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Abstract

HpTX2 is a toxin from the venom oHeteropoda venatorispider that has been demonstrated to bind on Kv4.2
potassium channel. We have determined the solution structure of recombinant HpTX2 by use of conventional two-
dimensional NMR techniques followed by distance-geometry and molecular dynamics. The calculated structure belongs
to the Inhibitory Cystin Knot structural family that consists in a compact disulfide-bonded core, from which four loops
emerge. A poorly defined two-stranded antiparaBesheet(residues 20-23 and 25-28 detected. Analysis of the
electrostatic charge anisotropy allows us to propose a functional map of HpTX2 different from the one described for
k-conotoxin PVIIA, but strongly related to the one of charybdotoxin. The orientation of the dipole moment of HpTX2
emerges through K27 which could therefore be the critical lysine residue. Close to this lysine are a second basic residue,
R23, an aromatic clustéF7, W25, W30 and an hydrophobic side chaibh24). The high density in aromatic side chains

of the putative functional surface as well as the lack of an asparagine is proposed to be the structural basis of the
specificity of HpTX2 toward Kv4.2 channel.
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Numerous peptidic toxins acting as potassium channel blockerBremont et al., 1997; Renisio et al., 1999, 2D0Che functional
have been identified in scorpion toxins. They all are sni2d surface of Kv channel inhibitors comprises a triplet of residues
to 39 amino acid residugshighly structured thanks to three (lysine, methioningisoleucine, asparaginéGoldstein et al., 1994;
(rarely foun disulfide bridgeqPossani, 1984; Miller, 1995They  Aiyar et al., 1996; Naranjo & Miller, 1996; Rangananthan et al.,
are structurally organized around a common structural motif named996 associated with a doublet of basic residues and an aro-
CsxB (cystine stabilized alphdeta motify and their three- matic residugGoldstein et al., 1994; Rangananthan et al., 1996
dimensional(3D) structure comprises a short alpha-helix and a Another peptidic inhibitor of potassium channels, apamin, has
double- or a triple-stranded antiparallgtsheet(for a review, been purified from the bee venom. Despite a strong difference in
see Darbon et al.,, 2000They interact with their receptor via its 3D organization(a shorta-helix but no 8-sheet in this 18
the solvent-exposed surface of thehelix if the target is a residues peptideBystrov et al., 1980; Pease & Wemmer, 1988
small conductance calcium-activated potassium channel or vié also presents the same kind of anisotropy, therefore interacting
the solvent-exposed surface of tigesheet if their target is a with small conductance calcium-activated potassium channel via
large conductance calcium-activated potassium channel or #s solvent-exposed, highly basiehelix surface(Vincent et al.,
voltage-dependent potassium chanfizgarbon et al., 2000 What- 1975; Habermann & Fischer, 1979
ever their specificities are, their functional sites are made of a Another type of structural organization, namely Inhibitor Cys-
solvent exposed surface, rich in basic residues. We have previine Knot (ICK), motif, which consists in a compact disulfide-
ously proposed that the electrostatic anisotropy present in albbonded core from which several short loops eméiyakamatsu
these proteins was responsible for the correct orientation of thet al., 1992, has been described for ion channel peptidic inhibitors,
peptidic inhibitor with respect to its targéBlanc et al., 1997; blockers of sodium channe{#ill et al., 1997, or calcium chan-
nels (Flinn et al., 1999 but only once for blockers of potassium
Reprint requests to: Herve Darbon, AFMB-UPR 9030, CNRS IFR1,cnannels(Scanlon et al., 1997 In this paper, we describe the
31 Chemin Joseph-Aiguier, Marseille Cedex, 13402 France; e-mailSolution structure, obtained by two-dimensioAB-NMR tech-
herve@afmb.cnrs-mrs.fr. nigues, of HpTX2 toxin fronHeteropoda venatoriapider venom,
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which blocks the voltage-gated potassium channel Kv4.2 in are identical to the nativedata not shown The molecular mass
voltage-dependent manner. We demonstrate that this peptide @etermined by mass spectrometry was 3,412.7 Da for the recom-
organized around the ICK structural motif and that it presents &inant and the native toxifdata not shown Both peptides pre-
strong electrostatic anisotropy, allowing us to propose a solventsented identical behavior on C18 column and were eluted with a
exposed surface, rich in basic residues and aromatic side chains estention time of 34 mir{Fig. 1A,B). In conclusion, the recombi-
being the functional surface of HpTX2. nant and the native toxin are chemically undistinguishable.

