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Expression and Mutagenesis of the Sea Anemone Toxin Av2 Reveals Key Amino
Acid Residues Important for Activity on Voltage-Gated Sodium Channels
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ABSTRACT. Type | sea anemone toxins are highly potent modulators of voltage-gated Na-changs)s (Na
and compete with the structurally dissimilar scorpion alpha-toxins on binding to receptor site-3. Although
these features provide two structurally different probes for studying receptor site-3 and channel fast
inactivation, the bioactive surface of sea anemone toxins has not been fully resolved. We established an
efficient expression system for Av2 (known as ATX IlI), a highly insecticidal sea anemone toxin from
Anemoniaviridis (previously named\. sulcatg, and mutagenized it throughout. Each toxin mutant was
analyzed in toxicity and binding assays as well as by circular dichroism spectroscopy to discern the effects
derived from structural perturbation from those related to bioactivity. Six residues were found to constitute
the anti-insect bioactive surface of Av2 (Val-2, Leu-5, Asn-16, Leu-18, and lle-41). Further analysis of
nine Av2 mutants on the human heart channe|IN& expressed iXenopusoocytes indicated that the
bioactive surfaces toward insects and mammals practically coincide but differ from the bioactive surface
of a structurally similar sea anemone toxin, Anthopleurin B, fr@nthopleura xanthogrammic&lence,

our results not only demonstrate clear differences in the bioactive surfaces of Av2 and scorpion alpha-
toxins but also indicate that despite the general conservation in structure and importance of the Arg-14
loop and its flanking residues Gly-10 and Gly-20 for function, the surface of interaction between different
sea anemone toxins and Havaries.

Sea anemones (Anthozoa) of the Cnidarians have appearedecognized by scorpio-toxins 6—8). Mutations in the
540 million years agol). They are sessile carnivores that short S3-S4 loop in domain 4 (D4/S3S4) of Ngl.2a (a
heavily depend on their venom for prey and defense. The brain channel subtype) were shown to affect the binding of
venom consists of numerous toxin types, some of which actthe sea anemone toxin ATX Il (renamed here as Av2:
on voltage-gated sodium channels (8tp Nas have a  Anemoniaviridis toxin 2) and the scorpiom-toxin Lgq5
pivotal role in animal neuronal excitability and, therefore, (from Leiurus quinquestriatus quinquestriajuseading to
are targeted by a large variety of toxins used by many the proposal that D4/S354 may be part of receptor site-3
organisms %). Nas are composed of a pore-forming (9). The physiological effects on the channel by both sea
o-subunit (260 kDa) associated with one or f@g«subunits. anemone and scorpiom-toxins are very similar and are
Thea-subunit consists of four domains (BD4), each made  characterized in whole-cell patch clamp measurements by
of six trans-membrane segments {&36) connected by  currents lasting far beyond the point in time when untreated
internal and external loops. A prominent characteristic of channels have gone through inactivati@.

Nas is their ability to rapidly activate and inactivate upon  Av2 is the most abundant and lethal neurotoxin found to
cell membrane depolarization, leading to a transient increasedate in the venom of the sea anemaémemoniaviridis (10).
in Na* conductanceq, 4). This toxin was shown to have a strong effect on crustaceans

Among sea anemone toxins that affect,®jathe most  and insects and a weaker effect on mammals 11). When
studied group is Type I. These are-451 amino acids long  tested on DmNA (Drosophila melanogastéda,s) expressed
peptides reticulated by three disulfide bridges (Figure 1), in Xenopus lagis oocytes, Av2 strongly inhibited channel
which contain a flexible loop encompassing residued 3, inactivation, as expected for a site-3 toxir2), whereas the
named after the conserved Arg in its cent®r These toxins  effect on Nal.2a was much weaker. Using various test
bind to a Na region named receptor site-3, which is also systems, it has also been shown that this toxin and other
Type | toxins strongly affect the cardiac muscle,N&3,
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Toxin % identity
10 20 30 40
Av2 GVPCLCDSDGPSVRGNTLSGI IWL - - AG- CPSGWHNCKKHGPTIGWCCKQ 100
ApC GVPCLCDSDGPSVRGNTLSGILWL - - AG- CPSGWHNCKIMHGPTIGWCCKQ 95
hk2 GVPCLCDSDGPSVRGNTLSCGRLWL - - AG - CPSGWHNCKBHGPTIGWCCKK 91
Aph GVECLCDSDGPSVRGNTLSCGHLW 85
ApB GVPCLCDSDGPEERGNTLSGIL 79
Bg II CcDSDGPTERGNTLTGILW 68
Bg III CDSDGPTERGDTLTGILW 66
ATX I CLC%DGP RGNSMSGI I 61

sh 1 -BMIcKC

EGPEIRENGLTCHVEL - - -cF y T A D{ele 36

Ficure 1: Sequence alignment of sea anemone toxin representatives. The sequences are aligned according to the conserved cysteine residues
which form disulfide bonds (dotted lines below the sequences). The dashes indicate gaps, and the numbering follows Av2. The gray and
black boxes represent conservative and nonconservative substitutions=AXTX la) and Av2 are fromAnemoniaviridis (formerly
namedAnemonia sulcafa Bg Il is from Bunodosoma granuliferaApA and ApB are fromAnthopleura xanthogrammicapC is from

Anthopleura elegantissim&k?2 is from anAnthopleurauncharacterized species; Sh |1, is a Type |l sea anemone toxinStmmodactyla

helianthus Bg Il and Bg Ill sequences are taken from ref 19; hk2 sequence is taken from ref 17; and all other toxin sequences appear in
ref 5.

