine residue and X represents any other residue. Theyf 4 4-dimethyl-4-silapentane-1-sulfonic acid (DSS) used as
framework is generally conserved in other toxic or inhibitory g, internal standard. A complete set of the two-dimensional
polypeptides, as im-CTX GVIA and MVIIA (Figure ;). spectra was recorded at 288 K and pH 5.6.

_Although the backbone structure of-CTX TxVII is Dihedral Angles and Stereospecific Assignmeftse
similar to those ofw-CTX GVIA and MVIIA, its calcium backbone NH-GH coupling constants were estimated by the
channel subtype specificity is quite different. Therefore, to DQF-COSY spectrum and were converted to the backbone
elucidate the structural differences that determine the toxin {grsion anglep constraints according to the following rules:
selectivity for the L- and N-type calcium channets,CTX for 3Jnm-ca less than 5.5 Hz, the angle was constrained
TxVIl is the most appropriate representative of the L-type in the range of—65 + 25° for 3Jyu_cq greater than 8.0
calcium channel blockers. In this study, we determined for Hz, it was constrained in the range 6120+ 40° (27, 28.
the first time the three-dimensional structure of the L-type gackbone dihedral constraints were not appliedIQfi—can
calcium channel antagonisty-CTX TxVII, in aqueous values between 5.5 and 8.0 Hz.
solutions by using two-dimensional NMR with simulated The range of the,! side chain torsion angle constraints
anngaling_calculations. We evaluated t_he structadivity and the stereospecific assignment of the proctfraieth-
relationships oftv-CTX TxVII on the basis of thg structures ylene protons were obtained by using thk, coupling
of w-CTX TxVII, GVIA, and MVIIA to elucidate the  constants combined with the intraresidue NEHCNOESs
channel subtype recognition mechanism of these conotoxms.(zg)_ The?J,; coupling constants were determined from the

PE-COSY spectrum in . For the %¢° ¢’¢®, and gt®

MATERIALS AND METHODS conformations around the&C; bonds, they! side chain

Peptide Synthesia-CTX TxVII was chemically synthe-  torsion angle was constrained in the ranges-60 + 40°,
sized by the same strategy as described previo@dly The 60 + 40°, and 180+ 40° (30).
primary structure and the purity ab-CTX TxVIlI were Distance Restraints and Structure Calculatio@aiantita-
confirmed by analytical reversed-phase high-performancetive determination of the cross-peak intensities was based
liquid chromatography (RP-HPLC), matrix-assisted laser on the counting of the contour levels. All NOE data were
desorption/ionization time-of-flight mass spectrometry (MAL- classified into strong, medium, weak, and very weak
DI-TOF-MS) measurement, and amino acid analysis. The categories; each corresponds to upper bounds on interproton
chemical and biological properties of the synthesize@TX distances of 2.5, 3.5, 5.0, and 6.0 A. Lower distance bounds
TxVII were confirmed by the mothod describe?ilj. were set to 1.8 A for all categories. Appropriate pseudoatom

NMR Spectroscopysamples for NMR experiments were  corrections were applied to nonstereospecific-assigned pro-
5 mM of w-CTX TxVII dissolved in either 99.96% D or tons B1). In addition, 0.5 A was added to the upper limits
90% H0/10% DO (v/v) at pH 5.6 (uncorrected meter for distance restraints involving methyl protor82). Nine
readings). NMR measurements were performed using stan-additional constraints were added to define the three disulfide
dard pulse sequences and phase cycling with a Bruker AMX- bonds involved inw-CTX TxVII. For each disulfide bond,
500 or DRX-500 spectrometer. All two-dimensional NMR there are three distance constraints$)-S(), S()-Cs(j), and
spectra were acquired in a phase-sensitive mode using timeS(j)-Cs(i), whose target values were set to 2.620.02,
proportional phase incrementation for quadrature detection2.99 & 0.50, and 2.9% 0.50 A, respectively 33). After
in the t; dimension. the initial calculation, 10 clearly defined distance constraints

