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ABSTRACT. Scorpiona-neurotoxins can be classified into distinct subgroups according to their sequence
and pharmacological properties. Using toxicity tests, binding studies, and electrophysiological recordings,
BmK M1, a toxin from the Asian scorpioButhus martensKarsch, was experimentally identified as an
o-like toxin. Being the firsta-like toxin available in a recombinant form, BmK M1 was then modified

by site-directed mutagenesis for investigation of the molecular basis of its activity. The results suggested
a functional site which protrudes from the molecular scaffold as a unique tertiary arrangement, constituted
by the five-residue reverse turr-82 and the C-terminal segment. The C-terminal basic residues Lys62
and His64 together with Lys8 in the turn, which are critical for the bioactivities, may directly interact
with the receptor site on the sodium channel. Residues Asnl1 and Arg58, indispensable for the activities,
are mainly responsible for stabilizing the distinct conformation of the putative bioactive site. Among
others, His10 and His64 seem to be involved in the preference of BmK M1 for phylogenetically distinct
target sites. The comparison of BmK M1 with Aah2 (classiegbxin) and LT (a-insect toxin)
showed that the specific orientation of the C-terminus mediated by the reverse turn might be relevant to
the preference ofi-toxin subgroups for phylogenetically distinct yet closely related receptor sites. The
Y5G mutation indicated the “conserved hydrophobic surface” might be structurally important for stabilizing
the 5-sheet in then/-scaffold. The observations in this work shed light on the nature and roles of the
residues possibly involved in the biological activity of a scorpictike toxin.

Voltage-gated sodium channels are transmembrane probeen divided into two major classes; and S-toxins.
teins responsible for the rising phase of action potentials in Scorpiona-neurotoxins, the most extensively studied group
most excitable cells. They can be rapidly activated and of scorpion toxins, are single-chain peptides composed of
inactivated upon depolarization of the cell membrane, which 60—70 amino acids cross-linked by four disulfide bonds.

results in a transient and selective increase iff blanduc- They prolong the action potential by slowing the inactivation
tance. The central, pore-formingsubunit of N& channels  of Na* currents with no direct effect on activatioB5).

has four homologous domains[V), each with sixa-helical The binding site ofi-neurotoxins, so-called receptor site 3,
transmembrane segments {S36) (1). Being critical ele-  has been located at the extracellular loop between segments
ments in excitability, Na channels are the target of several S3 and S4, in the fourth domain of thesubunit (IVS3-

kinds of neurotoxins, including scorpion neurotoxi@s As IVS4) (6). It seems that-toxins act by preventing the

a consequence, these toxins are essential tools for investigatoutward movement of the IVS4 segment that is necessary
ing the tissue distribution and functional properties of'Na  for the rapid inactivation of the channéf)(

channels. The scorpion toxins active on'Nznannels have The scorpiona-neurotoxins can be further divided into

three pharmacological subgroups according to their prefer-
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A turn P ) — C-terminus
10 20 30 40 50 &0
classical o toxins:
Aah2 VEKDGYIVDDVNCTYFCGR-NAYCNEECTKLKGESGYCQWASPYGNACYCYKLPDHVRTKGPG-RCH (NH,)
BEmE M8 GRDAYIADSENCTYFCGS-NPYCNDVCTENGAESGYCQWAGRYGNACYCIDLPASERIKEGG-RCG
Lgh2 IKDGYIVDDVNCTYFCGR-NAYCNEECTKLKGESGYCQWASPYGNACYCYKLPDHVRTKGPG-RCR (NH,)
Lggs LEDGYIVDDEKNCTFFCGR-NAYCNDECKKKGGESGYCQWASPYGNACWCYKLPDRVSIKEKG-RCN (NH,)

a-like toxins:
BmE M1 VRDAYIAKPHNCVYECAR-NEYCNDLCTENGAKSGYCOWVGKYGNGCWCIELPDNVPIRVPG-KCH
BmE M4 VRDAYIAKPENCVYHCAG-NEGCNKLCTDNGAESGYCQWGGRYGNACWCIKLPDDVPIRVPG-KCH

Bom3 GRDGYIAQPENCVYHCFPGSSGCDTLCKEKGATSGHCGFLPGSGVACWCDNLPNKVPIVVGGEKCH
Bom4 GRDAYIAQPENCVYECAK-NSYCNDLCTKENGAKSGYCQWLGKYGNACWCEDLPDNVPIRIPG-KCHF
Lgh3 VRDGYIAQPENCVYHCFPGSSGCDTLCKEKGGTSGHCGFKVGHGLACWCNALPDNVGIIVEGEKCHS (NH,)
Lgheé VRDGYIAQPENCVYHCIP---DCDTLCKDNGGTGGHCGFKLGHGIACWCNALPDNVGIIVDGVKCHK (NH,)
Lgh7 VRDGYIAKPENCAHHCFPGSSGCDTLCKENGGTGGHCGFKVGHGTACWCNALPDKVGIIVDGVKCH

o-insect toxins:
Lgg3 VRDAYIAKNYNCVYECFR-DSY¥CNDLCTENGASSGYCQWAGKYGNACWCYALPDNVPIRVPG-KCH
LghaIT VRDAYIAKNYNCVYECFR-DAYCNELCTENGASSGYCQWAGKYGNACWCYALPDNVPIRVPG-KCR

