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ABSTRACT. Voltage-gated sodium channels (Npare large transmembrane proteins that initiate action
potential in electrically excitable cells. This central role in the nervous system has made them a primary
target for a large number of neurotoxins. Scorpmeurotoxins bind to N& with high affinity and

slow their inactivation, causing a prolonged action potential. Despite the similarity in their mode of action
and three-dimensional structurefoxins exhibit great variations in selectivity toward insect and mammalian
Nas, suggesting differences in the binding surfaces of the toxins and the channels. The szdgxion
binding site, termed neurotoxin receptor site 3, has been shown to involve the extraceltufs4 &®p

in domain 4 of thea-subunit of voltage-gated sodium channels (D4/S3). In this study, the binding

site for peptides corresponding to the D4/S24 loop of the para insect Navas mapped on the highly
insecticidalo-neurotoxin, LglT, from the scorpionLeiurus quinquestriatus hebraguly following
changes in the toxin amiddd and *®N chemical shifts upon binding. This analysis suggests that the
five-residue turn (residuesK8—4C12) of LqhalT and those residues in its vicinity interact with the
D4/S3-S4 loop of Na. Residue$9R18,9W38, and-9A39 could also form a patch contributing to the
interaction with D4/S3-S4. Moreover, a new bioactive residli#/13, was identified as being important

for Na, binding and specifically for the interaction with the D4/S34 loop. The contribution dfivV13

to Na, binding was further verified by mutagenesis. Future studies involving other extracellular regions
of Na,s are required for further characterization of the structure of thexlIghNa,s binding site.

Voltage-gated sodium channels (Npare responsible for  nelopathies” such as generalized epilepsy, hyperkalemic
the voltage-dependent transient increase in sodium ionperiodic paralysis, and progressive familial heart blo8k (
permeability, which is critical for action potential initiation 5, 6).
and propagation in neurons and most electrically excitable Nas are transmembrane proteins composed of a large
cells (1—3). The key features of Na include efficient and  (~260 kDa) pore-formingi-subunit associated with auxiliary
selective conduction of sodium ions and their gating behav- g-subunits 38 kDa) that modify thex-subunit function in
ior, which is the abl'lty to rapldly activate and inactivate a Ce||-type Specific mannerl( 7, 8) The o-subunit is
upon cell membrane depolarizatidh 8, 4). Sodium channel  organized into four repeat domains (BD4), each contain-
dysfunctions can cause a range of diseases termed “chaning six a-helical transmembrane segments {&B), con-

nected by internal and external loops. The S4 segments in
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(2, 13). At least six neurotoxin receptor sites have been the selectivity of thex-toxins toward insect and mammalian

identified on Nas (2, 14, 15). Nass. These studies suggested that toxins of the various
Scorpion toxins are 6176-residue proteins that modulate subgroups bind differently to neurotoxin receptor sit@3 (

the gating properties of voltage-gated,BlaAccording to 25). Despite the identification of residues involved in binding,

their mode of action and binding properties, scorpion toxins it is not known which regions or residues in scorpion toxins

are divided into two major classes, andj-toxins. Scorpion interact with which regions or residues on sodium channels.

a-toxins prolong the action potential by inhibiting channel  Because of their large size and membranal localization,
inactivation, possibly through interference with the outward Na,s present a major challenge for both X-ray and NMR
movement of the D4/S4 segment necessary for the faststudies and their high-resolution structure has not yet been
inactivation process. The binding site of scorpwmeuro-  determined §). A structure of the sodium channel at 19 A
toxins on Nas is named neurotoxin receptor site13 {4). resolution was determined by cryo-electron microscopy and
It is situated on the pore-forming-subunit and involves  single-particle image analysis},(32). To overcome the
extracellular S5S6 loops of D1 and D416, 17) and the  difficulties in NMR studies of complexes of large membrane
S3-S4 loop in D4 (D4/S3-S4), as revealed by Catterall and  proteins with soluble ligands, the interaction of these ligands
co-workers when they tested the affinity of scorpioitoxin with isolated segments of the membrane protein can be
for Na,s with mutations of extracellular acidic amino acids investigated, as we and others have demonstrated in the study
(1, 9). Scorpiong-toxins bind to receptor site 4 assigned to of interaction ofa-bungarotoxin with the nicotinic acetyl-
extracellular S+S2 and S3-S4 loops in D2 of the sodium  choline receptor33, 34). Although the free peptide of the
channel {, 2, 18) and shift the activation of the channel to cognate membrane proteins was flexible in solution, it

more negative membrane potentids, 19—-21). Currently,  adopted a well-defined-hairpin conformation when bound
most of the knowledge about the binding site of scorpion to the toxin.

o-toxins on Ngs has been gained by channel mutagenesis  Thjs study reveals that peptides corresponding in sequence

studies g, 9, 22). o . to the D4/S3-S4 loop exhibit millimolar affinity for LqlT.
_S_corplona-toxms_ are similar in structure and exhibit a Analysis of the perturbations in LgtiT chemical shifts was

similar mode of action but are very diverse in sequence and;sed to map the binding site for the S84 loop on the

selectivity. Some scorpios-neurotoxins exhibit specificity  scorpion toxin and provided new insights into receptor site
for insect Nas, and others are specific for mammalian®Na 3 gnd the toxin binding mechanism.