Spectra were processed by using UXNMR or XWIN NMR  for five hydrogen bonds (24CO-5NH, 9CO-11NH, 2CO-
software. Phase-shifted sine-squared window functions werel6NH, 15C0O-18NH, 20C0O-22NH, and 6CO-24NH) were
applied before Fourier transformation, with shifts of @0 added as target values of £:8.3 A for NH())-O(j) and 2.8~
90° in both dimensions. Final matrix sizes were usually 3.3 A for N()-O(), respectively.
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FiGURE 2: NMR data summary of»>-CTX TxVII. Sequential and medium range NOE connectiviti&z_c.q coupling constants, and

slowly exchanging backbone NH protons are shown. Sequential and medium rangedN@HEsy, dsn, dun(i, i+2), andden(i, i+2), are

indicated by bars between two residues. The NOEs are classified into strong, medium, weak, and very weak, according to the height of the
filled bars. The values of th&lyy—con coupling constants are indicated by> 8 Hz) and! (<5.5 Hz). Filled circles indicate backbone

amide protons that were still observed in the NOESY spectra after 76 hGn D

Three-dimensional structures were calculated on the basistorsion angle constraints were determined for three residues,
of the experimentally derived distance and torsion angle Cys1, Cys8, and Cys20. The side chains of Cys1, Cys8, and
constraints, using a dynamically simulated annealing proto- Cys20 assume?g®, ¢?g®, and gt® conformations, respec-
col. The annealing started from a template structure with tively. Therefore, thesg! angles were constrained in the
randomizedp andy dihedral angles in X-PLOR version 3.1 range of 20 to 100 for Cysl and Cys8, and 14@o 220
(34). for Cys20.

Evaluation of the StructureThe final structures with the Secondary Structurerigure 2 represents the sequential
lowest energy and small Lennard-Jones van der Waals energiNOE connectivities observed in the 200 ms NOESY
were chosen. The convergence of the calculated structurespectrum at 288 K witfJyn-con COupling constants and
was evaluated in terms of the structural parameters. Thereslowly exchanging amide protons. Connectivities are cat-
are RMS deviations from the experimental distance and egorized as strong, medium, weak, and very weak, according
dihedral constraints and the values of the energetic statisticsto the height of the bars. No NOE typically originating from
(Fnoe, For, Freper @andEL—j), and RMS deviations from the  an o-helical pattern was observed. On the contrary, some
idealized geometry. The distributions of the backbone NOEs concerned with turn formations, i.e., between residues
dihedral angles of the final converged structures were i andi+2, were obtained. Eleven backbone amide protons
evaluated by the representation of the Ramachandran dihedra{Glu6, Cys8, Thrl17, lle19, Cys20, Leu21, Gly22, Val23,
pattern, indicating the deviations from the allowef () Cys24, Met25, and Trp26) were observed to exchange
angle limits @5). The degrees of angular variation among slowly, indicating the possibility that they may contribute
the converged structures were further assessed by using afo hydrogen bonds or belong to the peptide core region.
angular order paramete8,(36). These facts indicate that the major secondary structure

features ofw-CTX TxVII are the-sheet and several turns.

RESULTS Structure Calculation and &aluation.NMR experimental
Assignments ofH Resonances, Dihedral Angles, and constraints for the structure calculation consisted of 432
Stereospecific Assignments] 'H resonances in the spec- distance and 20 dihedral angle constraints. The total of 432

trum were assigned in a straightforward manner by applying _distance constraints includes 106 intraresidue and 305

the sequential assignment method, pioneered Byhviai interresidue NOE distance constraints and an additional 21
(37), to a combination of COSY, TOCSY, and NOESY constraints derived from hydrogen and disulfide bonds.
spectra (see Supporting Information). Simulated annealing calculations were started from 100

Seventeer angle constraints were determined from the initial random structures, and we selected 20 final structures

3Jh-cen cOUpling constants, and they are shown in Figure With the lowest energy. Structural statistics for the averaged
2. The3Jun_can coupling constants of four residues (Ala4, and 20 converged structures were evaluated in terms of thier
Val10, Cys16, and Cys24) were less than 5.5 Hz, angpthe Structural parameters (Table 1).

angle restraints were determined in the range-80° to The RMS differences from the averaged coordinates were
—40°. The3Juh-con coupling constants of 13 residues (Lys2, 0.50+ 0.09 A for the backbone atoms (N,OC, and O)
Cys8, Asp9, Phell, Serl2, Leul3, Aspl4, Thrl7, lle19, and 0.98+ 0.13 A for all heavy atoms. For the same atom
Cys20, Leu21, Val23, and Met25) were greater than 8.0 Hz, selection, the mean pairwise RMS deviations of the 20
and theg angle restraints were determined in the range of individual structures were 0.7@ 0.22 and 1.42+ 0.29 A.
—160° to —80°. Stereospecific assignments ggicide chain Figure 3 shows the distribution of the number of distance
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Table 1: Structural Statistics fas-CTX TxVI| 2 in an aqueous solution. The detailed structureve€TX
TxVII is described below.