Ficure 1: Location of the residues selected for mutagenesis on the sequence (A) and 3D structure (B) of BmK M1. (A) Comparison of
the amino acid sequences of different subgroups of scorpimxins. Sequences are aligned with cysteine frame, and deletions are introduced
for maximum accuracy. The positions are numbered in terms of BmK M1. The residues mutated in this work are indicated in gray. Aah2
is from the scorpiorAndroctonus australi$iector @42). BmK M1, M4, and M8 are fromB. martensiKarsch @2, 13, 43). Lgh2, Lgh3,

Lgh6, Lgh7, and LghlT are fromL. quinquestriatus hebrae\(24, 25, 44). Lqq3 and Lgg5 are frorheiurus quinquestriatus quinquestriatus

(45, 46). Bom3 and Bom4 are frorButhus occitanus mardoché8). (B) Selected mutation sites in relation to the reverse turiBand
C-terminal segment 5864 are indicated with cyan-colorem-carbon atoms. The mutation sites in the conserved hydrophobic surface
(CHS) (Y5), near the N-terminus (D53), and opposite the CHS (Y21 and K28) are shown with their side chains.

phylogenic selectivity, we need to identify the residues at high resolutioni2) revealed some striking features despite
involved in receptor binding and the relevant structural the highly similar scaffold. First, a non-prolires peptide
elements for the functional sites of scorpion toxins. To date, bond between residues 9 and 10 unusually occurs in the five-
for a-toxins, the mutagenesis approach has been successfullyesidue reverse turn-812. Second, theis peptide 9-10
used in only one anti-inseet-toxin, LghalT (10). On the mediates the spatial relationship between this turn and the
basis of an efficient yeast expression system foratHie C-terminal stretch through a pair of hydrogen bonds between
toxin BmK M1, found in our laboratoryl(l), the possible  residues 10 and 64 to make the orientation of C-terminal
functionally important residues of this toxin were also residues 6264 distinct from the classical-toxins (Figure

investigated by site-directed mutagenesis. 1B). In fact, the five-residue reverse turn-82 and the
BmK M1 is a representative neurotoxin from the scorpion C-terminal segment 5864 are closely connected by the

Buthus martenskKarsch (BmK), and considered arlike fourth disulfide bond (12 63) and a hydrogen bond network

toxin according to sequence homology (Figure 1AP)( to form a unique tertiary arrangement which was designated

Compared with structures of the classieatoxins, BmK as site RC 12). In light of these comparisons, our mutagen-
M8 (13) and Aah2 {4), the crystal structure of BmK M1  esis analyses were concentrated on the significant residues
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involved in this site, including residues-81, 58, 62, and nence, and eventually death were the successive symptoms
64. Some residues at locations putatively significant, includ- induced by the toxins on mice. The body weight, injection
ing residue 5 on the “conserved hydrophobic surface” dose, and survival time were recorded for calculation of the
(CHS)! residue 53 near the N-terminus, and residues 21 andLDx,.

28 on face B 13) opposite CHS, were also selected for  Tne toxicity of the BmK M1 mutants on the central
mutation (Figure 1B). _ nervous system of Swiss Webster mice {22 g) was
With the efficient yeast expression systeli){ BWK M1 measured by intracerebroventricular (icv) injection using a
and its 14 mutants were expressed and then investigated instereotaxic micromanipulator (Harvard/ASI Apparatus, Kent,
terms of toxicity to mice, binding to insect and rat brain England). After 200 pmol of different mutants had been
synaptosomes, and electrophysiological effects o Na jnjected, rapid running and jumping appeared prior to death.

currents. In addition to phal’maCO|Ogica| identification of The time of appearance of the rapid running Symptom was
BmK M1 as ano-like toxin, the results indicating a possible  recorded.

functional site and certain structural elements probably

. . . . Circular Dichroism MeasuremenfThe protein samples
involved in phylogenetic specificity are reported.

used for circular dichroism (CD) spectrum analyses were
MATERIALS AND METHODS dissolved in 25 mM Tris-HCI (pH 8.0) at a concentration of_
200 ug/mL. Spectra were measured at room temperature in
Materials. Escherichia colistrain DH% was used for a1 mm path length cuvette from 250 to 190 nm with a
production of plasmids. Yeast strafeccharomyces cere-  JASCO (Tokyo, Japan) J-715 spectropolarimeter. Data were
visiae S-78 (Leu2, Ura3, Rep4) and expression vector collected at 0.1 nm intervals with a scan rate of 10 nm/min.
pVTlO%U/a were usedh for expressr:on of d\_NlId-type fand Neuronal Membrane Preparatiorll buffers contained
mutated BmK M1. Chromatography media were from o cqcuiail of protease inhibitors composed of phenyl-
Pharmacia and trifluoroacetic acid and acetonitrile for high- methanesulfony! fluoride (5@g/mL), pepstatin A (M)
performance liquid chromatography (HPLC) from Merck. joqnacetamide (1 mM), and 1 mM 1,10-phenanthroline.
The toxins Lgh3 (LTX002) and Lgh2 from theeiurus — According to the methods of Kannet§) and Gilles et al.
quinquestriatus hebraguscorplon were from Lgtoxan (29), rat brain synaptosomes were prepared from adult albino
(Rosans, France) and in part were a generous gift from P'Sprague-DawIey rats~(300 g, laboratory-bred). Insect
Sautiee (Institute Pasteur, Lille, France). The reverse'phasesynaptosomes were prepared from whole heads of adult

C18 (250 mmx 4.6 mm; 30 nm, um particle size) HPLC  pgyinjaneta americanaockroaches according to the method
column was from Vydac (Mojave, CA). lodogen was from of Krimm et al. €0). The membranes were kept-a80 °C
Pierce Chemicals (Rockford, IL) and carrier-free*fidfrom until they were used. No loss of binding activity was
Amersham (Buckinghamshire, United Kingdom). All other observed after at least 6 months. The membrane protein
chemicals were of analytical grade. Filters for binding assays concentration was determined using a Bio-Rad protein assay
were glass fiber GF/C filters (Whatman, Maidstone, United using bovine serum albumin (BSA) as a standard. '