Electrophysiology
Results
The activity of recombinant HpTX2 was examined by the block of

Kv4.2 (Sanguinetti et al., 1997 Recombinant HpTX2 at a con-
centration of 30 nM efficiently blocked the transient outward cur-
The yield of fusion protein was-60 mg/L of culture and the final  rent elicited in CHO cell, which stably expressed Kvé&78 + 19%
yield of recombinant HpTX2 was-1.2 mg/L of culture. The inhibition at—10 mV and~54 + 10% inhibition at+40mV,n =3
amino acid composition and sequence of the recombinant HpTX2ells) (Fig. 1C). Inhibition of Kv4.2 channels by the toxin was

Preparation and pharmacological characterization of HpTX2
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Fig. 1. Preparation and pharmacological characterization of HpTX2: Chromatographic profiles of recombinant HpTX2 com-
pared to the native HpTX2. Reverse phase chromatography of purified rHpAX2y exclusion chromatographgee Materials and
methods, and(B) native HpTX2. One nmole of peptide was loaded on C18 column equilibrated with 0.1% trifluoroaceti@ Baid

5% acetonitrile, and eluted with a linear gradient of 5 to 60% in 55 fmai/vol) with acetonitrile with 0.1% TFA with a second
gradient 60—80% with acetonitrile with 0.1% TFA in 3 min. The percentage of aceto@tigCN) is indicated on the right axis. The

flow rate was 1 ml/min, and the absorbance was monitored at 215lefhiaxis). Recombinant and native HpTX2 presented the same
high-performance liquid chromatography mobility with a retention time of 34 min in the conditions described @boveEffect of
recombinant HpTX2 on Kv4.2. Kv4.2 currents were recorded in the whole-cell configuration in CHO cell stably transfected. Holding
potential: —80 mV. C: Effect of 30 nM recombinant HpTX2 on Kv4.2, recorded-at0 mV with a depolarizing pulse of 500 ms
duration. Current traces are shown in the abséoastro), in the presence of 30 nM of recombinant HpTX2 and after wasish.

D: The current-voltage relationship for Kv4.2 is shown in the abséciceles or in the presence of the toxisquares The cells were
depolarized from a holding potential 680 mV in increments of 10 mV for 500 ms to potentials betweer0 and+60 mV. To
investigate the effects of HpTX2, the cells were depolarized from a holding potentié8@fmV to —10 mV for 500 ms. The peaks

of the outward currents were analyzed. The stimulation frequency was 0.1 Hz, sample interval was 1 kHz, and the current traces were
filter with a frequency of 200 Hz.
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5 10 15 20 25 30 restraints, and 28 long-range restraints. The repartition of these
DDCGKLFSGCDTNADCCEGYVCRLWCKLDW NOE along the sequence is shown on Figure 3. In addition, 10

doN@i, i+1) el Bhe s Men Wi NN hydrogen bond restraints and 19 dihedral angle constraints derived
dBNG,i+]) =il W m S — from coupling constants have been included, as well as nine dis-
dNNG, i+1) ™ e [ ] tance restraints derived from the three disulfide bridges. Alto-

gether, the final experimental set corresponded to 8.6 constraints
Fig. 2. Sequence of HpTX2 and sequential assignment. Collected sequerper residue on the average. The structures were calculated by using
tial NOEs are classified into strong and weak NOE, and are indicated byyjstance geometry protocol using DIANA and energy minimized
thick and thin bars, respectively. by CNS. The best-fit superimposition of backbone atoms for 25
models gives root-mean-square deviatiBMSD) values of 0.63 A
for backbone atoms and 1.12 A if all nonhydrogen atoms are
included(Table 1. Analysis of local RMSD values is summarized
on Figure 3 and shows that the precision of the calculation is fairly
Constant all along the sequence. A summary of the structural sta-
tistics is given in Table 1. All the solutions have good nonbonded
; . L contacts, and good covalent geometry as evidenced by low values
showed that the recombinant HpTX2 is a powerful inhibitor of theof CNS energg terms and Iogw RMS?IID values for bonyd lengths
fast |na9t|vat|ng Qquqrq K currenF through KV4.'2 channeI: In valence angles, and improper dihedral angles. The correlation with
conclusion, the similarities in chemical and blocking properties ofthe experimental data shows no NOE-derived distance violation
recombinant and native HpTX2 indicate the structural identity of>O 2 A. The analysis of the Ramachandran plot shaims
both peptides. PROCHECK software nomenclaturg@0.7% of the residues in the
most favored and in the additional regions, 6.6% in the generously