and exhibit different affinities for sodium channel subtypes
in mammalian neurons2B8—25). On the basis of their EXPERIMENTAL PROCEDURES
selectivity for mammals and insects, scorpisitoxins were
divided into three pharmacological subgroups: (i) classical Peptide SynthesiShe D4/S3-S4 peptides were synthe-
anti-mammalian toxins that bind with high affinity to rat Sized on a peptide solid-phase synthesizer (Advanced
brain synaptosomes and are practically nontoxic to insects,ChemTech, Louisville, KY). The peptides were purified by
(i) a-toxins that are highly active on insects, bind with high reverse-phase HPLC (Thermo Separation Products) on a C4
affinity to insect Ngs, and are weakly toxic in mammalian or C18 preparative column (250 mm 25 mm; GraceVy-
brain, and (iii) o-like toxins that are active in both mam- dac), using the following shallow acetonitrile/water gradi-
malian brain and insectd§, 20). ents: 18 to 22% acetonitrile over 60 min for RRE&S, 70—
LghalT, a 64-residue highly insecticidal scorpion toxin T171)GRR, 21 to 24% acetonitrile over 60 min for the
from Leiurus quinquestriatus hebraeygellow scorpion)  Peptides DDG{ S 705~ T171)GDD and SSCPFSi705~T1719)-
venom, was classified as amtoxin on the basis of its ~GSS, and 43 to 45% acetonitrile over 60 min for
structural and functional similarities to other scorpion SS{*“Siees—T171)GSS. All solvents contained 0.1% trifluo-
a-toxins (26). It is the most insecticidal among scorpion roacetic acid (TFA). Purity and molecular weight were
a-toxins. The structure of LqdT was determined by NMR ~ confirmed by electrospray mass spectrometry. Cholera toxin
and was found to resemble that of other scorpion toxins: a Peptide 3, CTP3 (CECO-VEVPGSQHIDSQKKAA-NH),
core composed of am-helix packed against a three-stranded Was synthesized and purified as previously descril3& (
antiparallel3-sheet and stabilized by four disulfide bonds  Peptide Expressionfo enable futuré®N labeling of the
(Protein Data Bank entries 1LQH and 1LQB7. D4/S3-S4 peptides, we developed an expression system for
Previous mutagenesis studies of bdjfi have identified the peptide RRREC 16955 GLVLSDIIEKYFVSPTLLR49-
two clusters of residues important for its binding to,8la  RR. Since peptides are usually not overexpressed well in
Mutations*9Y10S/A?2 M9F17G/W,M9R18A, MW38A/Y, and bacteria, as they are degraded inside the cell, the peptide
LdN44A and of most residues of the C-tail regidfiI§7A/ was expressed in fusion with a TXpE carrier protein 86).
T, YR58K, “V59A/G, “MR58K/V59A, M9K62A/L/R, and The coding DNA for a peptide corresponding to the D4/
LdR64N) reduced toxin activity considerablgg 29). The S3-54 loop (residues 16931713) of Drosophila melano-
majority of LgholT residues found to be important for gastersodium channel DmNA, including two TAA stop
function are conserved in most scorpiartoxins. Among codons, was linked to the TALE polypeptide sequence
them are-9R18, an aromatic residue at position 38\44, using Hindlll and BanH]I restriction sites in the pET24a
and a positively charged residue at position 38+31). Site- vector. A triple hydroxylamine cleavage site, Asn-GBy),
directed mutagenesis and binding assays were also used twas inserted using a QuikChange XL site-directed mutagen-
investigate the role of the D4/S%4 loop in determining  esis kit (Stratagene, La Jolla, CA). The expressed fusion
protein HiS2TrpALE-NGNGNGRRRSILGLVLSDIIEKY-
2 Sodium channel and LghiT residues are marked by NaC and Lg FVSPTLLRRR contains the entire D4/S$4 loop as well
superscripts, respectively. as the second helix of S3 which may be only partially buried
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in the cell membrane3g, 39). ResidueN®R;;14 is the
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Electrophysiological AssayscRNAs encoding theD.

beginning of the transmembranal S4 domain. Three and twomelanogastepara (DmNgl) sodium channel-subunit and
arginine residues were added at the N- and C-termini of the the auxiliary 5-subunit TipE were transcribed in vitro and

peptide, respectively, to ensure solubility, since it contains
many hydrophobic residues. Transformigsicherichia coli
Rosetta DE3 cells were grown in LB. Expression was
induced with 1 mM isopropy|s-D-thiogalactopyranoside
(IPTG) (Fermentas) when the culture reached an optical
density of approximately 0.7 at 595 nm. Expression was
continued overnight at 310 K with constant shaking at 225
rpm. Cells were harvested by centrifugation (8000 rpm for
30 min), suspended in washing buffer [50 mM Tris (pH 7.8),
0.5 mM EDTA, 50 mM NaCl, and 5% glycerol], and

injected intoXenopus lagis oocytes as described previously
(42). Currents were measuree-4 days after injection using

the two-electrode voltage clamp technique described previ-
ously @2). The bath solution contained 96 mM NaCl, 2 mM
KCl, 1 mM MgCl,, 2 mM CaC}, and 5 mM HEPES (pH
7.85). The toxins were diluted with bath solution containing

1 mg/mL BSA and applied directly to the bath to the final
desired concentration. Currents were elicited by depolariza-
tion to —10 mV from a holding potential of-80 mV in the
presence of several toxin concentrations. The dose-dependent

sonicated for 100 s. The 16 kDa overexpressed fusion proteineffect of the toxin (removal of fast inactivation) was
was sequestered in inclusion bodies. The cell lysate wascalculated by plotting the ratio of the steady-state current

centrifuged at 12 000 rpm for 15 min at 277 K, and the pellet

measured 50 ms after depolarizatidg) ¢o the peak current

containing the inclusion bodies was washed three times with (Ireay) @s @ function of toxin concentration and fitting with
the washing buffer. The inclusion bodies were suspended inthe Hill equationlsdlpeax = a0 + (a1 — a0)/(1 + EGso

6 M guanidine-HC| 1 M hydroxylamine-HCI, and 50 mM
free methionine (pH 9) at 318 K for 4.5 h. The peptide was
cleaved from the TrALE carrier protein by hydroxylamine
(37). The cleavage was terminated by the addition of formic
acid to pH 7. The cleaved peptide was purified by reverse-

[toxin])H, whereH is the Hill coefficient, [toxin] is the toxin
concentration, andy is the offset measured prior to toxin
application. The amplitude; — ap provides the maximal
effect obtained at saturating toxin concentrationss=HE
the toxin concentration that causes half-maximal inhibition

phase HPLC (Thermo Separation Products) on a preparativef fast inactivation. To minimize variability:l was set to 1

C4 reverse-phase column (250 m25 mm; GraceVydac),
using an acetonitrile/water gradient of 40 to 47% acetonitrile
over 60 min. All solvents contained 0.1% trifluoroacetic acid
(TFA). Purity and molecular weight were confirmed by
electrospray mass spectrometry.