Kingdom) preincubated in 0.3% polyethylenimine (Sigma, e . .
g )P o polyethy (Sig Radioiodination Lgh2, Lgh3, and Bj-xtrIT were radioio-

Steinhem, Germany). dinated with lodogen using 5 mg of toxin and 0.5 mCi of
Mutation, Expression, and Purification of BmK M®n . A X
Wat Xpress drineatt carrier-free N&d, as described for LalT (9, 21). The

the basis of a comparison of the sequence and crysta ) . o .
structure of BmK M1 with those of othex-toxins (Figure monoiodotoxins were purified with a Vydac RP C18 column
using a gradient of acetonitrile from 0 to 45% B in 5 min,

1), site-directed mutations were designed and introduced byand then to 80% B in 105 min, to ensure the best separation
olymerase chain reaction (PCR) with corresponding syn- < * y !
boty ( ) b g sy of iodinated products (A being aqueous 0.1% TFA and B

thetic primers 15, 16). Then the mutated cDNA was inserted . o
into the yeast expression vector pVT10&liAnd expressed be|ng.0.085% TFA and 50%_aceton|trlle) at a flow rat_e of 1
mL/min. The single radioactive peak &Pl-labeled toxins

in S. cereisiae S-78 as previously describetil). Following ;
centrifugation of the culture medium, the recombinant toxins V25 eluted after thg unlabelgd toxin at 27_and 33% aceto-
nitrile for the Lgh toxins and Bj-xtrIT, respectively. The yield

ified to h ity by ion-exch h tog- . .
:;Tarr?yp;r::jl?ﬂm?cfGTolgﬁgﬁ;/ythg le(:(r;)reeé(;e%ng;ﬁplrgsmv?e?g of iodination was less than 5%. The concentration of the
examined by mass spectrom'etry to confirm the mutation and rad_iqlabeleltzj toxin was de@ermined according to the specific
purity. Recombinant products ranging from 1 to 12 mg could activity of 5'. correspor)dlng to 25063000 dpm/fmol .Of

monoiodotoxin, depending on the age of the radiotoxin and

be purified fron 1 L of culture medium. For most mutant b o f its biological activi llv 5B0%
toxins, the yield exceeded 5 mg/L, but for the Y5G mutant, y estimation of its biological activity (_usua y °).'
The biological activity of a labeled toxin was determined

it was only~1 mg/L. from the ratio of bound toxin (total binding) at a constant
Toxicity Assay.The fifty percent lethal doses (Lsb) of low concentration of labeled toxin to the total radioactive

wild-type BmK M1 and its mutants were determined ) . :
toxin present in the reaction. The measurements were

according to the method of J. Meielrq). Different amounts . . .
of toxins were dissolved in 0.9% NaCl and injected into the performed at increasing concentrations of receptors (mem-
) branes). Were the biological activity of the radioiodinated

tail vein of KunMing male mice (2& 2 g). Paralysis of the toxin to be 100%, all labeled ligand should be bound at a

rear legs, loss of balance, respiratory abnormality, inconti- : . . o
saturating receptor concentration. However, since radioio-
dination is always associated with some irreversible loss of

1 Abbreviations: HPLC, high-performance liquid chromatography; ; i i i
LDso, 50% lethal dose; CD, circular dichroism; TTX, tetradotoxin; AP, toxin activity, the percent of bound toxin at a saturating

action potential; HP, holding potential; CHS, conserved hydrophobic "€Ceptor concentration represents the biological activity of
surface. the labeled toxin.
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Binding Assay The standard binding medium consisted
of 130 mM choline chloride, 1.8 mM Cag£15.5 mM KCl,
0.8 mM MgSQ, 50 mM HEPES, 10 mM glucose, and 2
mg/mL BSA. The wash buffer consisted of 140 mM choline
chloride, 1.8 mM CaGJ| 5.4 mM KClI, 0.8 mM MgSQ, 50

100

80

mM HEPES, and 5 mg/mL BSA (pH 7.4). Rat brain or 60

cockroach synaptosomes were suspended in 0.2 mL of

binding buffer, containing®-labeled toxins. After incuba- 0L o N11A
tion, the reaction was terminated according to the method . ESBPQS
of Gilles et al. 1). The extent of nonspecific toxin binding 0L a pos
was determined in the presence of an excess of unlabeled <: ETOP;EW

toxin. The equilibrium competition assay was performed
using increasing concentrations of the unlabeled toxin in the
presence of a constant low concentration of the radioactive
toxin. Competition binding experiments were analyzed by
the computer program KaleidaGraph (Synergy Software,
Reading, PA) using a nonlinear Hill equation (fors§C
determination), and th&; values were calculated by the
equationK; = ICs¢/(1 + L*/Kg), whereL* is the concentra-

100

80

60

1251-L.gh3 Bound, % of Control

tion of the hot ligand an#y is its dissociation constan2?). 4 [ = R58A
ElectrophysiologyWild-type BmK M1 and two variants . ﬁ%ﬁ%

(Y5G and P9S) were tested at micromolar concentrations or 9 Egg?

on the giant axons isolated from the nerve cord of the & BmK M1 o

cockroachP. americanausing a double oil-gap technique, 0 T ! d !

in both current-clamp and voltage-clamp configuratid®®).( 10 10® 0% 107 0% 10° 0%