Sea anemone toxins attracted attention because of theirl4, Arg-27, and Arg-36 quartet, together with the hydro-
strong effect and preference for distinct channel types. phobic Trp-32 on the surface of Bg Il, are spatially similar
Chemical modifications in Av2 pointed out the putative to Arg-62, Lys-58, Lys-50, Arg-18, and Tyr-47, respectively,
importance of Gly-1, Lys-35, Lys-36, Lys-46, His-32, and on the surface of Aah2 and, hence, may account for their
His-37 for binding affinity and toxicity toward crabs and ability to compete for the same receptor sil®)( Besides
rats (L5). Moreover, an amine bond formed between the that for Arg-36 (parallel to Lys-37 in ApB), this assumption
carboxyl groups of Asp-7, Asp-9, and GIn-4G-ferminus) was not supported by data obtained later from the mutagen-
and a glycine ethyl ester banished the toxicity and did not esis of ApB (8).

affect the binding affinity for rat brain synaptosomés) The results of previous studies of sea anemone toxins
Anthopleurin B (ApB), a toxin from the sea anemone reyealed residues important for activity on mammaliagsiNa
Anthopleura xanthogrammicavhich shares 79% identity byt did not provide a complete picture of the entire bioactive
with Av2 (Figure 1), was expressed fitscherichia coli(16) surface or the residues important for activity on insectsNa
and mutagenized. The effects of the recombinant toxin and |ntrigued by the strong potency and noticeable preference
its mutants on NA..2 and Nal.5 (a cardiac muscle channel  of sea anemone toxins for insect Sawe established an
subtype) were analyzed in order to identify mutations that efficient expression system i&. coli for Av2 and mu-
increase its preference for the cardiac muscle. Naese  tagenized its entire surface. This molecular dissection
studies have suggested a bioactive role for Arg-12, Asn-16, revealed a bioactive surface toward insectdNguite similar
Leu-18, Ser-19, Lys-37, Trp-33, and Lys-49.(Recently,  to the bioactive surface toward mammalian hearsN&hese
four toxins from ChineseAnthopleuraspecies (hk toxins;  surfaces differ significantly from that proposed for ApB
see Figure 1 for hk2) have been expressed.ircoliand  toward mammalian Na and from that elucidated in scorpion
tested on isolated rat atria. A comparative analysis of their g-toxins toward insects.
effects on the contraction of the atria suggested that residues
at positions 14, 22, 25, and 37, which vary in these toxins, EXPERIMENTAL PROCEDURES
are involved in their action1(7). Thus, despite the high
sequence identity (Figure 1) and structural similarity, the ~ Bacterial Strains, Animals, and Na& Av2. The Escheri-
chemical modification of Av2, the mutagenesis of ,A\pB7 and chia coli strain DH% was used for plasmld constructions,
the comparison of the natural hk variants could imply that and the BL21 strain (DE3, pLys) was used for toxin
their bioactive surfaces toward mammalianeary greatly ~ expression by the His-tag carrying vector pET-14b (Novagen,
(2, 15, 17). Yet, a more conclusive description of these Madison, WI) in a protocol similar to that described
surfaces requires a comparison based on similar methods oPreviously @0, 21). Sarcophaga falculatlowfly larvae

modification. were bred in the laboratory. Native Av2 (nAv2) was
Channel residues that may interact with Av2 have been purchased from Latoxan (Valence, France).
first proposed by Rogers et ab)( By the mutagenesis of Construction of the A2 Gene A synthetic gene encoding

residues in the extracellular loops of the rat brain channel for Av2 was planned according to the published amino acid

Nal.2a, Glu-1613, Val-1620, and Leu-1624 were suggested sequence?). The gene was constructed using six overlap-

to be involved in toxin recognition. Later on, Lys-37 of ApB  ping oligonucleotide primers designed with a codon usage

(equivalent to Lys-35 in Av2) was proposed to interact based on the nucleotide sequence of toxin genes that have

directly with Asp-1612 (equivalent to Glu-1613 of Na2a) been successfully expressedtncoli (20, 21): (primer 1)

of the heart channel N&.5 (18). 5-CATATGGGTGTACCTTGCCTATGCGACAGCGACGG-
The comparison of structures of the anti-mammalian TCCTAGCGTTCGAGGTAACACACTA-3, (primer 2)

scorpiona-toxin Aah2 (fromAndroctonus australis hectpr  5-TCGGGTATTATCTGGCTAGCTGGTTGCCCTAGC-

and the sea anemone toxin Bg Il (froBunodosoma  GGTTG-3, (primer 3) -GCATAACTGCAAGAAGCAT-