The 20 final converged structures (Figure 4) were in good
agreement with the NMR constraint data, in which the NOE
distance and torsion angle violations were smaller than 0.5

20 converged mean
structural parameter structures  structure

RMSD from experimental distance
constraints (A)

all (432) 0.039+ 0.003  0.037 A an_d 5, respectively. As a result, the deviations from
intraresidue (103) 0.054 0.005  0.062 idealized covalent geometry were very small, and the
SeQ(;J_entlal (1309) B 0.02£0.005  0.019 Lennard-Jones van der Waals energy was low (Table 1).
e rad® (& [i =]| =4)(62) 0.0350.006  0.031 g6 reguits indicate that the converged structures do not
ongrange|i —j| = 5) (113) 0.036+ 0.005 0.028 . . .
hydrogen bond and 0021+ 0017  0.015 have distortions and nonbonded bad cor_1tacts.The entire
disulfide bond (21) backbone structure from Cysl to Trp26 is well defined
RMSDfrom experimental dihedral 0.898+ 0.247 0.588 (Figure 3 and Supporting Information).
constraints (deg) (20) w-CTX TxVIl is composed of a triple-stranded antiparallel
energetic statistics (kcal mdl h . id 6 8 19 21 d 22 >
Froe 37.47+ 3.64 34.75 ﬂ-S eet comprising resi UeS- to 8, to cl, an to 25
Fror 1.004 0.52 0.41 (Figure 5) and four turns. This can be classified #ssheet
Frepel 21.18+3.17  23.07 of topology+2x, —1 (38), as shown in Figure 6A. The three
Ly —29.87£962 -33.19 disulfide bonds inu-CTX TxVII form the classical cystine
RMSD from idealized geometry K if (39—42) of . inhibi | id
bonds (A) 0.005 0.0004  0.005 not moti (39—42) of toxic or inhibitory polypepti es. Two
angles (deg) 0.732 0.024  0.750 disulfide bonds, CystCys16 and Cys15Cys24, constrain
impropers (deg) 0.60& 0.053  0.639 the peptide backbone for close spatial contact between the

aThe 20 converged structures refer to the final set of dynamical third g-turn and the N- and C-termini. The Cys€ys20
simulated annealing structures starting from 100 initial random disulfide bond interconnecf&strands 1 and 2. As shown in
structures; the mean structure was obtained by restrained minimizationFigure 5, theﬂ-sheet involves rﬂ-bulge 68), which is

of the averaged coordinates of the 20 individual structures. The number 4 ¢ : ity
of each experimental constraint used in the calculations is given in defined as a region between two consec pe hydrogen

parentheses. Fuog, For, andFrepeiare the energies related to the NOE ~PONdS including two residues on one strand opposite a single
violations, the torsion angle violations, and the van der Waals repulsion residue on the other strand: the three residues are identified