The toxins were also tested on rat brain and skeletal muscle Toxins, M

Na* channels (rN@.2A and rNgl.4, respectively) expressed  Ficure2: Competitive inhibition of 123]Lgh3 binding by different
in Xenopusoocytes, using a two-electrode voltage-clamp BmK M1 variants. Cockroach neuronal membranes (in 20@f
technigue 24). binding buffer) were incubated with 250 pNP]Lgh3 (Kq = 1.24
que 24) . ( ; (
nM) (21) in the presence of increasing concentrations of recom-
RESULTS binant BmK M1 variants. The level of nonspecific binding
determined in the pggsence ofuM Lgh3 was subtracted. The
. . .. . . inhibition of specific Lgh3 binding is presented as a percentage
B|olog|cql Actiity of BmK M1 on Insectslo |der_1t|fy the of the controlpin theﬁat}sgnce of ungllabéied toxins. Thepdata po?nts
receptor site that is targeted by BmK M1 on insect'Na were fitted with the nonlinear Hill equation.

channels, the binding of radiolabeled toxins Lg3)(and
Bj-xtrIT (26), representingx- and 5-classes, respectively, currents, indicating that the modified currents were indeed
to cockroach synaptosomes was studied in the presence opassing through TTX-sensitive Nahannels (Figure 3D).
increasing concentrations of BmK M1. The binding of the  Bijological Actity of BmK M1 on Mammalg=ollowing
a-like toxin [*4]Lgh3 (site 3) was fully inhibited by BmK jcv injection, BmK M1 killed mice with an L of 38 pmol/
M1 at low concentrations with ; value of 13.8+ 0.8 nM mouse, thus showing a-8.0-fold lower toxicity than other
(average of three experiments, Figure 2 and Table 1). Ong-like toxins such as Lgh3, Bom3, and Bon$} 25). Despite
the other hand, BmK M1 did not displace the binding of its toxicity in the brain, BmK M1 was unable to inhibit the
[*A]Bj-xtrIT (site 4) even at 1QuM (not illustrated). high-affinity binding of the classicadi-toxin Lgh2 on rat
The functional consequences of the binding of BmK M1 brain synaptosomes even at@d. This striking discrepancy
to insect neuronal membranes were assessed on isolatefietween the high toxicity in whole brain and the inability to
cockroach axons by electrophysiological methods. On this bind to synaptosomes is in agreement with previous data
preparation, BmK M1 (M) prolonged the falling phase obtained with othero-like toxins (19, 24, 27—29) and
of the evoked action potential (AP) in less than 3 min, while therefore represents one of the major features of this
the resting potential and the AP amplitude were not modified subgroup of scorpiow-toxins.
(Figure 3A). After 3-4 min, “plateau” APs of more than The first electrophysiological characterization of BmK M1
300 ms were recorded (Figure 3B). The plateau was followed on a defined Na channel subtype has recently shown a clear
by a long postdepolarization, so it was necessary to stimulateactivity on cardiac Nachannels (hNA.5 or hH1) expressed
only at 30 or even 60 s intervals to avoid a summation of in Xenopusoocytes §). Using the same expression system,
the postdepolarizations. In voltage-clamp experiments, ap-we have examined whether BmK M1 also affects two other
plication of long (300 ms) voltage pulses td0 mV from important N& channel subtypes, rNB2A (rat brain 1l1A)
a HP of —60 mV revealed that BmK M1 slows the Na  and rNal.4 (rat skeletal muscle). The riMa2A currents
inactivation mechanism: 300 ms after the peak current, evoked by voltage pulses from100 to—10 mV were not
~33% of Iys persisted. At the end of the voltage pulse, modified in the presence of the toxin for 15 min even at 10
deactivation was fast: the small inward tail current may be uM (Figure 4A). This lack of an effect was further
attributed to some local accumulation of Nens after a demonstrated using a wide range of test potentials, as shown
long pulse (Figure 3C). Postsuperfusion of the axon with by the currentvoltage curves of Figure 4B. In contrast, 1
0.5 uM tetrodotoxin suppressed the peak and maintained uM BmK M1 increased the peak current amplitude of
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Table 1: Activity of BmK M1 and Its Mutants on Insect and Mouse Channels

insect

mammal

neuronal membranes &f americana

peripheral nervous and muscular systems

central nervous system

increase in increase in running timé increase in time

Kia (nM) K; (fold) LDso® (mg/kg) LDso (fold) (min) (min)
wild type 13.8£0.8(=23) 1 0.53+ 0.064 1 4+ 2 1
Y5G 989+ 114 = 2) 70 f 0
K8D 3500+ 250 = 2) 250 62.60+ 0.73 118 50t 10 12
K8D/P9S 2295+ 220 h=2) 170 22.98+ 7.17 43.4 51 10 12
P9S 17838 =2) 1.3 0.95+ 0.012 1.8 45+ 05 1
H10E 109+ 1.5 (=23) 0.8 0.91+ 0.034 1.7 143 3
N11A 5260+ 130 (= 2) 380 f 00 50+ 25 12
Y21G 19.1+ 89 (nh=2) 1.4 1.01+ 0.055 1.9 6t 1 1.5
K28E 195+ 4 (n=2) 14 2.20+ 0.049 4.1
D53A 257+ 05n=2) 0.2 0.33+ 0.047 0.6
R58A >20000 6= 2) >1600 f 00
K62E 2309+ 168 h=2) 170 37.8H 3.12 714 >120 >60
H64D 2450+ 700 h=2) 180 23.28+2.84 43.9
H64A 1330+ 110 (= 2) 96 2.01+ 0.096 3.8 10t 3 2.5
H64K 158+ 10 (h=2) 11.5 1.00+ 0.031 1.9 16+ 2 2.5

aK; was determined on synaptosomes from the cockr@a@mericanaP® LDso was determined by tail vein injection into miceRunning time
was determined by icv injection into mice (200 pmol/mouéd)he toxicity of Y5G, N11A, and R58A was not detectable since 2 mg of toxin

induced no symptom in a mouse.