granulifera) has led to the assumption that the Arg-5, Arg- GGTCCTACGATTGGTTGGTGCTGCAAGCAGTAAGGATCC,3
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(primer 4) 3-GGATCCTTACTGCTTGCAGCACCAAC- RP-HPLC column (6.4x 100 mm, 15um particle size;
CCGTAGGACCATGCTT-3, (primer 5) 5-CTTGCAGTT- Amersham, Bjokgatan, Sweden). The concentration of the
ATGCCAACCGCTAGGGCAACCAGCTAGCCAGATAATACCCG- radiolabeled toxin was determined according to the specific
ATAGTGTGT TACC-3, (primer 6) 3-TCGAACGCTAG- radioactivity of the?d corresponding to 25663000 dpm/
GACCGTCGCTGTCGCATAGGCAAGGTACACCCATATG-  fmol of monoiodotoxin, depending on the age of the
3. A mixture of 1uM each of the six primers was heated to radiotoxin and the estimation of its biological activity (usually
95 °C and then cooled stepwise to°@ for annealing. The ~ 70—80%; 5)). The composition of media used in the
mixture was diluted 1:40 in the ligation buffer, and 40 units binding assays and the termination of the reactions has been
of T4 ligase (Roche, Indianapolis, IN) was added for previously described25). Nonspecific toxin binding was
overnight reaction at 18C. The ligation mixture (1uM) determined in the presence of excesaNl) unlabeled toxin.
was used for PCR amplification of the Av2 gene using The equilibrium competition binding assays were performed
(primer 7) B-TTCATATGGGTGTACCTTGCCT-3 which using increasing concentrations of unlabeled toxin in the
included an Ndel restriction site at the start of the gene, and presence of a constant low concentration&f-LgholT
(primer 8) B-TTGGATCCTTACTGCTTGCAGC-3 which (0.05-0.1 nM) and analyzed by the computer program
contained a BamHI restriction site downstream to the gene. KaleidaGraph (Synergy Software, U.S.A.) using a nonlinear
The PCR product was phosphorylated by polynucleotide Hill equation (for I1G, determination). ThéK; values were
kinase (New England Biolabs, Ipswich, MA) and cloned into calculated by the equatidg = ICs¢/(1 + (L*/Kg)), where

the Smal site of pBluescript (Stratagene, La Jolla, CA). After L* is the concentration of the radioiodinated toxin, akgd
sequence verification, the NdeBamHI fragment was s its dissociation constant. Each experiment was performed
cleaved and subcloned into the corresponding sites of pET-in duplicate and repeated at least three times as indicated

14b. (n). Data are presented as the meaiSE of the number of
Expression and Production of RecombinanApET-14b independent experiment&5). The binding energy of toxin
carrying the Av2 gene was used to transfdencoli BL21 variants was calculated from the equat®AG = —RT In-

cells. The recombinant protein accumulated as inclusion (Ki"/K;m).
bodies was isolated by differential centrifugation, denatured CD SpectroscopyCD spectra were recorded at 2&
by 6 M guanidinium hydrochloride, and folded in vitro as using a model 202 circular dichroism spectrometer (Aviv
was previously described for a scorpion tox28), After Instruments, Lakewood, NJ). The toxins (1a®) were
folding, the toxin was purified by reverse-phase high dissolved in 5 mM sodium phosphate buffer at pH 7.0, and
performance liquid chromatography using a Resource columntheir spectra were measured using a quartz cell of 0.1-mm
(Amersham Biosciences, Bjmpatan, Sweden) with a gradu-  light path. Each spectrum was measured three times and
ally rising gradient of acetonitrile (2833%). A major peak  averaged, and a blank spectrum of the buffer that was run
of Av2 was eluted from the column by 30% acetonitrile. under identical conditions was subtracted.
The average yield of His-Av2 was 1.5 mg fnol L of E. Electrophysiological AssaysRNAs encoding the human
coli culture. The His-tag was cleaved using 1 unit of thrombin heart (Ng1.5) andDrosophila melanogastgrara (DmNal)
(Sigma, St. Louis, MO) per 1509 of His-tag protein. The  sodium channed-subunits and the auxiliary subunft and
cleaved product was purified by the same method as thatTipE were transcribed in vitro using T7 RNA-polymerase
used for the His-tag protein. and the MMESSAGE mMACHINE system (Ambion, Austin,
MutagenesisMutations in Av2 were introduced via PCR  TX; (27, 28)) and injected intoXenopus lageis oocytes as
using complementary oligonucleotide primers and the con- was described29). Currents were measured-4 days after
structed Av2 gene as the DNA template. All toxin mutants injection using a two-electrode voltage clamp and a Gene
were produced in a fashion similar to that used for the Clamp 500 amplifier (Axon Instruments, Union City, CA).
unmodified toxin. Data were sampled at 10 kHz and filtered at 5 kHz. Data
Toxicity Assayd-our-day-old blowfly larvae$. falculata acquisition was controlled by a Macintosh PPC 7100/80
150+-20 mg of body weight) were injected intersegmentally. computer, equipped with ITC-16 analog/digital converter
A positive result was scored when immobilization and (Instrutech Corp., Port Washington, NY), utilizing Synapse
contraction were observed after 10 min, which was slower (Synergistic Systems, Sweden). Capacitance, transient, and
than the effect induced by the anti-insect scorpietoxin leak currents were removed by subtracting a scaled control
LgholT. Five concentrations of each toxin were injected into trace utilizing a P/6 protocol@). The oocytes were washed
larvae (nine larvae in each group) in three independentwith bath solution (in mM: 96 NaCl, 2 KCI, 1 Mggl 2
experiments. Effective dose 50% (EJjpvalues were calcu-  CaC}, 5 HEPES at pH 7.85) flowing from a BPS-8 perfusion
lated according to the sampling and estimation method of system (ALA Scientific Instruments, Westbury, NY) with 4
Reed and Muench24). psi positive pressure. The toxins were diluted with bath
Competition Binding Experimentbleuronal membranes  solution containing 1 mg/mL of BSA and applied directly
were prepared from the heads of adRdtriplaneta americana  to the bath to the final desired concentration. To discard any
cockroaches 25). Membrane protein concentration was application-derived artifacts, 1 mg/mL of BSA solution was
determined by a Bio-Rad Protein Assay, using bovine serumapplied before the toxin was added. To obtain a dose