Expression oftSN-Labeled Toxin E. coli strain BL21
carrying a pET11cK vector bearing the cDNA encoding
LghalT was used for toxin expressiod(). Cells were grown
in M9 minimal medium with?>NH,Cl (98% *°N, Sigma-
Aldrich, St. Louis, MO) containing 4@g/mL kanamycin
and 30ug/mL chloramphenicol. The inducer IPTG (BioLab)
was added at an Q) of 0.5 to a final concentration of 0.4
mM and the growth continued for an additional 20 h. Cells
from 1 L of culture were harvested by centrifugation,
resuspended in 50 mL of water, and lysed by being frozen

and thawed. The cell lysate was sonicated on ice, and the

insoluble pellet fraction (22006 for 15 min) was washed
with buffer [25% (w/v) sucrose, 5 mM EDTA, and 1% (v/
v) Triton X-100 in PBS]. The toxin was folded following
denaturation and renaturation as previously descriBég (

A 3 mL Resource column (Amersham) was employed for
15N toxin purification by reverse-phase HPLC using a three-
step gradient of acetonitrile (0 to 25%, 25 to 31%, and 31 to
100%) and 0.1% (v/v) trifluoroacetic acid (TFA) in water.

in all calculations.

NMR Sample PreparatioAll NMR samples, except for
the one used for RRG{®S,706—T171)GRR titration, were
dissolved in 350uL of a 95% HO/5% D,O mixture,
containing 10 mM phosphate buffer and 0.05% NaN
Samples of uniformly labeled®N]LghalT (JU-*N]LghalT)
and peptides were prepared at the same pH, either pH 5.2
or 7.0. The sample for LgdT N and amide proton
chemical shift assignments contained 0.9 mM toxin. For the
titration of [U-SN]LghalT with RRGM2CS, 70— T171)GRR,

a 5.0 mM solution of the peptide was prepared and added
stepwise into a sample of 0.24 mM N]LghalT, until a

7:1 peptide:toxin molar ratio was reached (the ft¥-
LghalT concentration at the end of titration was 0.18 mM,;
the maximum peptide concentration was 1.28 mM). For the
titration of [U-!SN]LghalT with DDG(N2°S; 75— T171)GDD,

a 5.9 mM solution of the peptide was prepared and added
stepwise into a sample of 0.15 mM N]LghalT, until a
10.5:1 peptide:toxin molar ratio was reached (the'{N}
LghalT concentration at the end of titration was 0.12 mM,;
the maximum peptide concentration was 1.26 mM). For the
titration of [U-N]LghalT with SSG{4°S;705—T171)GSS,

a 7.0 mM solution of the peptide was prepared and added
stepwise into a sample of 0.20 mM [¥N]LghaolT, until a
15:1 peptide:toxin molar ratio was reached (thepN}-

The eluted solution was dialyzed against water and was | 61T concentration at the end of titration was 0.14 mM:

concentrated by ultrafiltration (Vivaspin20, Sartorius) to 10
mg/mL (1.5 mM). Site-directed mutagenesis was performed
by PCR, as described previous&dj.

Toxicity Assayds-our-day-old blowfly larvaeRarcophaga
falculatg 150 + 20 mg of body weight) were injected
intersegmentally. A positive result was scored when a

the maximum peptide concentration was 2.14 mM). Because
of the poor solubility of the elongated peptide, ¥56,605—
T171)GSS, the toxin solution was added to lyophilized
peptide to yield the maximum concentration of the peptide.
The SS{CS,595—T171)GSS:toxin ratio in the NMR sample
was 7:1. The final concentrations of toxin and peptide in

characteristic paralysis (immobilization and contraction) was the sample were 0.08 and 0.6 mM, respectively. Concentra-
observed up to 5 min after injection. Five concentrations of tions were determined using UV absorbance measurement
each toxin were injected into larvae (nine larvae in each at 280 nm. For the titration of [J*N]LghalT with CTP3, a
group) in three independent experiments. The 50% effective 10.0 mM solution of the peptide was prepared and added
dose (ERy) values were calculated as described previously stepwise into a sample of 0.15 mM [{N]LghalT, until
(29. an 8:1 peptide:toxin molar ratio was reached (the'{N}
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FiGure 1: H—1N HSQC spectrum of [USN]LghalT. H—15N HSQC spectrum of 0.9 mM LgH T uniformly labeled with!>N acquired
at 293 K and pH 5.2 on an 800 MHz NMR spectrometer. The backbone amide assignment is shown.

LghalT concentration at the end of titration was 0.13 mM; RESULTS
the maximum peptide concentration was 1.02 mM).

The NMR sample for RRRECS 65— R1719RR titration
was dissolved in 35@L of a 95% HO/5% D,O mixture,
containing 10 mM deuterated acetate buffer (pH 4.8) and
0.005% thimerosal. For the titration of [YUN]LghalT with
RRGM2°S; 705~ T171)GRR, a 7.8 mM solution of the peptide
was prepared and added stepwise to a sample of 0.20 m
[U-N]LghalT, until a 9:1 peptide:toxin molar ratio was
reached (the [U°N]LghalT concentration at the end of

titration was 0.16 mM; the maximum peptide concentration — 3 . X .
pep Figure 1. All backbone non-proline amide chemical shifts

was 1.45 mM). . o
of [U-N]LghalT, except for the N-terminal methionine,
NMR Measurementéll NMR spectra were megsureq ON  \were assigned using 3BN-separated HOHAHA and 3D
a Bruker DRX 800 MHz spectrometer. Two-dimensional 1s\_separated NOESY spectra and standard procedures. The
(2D) HOHAHA and NOESY spectra of the peptides were  g4mine proton of the N-terminal methionine was not detected
acquired at 277 K using mixing times of 200 and 100 ms, gye to fast exchange with water. All side ch&iN chemical
respectively. Three-dimensional (3DjN-separated HO-  gpifts. except for the side chain,Nf lysine and N; and
HAHA and NOESY spectra of [UN]LghalT were re- |, of arginine residues, were assigned as well (Figure 1).
corded at 293 K using mixing times of 70 and 200 ms, The side chainp protons of lysine angj; ands, protons of
respectively*H—*N HSQC spectra were acquired at 277, arginine residues were not detected probably since they are
285, and 293 K. Data were processed and analyzed usingyytside theéSN chemical shift range detected in the measured
XWIN-NMR, NMRPipe @3), and NMRView @4, 45). 1H—15N HSQC spectra that show the backbone and side
Dissociation Constant aluation. Dissociation constants ~ chain amide'H—*N cross-peaks.