A B

control

BmK M1 (1uM)
20 mV

BmK M1 (1uM)

I ms
100 ms

300 nA

E I'ms

BmK M1
P9S (1 pM)

after L
hyperpolarization

20 mV

Ficure 3: Actions of BmK M1, mutant P9S, and mutant Y5G on
the cockroach isolated axon. Prolongation of evoked action
potentials, resulting in “plateau” potentials, was obtained with BmK
M1 (A and B) as well as with the P9S mutant (E), but not with the
Y5G mutant (F). Such plateau potentials are due to the slowing of
Na* current inactivation (C) in TTX-sensitive voltage-gated*Na
channels (D).

rNa,1.4 currents and modified the kinetics of their decaying
phase (Figure 4C, left traces). Inactivation of yN& currents
was best fitted by the sum of two exponentials, both in the
control and in the presence of BmK M1. The fast inactivation
time constant; ~ 2.7 ms) was not consistently modified
by the toxin, whereas the slow component time constait (
was increased by-3-fold (Figure 4D). BmK M1 (1uM)

also induced a negative shift of the left partlé¥ curves
(5.3+ 0.6 mV at midactivationn = 4), indicating channel
openings at more hyperpolarized potentials than in controls
(Figure 4E).

All these data demonstrated clearly that BmK M1 is an
o-like toxin, as previously suggested by sequence compatri-
son.

Mutations in the Fie-Residue Rerse Turn.The five-
residue reverse turn-8L2 contains two residues, Asn1l and
Cys12, that are conserved in alltoxins, while the three
others, residues-810, form a molecular signature typical
of each of the three subgroups @ftoxins (Figure 1A). In
the three-dimensional (3D) structure aflike toxins, an
unusual non-prolineis peptide bond has been found between
Pro9 and His/Glu1012, 30; PDB entries 1FH3 andBMR).
Mutation of these two residues (P9S and H10E) barely
affected the activity on insect and mammal*Nehannels
(Table 1 and Figures 3E and 4C), while the residues before
and after thecis peptide bond were more influential.
Replacement of Lys8 with Asp, the corresponding residue
in classicala-toxins, caused a 250-fold decrease in the
binding affinity for insect Na channels, while the toxicity
to mice was decreased by 118-fold following tail vein
injection and by 12-fold following icv injection (Table 1).
Introduction of the P9S mutation into the K8D mutant (K8D/
P9S double mutation) partially restored the biological activ-
ity. Another mutant, N11A, was almost not toxic to mice
by tail vein injection even at a high concentration (2 mg/
mouse), and it also showed a dramatic decrease in affinity
for the cockroach N&achannel (380-fold) and toxicity to
mouse brain (12-fold). The severe change in the CD spectrum
implies that a structural destabilization should be the primary
cause for the loss of toxicity (Figure 5A).

Mutations in the C-Terminal SegmerAs the basic
residues of the C-terminal segment have been shown to be
important for the activity of LqtlT and Aah2 {0, 31), much
attention was focused on this area. Arg58 seems to be the
most crucial residue in the C-terminal segment since the
R58A mutant was quite unable to recognize any of the insect
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rNa,1.2A .
A BmKMI(10uM) B = > '
8 s 0 -
£ 20 \
3 40
2 60 4
N . -
I;JA Té 80 = control 8
g 1004 A BmKM1
10 ms 1204, . . I(10;11\/‘[) 8
60 -40 20 0 20 40 —— BmK M1
. —— HI11A
potential (mV) 12  Risa
- —— E6IE
rNav1.4 — HMD
C BmK M1(1uM) P9S (1uM) Y5G (1uM) 200 210 220 230 240 250

°
o

[1ea 3
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L ]
° 10 ms
8
4
D . E B
. 0
354 S
0 g 201 8
™ B =3
E o 404
S 259 ] — E8D
~ 9 60
204 B a2 —— K8D-D9S
] s E 80 = control —_— ;glsnt
—A—BmK MI1(1pM) g 1004 ao BmKM1
10 (1uM) T . v v
T T y 1207 T T T y T 200 210 220 230 240 250
0 10 20 30 60 -40 20 0 20 40
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Ficure 4: Effects of wild-type and mutant BmK M1 on Na
currents recorded fronXenopusoocytes expressing rat brain
(rNa,1.2A) or rat skeletal muscle (rNB4) voltage-gated Na o
channels. (A and C) Current traces evoked by step depolarizations
from —100 to—10 mV, before @) and after ©) toxin application

for 15 min. (B and E) Normalized currenvoltage curves in control a

(m) and after equilibration with tM BmK M1 [(A) peak currents

and Q) late currents measured at the end of 50 ms pulses]. (D) 8 .