albumin (BSA) as the standard. Radioiodinated djhwas response curve, the currents were elicited by depolarization
prepared by lactoperoxidase (Sigma, St. Louis, MO; cat. no.,to —10 mV from a holding potential of~80 mV in the
L8257; 7 units/6QuL of reaction mix) using 1Q«g of toxin presence of several toxin concentrations. At each toxin

and 0.5 mCi carrier-free N&l (Amersham, Chalfont St.  concentration, the currents were allowed to reach a steady-
Giles, U.K.) following a published protocol26). The state level prior to the final measurement. The dose-
monoiodotoxin was purified using an analytical Resource dependent effect of the toxin (removal of fast inactivation)
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Table 1: Insecticidal and Anti-Mammalian Effects of Sea Anemone nAv2 rAv2
and Scorpioro-Toxins! Control Control
EDsgg for LDsofOT 10 nM 10 nM
S. falculata B. germanica  LDspfor mice
(pmol/g body (pmol/g body (pmol/g body 100 aM
toxin weight) weight) weight) . 100 nM
nAv2 3.7 25 22 i 3
His-Av2 21 5ms 5ms
rAv2 3.4
LghodT 17 2.5 8.3 1 uM T
Aah2 897 1.7 K

Ficure 2: Effects of nAv2 and rAv2 on currents mediated by the
DmNa,1 channel expressed Xenopus lags oocytes. The oocytes
were clamped at-80 mV, and currents were elicited by step
depolarizations to-10 mV. Upon toxin application to the bath
solution, a component of noninactivating current has gradually
developed reaching saturation at a concentration gMLtoxin.

a Effect of toxins in insects was determined by injections to blowfly
larvae Garcophaga falculajeand/or cockroache8(atella germanic
nAv2, native toxin; His-Av2, toxin fused to a His-tag; rAv2, His-Av2
cleaved by thrombin; LghiT, the highly insecticidabi-toxin from the
scorpionLeiurus quinquestriatus hebraeusah2, an anti-mammalian
a-toxin from the scorpiomndroctonus australis hecto? Subcutaneous
injection. ¢ Ref 8.9 Ref 15.

on the insect Nawere compared using tHerosophilapara

) ) sodium channel, DmN& expressed together with its aux-
was calculated by plotting the ratio of the steady-state current”iary TipE subunit inXenopusoocytes. The oocytes were
measured 50 ms after depolarizatidg) o the peak current  o1q at—80 mV. and a 50 ms test pulse 610 mV was
(Irea @s a function of toxin concentration and fitting with  5p5jied to elicit sodium currents. As shown in Figure 2, the
the _HlllHequatlon: lsdlpeak = 80 + (a1 — ag)/[1 + (ECso inhibition of inactivation obtained in the presence of identical
[toxin])]", where H is the Hill coefficient, [toxin] is the toxin - concentrations of these toxins was very similar. In competi-
concentration, andy is the offset measured prior to toxin g, binding assays using?l-LghalT as a marker for