almost totally reversed after wash dut90% recovery. Current-
voltage relations showed that the higher the voltage is, the lowe
the intensity of blockagéFig. 1D). This voltage dependence has
been described previouslBanguinetti et al., 1997 These data

NMR resonance assignment

Sequential assignment was obtained by the now standard method

first described by WithricH1986 and successfully applied to A
various animal toxins. At the end of the sequential assignmen %
procedure(Fig. 2), almost all protons were identified and their g, 1
resonance frequency determined. e i i | .
f. 12 |
=]
Structure calculation = 101 . ‘ _
The structure of HpTX2 was determined by using 218 nuclear2 8
Overhauser effedfNOE)-based distance restraints, including 109 = |
intraresidue restraints, 68 sequential restraints, 13 medium-rang = 81 '
24 l:l i
Table 1. Structural statistics of the 25 best structures o 11‘ LR RINS I|'|j| BIRIBIRIRINIE HiRIRIRINI .!. | LI[L
135 7 91BBTEABSTD
(bG)® (DG)®
B sequence position
RMSD (A)
Backbone 0.63 —_~ g
All heavy atoms 1.18 <«
M’
Energies(kcal/mol) =
Total 102.65 110.85 E 15 -
Bonds 4.96 5.00 -
Angles 34.96 34.59
Impropers 4.89 4.82 1
van der Waalgrepe) 33.16 33.16
NOE 31.95 31.99
RMSD
Bonds 0.0033 0.0033
Angles 0.5354 0.5332 0 1% L . f ] h
Dihedral 32.381 32.587 1357 89MBBTBVABSTAI
NOE 0.042 0.042

sequence position

3(DG) are the final 25 HpTx2 structures obtained by distance geometryFig. 3. (A) NOE and(B) RMSD distribution vs. sequence. Intraresidue
and minimization. NOEs are in dark grey; sequential NOEs are in black; medium NOEs are

b(DG) is the minimized mean structure obtained by averaging the co-n light grey and long-range NOEs are in white. RMSD value for backbone
ordinates of the individual DG structures best fitted to each other. atoms and all heavy atoms are in grey and black, respectively.
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Fig. 4. A: Stereoview of the best fit of 25 solution structures of HpTX2. All nonhydrogen atoms are sBoWfOLSCRIPT stereo
representation.

allowed regions, and only 2.6% in the disallowed regi¢data  along the main axis. Surrounding K27 are four aromatic residues
not shown. (W20, W25, W30, and F7 two basic residuedR23 and K25, and
three aliphatic residuegd.28, L6, and V2)}. The opposite surface
o is mainly acidic(D1, D2, D11, E18.
Structure description
The 3D structure of HpTX2Protein Data Bank id: 1TEMXcon-
sists in a compact disulfide-bonded core, from which four loops
(4-7,11-15, 18-21, and 239Z&merge as well as N- and C-terminii
(Fig. 4). The existence of H20—Hx28 and HN21-HN27 NOE
together with an upfield shift ak-protons associated with mainly Spider venoms contain a variety of toxic components. The poly-
large Hv—HN coupling constants and slowly exchanged HN pro- peptide toxins are divided into low and high molecular mass
ton for residues 21 and 23 is indicative of a short antiparalleltypes. Low molecular mass polypeptides interact with+Ga
B-sheet encompassing residues 20—23 and 25-28. No other regulde+, or K+ channels(for a review, see Grishin, 1999Hith-
secondary structure can be described. erto known low molecular mass spider toxins, but also conotox-
Over the 30 residues of HpTX2, only the side chains of Cysins from Conus geographicuand maurocalcin from the scorpion
residues are buried. All side-chain conformations are well deterScorpio maurushare the same ICK structural motif despite their
mined with the exception of Aspl and Asp2. Analysis of the over-difference in specificity(Fig. 6). As a matter of fact, maurocal-
all distribution of electrostatic charges reveals a marked anisotropgin has been shown to interact with the ryanodin receptor,
along the longitudinal axis of the moleculEig. 5). The resulting  whereasu-conotoxin GlIIA is active on muscle sodium channel
dipole moment of HpTX2 emerges through K27 and is elongated Wakamatsu et al., 1992as well as conotoxin G$Hill et al.,