term, respectively. The values of the force constants used for theseas positions 1, 2, ang. These residues ab-CTX TxVII
terms are the standard values, as depicted in the X-PLOR 3.1 manual.are (1 2 X) — (ASp5 Glué Cy324) and theip P
E, -, is the Lennard-Jones van der Waals energy calculated with the Lo ' y _ " o
CHARMM (49) empirical energy functions. conformational angles are as followsp; (1) = (87°, 14.)
and @, y2) = (—107, 148) from the average of the final
) ) 20 structures. Generally, the position 1 residue valges (
constraints. Most residues have more than 20 NOEs. All )y are approximatelydy, y1) = (85°, 0°) and the position
residues from Cysl to Met25 indicate backbone RMSD 3 yesique values are approximateps,(i2) = (—90°, 150)
values less than 0.50 A (see Supporting Information). Only for the G1 type off-bulge. Thus, thes-bulge of »-CTX
that of Trp26 at the C terminus is larger than 0.50 A, but Ty is classified as a GB-bulge, although Gly is located
smaller than 1.00 A. All residues indicate low RMSD values 4 position 1 in a typical GB-bulge. Turn 1, which is the
for all heavy atoms, except for Trp26. The angular order type || tight turn, is associated with the @bulge inw-CTX
parameters of all of the residues are larger than 0.80, excepiryy/||: position 1 of the G13-bulge is consistent with the
for the value of Trp26. All of these values indicate that position 3 of the type II turn.
w-CTX TxVII assumes a rigid conformation throughout the gty ctural Comparison ab-CTX TxVII witho-CTX GVIA
entire molecule. , _and MVIIA, N-type Calcium Channel Blockerigure 1
Three-Dimensional Structurgigure 4 shows a stereopair  shows a comparison of the secondary structure elements and
representation of the best-fit superposition of the backbonene disulfide bonds between-CTX TXVII, GVIA (8—11),
atoms (N, G, C, and O) for 20 converged structures. ang MmviIA (13). The distribution of the secondary structure
Disulfide bonds are shown in gray. The view in Figure 4B gjements ofw-CTX TxVII almost corresponds to those of
is a 90 rotation of that in Figure 4A around the vertical ,,_.cTX GVIA and MVIIA. All of these conotoxins contain
axis, which shows g-sheet face. The three-dimensional  the G14-bulge with the associated type Il tight turn, which
structure ofw-CTX TxVII consists of a compact disulfide- s tyrn 1, consisting of residues 3 to 6. The residues identi-
bonded core and containglesheet region composed of three  fied in the G1p-bulge in»-CTX GVIA and MVIIA are
short$-strands, i.e.f-strand 1 (Glu6 to Cys8)j-strand 2 (1, 2,%) = (Gly5, Ser6, Cys25) and (Gly5, Alaé, Cys24).
(Ilel9 to Leu21), ang-strand 3 (Gly22 to Met25) (Figure  The hydrogen bonds involved in tifebulges in these three
5). i . ) conotoxins contribute to the folding and the stability of the
T_hese thregs-strands are linked by four turns involving peptides to connect the N and C termifine length of turn
residues GIn3 to Glu6 (turn 1), Asp9 to Phell (turn_2), Cysi15 4 of w-CTX TxVI is different from those ofy-CTX GVIA
to Gly18 (turn 3), and Leu21 to Val23 (turn 4) (Figure 1). anq MVIIA because of insertions or deletions of the residues
These turns are classified into a typegHurn (turn 1), an in the region linkings-strands 2 and 3.
inverse y-turn (turn 2), a type If-tun (tun3), and a As shown in Figure 6, the overall folding a£CTX TxVII
nontypical one (turn 4). (A) is similar to those ofw-CTX GVIA (B) and MVIIA
(C). TheS-sheet topology ofv-CTX TxVII is the same as
DISCUSSION that reported forw-CTX GVIA and MVIIA, as shown in
Structure of w-CTX TxVII. In the present study, we Figures 7B,C. In Figure 6, these three toxins form the same
determined the three-dimensional structuree€TX TxVII cystine knot motif. Despite their very low amino acid
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Ficure 3: Distribution of the number of experimental distance constraints as a function of the sequence positcmXfTxVIl. Filled
bars, intraresidue NOEs; hatched bars, sequential NOESs; speckled bars, medium-range NOES; open bars, long-range NOEs. Each constraint
is counted twice, once for each proton involved, except for intraresidue constraints, which are counted only once.

Ficure 4: Stereoview of the superimposed backbone heavy atoms(Mn@ C) of the 20 converged structuresweCTX TxVII. Disulfide
bonds are shown in gray. The view in Figure 4B is & Bftation of that in Figure 4A around the vertical axis. These figures were drawn
by using MIDAS Plus %0).

sequence homology (Figure 1), these toxins share similarMVIIA have many basic amino acid residues. These positive
locations and orientations of the secondary structures in theircharges are also important for the binding to the N-type
three-dimensional structures. The only conserved sequencealcium channel, and Lys?2 is the most critical among them
motif can be found in the spatial arrangement of the cystine (5—7). It has been proposed thatCTX GVIA interacts with
residues in three dimensions. Thus, these disulfide bridgesthe vestibule of the N-type calcium channel via an electro-
play a crucial role in the overall folding and stability of these static interaction with the positively charged residués, (
peptides. 46). However, the conserved Lys2 is the only positively
Figure 7 represents space-filling modelseCTX TxVII, charged residue im-CTX TxVII (Figure 1). There are
GVIA, and MVIIA. Blue, red, and green indicate positively several negative charges in the proximity of Lys2, resulting
charged, negatively charged, and hydrophobic residues,in cancellation of the positive charge. Furthermore, Tyrl3
respectively. The most critical residue, Tyr13, for the binding is replaced by a hydrophobic residue, Leul3,urCTX
of w-CTX GVIA and MVIIA to the N-type calcium channel  TxVIl. These may be the reasons wyCTX TxVII cannnot
is shown in yellow 5, 43, 44. Both -CTX GVIA and bind to the N-type calcium channel. Taken together, the
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FicurRe 5: Schematic representation of the triple-stranded antipar-
allel -sheet inw-CTX TxVII. Hydrogen bonds are represented

by broken lines. A3-bulge with the flanking type Il tight turn (from
GIn3 to Glub6) is also shown in gray.