Modification of the slow inactivation time constant) of Na,1.4 \ yal —— Bkl
currents by 1uM BmK M1. The toxin was applied at time zero. S -

—— KiISE
—— D3i3A

or mammalian N& channels targeted by BmK M1 (Table 1 i i i .
and Figure 2B). This dramatic loss of activity pinpoints a 200 o 220 230 240 250
“hot spot” residue, i.e., a residue that is indispensable for Wave length (nm)

activity on both insect and mammal Nahannels. Ficure 5: Circular dichroism spectra of BmK M1 and its mutants.
Position 62 is occupied by a positively charged residue in BmK M1 is compared with mutants modified at the C-terminal
all a-group toxins. Inversion of the charge of this residue [)eglgn(én)r at ﬁ\snltl (?), m‘gf?_”tj TO?gled _atlrou(rgl) ttlr?]peptldi .
: : : on , and mutants modiried at other sites . € speclra o
(K.62.E mutgtlon) remarkably decreased the apparent b'r.]dmgH64A and H64K mutants, which remained similar to that of the
affinity for insect Na channels (170-fold) and the toxicity  nmodified toxin, were omitted.

to mammals via muscle and brain Nehannels (more than

70- and 60-fold, respectively). This implies that the positive indicating clearly that the positive charge of residue 64 is

charge of Lys62 strongly influences the affinity of BMK M1 peneficial to the binding and activity of this-like toxin.

for all the channels that were tested. Mutations in the Conseed Hydrophobic SurfaceA
Within the a-like toxin group, the residue at position 64 conserved aromatic cluster, also designated facel2), (

is often a histidine. Replacement of this residue with alanine exists in all the long chain scorpion toxins specific to voltage-

decreased the binding affinity of BmK M1 for the insect gated Na channels, including the- and-classes12, 32,

receptor site by 96-fold, whereas the toxic effects on 33). Tyr5, the most conserved residue in this surface, was

mammals via binding to muscular and brain'Nghannels mutated to glycine (Y5G). This caused a remarkable change

were only mildly inhibited (3.8- and 2.5-fold, respectively). in the CD spectrum (Figure 5C), decreased the affinity of

Replacement of Ala with the negatively charged Asp further the toxin for insect Na channels by a factor of 70, and

decreased the binding affinity for insect Nahannels and  abolished the lethality to mice even at a very high dose (2

the toxicity to mice. Of the three BmK M1 variants modified mg/mouse) (Table 1). Accordingly, on the cockroach axonal

at position 64, H64K retained the highest activity; its level preparation, external application ofi @ Y5G for 5 min

of binding to insect channels was much less reduced thanproduced only a “shoulder” on the decaying phase of the

for the two other variants, and its anti-mammal toxicity was evoked AP (Figure 3F). Artificial hyperpolarization, passing

almost the same as that for wild-type BmK M1 (Table 1), of a constant current through the axonal membrane, resulted
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in a slight prolongation of the AP, but no plateau action
potential could be evoked. As shown by Figure 4C (right
record), 1uM Y5G also did not appreciably modify the

inactivation kinetics of Na currents in oocytes expressing
rat Ng 1.4 channels.

Biochemistry, Vol. 42, No. 16, 20031705

from the scaffold of BmK M1 (Figure 1B), which has been
designated site RC previousl¥d). A total of 10 mutants in
this area have been analyzed, including all residues in the
turn except Cysl2, and the most significant residues (58,
62, and 64) in the C-terminal segment (Figure 1B). The

Some residues surrounding the conserved hydrophobicresults (Table 1) showed that most residues in this site,
surface are also considered important. The negatively chargedncluding Lys8, Asn11, Arg58, Lys62, and His64, are crucial
Asp53, which is close to this surface and also to the for the bioactivities of the toxin. These data, in association
N-terminal residues, is highly conserved in different sub- with the unigue tertiary organization of site RC, provide an
groups ofa-toxins, while it is replaced with a neutral residue  insight into the putative functional site of BmK M1 (Figure
(Ala) in BmK M8 (Figure 1A). To test the implication of  6).
this substitution, the BmK M1 D53A variant was generated.  The residues that are important for bioactivity may play a
Interestingly, this mutation increased the toxicity to mice by role either in receptor site recognition or in the unique
tail vein injection (60%) and the binding affinity for insect conformation of the toxin polypeptide. The C-terminal
Na" channels (5-fold) (Table 1). residues Lys62 and His64, together with the reverse turn

Mutations in Face BThe conserved residues Tyr21 and residue Lys8, probably interact directly with the receptor site
Lys28 are situated at the molecular surface, called face B,Since their acidification (K8D, K62E, and H64D) dramati-
that is roughly opposite the conserved hydrophobic surface.cally decreased the toxicity to both mice and insects without
They are included in the-helix (residues 1928) (Figure ~ Marked changes in CD spectra. The importance of positive
1B). Replacement of Tyr21 with a Gly induced no significant charges at the C-terminus was further documented by a series
change in the binding affinity for insect Nahannels, but ~ Of mutations at residue 64 (H64D, H64A, and H64K). Some
the toxic effect on muscle Nachannels was slightly reduced ~ Work on other similar toxins also showed that their toxicity
(~2-fold) (Table 1). On the other hand, the K28E mutation could be increased when His64 was positively char@dd (
decreased the level of binding to insect channels (14-fold) 36)- Accordingly, in the mammal Na.4 channels, an acidic
and the toxicity to mice via muscle channels (4.1-fold) (Table residue of the IVS31VS4 loop is required for the binding
1). These meant that both the charge and hydrophobicity of Of a-like scorpion toxins 7). Together, these data suggested

face B might influence the binding and toxicity of BmK M1
to some extent.