Discussion

Comparison with other ion channel inhibitors



Solution structure of HpTX2

A

Fig. 5. A: MOLSCRIPT representation of the molecule; the side chains of the cystine resighees) and the onegpurple for
aromatic side chains, blue for basic ones and yellow for the aliphatjcobriee putative functional surface are displayBdMolecular
surface colored according to the electrostatic chérge for acidic and blue for basi@and the resulting dipolar momeftdrrow.

W-conotoxin w-conotoxin W-conotoxin
MVIIC GVIA MVIIA

w-agatoxin HpTx2 maurocalcin

Fig. 6. Comparison of 3D structures of structurally related toxins with HpTX2 in MOLSCRIPT representation.
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1997 and u-agatoxin |. By contrastx-conotoxin PVIIA is spe-  second basic residue, R23, an aromatic clugker, W25, W30,
cific for a voltage-gated potassium chan@@tanlon et al., 1997  and a hydrophobic side chaih24). An additional basic residue
Other ICK-toxins have been reported to act on calcium chanKs5 is located on the edge of the putative functional surface. The
nels: w-conotoxins MVIIA, MVIIC, GVIA, and GXIA from C. overall physicochemical characteristics of the proposed functional
geographus(Civera et al., 1999 and references heyeand  surface of HpTX2 are therefore in good accordance with those of
w-agatoxin IVA (Kim et al., 1995 from funnel web spider. It Kv channels inhibitors. They block potassium conductance by phys-
seems therefore impossible to guess the specificity of a giveically occluding the extracellular entryway of the pore. Only the
toxin by only referring to its 3D structure. asparagine is lacking. Contrarikysconotoxin PVIIA has been pro-
posed to bind in a voltage-sensitive manner to the external vesti-
bule and to prevent the K efflux by steric hindrancéScanlon
etal., 1997; Savarin et al., 1998n addition, despite poor identity
in amino acid sequenceas-conotoxin PVIIA and HpTX2 share
More informative is the analysis of its putative functional surface.structural homologies as organized around the same ICK structural
In that aim, we have developed a prediction method using thenotif. Two different proposals have been made concerning the key
orientation of the dipole moment resulting from the electrostaticbasic residue that should plug into the pore of the Kv channel: K19
anisotropy of the studied toxin as a guideline to predict the func{Scanlon et al., 1997or K7 (Savarin et al., 1998 When calcu-
tional surface. lating the dipole moment of-conotoxin PVIIA, we found it emerg-
Two protruding basic residuda lysine that is supposed to be- ing through K25, which is therefore a third proposal for the crucial
have like a tethered K ion and to dock into the pore region, an basic residue. The corresponding functional surface is shown on
arginine on the edge of the functional surfgcen asparagine, a Figure 7 in which the central residue is K25 surrounded by K7 on
methionin¢gisoleucine, and an aromatic residue are found in all theone edge and R18 on the other edge, and by N5, V27, and F23. In
potassium channel inhibitor functional site€Renisio et al., 1999, such an orientation, we thus get the trip(é&25, N5, and V27
2000 and can be considered as the signature motif for their intaking place of the isoleucinend the double{F23 and R18 or
hibitors. Figure 7 describes the putative functional surface as proF23 and K7. Therefore x-conotoxin PVIIA and HpTX2 display
posed by the dipole moment orientation. Interestingly, the orientatioithe same needed residues in the needed orientation as charybdo-
of the dipole moment of HpTX2 emerges through K27 that couldtoxin (Stampe et al., 19940 bind to the voltage-activated potas-
therefore be the critical lysine residue. Close to this lysine are a&ium channels. This may suggest that HpTX2 similarly docks to

Functional surface of HpTX2 and comparison
with k-conotoxin PVIIA

Fig. 7. Comparison of the functional surface of charybdotakap) with the ones proposed for k-conotoxin PVI{Bottom righy and