application. The amplitude; — ap provides the maximal receptor site-37), His-Av2, rAv2, and nAv2 were very
effect obtained at saturating toxin concentrationsg€the similar and provided; values of (in nM) 0.4 0.02 i =
toxin concentration that causes half-maximal inhibition of 3), 0.22+ 0.14 (1= 3), and 0.4+ 0.05 1 = 3), respectively
fast inactivgtion. To minimize variability, H was setto 1 in (Figure 3A). These results have shown that the additional
all calculations. , residues at thé\-terminus had only a slight effect on the
Mass SpectrometryThe mass of representative Av2 pinging affinity of Av2. These analyses indicated that the
mutants (after thrombin cleavage) was determined at the gcombinant Av2 was as potent as the native toxin, which
Maiman Proteome Research Institute, Tel-Aviv University, paved the way for further analysis by mutagenesis.
using a Voyager DE-STR MALDI-TOF mass spectrometry — apalysis of the A2 Surface by Mutagenesiall residues
system (Applied Biosystems, Foster City, CA). excluding Cys and a number of Gly were Ala scanned. The
Three-Dimensional Models. TiEeD models were drawn  mtant toxins were produced and purified in a manner similar
using DeepView/PDB viewer (version 3.7 by GSK) and were (4 that used for His-Av2, and each was analyzed by toxicity
rendered by PovRay (version 3.6 by Persistence of Vision assays onS. falculatalarvae and binding assays using
Ra_ytracer, Ltd.). The 3-D model of Av2 was construc_ted neuronal membranes d?. Americana(Figure 3A). The
using the SWISS-MODEL structure homology-modeling effects on toxicity correlated well with the results of the
server (www.expasy.org/swissmod/SWISS-MODEL.html; inging assays, and therefore, the results presented hereafter
(30)) according to the following structures of sea anemone g¢ those of the apparent binding affinity. All mutants whose
toxins: 1lahl_.pdb, lapf_pdb, latx_.pdb, 1shl_.pdb, 1shi_.p-hinging affinity decreased significanthyAAG >1.3 kcall
db, 2shl_.pdb. The models are ordered according to thelrmo|; Table 2 and Figure 3B) were cleaved by thrombin,
contributionlto the Av2 model. All six models are available purified, and compared to that of rAv2. To reassure that the
at the Protein Data Bank (https://www.pdb.org). results obtained for the His-mutants were reliable, the His-
RESULTS tag was also cleaved in a few mutant representatives whose
activity was unaffected, and they were compared with that
Characterization of the RecombinantZ The recombi- of rAv2. In all cases, the Ef ratio and AAG have not
nant Av2 with a His-tag at itbl-terminus was examined by  changed significantly, indicating that the small decrease in
SDS-PAGE, amino acid composition analysis, and MALDI- activity due to the His-tag was equal in the mutants. To
TOF mass spectrometry (data not shown). The His-tag wasdiscern between mutations that changed the activity because
cleaved by thrombin, and the physical properties of the of structural perturbation from those directly involved in the
resulting protein (rAv2), bearing aN-terminal addition of interaction with the channel receptor, the CD spectrum of
Gly, Ser, His, and Met, were verified again. each toxin mutant was analyzed. The vast majority of the
Both His-Av2 and rAv2 were active and induced contrac- substitutions to Ala (24 out of 30) had no significant effect
tion symptoms irS. falculatalarvae similar to those obtained on the toxicity and binding affinity of Av2, and the CD
with native Av2 (nAv2) isolated from the sea anemone spectrum of the mutants was similar to that of the unmodified
venom. Whereas rAv2 was equally toxic to nAv2, His-Av2 toxin (Figure 4).
was 5.5-fold weaker (Table 1). Notably, Av2 was more  Analysis of Residues that Constitute the N-Terminal
effective in these larvae than any of the known scorpion Segment of &2. Mutagenesis indicates that two of the nine
toxins, and although its effect developed relatively slow, it residues that constitute tiéterminal region in Av2, Val-
was irreversible. The physiological effects of nAv2 and rAv2 2, and Leu-5 play a role in activity (Table 2). These results
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FiIGURE 3: Mutagenic dissection of Av2. (A) Competition of His-Av2 mutants Wt-LghalT on binding to cockroach neuronal membranes.
Representative experiments are shown. The membraneg/TL) were incubated for 60 min at ZZ with 0.1 nM 23-LghalT, and
increasing concentrations of the various mutants. Nonspecific binding, determined in the presepd# bflialT, was subtracted. The

Ki values (in nM,n >3) are His-Av2, 0.41+ 0.02; rAv2, 0.22+ 0.14; nAv2, 0.4+ 0.05; His-V2A, 4+ 0.7; His-P3A, 1.1+ 0.18;

His-L5A, 11.2+ 1.5; His-V13A, 0.85+ 0.07; His-N16A, 4.6+ 0.07; His-L18A, 85.5+ 3.5; and His-141A, 6.7 0.1; theK; ratios of the

mutants are presented in Table 2. (B) Effects of representative mutations on the binding Afegpée details in Table 2). The vertical