DISCUSSION

that the positive residues of site RC interact electrostatically
with the receptor site of Nachannels. Besides, th&pof
histidine is believed to be between 6 and Z1,(36).
Therefore, at physiological pH<7.5), His64 should not be

) positively charged. However, the most favorable residue at
During the two past decades, many efforts have been madepjs position was found to be His, as already observed for
to explore the functional sit_e .of scorpion toxins by diffgrent LghalT (10, 38) and in this study. These arguments indicate
approaches3(l, 34, 35), but it is only recently that the site-  that, in addition to the positive charge, the stereochemical
directed mutagenesis approach has become possible, baseghecificity of this residue is also crucial for the binding and
on the availability of efficient recombinant expression tgxic activity.
systems 10, 16, 26). BmK M1 is the first o-like toxin Two other residues in the same area, Asn1l and Arg58,
available in a recpmblnant form. In com_blnatlon Wlth its 3D gare mainly responsible for stabilizing the unique conforma-
structure determined by X-ray analysis, the site-directed tjon of the functional site. Indeed, mutating either of these

mutagenesis of BmK M1 made possible a more direct tyq residues severely reduced the bioactivity of the toxin
investigation of the nature and roles of the residues involved (Table 1) while markedly altering its conformation, as

in the bioactivity of thisa-like toxin.

Pharmacological Identification of BmK M1 as anlike
Toxin. Though some initial bioassays and electrophysiologi-
cal analysis were reported,(11), the pharmacological
properties of BmK M1 had not been thoroughly investigated.
Because of the availability of recombinant BmK M1, a
detailed study of its activity on different targets was
undertaken in the work presented here. BmK M1 exhibits
typical a. electrophysiological effects, prolonging the inac-
tivation phase of both insect and mammal*Neurrents
(Figures 3A and 4C). Similarly, its ability to inhibit the
binding of a-toxins but not that of3-toxins on insect Na
channels (Figure 2A) also identifies BmK M1 as@itoxin.
Furthermore, its activity on both insect and mammal-Na
channels and its inability to bind to riNB2A (Figure 4A)
and synaptosomal Nachannels in rat brain demonstrate
unambiguously that BmK M1 is a typical-like toxin, as
suggested previously by sequence comparid@ (

A Putative Functional Site The X-ray crystal structure

inferred from changes in CD spectra (Figure 5A). Residue
Asnll, which is strictly conserved in all-toxins (Figure
1A), is buried in the native toxin and provides side chain
atoms O! and N2 to connect the main chain of Val59
through the 11¢---N59 and 11R?---O59 hydrogen bonds.
Besides, the carbonyl oxygen of Asnll makes a hydrogen
bond with N of Arg58, which further connects Gly61 and
Tyr5 via a pair of hydrogen bonds (Figure 6B). Residue 58,
which is conserved as Arg or Lys in masttoxins, has been
shown to be crucial for activity in differemni-toxin subgroups
(ref 31 and this study), although it is located in a rather
inaccessible cavity. Its side chain is connected with the main
chain of Asnll and Gly61 (Figure 6B). Through these
complicated interactions contributed by Asn11 and Arg58,
in addition to the disulfide bond 1263, the five-residue
reverse turn 812 is closely correlated with the C-terminal
segment 5864 to form a local tertiary structure unique for
this functional site. Obviously, the conformational change
due to the loss of the side chains of Asn11 and Arg58 should

showed a peculiar site formed by the five-residue reverse be the reason for the extremely low activity of variants N11A

turn 8-12 and the C-terminal segment-584 protruding

and R58A.
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Ficure 6: Putative functional site of BmK M1 and superpositionoofubgroup toxins. (A) The exterior of the functional site is colored
green (C-terminal segment) and purple (reverse turi. On the space-filling model of BmK M1, C-terminal residues Lys62 and His64
together with Lys8 may be involved in toxirreceptor binding and His10 and His64 may relate to the interactions with phylogenetically
distinct target sites. N, O, and S atoms are colored blue, red, and yellow, respectively. (B) Hydrogen bond network in the putative functional
site. Among others, residues Asnll and Arg58 provide complicated contacts between the C-terminal segment and the revetge turn 8
to stabilize the unique tertiary arrangement of the functional site. The disulfide bridg&312nd thecis peptide bond between residues

9 and 10 are highlighted with green and white, respectively. (C) Superposition af¢hebon backbone of BmK M1 (yellow) with Aah2

(green) and LghdT (magenta) showing the distinct orientations of the C-terminus in correlation with the reverse-tithethd the

disulfide bridge 12-63 in the a-toxin subgroups. This figure was prepared with MolScrigpf)(and rendered with Raster3@8§). All
coordinates were taken from the Protein Data Bank.
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Pro9 is conserved in atk-like toxins, but it is replaced Roles of Residues in Other Are&&sidue Tyr5 is located
with an Asp in most classicak-toxins (Figure 1A). The in the center of a conserved aromatic cluster. The Y5G
moderate effects of mutations P9S and H10E, in contrastmutation caused a striking change in the CD spectrum as
with the significant effects of substitutions at the other well as a dramatic decrease in toxicity to mouse and binding
residues of the reverse turn, indicated that residues 9 and 1@ffinity for insect Na channels (Table 1 and Figure 5C). It
are not critical for bioactivity. However, the K8D/P9S double is most likely that removal of the central aromatic group of
mutation partially restored the bioactivities in comparison the hydrophobic surface destabilizes the overall folding of
with the variant K8D. The crystal structure of the mutant the toxin, eventually leading to a quasi-total loss of activity.
P9S, determined at a high resolution most recently, revealedThe fairly low expression yield of this mutant may also be
that the peptide bond {910) is still in thecis form, but rather explained by the difficulty of folding.
flexible with very high temperature factors (Y. Xiang,  Another mutation site (Asp53) is close to the N-terminus,
personal communication). These observations showed thatotably to Arg2, a residue that has been reported to be
the importance of Pro9, present as a conformationally significant for toxicity 84, 41). The D53A mutation is the
confined residue, is mainly in stabilizing the uniqoes only one that increased the activity of the toxin. The same
peptide bond. substitution in an acidic toxin, BmK M8, is known to mediate