HpTX2 (bottom lef). The residues involvedChTX) or suspected to be involvedVII-A and HpTX2) are labeled. Residues are

colored as follow: green for polar uncharged residues, blue for basic residues, red for acidic residues, purple for aromatic residues, and
yellow for aliphatic residues.
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the pore region of Kv4.2 channels. The fact that the block of Kv4.2dex 75 column(Pharmaciaand on a sephasil peptide CBhar-
channels by HpTX2 is voltage-dependent does not contradict thisnacia, 4.6< 250 mm, Sum). Native HpTX2(NPS Pharmaceuticals,
observation. UnlikeShakerrelated Kv channels, Kv4.2 channels Salt Lake City, Utahwas used to compare chromatographic pro-
inactivate mainly from a closed state. This gating behavior wouldfiles of recombinant and native toxins.

be well correlated with the voltage dependence of channel block

by HpTX2. Alternatively, HpTX2 may bind to Kv4.2 channels at )

other surface sites away from the pore entrance. It has been r&lectrophysiology

ported that hanatoxin interacts with surface sites of Kv2.1 ChanEIectrophysiologicaI measurements were carried out on CHO cell
nels that are 10-15 A away from the pore axBwartz & |ine which stably expresseh)Kv4.2 (Zhu et al., 1999 using the
MacKinnon, 1997. The binding region has been mapped on ayhole-cell configuratior{Hamill et al., 1981 The cells were per-
region spanning from S3 through S4 segments of thedkannel,  fysed with a solution containing 140 mM NaCl, 5 mM KCI, 1 mM
although other regions besides this linker could contribute to th‘?\/IgCIZ, 2 mM CaCl2, and 10 mM HEPES, 5 mM glucose, pH 7.3.
toxin binding site. However, HpTX2 and hanatoxin share only Tpe micropipettes were filled with 130 mM KCI, 5 mM BAPTA-
20% homology excluding the disulfide bridges. Blocking of Kv4.2 k4 10 mMm HEPES, 1 mM MgCI2, and 3 mM ATP-Na2, 5 mM
induced by HpTX2 by physically occluding the entryway of the glucose, pH 7.2. Bovine serum albumin at 0.05% was added to all
pore channel could therefore not be excluded. Unfortunately, thejyTx2 containing solutions to prevent nonspecific binding of the
3D structure of hanatoxin remains so-far unknown, and we theregyyin. Whole-cell experiments were carried out by means of the
fore cannot check for its dipole orientation. patch-clamp technique and performed in the voltage-clamp mode.
To ensure the reality of the proposed functional surface and tExperiments were performed at room temperat@®@ + 1°C).

determine the reason of the specificity of HpTX2 toward Kv4.2 Toxin solution was applied directly to the cells using a fast appli-
channela highly speculative explanation could be the high densitycation systen{DAD-12, Adams and List

in aromatic side chains of the putative functional surface as well as
the lack of an asparagipemutants of HpTX2 are on the way to be
produced in which the nature of suspected amino acids to be crlNMR experiments

cial for binding will be changed. A 1.5 mM sample of HpTx2 in 0.5 mL of 0/D,0O (90/10

by vol) at pH 3.0 uncorrected for isotope effects was used for
Materials and methods NMR spectra recordings. Amide proton exchange rate was deter-
mined after lyophilization of this sample and dissolution in 100%
D,0. All *H NMR spectra were recorded on BRUKER DRX500
spectrometer equipped with a HCN probe and self-shielded triple
Escherichia coliXI-1 blue (Stratagene, La Jolla, Californiavas  axis gradients were used. The experiments were performed at 300 K.
used for plasmid propagation and for the expression of the MPB2Two-dimensional spectra were acquired using states-TPPI method
HpTX2 gene. The pMAL-p2 vectdBiolabs, Frankfurt, Germany  (Marion et al., 1989to achieve F1 quadrature detectidviarion
was used for expression of fusion proteins exported in the peri& Wuthrich, 1983. Water suppression was achieved using presat-

Sample preparation

plasm(Riggs, 1990. uration during the relaxation deld{.5 9, and during the mixing
time in the case of NOE spectroscopdOESY) (Kumar et al.,
Synthesis and construction of a HpTX2 gene 1981 experiments, or using a watergate 3-9-19 pulse tiRintto