(Kq) of the toxin-peptide complexes were evaluated from  Binding of D4/S3-S4 Peptides to LgdT. The D4/S3-
'H—""N HSQC titration experiments and were used as meanss4 |oop has been implicated éascorpion toxin binding9).

to assess the binding of the different peptides relative to oneTo map the LqllT surface interacting with D4/S354, we
another. LqkdT chemical shift differences (CSDs) were synthesized peptides corresponding in sequence to this loop
calculated by A(OH)?> + A(ON/5)A¥2, where A(6H) and  (Table 1), used them to titrate the uniformi§N-labeled
A(ON) are the changes iAH and **N chemical shifts,  toxin, and followed the changes in chemical shifts of the
respectively 46). Data of LqtwlT CSD as a function of  toxin’s 'H—5N cross-peaks upon peptide binding. Since the
added peptide concentration were fitted to a 1:1 simple structure of LqlT is compact and very rigid27), no major
binding model, by a nonlinear square fit, using ORIGIN conformational changes are expected upon binding to the
version 7.5 (OriginLab Corp.). MinimaKy values were  flexible channel peptides, and changes in chemical shifts are
calculated from the chemical shift changes "6¥13 of expected to be localized to residues involved in binding. As
LghalT, which is the backbone residue that exhibited the shown later, the majority of resonances are indeed not
largest CSD. affected by the addition of the titrated peptides.

15N Chemical Shift Assignment of Lajff. Chemical shifts
are very sensitive to variations in the local electronic
environment. The!H—'N HSQC spectrum of proteins
enables monitoring the changes in chemical shifts upon
binding, in a residue specific manner, and can be used to
Mmap the binding determinants of proteins and their ligands
46—48).

TheH—-1N HSQC spectrum of uniformly labeleéPN]-
LghalT ([U-**N]LghalT) is very well resolved as shown in
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Table 1: Sequences and Molecular Weights of Sodium Channel as a function of the added peptide concentration were plotted,

Peptides Used for LqdT Binding Studied and a global fit to a 1:1 simple binding model [CSB
‘ — A(O™) x x/(Kq + X)] was calculated. The peptide RRG-

Peptide Name Sequence Weight (arfmol) (Na°S1700-T171)GRR exhibited &g of 0.9+ 0.4 mM (Figure
NeCD4/$3-S4 loop “;LsILGLVLSDHEKYFVSPTLLRV;? 3), corresponding approximately to one-third of the binding
RRGCSS 0 T )GRR RRCSDITEKYFVSPTGRR 21374 free energy AG, of the sodium channel with the scorpion
DDG(™ S 1700-T171)GDD DDGSDITIEKYFVSPTGDD 1973.0 toxin.
SSGCCS o TGSS SSGEDITERYFVSDIGSS 18609 Optimization of Conditions for Comparison of the Different
SSC™S 10y TGS SSSTLGLVLSDIIERYFVSPTIGSS 24998 DmNal PeptidesTo determine the temperature at which
RRR(™S,57RiJRR  RRRSILGLVLSDIIEKYFVSPTLLRRR 32579 largest deviations in chemical shift between the free toxin

aUnderlined residues of the S%4 loop are part of the hypothetical and the toxin bound to the D4/S34 peptides are observed,

14 —15 i ini
transmembrane segments. Residues highlighted in bold are from the H—"N HSQC spectra of the free toxin and the toxin in the
S3-S4 loop sequence. presence of a 7-fold excess qf Rmm(’_T”“)G RR (the
sample obtained after the titration described above) were
The di - ¢ LaliT f . Nas i measured at 293, 285, and 277 K. The observed deviations
. e dissociation constant o gliT from insect Nas is in chemical shift increased as the temperature decreased
in the nanomolar rangel§). Since the D4/S3S4 extracel- (0.037 ppm at 293 K, 0.049 ppm at 285 K, and 0.065 ppm
lular loop is most likely only a part of neurotoxin receptor at 277 K for Lav13) ,suggesting tighter bi'nding at lower
site 3 (L7—19), considerably weaker binding is expected for temperatures '
the D4/S_3—S4_p§pt|des. To enable measurements of bmdmg To determine the optimal pH for following CSDs upon
uﬁ tolg (kj:)lssoc;agt)nlcotr;]stﬁlsm oflamM, theTD47LS;§f pepndeh peptide binding, samples were prepared at pH 5.2 and 7.0.
should beé soluble in the=L> mV rangé. 10 achieve suc No significant changes in complex formation were detected
high solubility, we initially synthesized short peptides that between the two conditions, as determined by comparison
consisted of the D4/S3S4 extracellular loop without its of the CSDs upon peptide b'inding The binding of kd
flanking hydrophobic seﬁqments. To increase the solubility to sodium channels in insect neuronal membranes was also

N )
9f tr:e D4/§}S41$gggc7ji’l C?IglLiKYFV?Pb'I_'I,_tcotrrespond not affected by pH changes in the range between 5.5 and
Ing to resiaues of DmNal, solubility tags were g g (31, 49). Therefore, to represent a more physiological

add?‘_j to the N- and C-term|r-u _Of the peptide. ) pH, all samples were prepared thereafter at pH 7.0, and all
Initially, we added two arginines and a glycine at each NwvR spectra were collected at 277 K.

terminus of the peptide RRGSDIIEKYFVSPTGRR [RRG- Binding of Peptides with Negatly Charged or Neutral