line stands for a2AAG value of 1.3 kcal/mol, which is considered a minimum significant decrease in binding affinity. Residues whose
substitution resulted in a higher value were considered important for binding and were assigned to the bioactive surface if their CD spectrum
was similar to that of His-Av2 (see colored residues in Figure 6).
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raise for the first time a role fdx-terminal aliphatic residues  toxin activity, substitutions G10P and G20P severely dam-
in the bioactive surface of a sea anemone toxin. Although a aged the binding affinity of Av2 (Table 2). However, because
D9A substitution had a detrimental effect on activity (Table the CD spectrum of the latter two mutants was noticeably
2), a DON substitution had a smaller effect (5.8-fold) different from that of the unmodified toxin (Figure 4), this
suggesting that the carboxyl of Asp-9 is not critical for effect could result from structural perturbation. These results
activity. suggest that Gly-10 and Gly-20 may be important for
Mutagenesis of the Arg-14 Loop and Its Vicinithe Arg- maintaining the flexibility of the Arg-14 loop, as was
14 loop is known for its flexibility 6, 31), and whether this  previously suggested in ApE3Q).
flexibility is related to toxin function is still an open question. Role of Residues at the C-Terminal Half of2A No
Of the 10 residues that constitute this loop, substitutions residues that are involved in bioactivity have been identified
N16A and most notably L18A strongly decreased the binding at the molecule central region. Expression of W23A and
affinity (Table 2). These residues were shown to be important L24A mutants was unsuccessful, suggesting that these
for ApB activity on mammalian Na (32, 33). residues of the molecule core have a pivotal role in folding
Mutagenesis of Gly residues in positions 10, 15, and 20 and toxin structure. This suggestion was corroborated by
in ApB decreased the activity on the brain M2 expressed  conservative substitutions W23F and L24V, which resulted
in murine neuroblastoma and the human heartlNa31). in active recombinant toxins (not shown). At tBeterminal
These residues are conserved and seem to occupy keyart of Av2, only substitution 141A noticeably affected (16-
positions for the flexibility of the Arg-14 loopZ 5), and fold) the binding affinity and toxicity, indicating that lle-41
therefore, we substituted them to Ala and Pro. Although might be involved in the bioactive surface of Av2 (Table
G20A severely affected the binding affinity and toxicity of  2).
Av2, the effect of G10A was limited, and G15A had an even  Activity of Selected A2 Mutants on the Human Heart Na-
a lower effect (Table 2). Whereas G15P did not affect the Channeln light of the differences in residues that constitute
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Table 2: Effects of Mutations in His-Av2 on the Binding Energy to

Cockroach Neuronal Membrarfes 0 k -
AAG AAG 1018

toxin Kiratio (kcal/mol) toxin Ki ratio (kcal/mol) %‘ \ '
His-Av2 1 0 His-S19A 3.7 0.74 g 20 o Vaa
rAv2 0.5 —0.36 His-G20A 21 1.73 E 30k , A L5A
His-V2A 9.8 1.32 His-G20P 43 b NG + DA
His-P3A 2.7 0.57 His-121A 3.2 0.66 -40 | e ¢ NI6A
His-L5A 27 1.88 His-P28A 0.7 —0.18 —— LisA
oL 0% v o9 oo
His-D9A 317 3.28 His-H32A 1.1 0.08 10
His-G10A 8 1.18 His-N33A 2.3 0.47
His-G10P 160 b His-K35A 1.8 0.33 0 P
His-S12A 1 0 His-K36A 1.2 0.1 ‘ e
His-V13A 2 0.4 His H37A 2.4 0.5 z
His-R14A 4 0.79 His-P39A 7.1 1.12 2 — AV2
His-G15A 4.4 0.84 His-T40A 1.9 0.37 S X GIOP
His-G15P 3.4 0.7 His-141A 16 1.6 o - A GISA
His-N16A 11 1.38 His-W43A 2.7 1 G20A
rT17A 1 0 His-Q47A 0.2 —0.79 e G20P
His-L18A 209 3.04 . , . . T E—

aThe change in the apparent binding affinity of each mutant was 190 200 210 220 230 240 250 260
obtained in competition witP?4-LghalT scorpion toxin on binding to
cockroach neuronal membranes and is presented d§ tlagio (K™
over Ki"t; the K™ is 0.41+ 0.02; n = 3). The K; determination is
described in the Experimental Procedures and in Figure 3. Binding
energy calculation is depicted in the Experimental Procedures. Values >
calculated for rAv2 mutants (L5A, S8A, G15A, N16A, L18A, S19A, RS
I141A, and Q47A) are not included because they were essentially similar f_é-
to those of their His-Av2 equivalent$The AAG of mutations that m
altered the CD spectrum was not calculated.
the anti-insect bioactive surface of Av2 (Table 2) compared L - L L L L

to those reported to compose the anti-mammalian bioactive 190200 210 220 230 240 250 260

surface of ApB ), we examined nine Av2 mutants on the Wavelength (nm)

human heart channel NB5 expressed iXenopusoocytes Ficure 4: Circular dichroism spectra of His-Av2 variants. The
(Experimental Procedures). It is noteworthy thatNa was spectra presented are of mutant representatives with altered activ-
used for analysis of ApB because of its high sensitivity to [ty:_V2A, L5A, D9A, G10P, G20A, G20P, N16A, L18A, and
sea anemone toxind4, 16). Using various concentrations 8;@&?322&3?@ baecetlurvgyl._”g tlg_\’ WS31A, and K35A. Al toxin

of rAv2, we determined its Efg value (209.4+ 54.6 nM;n

= 4; Figure 5A), and used slightly higher concentrations (300 ng s raise the question as to what extent the receptor site
nM) of the toxin mutants to assess their effect on channel 15, sea anemone toxins is conserved and whether the
inactivation. Whereas V2A, W31A, and K35A were almost  pinactive surface of these toxins toward insects overlaps with
as active as rAv2, substitutions L5A, L18A, and 141A 14t toward mammals.