A DNA sequence encoding HpTX2 was constructed by poly-€t al., 1992; Sklenar et al., 19p8sing a gradient at the magic
merase chain reactiofPCR) using four 36 mers overlapping oli- angle obtained by applying simultaneoxss y-, and z-gradients
gonucleotides. The 107 bp resulting fragment, flanked Bynallll ~ Prior to detection. NOESY spectra were acquired using mixing
site at its 3 extremity, was inserted into pMAL-p2 betweXmni times of 80 and 120 ms. Total correlation spectroscdofCSY)
andHindlll. After subcloning, the sequence of the construct pMAL- (Bax & Davis, 1995; Griesinger et al., 198&as performed with

p2HPTX2 was verified by DNA sequencing on both strands. a spin locking field strength of 8 kHz and mixing time of 80 ms.
The amide proton exchange experiments were recorded immedi-

ately after dissolution of the peptides in®. A series of NOESY
spectra with a mixing time of 80 ms were recorded at 300 K, the
first one for 1 h, followed by spectra of 10 h each.

Expression and purification of the recombinant HpTX2
Escherichia coliXI-1 blue containing pMAL-p2HpTX2 con-
struct were grown at 37T in 8 L of SB medium in the presence of

100 ug/mL of ampicillin in a fermentorBiostat B. The expres-
sion was induced by adding 0.4 mM IPTG in the mid-logarithmic
phase during 3 h. The periplasmic fraction, prepared as described The identification of amino acid spin systems and the sequential
previously (Riggs, 1990, was concentrated and desalted using a@ssignment were done using the standard strategy described by
30 K Centricon Plus-80 centrifugal filtéMillipore, Bedford, Mas- ~ Wthrich (1986, applied with a graphical software, XEASBar-
sachusetts Fusion protein was purified by exclusion chromatog- tels et al., 1995 The comparative analysis of correlation spectros-
raphy on a HighLoad 1860 Superdex 200 colum(Pharmacia, COPY and TOCSY spectra recorded in water gave the spin system
Uppsala, Swed8rusing a running buffer containing 20 mM Tris, signatures of the protein. The spin systems were then sequentially
100 mM NaCl, pH 8. After concentratioffinal concentration of ~connected using the NOESY spectra.

~4 mg/mL), using a centricon 30 K unitPallfiltron, Rossdorf,

Germany and addition of 2 mM CaG| the cleavage of the MBP2- ~ EXxperimental restraints

HpTX2 by factor Xa(1:40, W:W) (Biolabg was achieved at room The integration of NOE data was done by measuring the peaks
temperature for 90 h. The recombinant was purified orydQ&uper-  volumes. These volumes were then translated into upper limits

Analysis of spectra
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distances by the CALIBA routine of DIANA softwarguntert & Bystrov VF, Okhanov VV, Miroshnikov Al, Ovchinnikov YA. 1980. Solution

Withrich, 199). The lower limit was systematically set at 0.18 nm spatial structure of apamin as derived from NMR stugiBS Lett 119
’ : ) ’ 113-117.

The ¢ torsion angles constraints resulted from #@v.1. COU-  Civera C, Vazquez A, Sevilla JM, Bruix M, Gago F, Garcia AG, Sevilla P. 1999,
pling constant measurements. They were estimated by the INFIT Solution structure determination by 2 NMR of w-conotoxin TIVIID, a
program(Szyperski et al., 1992 For a given residue, separated calcium channel blocker peptidBiochem Biophys Res Com 282-35.

. . . Darbon H, Blanc E, Sabatier J-M. 2000. 3D structure of scorpion toxin: Towards
NOESY cross peaks with the backbone amide proton inctide a new model of interaction with potassium channel. In: Darbon H, Sabatier

dimension were used. Several cross sections through these cross j.u, edsPerspective in drug discovery and desigals. 1516. Dordrecht:
peaks were selected that exhibit a good signal-to-noise ratio. They Kluwer. pp 41-60.

were added up and 0n|y those data points of the peak regioﬁlinn JP, Pallaghy PK, Lew MJ, Murphy R, Angus JA, Norton RS. 1999. Roles

that b th . | | tained. The left d th of key functional groups in w-conotoxin GVIAEur J Biochem 26247—455.
at were above the noise level were retained. € left an Bremont V, Blanc E, Crest M, Eauclaire MF, Gola M, Darbon H, Van Rietscho-

right ends of the peak region were then brought to zero intensity ten J. 1997. Dipole moments of scorpion toxins direct the interaction to-
by a linear baseline correction. After extending the baseline- wardssmall-or large-conductance Caactivated K" channelsLett Peptide