(“*Sy700~ T171)GRR] to increase its solubility. Thigi—1*N Solubility Tags.To examine whether the positive charges
HSQC spectra of the free [ON]LghalT toxin and of  ontribute to the binding of the peptide RRES 700~ T1711)-
[U-**N]LghalT at increasing concentrations of RRE&S; 70 GRR to LghuT, additional titration experiments were
T1717)GRR peptide were recorded, and the changes in the cqnqucted with the peptides DDBES, 700~ T17:)GDD and

lH—1'5N cross-peak_s of the toxin asa function of the ad<_jed SSGa%S, 70— T171)GSS that have extra negative charges or
peptide concentration were examined. Most of the toxin's g tral hydrophilic residues at their termini. THé—N

IH—1N HSQC cross-peaks did not change their chemical HSQC cross-peaks 4fK8, 19v13, and“9R58 N, which
shifts, even at 1.28 mM peptide (7-fold excess with respect gpifted upon binding of RRB{SS, 70~ T171)GRR to LghulT,
to the toxin concentration), while other cross-peaks gradually gxhibjted similar changes in chemical shifts upon the addition
shifted as the peptide:toxin ratio in the sample increased. ¢ DDG(Ma%S, 705~ T171)GDD (0.082 ppm for9K8, 0.078
This concentration-dependent movement of the cross—peaksppm forlav13, and 0.100 ppm foFIR58 upon addition of
upon addition of peptide indicates binding (Figure 2A). 1 26 mMm peptide) or SSACS;70—~T171)GSS (0.039 ppm
Backbone'H—'5N cross-peaks of two residues, namefy, for L9K8, 0.083 ppm for9v13, and 0.113 ppm foFIR58
K8 and9Vv13, exhibited significant chemical shift changes upon addition of 2.14 mM peptide) (Figure 4), indicating
(>0.03 ppm) upon binding to the peptide (0.035 ppm for hat the solubility tags have very little effect on the binding
LaK8 and 0.065 ppm fokV13), suggesting that these two ¢ pa/S3-S4-derived peptidedeS, 700~ T171) to LghauT.
residues are involved in binding. In addition, the—*"Ne In addition,"9R18 and-9Q37 exhibited changes in chemical
cross-peak of9R58 also shifted significantly (0.090 ppm).  ghifts above the background level for both DIYE&SS,700—
Under conditions of fast exchange usually associated with T,,,)GDD and SSGYCS,705—T171)GSS (0.099 and 0.041
weak binding, a single peak at the weighted average chemicalppm for19R18, respectively, and 0.035 and 0.031 ppm for
shifts of the free and bound forms is observed, whereas intaQ37, respectively) (Figure 4). Interestingly, the background
slow exchange, separate signals are observed for the fregevels of changes in CSD values upon titration with DDG-
and bound forms47, 48). As seen from the gradual changes (Na%s,,0—T;,,,)GDD were slightly higher than those ob-
in chemical shift during the titration of the toxin with the served for the other two peptides, suggesting possible minute
DmNa,1-derived peptide and the appearance of a single perturbation due to nonspecific interactions caused by the
cross-peak, the kinetics of binding of LgiT to RRG- addition of the negatively charged solubility tags at the
(N%S1700-T171)GRR is in the fast exchange regime. sodium channel peptide termini. LgiT has a net of three
Evaluation of the Dissociation Constarithe dependence  positive charges, which could account for this observation.
of the changes in chemical shift on the concentration of the Furthermore, the toxin region that is especially rich in
added peptide provides a convenient indirect measure of thepositive charges is the C-terminal tail, which was suggested
complex concentration and therefore can be used to deterto contribute to the toxin binding to the sodium chan23, (
mine its dissociation constant. The changes in chemical shift 29, 50). The changes in [UN]LghalT chemical shifts upon




916 Biochemistry, Vol. 47, No. 3, 2008 Schnur et al.
110.00
—_— -
- - ciz vi3 .
A o B G61 °?"?/n 027
533 532 N34+ 112.50
F110.00C =, 2 1@3.4 Noas
c26 27 :
. 115.00
e W13 * RZ_¥42 T Nzg* W29+
—— a—— C46 ® pig =
o -"?5; - x5 -~
R ¥4y - 117.50
57 caa . Y14 - e
:34 L112.50 - Ke K62 ol Lo
i) === w-*' A31 - 120.00
vi —_ N23* L51 ®  Rss B24
- =] - -
e D3 ; 122.50
736 - E15 ‘fi_ﬂ
ca6 N 115.00 \». - ¥ yss
-4 o K2B - - 1
=] e Ni4 . Wag 125.00
R18 * *
¥s o wag 045 127.50
& 138
.00 7-50 7.80 7.70 7.60 150§ fpem .50 8.25 8.00 7.7% 7.50 7.25 8a/ppm

Ficure 2: Overlay of!H—1N HSQC spectra of [USN]LghalT titrated with D4/S3-S4 peptides. (A) Spectra of [UN]LghalT alone
(green), [U¥N]LghalT and RRGaCS,706—T171)GRR in a 1:2 molar ratio (red), and [BN]LghalT and RRG2°S, 70— T171)GRR in 1:7
molar ratio (orange). Spectra were collected while titrating with RR&{ 705~ T171)GRR, at 293 K and pH 5.2. (B) Spectra of [EN]-

LghalT alone (green) and [USN]LgholT and SS{aCS,693—T171)GSS

in a 1:7 molar ratio (red). Spectra were collected at 277 K and pH

7.0. The depicted spectral regions highlight movement of peaks indicated by arrows, as in the-¢4$8 ahd-9C12, compared to other
peaks that did not change their position. Asterisks mark peaks originating from side chains.
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Ficure 3: Chemical shift changes 6V13 of LghalT as a function

of added D4/S3 S4 peptide concentration. Chemical shift devia-
tions (CSDs) ot9v13 as a function of the added concentration of
RRG(\‘aCSNOO—ijl])GRR _), DDG(NaOSNOO—Tﬂl])GDD (.), and
SSG(\IaOSnoo_Tlnj)GSS @) Data for RRGTaCSHOO_Lﬂll)GRR
were collected at 293 K. Data for the other two peptides were
collected at 277 K. CSD values were calculated using the formula
[A(6H)2 + A(ON/5)A Y2, whereA(SH) andA(ON) are the changes

in ™H and N chemical shifts, respectively. The dissociation
constant of the peptidetoxin complexes was determined by a

nonlinear least-squares fit to the changes in chemical shift as a

function of the added peptide concentration.

titration with DDG(\‘aCSnoo—Tln])GDD or SSGTaCSj]OO_

added at each terminus of the peptide to improve its
solubility. Neutral polar residues were chosen to exclude any
nonspecific interactions of charged residues with the toxin.
More than 85% of [UN]LghalT resonances did not change
their chemical shifts upon binding of the 358,665~ T1717)-
GSS peptide, and only less than 15% of the toxin residues
did undergo a notable change in chemical shift. Residues
LaK8, L9v13, and-9R58 of LghulT were found to be involved

in binding also with this fourth peptide [0.083, 0.156, and
0.179 ppm changes in LghT chemical shift, respectively,
upon addition of 0.6 mM SS8{CSee5—T171)GSS] (Figures

2B and 4).

