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ABSTRACT. The solution structure of a recombinant actixeneurotoxin fromLeiurus quinquestriatus
hebraeusLghalT, was determined by proton two-dimensional nuclear magnetic resonance spectroscopy
(2D NMR). This toxin is the most insecticidal among scorpameurotoxins and, therefore, serves as

a model for clarifying the structural basis for their biological activity and selective toxidtget of 29
structures was generated without constraint violations exceeding 0.4 A. These structures had root mean
square deviations of 0.49 and 1.00 A with respect to the average structure for backbone atoms and all
heavy atoms, respectively. Similarly to other scorpion toxins, the structure aflTgtonsists of an

o-helix, a three-strand antiparallgisheet, three type | tight turns, a five-residue turn, and a hydrophobic
patch that includes tyrosine and tryptophan rings in a “herringbone” arrangement. Pgsitigées were

found for AleP® and Asrit!, suggesting their proximity to functionally important regions of the molecule.

The sample exhibited conformational heterogeneity over a wide range of experimental conditions, and
two conformations were observed for the majority of protein residues. The ratio between these
conformations was temperature-dependent, and the rate of their interconversions was estimated to be on
the order of +-5 s at 308 K. The conformation of the polypeptide backbone ofdldhs very similar

to that of the most active antimammalian scorpaioxin, AaHIl, from Androctonus australigiector

(60% amino acid sequence homology). Yet, several important differences were observed at the 5-residue
turn comprising residues L§Cys!?, the C-terminal segment, and the mutual disposition of these two
regions. 2D NMR studies of the R64H mutant, which is 3 times more toxic than the unmodifiedT,gh
demonstrated the importance of the spatial orientation of the last residue side chain for toxicitpf.Lgh

Scorpiona-neurotoxins bind with high affinity to voltage-  of high sequence homology and similar secondary and
dependent sodium channels of neuronal membranes (Cattertiary structures: they contain anhelix of approximately
terall, 1977; Beneski & Catterall, 1980) and affect their 2.5 turns, a three-strand antiparalfsheet, several tight
gating properties. These toxins reveal structural similarity turns, four highly conserved disulfide bridges, and a hydro-
and high sequence homology (Rochat et al., 1979; Dufton phobic patch made of the side chains of several aromatic
& Rochat, 1984) but display varying degrees of selectivity and nonpolar residues. It has been suggested (Fontecilla-
toward insect and mammalian sodium channels (Gordon etCamps, 1989; Darbon et al., 1991) that the hydrophobic patch
al., 1996). is a conserved part of all scorpion toxins governing the

Despite the fact that several three-dimensional structuresinteractions of these polypeptides with their receptors,
of long-chain scorpion toxins have been determined (Pashkovyhereas the adjacent regions are variable and may modulate
et al., 1988; Darbon et al., 1991; Lebreton et al., 1994; their selectivity to insects or mammals. Elucidation of the
Landon et al., 1996; Jablonsky et al., 1995; Fontecilla-Camps molecular basis for this specificity may be achieved via

etal., 1988; Zhao et al., 1992), the location of the toxic Site genetic modifications and comparative structural analyses.

of these neurotoxins and the molecular basis for their LahalT 1 2 64 id in frorei . .
biological activity and phylogenetic selectivity remain un- qnhalT,” a 64-residue toxin iTorheiurus quinquestriaus
hebraeusvenom, was classified as antoxin on the basis

known. All long-chain scorpion neurotoxins have regions ; ) ianth >
of its structural and functional similarities to other scorpion
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a-toxins (Eitan et al., 1990). It slows the inactivation process experiments and 1.5 s in the NOESY experiments. HO-
of insect sodium channels, and its binding to the receptor HAHA spectra (Davis & Bax, 1985) were obtained using
site on neuronal membranes is competitively inhibited by the WALTZ (Shaka et al., 1983) pulse sequence with several
the sea anemone toxin ATXIl and enhanced by veratridine mixing periods ranging from 30 to 120 ms. The NOESY
(Gordon & Zlotkin, 1993). Radiolabeled LghT binds to experiments (Kumar et al., 1980; Macura & Ernst, 1981)
a single class of high-affinity sites on insect neuronal were recorded at three mixing times: 80, 150, and 200 ms.
membranes witlKg = 0.2 nM and 0.02 nM in locust and DQF-COSY (Piantini et al., 1982; Braun et al., 1981) and
cockroach, respectively, and practically does not displace PH-COSY (Marion & Withrich, 1983) spectra were obtained
AaHIl from its receptor site on rat brain synaptosomes by conventional procedures. All experiments were recorded
(Gordon et al., 1996). LgKT is toxic to mice at relatively ~ with a spectral width of 7040 Hz and with 4K or 8K data
high concentrations, as opposed to other scorpidaxins points inF, and 512 increments iR; dimension. Spectra
like AaHIl (Zilberberg et al., 1996; Gordon et al., 1996), were processed with UXNMR software (Bruker Analytische
and appears to recognize antoxin binding site on both  Messtechnik GmbH) on an Iris 4D/35 workstation. The first
insect and mammalian sodium channels. The uniguenessserial experiment and the first point in each serial row of all
of LghalT is manifested by its apparent higher affinity for spectra were half-weighted in order to redigedges. A
insect versus mammalian channels (Gordon et al., 1996). Thiszero-filling in the F, dimension and a square sine bell
toxin thus serves as a suitable model for understanding thewindow function shifted by 60were applied prior to two-
structural basis for toxicity and phylogenetic selectivity of dimensional Fourier transformation. The spectra recorded