_strongly decreased the ability of the toxin to slow inactivation g 5 first step toward the identification of the bioactive
in Na,1.5, and D9A, N16A, and S19A had moderate effects ¢, /face of sea anemone toxins toward insectsNave

(Figure 5B). The results obtained have suggested that theynayzed Av2, a highly potent insecticidal type | toxin (Table
anti-mammalian and anti-insect bioactive surfaces of Av2 1) by complete mutagenesis of its entire surface.
are very similar and that they differ markedly from the " A, presents a Similar Bioact Surface toward Insects
bioactive surface of ApB. and MammalsSix residues on the surface of Av2 have been
DISCUSSION identified as ir_npqrtant fpr.function in both toxicity to blowfly
larvae and binding affinity for cockroach neuronal mem-
Understanding the mechanism by which sea anemonebranes (Val-2, Leu-5, Asp-9, Asn-16, Leu-18, and lle-41,;
toxins interact with the Naand how they compete with  Table 2). Such strong correlation between the two distinct
scorpion o-toxins on the same receptor site despite any datasets may imply that they may be relevant for other insect
structural resemblance requires the comparison of the-toxin families as well. Because the substitution of Leu-5, Leu-18,
receptor modes of interaction. Whereas the bioactive surfaceand lle-41 severely decreased the toxin effect on the human
of scorpion a-toxins toward insects has been recently Nal.5 channel, the substitution of Asp-9 and Asn-16 had
reported 84—36), the putative face of interaction of sea moderate effects, and mutant V2A had only a minor effect
anemones with mammalian Pas only partly known. Most ~ (Figure 5B), we conclude that the anti-insect and anti-
of the data on the residues important for the activity of sea mammalian bioactive surfaces of Av2 are very similar. The
anemone toxins have been accumulated thus far by mu-importance of Asp-9, Asn-16, and Leu-18 equivalents in ApB
tagenesis of the toxin ApB, with the objective of clarifying toward mammalian Na has been reporte@%, 33, 37), and
its preference for mammalian heart versus braipduitypes the bioactive role of Asn-16 in Type | sea anemone toxins
(2). The differences in preference for various mammalian toward both mammals and insects was also implicated from
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A. 10 ences in the bioactive surfaces imply that despite some
2 commonality at the Arg-14 loop, the surface of interaction
of Av2 with receptor site-3 differs from that of ApB with
site-3 on mammalian Na. This assumption is corroborated
by the proposal of Benzinger et al() stating that the
’ binding sites of ApA and ApB on rat skeletal muscle and
R cardiac Nas differ to some extent.
Log [Toxin], M Putative Characteristics of the Receptor Site for2A
B. Rogers et al. have proposed that D4/S3l is part of receptor
T4 T site-3 on Nal.2a Q). A few conserved aliphatic residues
VWT {/ L1sA on this loop such as Val-1620 and Leu-1624 were proposed

to affect the interaction of Av2 with the channel. Because

0.8

Relative effect

\f four of the six bioactive residues on the surface of Av2 are
V24 S19A aliphatic, they may be suitable candidates for the interaction
T T e with the aliphatic D4/S3 S4 residues. The apparent com-
v LsA szm monality in residues that constitute both the anti-insect and
anti-mammalian bioactive surfaces of Av2 may suggest that
r—' their receptor sites on insect and mammalian,sNare
D9A K35A conserved. Moreover, most substitutions in D4/S3 that
1 g significantly affected the binding of Av2 had no effect on
v NI6A \/ A O™ the binding of the scorpion-toxin Lgg5 ©). By extrapola-

. ) tion, these mismatches are seemingly in accordance with the
FiGure 5: Effects of rAv2 and its mutants on the human channel ,qiceaple differences between the bioactive surface of Av2

Na,1.5. (A) D r n rve of rAv2 eff n fast inactivation ; . . B ;i
Of&Na?l_(5_)085;_65?)?[);2;%9%\I%S Wer: C?ga]ope(? ‘thsgcrtn\?to described in this work and the bioactive surfaces toward

and currents were elicited by step depolarization—tb0 mV. insects of LgldT and other scorpion-toxins 34—36). The
Increasing concentrations of rAv2 (up tq/) were applied and bioactive surface of Av2 is devoid of cationic and aromatic
their relative effect on the currents al0 mV yielded an E& of  resjdues, which appear on the bioactive surface of scorpion