Five more residues, namely’N9, -4C12,9R18,-9W38,
and "9A39, exhibited a more than 0.03 ppm change in
chemical shift (0.040 ppm fdriN9, 0.043 ppm fot9C12,
0.031 ppm for9R18, 0.032 ppm fok4W38, and 0.049 ppm
for “9A39), while most residues exhibited a less than 0.015
ppm change. Addition of SS{°S;605—T1717)GSS also resulted
in an intensity decrease of some cross-peaks, which was not
observed for the three shorter peptides (Figure 5). Intensity
loss was pronounced for residu€¥ 14, 19R18,-9D19, and
especially-9F17, which disappeared completely.

Titration experiments were not carried out for 556,695
T171)GSS because of its poor solubility in comparison with
that of the shorter D4/S3S4 peptides. Nonetheless, we can
estimate that S8{°S;605—T171)GSS binds LqhlT tighter

T171)GSS were used to determine the dissociation constantsthan the three shorter peptides since addition of this peptide

(Kq) for these peptides (Figure 3). The determikadialues
were 1.9+ 0.6 and 0.9+ 0.3 mM for DDG (¢S, 705~ T1711)-
GDD and SSGY°S;700—T1717)GSS, respectively (Figure 3),
indicating that nonspecific binding due to the addition of
the negative solubility tags on DD&ES; 70— T171)GDD was
negligible.

Binding of an Extended D4/S3%4-Derved Peptide In
an attempt to increase the affinity of the D4/S34-derived
peptide for LqlulT, we synthesized the peptide 355,605~
T171)GSS. This D4/S3 S4-derived peptide was elongated
at its N-terminus by seven residues of theyN&3 region
(NaC-16933] L GLVL 1699, which might be partially exposed to
the solvent 88, 39) (Table 1). Two serine residues were

at a smaller concentration (0.6 mM vs 1.28, 1.26, 2.14, and
1.45 mM for the other D4/S3S4 peptides) resulted in the
largest changes in [(AN]LghalT chemical shifts. Moreover,
more toxin residues exhibited changes in chemical shift
higher than the 0.03 ppm threshold upon binding of the
longer sodium channel peptide.

To increase the solubility of the longer D4/S34-derived
peptide for determination of the dissociation constant, we
replaced the serine solubility tag with an RRR tag. We also
added three more residues to the C-terminus to examine
whether they contribute additionally to binding. The ex-
pressed peptide RR(S,55-R1719RR, which was elongated
by seven residues at the N-terminus and three residues at



NMR Analysis ofa Scorpion Toxin Binding Site on Na Channels Biochemistry, Vol. 47, No. 3, 200817

NaC NaC
A RRG(™ "S1700-T1711)GRR B SS(™ S1700-T1711)GSS
0.15 0.15 4
0.12 0.12
:EL 0.09 E 0.09
e - g
o
0.06 2 0.06 -
8 |
0.03 B 0.03 -
SN ) I 0
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61
Residue Number Residue Number
NaC NaC
c DDG(™ "S1700-T1711)GDD D SS(™ S1693-T1711)GSS
0.15 4 0.15
0.12 0.12
E- 0.09 - E 0.09
Ol g
3 =
0.06 - Q 006
8 8
0.03 + 0.03
0 0
1 5 9 1317 21 25 29 33 37 41 45 49 53 57 61 1 5 9 1317 21 25 29 33 37 41 45 49 53 57 61
Residue Number Residue Number
E CTP3 F RRR(“°S1653-R1714)RR
0.15 4 0.15
0.12 4 0.12 4
E 0.09 - E 0.09 -
g g
O 0.06 2 0.06 4
8 8
0.03 0.03
0 me 0 J!‘HHHF'WMM
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61
Residue Number Residue Number

Ficure 4. Chemical shift deviations dH—°N LghalT cross-peaks induced by binding of D4/SS34 peptides or CTP3. Comparison of
the chemical shift deviations 8H—1°N LghalT cross-peaks (CSD) in thi#—15N HSQC spectra upon addition of the different peptides
as a function of residue number: (A) RF\’\@({SNOQ_L;LH])GRR, (B) SSGP(aCSgoo_Tln])GSS, (C) DDGIEaCSgoo_Tln])GDD, (D) SS-
(NaCS;693-T171)GSS, (E) CTP3, and (F) RRFCS;605—R171)RR. CSD values were calculated using the formtédH)2 + A(SN/5)?]12,
whereA(dH) andA(SN) are the changes ittH and'>N chemical shifts, respectively. Missing values indicétd0, which was not assigned,
proline residues, and a few other residues which could not be unambiguously assigned. The 0.03 ppm cutoff is marked.
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FiIGURE 5: Intensity ratio offH—1N LghalT cross-peaks induced by D4/S$4 peptide binding. Ratio between cross-peak intensities at
the end of the titration and before addition of different D4/&3} peptides as a function of residue number. Missing values inditdt®

which was not assignedde16, and-9N29, for which intensities could not be measured due to overlap and proline residues. Gray bars
denote residues for which the intensity difference was the largest.

the C-terminus, in comparison with the three shortest and specific changes observed with the shorter peptides.
peptides, encompasses the entire D4/S8 extracellular Since none of LgalT residues exhibited a noticeable change
loop of DmNal. Unlike previous measurements using the in chemical shift upon the addition of RRR{S;g95—R1714)-

shorter channel-derived peptides, titration with RFR%;s95— RR, we conclude that this peptide’s binding is too weak to
Ri1719RR resulted in changes in the chemical shift between be measured.
0.02 and 0.03 ppm for a large number of lodf residues. Binding Experiment with an Unrelated Peptide further