o-neurotoxins (Zilberberg et al., 1996). in H,O were baseline-corrected in the dimension with
Herein we report the detailed NMR solution structures of quadratic polynomial function to reduce water peak lobes.
the most insecticidal recombinant scorpiioxin, Lghod T, NMR spectra of the 90% #D/10% DO solution were

and a mutant, R64H, exhibiting 3-fold increased activity. Our recorded at pH 4.8 and 5.8 at 308 K and at pH 5.8 at 320 K.
data suggest an important role for those residues imdBh ~ Some spectra were obtained also at 295 K and 303 K but
which differ from Lqlll toxin (Landon et al., 1996) and shed ~exhibited much poorer signal-to-noise ratios. NOESY and
light on the contribution of the C-terminal residue to the HOHAHA spectra at pH 3.0 and 308 K were recorded as
biological activity of LgmlT. These NMR results are  Wwell.

compared with the X-ray structure of the most potent To identify slowly exchanging amide protons, the toxin
antimammaliana-toxin, AaHIl (Fontecilla-Camps et al., Wwas lyophilized from HO and redissolved in 99.8%;D at
1988), with the NMR structure of a highly homologous toxin, PH 4.8. The acquisition of the HOHAHA spectrum started
Lgqlll (Landon et al., 1996), and with Lqg4 (Kopeyan et 3 hlater and continued for 10 h. Amide protons still giving

al., 1985). The structural differences between theseu- rise to cross peaks were considered to be in slow exchange
rotoxins may account for their different animal group With the solvent.
specificities and other aspects of biological activity. To analyze the temperature dependence of the population
of the two conformational forms of L@tT, several short
MATERIALS AND METHODS (256 real points irF; dimension) HOHAHA data sets were
) . _ acquired at 295, 300, 310, 320, and 325 K at pH 4.8.
Sample Preparation.Functional LgluT toxin was pro- 3Junme coupling constants were measured from HOHAHA

duced using a recently developed efficient bacterial eXPres-gpectra acquired with 8K data points in the dimension
sion system (Zilberberg et al., 1996). The recombinant toxin ang subsequently zero-filled to 16K (Driscoll et al., 1989).
was purified to 99% by reverse-phase HPLC on@d0lumn  The in-phase doublets were fitted to Lorentzian line shapes,
as described elsewhere (Zilberberg et al., 1996). Mass-gnq 33, were derived only from the doublets with a
spectral analysis of the recombinant lodfi was performed  reasonably good fit3Juas couplings, used in stereospecific
by matrix-assisted laser desorption time-of-flight method and assignments, were obtained from PH-COSY spectra, mea-
showed a single peak corresponding to the molecular mass;;red in DO with 8K data points in thé, dimension and

of the to_xin. A 2.0 mM solution of the toxin cgntaining 10 subsequent zero-filling to 16K. DQF-COSY spectra exhib-
mM sodium phosphate buffer and 0.05% sodium azide wasiiaq rather poor signal-to-noise ratios for bSthia and

prepared in 90% bD/10% DO. Another sample was 3Jhas MEAsUrements.