. . . . . . Sci 4305-312.
corrected peak region with zeros on both sides, which is equNaleryéolds'(ein SAN, Pheasant DJ, Miller C. 1994. The charybdotoxin receptor of a

to over sampling in the time domain, an inverse Fourier transfor-  shaker k- channel: Peptide and channel residues mediating molecular rec-
mation was performed. The value of tRlgy.n. coupling constant ognition. Neuron 121377-1388.

was obtained from the first local minimurﬁlHN_Ha coupling con- Griesinger C, Ottcijng ? Wiithrich K, Ernslt Rll?. 1988.hCIean-TOCSY for 1H
. . . spin system identification in macromoleculdsAm Chem Soc 110870—

stants were translated into angle restraints using HABAS from the 7272.y

DIANA package. Grishin E. 1999. Polypeptide neurotoxins from spider venoms. 1699.J
Biochem 264276-280.

Guntert P, Withrich K. 1991. Improved efficiency of protein structure calcula-
tions from NMR data using the program DIANA with redundant dihedral
angle constraints] Biomol NMR 1447-456.

Distance geometry calculations were performed with the variabldéiabermann E, Fischer K. 1979. Apamin, a centrally acting neurotoxic peptide:

. . Binding and actionsAdv Cytopharmacol 387-394.
target function program DIANA 2.8. A preliminary set of 1,000 Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ. 1981. Improved patch-

structures was initiated including only intraresidual and sequential  clamp techniques for high-resolution current recording from cells and cell-
upper limit distances. From these, the 500 best were kept for a free membrane patcheBflugers Arch 39B85-100

second round, including medium-range distances, and the resulti il IM, Alewood PF, Craik DJ. 1997. Solution structure of the sodium channel
’ . . ’ .. antagonist conotoxin GS: A new molecular caliper for probing sodium chan-
250 best for a third one, with the whole set of upper limits re-  ¢| geometryStructure 5571-583

straints, and some additional distance restraints, used to define tlkém JI, Konishi S, Iwai H, Kohno T, Gouda H, Shimada H, Sato K, Arata V.
disulfide bridges(i.e.,dsy S 0.21 nm,dcﬁ Sy» anddsy 8 0.31 nm. 1995. 3D solution structure of the calcium channel antagonist co-agatoxin

Starting from the 50 best structures, a REDAC strat@pyntert & Iz\gﬁéé%n_sg;ls.us molecular folding of calcium channel blockérstol Biol

Wiithrich, 199] was used in a last step to include the dihedral kumar A, Ernst RR, Wiithrich K. 1981. A two-dimensional nuclear Overhauser
constraints together with the additional distances restraints coming enhancemer@D NOE) experiment for the elucidation of complete proton-
from hydrogen bonds. proton cross-relaxation networks in biological macromolecuBischem

. Biophys Res Commun 95-6.

To remove residual bad Van der Waals contacts, these 50 strugzskowski RA, MacArthur MW, Moss DM, Thornton JM. 1993. A program to
tures were refined by restrained molecular dynamics annealing, check the stereochemical quality of protein structudesppl Crystallogr
slow cooling, and energy minimizatiofparameter file: protein- 26:283-291. _ _ _
allhdg in CNS Marlqn D, Ikuto Tschudlln M, Bax A. _1989. Rapid recording of 2D NMR spectra

. ’ . . without phase cycling. Application to the study of hydrogen exchange in
The visual analysis were done using the TURBO software and protein.J Mag Reson 8393-399.

the geometric quality of the obtained structures was assessed jarion D, Wathrich K. 1983. Application of phase sensitive two dimensional

Structure calculation

_ ; correlated spectroscogCOSY) for measurements of H-H spin-spin cou-
PROCHECK 3.3 and PROCHECK-NMR softwaresaskowski pling constants in protein®iochem Biophys Res Commun 1967-974.
etal., 1993 Miller C. 1995.The charybdotoxin family of & channel-blocking peptides.

Neuron 155-10
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