Moreover,-9K8, “9V13, and"9R58 also exhibited chemical test our binding results for the D4/S$4 peptides, we
shift changes in this range, unlike the considerably larger performed a HSQC titration experiment with an irrelevant
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cholera toxin peptide 3 (CTP3) corresponding in sequencewill exhibit only weak binding to scorpion toxins. In this

to residues 5664 of the B subunit of cholera toxin (GH
CO-VEVPGSQHIDSQKKAA-NH). Titration of [U-*5N]-
LghalT with CTP3 resulted in very small chemical shift
changes, all beneath the 0.03 ppm cutoff (Figure 4E).
Mutagenesis 0faV13. Sincel9V13 was found to interact
with all the D4/S3-S4-derived peptides and was not
examined in previous site-directed mutagenesis stu@igs (
29), we analyzed its role in the bioactive surface of bjh

study, we have shown that peptides corresponding to the
sodium channel D4/S3S4 loop exhibit am~1 mM affinity

for LghalT. This corresponds to AG® of ~—4 kcal/mol,
approximately one-third of the binding energy of toxin
insect N@ binding AG® ~ —12 kcal/mol forKq ~ 1 nM).
Despite this low binding affinity, the D4/S354 segment,
which has been implicated in scorpion toxin binding, resulted
in specific and localized changes in Lajii chemical shifts

by site-directed mutagenesis. Shortening or elongating theupon binding. Moreover, it binds in a concentration-
side chain of the residue at position 13 by substitutions to dependent manner that can be fit to a saturable curve

alanine or isoleucine'{V13A and “4Vv13l, respectively)
markedly decreased the toxicity to blowfly larvae (6.1- and
8.3-fold, respectively), and substitution with threonine
(*av13T) decreased the toxicity 16-fold. Electrophysiological
studies confirm the bioactive role of this residue (Figure 1
of the Supporting Information). We compared the dose-
dependent removal of fast inactivation of hemelanogaster
sodium channel DmNA in the presence of LgHT and
mutants. While LghlT is highly potent (EGy = 0.035+
0.001 nM;n = 5), the EGo values of-9V13A, “4v13l, and

compatible with a single binding event. These observations,
together with the result of the control experiment with CTPS3,

led us to conclude that the binding is specific. Furthermore,
our results are in good agreement with the results of site-
directed mutagenesis discussed below, providing further
evidence for specific binding.

Domains of LghT that Interact with the NaD4/S3-S4
Loop. Site-directed mutagenesis studies of both sodium
channel and scorpion toxin provided information about which
residues on each protein participate in binding. However, it

Lay/13T were 9.0, 5.5, and 335 nM, respectively. These data is not known which domain in the scorpion toxin interacts

indicate that9v13 participates in LgtlT binding.

DISCUSSION
D4/S3-S4 Peptides Bind Specifically to Lai. NMR

with which region in the sodium channel. Here by using a
set of D4/S3-S4 peptides, we clearly demonstrate that the
D4/S3-S4 extracellular linker of the sodium channel inter-
acts with the five-residue turd48—C12) and residues in
its vicinity and with*9R58 at the C-terminal tail of Lqid T.

is probably one of the best methods for detecting weak The most noticeable changes in chemical shift upon
binding between two proteins or between proteins and titration of LghulT with the D4/S3-S4-derived peptides
peptides, and it can be used to detect dissociation constantgccurred for9K8 and9v13, detected via their backbone

up to 1 mM. In addition, NMR can be used to map the

cross-peaks, and féfR58, detected via its &lside chain

binding surfaces on the proteins. In this study, we have cross-peak. Addition of the longer peptide, S0~

shown that Na D4/S3—-S4 peptides bind to LgdT with a
Kgq of approximately 1 mM. The use of different solubility

T1717)GSS, resulted in the most pronounced changes in
chemical shifts of LgbIT despite the fact that this peptide

tags has eliminated the possibility that these tags influence\as added at approximately half of the maximum concentra-

the binding. Nevertheless, excessive positive charges at th&jon of the other D4/S3S4 peptides. ThEq for this peptide
N- and C-termini abolish binding, as demonstrated for the could not be determined due to its poor So|ubi|ity in

peptide RRR{aC 1695 GLVLSDIIEKYFVSPTLLRY4RR.
Addition of this peptide to a concentration of up to 1.45 mM

comparison with those of the shorter D4/S34 peptides,
for which K4 could be determined. Chemical shift changes

resulted in changes in chemical shifts beneath the 0.03 ppmfor residued9Ks, L9v13, and-9R58 were more pronounced
threshold, and these small changes were observed for a larg@pon addition of SSECS,ge5—T171)GSS peptide to Lghl T,
number of residues. The repulsion between the highly probably as a result of tighter interaction that could be
positively charged peptide (net of five positive charges) and due to stabilization of the peptide conformation or
the positively charged toxin (a net of three positive charges) due to additional interactions of the added residues,

is probably responsible for the abolishment of the binding.
The practically nondetectable specific binding of RRR-
(NaC-16935|LGLVLSDIIEKYFVSPTLLR9RR to LghalT
despite the fact that it contains the D4/S34 sequence
supports our conclusion that for the other D4/S2} peptides
the binding is specific. Moreover, addition of irrelevant
cholera toxin peptide 3 (CTP3) to a concentration of up to

La-16935| | GLVL %%, with the toxin. Small but significant
changes in chemical shifts were also observed®d® and
LaC12 that are part of the five-residue loop and '&R18,
Layww38, and-9A39. The intensity of the cross-peaks '6f
Y14,Y9F17,9R18, and9D19 decreased considerably upon
SS{aCS 695-T171)GSS binding (Figures 4 and 5). Higher-
than-threshold CSDs were observed f#R18 and-1Q37

1.04 mM resulted in no CSDs above the 0.03 ppm threshold ajso after the addition of the shorter D4/S34 peptides

for any of LghT residues.