B e o) (o) heraton 1 he Samenl Nuced utoxins. In adiiton, the bioaciive surface of Scorpion
a—80 mV holding potential. The concentration of rAv2 was 250 @-toxins consists of Well-organlzgd amino acid clust&5; (
nM and that of the mutants, 300 nM. The shaded areas illustrate 36, 41), whereas the bioactive residues on the surface of Av2
the increase in current upon toxin application. are dispersed. This major difference is reflected by the lack
of satisfactory results in structural model alignments of Av2
a less active natural variant of this position in Bg Ill (Asp- and scorpiom-toxins based on their functional residues (data
16) compared to Bg Il (Asn-16) (Figure 19, 38). not shown). The differences both in the bioactive surfaces
The importance of Leu-5 and lle-41 for the activity of a and the residues in the Wavhich affect toxin binding to
sea anemone toxin toward insects and mammals is reportedhe channel, may imply that the binding sites of sea anemone
for the first time. The role of lle-41 in ApB activity could  toxins and scorpioru-toxins only partly overlap. Such a
not be assessed because of difficulties in the folding of its suggestion is in concert with our perspective about receptor
nonconservative mutant83). Av2 141A, however, folded  site-3, which may be considered a macrosite whose bound-
well (Figure 4). The substantial conservation of these residuesaries are defined by a collection of channel modifiers that
suggests that they may play a role in the bioactive surfacescompete on binding and render a similar physiological effect
of other sea anemone toxins (Figure 1). (8). A comparison of two different bioactive surfaces that
Analysis of ApB on mammalian N&.2 and Nal.5 compete with one another on the same binding site, followed
channels has revealed that in addition to Asn-16 and Leu-in the long range by elucidation of channel residues that
18, Arg-12, Ser-19, Trp-33, Lys-37, and Lys-49 are important participate in these interactions, may provide structural details
for activity on both channel type), Av2 and ApB are about macrosite-3.
79% identical, and all residues important for activity exclud-  Putative Role of the Arg-14 Looplhe flexibility of the
ing Arg-12 and Lys-49 appear in both (Figure 1). However, Arg-14 loop is evident from the wide root-mean-square
Ser-19 seems to be important for the anti-mammalian activity deviation detected in the NMR structures of a number of
(Figure 5B) but has a negligible effect on the activity of Av2 type | and type Il sea anemone toxind2{45). The
toward insects (Table 2). A major variation between the conservation of Gly-10 and Gly-20 on both sides of the loop
bioactive surfaces of ApB and Av2 is exhibited by Trp-33 (Figure 1) accentuates the putative significance for free
and Lys-37 in ApB compared to their Trp-31 and Lys-35 movement. Indeed, the mutagenesis of these Gly residues,
equivalents in Av2 (Figure 1). Although Lys-37 in ApB was especially Gly-20, decreased toxin activityly (Table 2).
suggested to interact directly with Asp-1612 of,N& (18), The importance of these glycines as well as Gly-15 at the
and even a conservative substitution of Trp-33 demolished loop center for ApB activity was previously note8lj. Our
ApB activity (39), substitution of their Av2 equivalents had results indicate that Gly-15 is not essential for the activity
no effect on the insecticidal activity (Table 2) and only or binding of Av2 in insects. Another difference between
slightly affected the activity on Na.5 (Figure 5B). Of the both toxins is that whereas substitution of Gly-20 by Ala
four aliphatic residues with bioactive roles on the surface of affected the CD spectrum of ApBY), it did not affect the
Av2 (Figure 6), only Leu-18 was ascribed to the anti- CD spectrum of Av2. Such a difference is surprising in light
mammalian bioactive surface of ApB. These glaring differ- of the similarity and conservation of the Arg-14 loop in both
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Ficure 6: Bioactive surface of Av2 compared to that of ApB. A view of the residues that form the functional surfaces of Av2 and ApB.
Amino acid residues assigned to the bioactive surface are shown in space fill format and are colored according to their chemical nature. The
amino acids carrying aromatic side chains are colored magenta; those with aliphatic side chains in green; those with polar side chains in
orange; positively charged residues in blue; and negatively charged in red. Because the bioactive role of Asp-9 is unclear, it is presented
in sticks format. The structure of ApB is from Protein Data Bank accession 1 APF, and that of Av2 is a model based on the structure of
three Type 1 and a Type Il sea anemone toxins (see Experimental Procedures).

toxins. Interestingly, the substitution of Gly-10 or Gly-20 association rate of sea anemone toxins to their recef@r (
by Pro changed the CD spectrum of Av2, whereas substitu-the delayed symptoms observed in injected blowfly larvae,
tions to Ala did not (Figure 4). It is likely that the and the long duration before the maximal effect of Av2 on
introduction of Pro to these positions increases the rigidity DmNa,1 and N@l.5 is reached (not shown). Yet, it cannot
of the Arg-14 loop. Hence, the freedom of tilting is seemingly be ruled out that the carbonyl of Asp-9 simply interacts with
an important feature of the Arg-14 loop and together with the Ng receptor site.
the bioactive role of residues 16 and 18 suggests that this In summary, this work provides for the first time a full
flexibility is somehow essential for the interaction with the survey of the bioactive surface of the sea anemone toxin
receptor site. Av2 toward insect Ng. Although this surface seems to affect
Another residue whose substitution by Ala affects toxin mammalian Ng as well, it differs markedly from the anti-
action is the conserved Asp-9 (Table 2; Figude ds was mammalian bioactive surface described previously for ApB
also reported with Asp-9 of ApB3(7). Because substitution  (2) and the bioactive surface of scorpiortoxins 35, 41).
DON had only a small effect on toxicity, the carboxyl group This work corroborates once more the putative bioactive role
of Asp-9 is not critical for Av2 activity. As may be inferred  of the Arg-14 loop, whose mode of interaction with the
from the NMR structures of ApA and ApB, a hydrogen bond channel receptor remains to be described.
exists between the carbonyl group at the side chain of Asp-9
and the amine of Cys-64®, 43). Theoretically this bond ~ACKNOWLEDGMENT
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