Possible Structural Elementsdalved in the Preference  the translocation of the N-terminus and the side chain of
for Distinct TargetsAs indicated in the introductory section, Arg2 (13). Consequently, thex-amino group of the N-
a-toxins are divided into three distinct pharmacological terminus changes to a new position, and the functional group
subgroups according to their preference for mammal or insectof Arg2 protrudes from the molecular surface, instead of
target sites & 24, 39). The question of whether the main being buried as in Aah2 and BmK M1. It is therefore
structural elements involved in this preference are included Plausible that the translocation of Arg2 may facilitate a

in the putative functional site deduced from mutagenesis favorable electrostatic interaction with N&hannels. The
analysis then arises. D53A mutation may also contribute to this effect by making

The putative functional site is anchored to the molecular the electrostatic potgntlal less negative. )
scaffold through the disulfide bridge 483 and is stabilized Face B, the opposite surface of the conserved hydrophobic
by a cooperative interaction between the reverse turh23 surface, has no clear structural boundary. No residue of this
and the C-terminal segment 584 (Figure 6A,B). By face has been found to be crucial for the activity of any group

comparison of the 3D structure of Aah2, BmK M1, and Lgh of a-toxins. In BmK M1, the in\(erse charge mutation K_28E
oIT, representative toxins of the classiaal, o-like, and caused a moderate decrease in the effects on both mice and

a-insect subgroups, respectively, it appears that the mostco_ckroaches. The effect of the \_(216 mutation was even
striking differences occur at the C-terminus. In particular, Milder for both structure and activity (Table 1 and Figure
the orientation of this stretch clearly differs in the three °C); although Gly is a gentle helix breaker. The weak effect
toxins, due to the variable conformation of the disulfide ©f Y21G could be interpreted with a series of structural
bridge 12-63 and reverse turn-812 (Figure 6C). This factors. First, Tyr21 is located at the beginning of the helix

structural diversification within the functionally important ~ (résidues 1928). Second, Tyr21 is just neighboring a

site RC should have facilitated the adaptationaegroup ~ disulfide bridge, 24-46, between the-helix and g5-strand
toxins to phylogenetically distinct receptor sites on+Na (33)- Third, the side chain of Tyr21 is situated on the surface
channels during evolutiord(). of face B without strong contacts with surrounding residues

as shown in the crystal structurg?. These results suggest

_In our mutagenesis analysis, most of the mutations w5 tace B does not play a major role in the interaction with
similarly affected the anti-insect and anti-mammal activities the target.

of BmK M1 (Table 1), which implies a high level of
conservation of receptor site 3 in phylogenetically distant
Na" channels. However, two mutations in the putative
functional site differentially modified the activity of BmK
M1 on insect and mammal channels. The first one, the H10E

mutation, did not significantly affect the binding of the toxin X-ray crystaliography. Within this site, the basic residues

E?r;nbslgci;liﬁﬂgggﬁlihbst ddeec(;(r;?(‘aeevgss ar:]]g drgg?g]?tl thpl)\ggrsl‘ysw’ His64, and Lys8 should bind directly to .the receptor

that His at position 10 is more suitable than Glu for the site of Na _channel_s thrqugh electrost_at|c Interactions.

activity of BmK M1 on mammal Na channels. Another Because of its functional importance, site RC exhibits a
o . R j . perfectly well organized structure that is maintained by

position Qeservmg more attention is His64. N_eu@rallzapqn residues such as Asnll and Arg58 (Figure 6). The specific

of this residue (HG644) severely decrease_d the _b|_nd|ng a_fﬂmty orientation of the C-terminus, mediated by the reverse turn

for cockroach Na channels (96-fold), while toxicity to mice 8—12, might be relevant to the preferencecstoxins for

was mildly reduced (3.8-fold) (Table 1), thus showing that phylo,genetically distinct receptor sites

insect Nd channels are much more sensitive to a histidine ’

at position 64 than mammal Nechannels. Accordingly,  AcKNOWLEDGMENT
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SUPPORTING INFORMATION AVAILABLE

Figure 1 shows the competition of Lgh2 and BmK M1

for the binding of the classical-toxin [*24]Lgh2 in rat brain
synaptosomes. Rat brain synaptosomes (4@.6f protein/
mL) were incubated with 84 pM$3]Lgh2 for 20 min at 20

°C in the presence of increasing concentrations of Lgh2 or
BmK ML1. The level of nonspecific binding determined in
the presence of 300 nM Lgh2 was subtracted. The inhibition
of specific F?34]Lgh2 binding is presented as a percentage
of the control in the absence of unlabeled toxins. The data
points were fitted with the nonlinear Hill equation. The
calculatedK; of Lgh2 is 0.3+ 0.1 nM (h = 3). Figure 2
shows the competitive inhibition ofJ]Lgh3 binding by
different BmK M1 variants. Cockroach neuronal membranes
(in 200 «L of binding buffer) were incubated with 250 pM
[**ALgh3 (Kg = 1.24 nM) @1) in the presence of increasing
concentrations of recombinant BmK M1 variants. The level
of nonspecific binding determined in the presence gM
Lgh3 was subtracted. The inhibition of specifi@¥]Lgh3
binding is presented as a percentage of the control in the
absence of unlabeled toxins. The data points were fitted with

the

nonlinear Hill equation. This material is available free

of charge via the Internet at http://pubs.acs.org.
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