2
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FiGURe 7: Space-filling models of (A, Bp-CTX TxVII, (C) GVIA,

A C and (D) MVIIA. Blue, red, and green indicate positively charged,
negatively charged, and hydrophobic residues. One of the critical
N = residues, Tyrl3, iw-CTX GVIA and MVIIA is shown in yellow.
N The view in Figure 7B is a 195otation of that in Figure 7A around

the vertical axis.

ing to rat braina,c). Nine of the 13 residues (Thr1039,

GIn1043, 11e1153, Phel158, Phell59, Metl1160, Tyr1463,
{ Met1464, and lle1471) are characteristic of the L-type

subunit, and four residues (Tyr1152, lle1156, Met1161, and

. . . .. Asnl1472) are conserved in L-type and non-L-type
e ) T T U e e AT PPt subunits. The other two antagonist binding sites, for PAA

structural topology of the triple-stranded antiparajiesheet is ~ and BTZ, are not the same as that for DHP, but they may
shown. The coordinates ef-CTX GVIA and MVIIA were obtained be allosterically linked48). The common characteristic of

from the Protein Data Bank (PDB). The PDB accession codes arethese three low molecular weight antagonists is that they all
10MC and 10MG, respectively. The figures were produced using have aromatic rings.

MOLSCRIPT 61).

On the other handw-CTX TxVII is a much larger
binding properties ofo-CTX TxVII may be quite different molecule as compared with these compounds. What is the
from those ofw-CTX GVIA and MVIIA, even though the common feature between this large molecule and the three
overall folding of these three peptides is very similar. smaller compounds? According to Figure 7, many hydro-

The Structure-Activity Relationship ofw-CTX TxVII. phobic residues are exposed on one side of the surface, which
w-CTX TxVIl is known to bind to mollusc L-type calcium is the most remarkable characteristic of the spatial distribution
channels 19). It has been reported that L-type calcium of the residues im-CTX TxVII. In fact, such a hydrophobic
channels are blocked by three kinds of low molecular weight residue distribution is unusual for other conotoxins and is
compounds, dihydropyridine (DHP), phenylalkylamine (PAA), not observed in eithew-CTX GVIA or MVIIA. The
and benzothiazepine (BTZ), and two kinds of peptides, characteristics of the hydrophobic residueseCTX TxVII
calciseptine 17) andw-agatoxin IlIA (18). The channel pore  correspond to the fact that all three compounds, DHP, PAA,
forming o subunit has four homologous repeats, each with and BTZ, have hydrophobic moieties (aromatic ring). In these
six a-helical transmembrane segments. The DHP binding three L-type calcium channel antagonists, these hydrophobic
sites of the L-type calcium channel are located on trans- moieties may play an important role in the binding to the
membrane segments 5 and 6 in domain Il (11IS5, [11S6) and L-type calcium channel. Therefore, the exposed hydrophobic
transmembrane segment 6 in domain IV (IVS6) of the residues ofv-CTX TxVII may interact with the region such
subunit @7). It has been shown that two residues in 1lIS5 as the above-mentioned hydrophobic cluster obthsubunit
(Thr1039 and GIn1043), seven residues in 111S6 (Tyrl152, of the L-type calcium channel, which consists of 13 amino
lle1153, lle1156, Phel158, Phel159, Met1160, and Met1161),acid residues located in 111S5, 111S6, and I1VS6. Interestingly,
and four residues in IVS6 (Tyrl463, Met1464, 1le1471, and »-CTX TxVII has only two residues with aromatic rings,
Asn1472) contribute to DHP binding (numbering is accord- Phell and Trp26, which is characteristic of the other three
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L-type calcium channel antagonists. Thus, Phell and/or 19.
Trp26 may play a crucial role in the binding to the L-type
calcium channel. These observations also suggest that 20
w-CTX TxVIl may inhibit the mullusc L-type calcium '
current in the same manner as DHP, PAA, and BTZ. To 21.
address this in more detail, the binding properties of
analogues in which Phell or Trp26 is replaced by another
residue should be examined.

This solution structure ofo-CTX TxVII reported here
should contribute to our understanding of the structure and
the action of L-type calcium channel antagonists, and it will
be useful in designing synthetic organic compounds to
control specific types of calcium channels. 25.

26.

23.

24.
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