DDG(NaCSﬂoo—Tln])GDD and SSG‘(’ICSH()O—TN;L])GSS. These

Three major regions have been implicated in scorpion changes reveal a second surface that could be involved in

a-toxin binding and in the formation of neurotoxin receptor
site 3, and these are the D1/SS6, D4/S5-D6, and D4/
S3-S4 extracellular loopsd( 17). There is no conclusive

sodium channel binding (Figure 6). Interestingly, residues
LdR18 and'9W38 were previously recognized as being
important for LqtlT binding by mutagenesis studie29j.

evidence indicating a dominant role of any of these channel The “YA39L mutation did not decrease toxin activit29),

regions in neurotoxin binding. Moreover, relatively little of
the overall energy of the toxin and sodium channel binding

but it is possible that the alanine role was retained by
replacement with leucine.

has been accounted for. Therefore, it is expected that peptides “%13, a Newly Identified Bioacte ResidueTogether, the
corresponding to each of these three sodium channel regiongwo surfaces implicated by the HSQC measurements (Figure
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Ficure 6: Mapping the LgldT binding site for the D4/S3S4 peptides. Residues found to be involved inN8% 505~ T171)GSS binding

are shown in stick (A) and surface (B) representations and are color-coded according to their CSD values. Residues found to be involved
in SSGaCS,700—T171)GSS binding are shown in stick (C) and surface (D) representations and are color-coded according to their CSD
values. Residues that exhibited a considerable reductidH-t*N HSQC cross-peak intensity due to peptide binding are colored cyan.

Two regions on the exterior of the molecule are formed.

6) in Na, binding partially overlap with two clusters on the (*57,%9V59,9K62, and-9R64) 28, 29), were not identified
LghalT exterior, which were previously identified by mu- in our study as being involved in sodium channel binding.
tagenesis studie28—25, 28, 29, 50). However, the role of = These discrepancies could mean that some of the binding
Lav13 in LghalT binding and activity has been revealed for residues in the toxin interact with a Nainding determinant

the first time in this study, using NMR analysis, and was other than the D4/S3S4 loop.

further corroborated by point mutagenesis. Conserved sub- The Regions lmolved in D4/S3-S4 Binding Are Flexible
stitutionst9V13A and“9/13lI or introduction of a polar group  in Free LqglulT. In a paper describing the determination of
(**v13T) markedly decreased the activity to insects, sug- the structure of LgtlT, we pointed out a few regions in
gesting that9Vv13 interacts with the channel receptor. which the atomic rmsd distribution with respect to the mean

The role of-9N9 and“9C12 in toxin—receptor interaction  structure was higher, probably due to increased flexibility.
has not been studied to date by site-directed mutagenesisThe residues of LahlT found to be involved in binding of
due to their role in toxin structur@q). The involvement of  the D4/S3-S4 loop are localized to the more flexible
these three residues in D4/S34 binding, revealed by NMR,  domains of the toxin molecule. Among these regions are the
in addition to the previously recognizétK8, suggests that  five-residue turn comprised of residu€&8—C12, residues
the entire five-residue turn may undergo subtle changes uport9Y16 and “9F17, the9W38—G43 type | turn, and the
interaction of the toxin with this channel region, which may C-terminus 27). This correlation suggests that flexibility
also be influenced by residues on the structurally linked C-tail could be important for binding and improve the fit between
of the toxin which is also implicated in binding of Ma(29). the toxin and the Natarget.

Despite the excellent agreement between NMR and Mode of Scorpion Toxin Binding with the Sodium Channel.
mutagenesis studies, other residues which were formerlyThe bioactive surface of LgHT was suggested to be
identified by mutagenesis to be important for binding, i.e., composed of two structurally distinct domains: the NC
Lay 10, L9N44, and especially residues in the C-tail region domain, consisting of the five-residue tuti KNYNC??)
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and the C-tail {9~%PIRVPGKCR*), and the Core domain
(residuestiF17, 19R18, “9W38, and“iN44) (29). It was
hypothesized that the Core domain participates in an anchor-
ing interaction of the toxin with the receptor; that is, it

1

enables the recognition of receptor site 3 by all toxins of 2

the a-group. The NC domain, which varies in amino acid
composition and spatial arrangement amaeatpxin sub- 3
groups, was suggested to interact with another region of Na
and confers high binding affinity20).

Our study suggests that the two domains previously shown

to compose the bioactive surface of lodfi (the NC and 5.

Core domains) may be functionally divided in a different
manner according to their contribution to the ,Ndnding.
Of the five-residue turn residues, which are part of the

previously suggested NC domaip9j, -9K8, “IN9, and the 7.

newly identified adjacent residuesiC12 and“Vv13, are
thought to make up part of an interacting surface, together
with "9R18 and'9W38 of the Core domain. This surface

interacts with the D4/S3S4 loop. The other bioactive 8.

residues in the C-tail regiort457, “9v59, L9K62, and‘9-
R64) may interact with other parts of the channel receptor,
outside of the D4/S3S4 region.

In this study, the conformation of the bound sodium °-

channel peptide has not been determined due to the weak
binding affinity which, at the moment, does not enable
structure determination by isotope-filtered or transferred NOE
experiments. It should be noted that in similar studies of
interactions of chemokine with N-terminal peptides of

CXCR4 and CCR5, the conformation of the bound peptide 11.

has not been determined and NOE interactions were not
detected between the protein and the peptile %2).

This study provides a unique perspective on the texin
sodium channel binding interface and demonstrates the
complementarity between structural studies by NMR and

biochemical research. Ongoing attempts to set up an expres- 13,

sion system for the D4/S3S4 peptides will permit identi-
fication of the peptide’s residues participating in the inter-
action with Nas and, more interestingly, investigation of
the different peptides’ conformations. Additional studies
exploring other extracellular regions of the sodium channel
are required to further characterize the binding site ofdldh

on Ngs. Such studies of the LgiiT —channel binding site

at the molecular level could shed light on the toxneceptor
interaction and reveal molecular details that underlie the
ability of the toxin to distinguish among Nasubtypes.
Furthering our understanding of the molecular mechanisms
underlying the sodium channefoxin binding interactions
will also offer new insight into the channel gating mecha-
nism.
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