prepared in 99.99% D by two cycles of redissolving  HOHAHA and NOESY spectra of the R64H mutant in
lyophilized toxin in 99.8% DO, incubation for 24 h at 37 1y 5 \vere recorded on a Bruker DMX600 spectrometer at
°C, lyophilization, and final redissolving in 99.99%,0. 308 K and pH 4.8 and processed on SGI Indy workstation
The sample in BO contained 10 mM sodium phosphate \yith the XWINNMR software (Bruker Analytische Messtech-
buffer. nik GmbH). The HOHAHA spectrum was recorded with a
The R64H mutant of LaklT was generated via PCR, and  mixing time of 70 ms using WALTZ pulse sequence for
the toxin was produced as previously described (Zilberberg jsotropic mixing, whereas the NOESY spectrum was col-
etal.,, 1996). The NMR sample of the mutant was prepared |ected with a 200-ms mixing time. Efficient water suppres-
in 90% H0O/10% DO identically to the sample of the sjon was achieved by WATERGATE (WATER suppression
unmodified toxin. by GrAdient-Tailored Excitation) pulse sequence (Piotto et
NMR Measurements 2D H NMR experiments were al., 1992). The duration of the gradient pulses was 3 ms.
recorded on a Bruker AM500 spectrometer in the phase- Both spectra were processed in the same way as those of
sensitive mode using the TPPI method (Marion & thhch, the unmodified toxin, thus allowing their direct comparison
1983). The carrier frequency was set on the HDO resonance.using AURELIA software package (Neidig et al., 1995).
Water suppression was achieved by presaturation during a NOE Measurements and Experimental Restrair@tuc-
relaxation delay of 1.3 s in the HOHAHA and PH-COSY ture determination by NMR is based on a large number of
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restraints on protonproton distances that are obtained from The substructures, generated by metric matrix distance
the analyses of the NOESY spectrum of the protein geometry algorithm, were extended té &d C atoms, as
(Withrich, 1986, 1989). The NOE build-up curves obtained there were numerous NOE contacts involving the side chains
from NOESY spectra recorded with 80, 150, and 200-ms of aromatic residues. The NOE force constant was set to
mixing times, showed no signs of spin diffusion for the 50 kcal/mol for all calculations. After two rounds of
NOESY spectra recorded with a 200-ms mixing period. Thus, simulated annealing refinement with 2000 cooling steps from
it was concluded that the 200-ms data may be used for1000 to 100 K, initial low-resolution structures were
structure derivation at the level of approximation usual for obtained. These were used to complete assignments of
NMR studies (peaks classified as weak, medium, and strong).ambiguous NOE peaks, deduce possible oxygen acceptors
The calibration curve for distance restraints was based onfor slowly exchanging labile hydrogens, and confirm a
the volume integrals of sequential*@)/HN(i + 1) cross number of stereospecific assignments in cases of ambiguities.

peaks of the residues involved in tiesheet. The distance  The structure calculations for the R64H mutant of tjh
between these protons is known to be 2.2 A. In the aromatic were performed on the basis of the final coordinates of the
and HY/H" regions of the spectrum, the volumes of sequential ynmodified LqfIT. Intra- and interresidual constraints were
HY(i)/HN(i + 1) peaks ofo-helical residues with a known introduced for Hi&, and the peaks of the residues which
distance of 2.8 A were chosen as a reference. And finally, exhibited changes in chemical shifts (see Results) were
the H/H® interstrand cross peaks of tfiesheet (correspond-  reintegrated. All other peaks in the NOESY spectrum did
ing to 2.3 A) were used as a reference for the NOE contactsnot exhibit any significant changes in volume integral values
in the aliphatic region of the spectrum, recorded 0D after calibration. Several rounds of simulated annealing

The NOEs were divided into three classes with upper limit refinements were performed with 4000 cooling steps from
distances of 27, 33, and 5.0 A The lower bound distance 2000 to 100 K till all new constraints were satisfied to

was 1.8 A in all cases. The long- and medium-range g 4 A.
restraints involving side-chain protons were further relaxed
by an additional 0.5 A to account for internal motions and RESULTS
proton multiplicity. Pseudoatom corrections were applied
where necessary at initial stages of the structure calculations Sequential Assignment of Resonanc&be spin systems
(Withrich et al., 1983), whereas final structures were Were identified using DQF-COSY and HOHAHA spectra
generated using—¢Caveraging of distance restraints (Bger ~ recorded with various mixing times in28 and in DO at
et al., 1986; Nilges, 1993) for unresolved and stereospecifi- PH 4.8 and 5.8 at 308 K as well as the spectrum recorded at
cally unassigned NOE interactions. pH 5.8 at 320 K. The information obtained from these
For each of the four disulfide bridges, i.e., C¥Eys3, experiments was supplemented by the analyses of NOESY
Cysié/Cys6, Cy$2/Cys6, and Cy3%/Cys' three constraints ~ SPectra, recorded in & and DO at 200-ms mixing time.
were given in the input listds,_s, was constrained between The C*H and CH resonances of tyrosine, tryptophan, and
1.9 and 2.1 A and cross-bridgds,-c; was constrained ~ phenylalanine were tentatively assigned by the presence of
between 2.9 and 3.1 A. Two constraints were applied for C°H to G°H and CH to C*H NOE cross peaks in both,D
each hydrogen bond: the-HO distance was constrained and HO spectra. Likewise, seven asparagines and one
between 1.5 and 2.3 A, and the corresponding®idistance ~ glutamine residue were tentatively identified bjH\to O°H
between 2.5 and 3.3 A. (asparagine) andMN to C’'H (glutamine) intraresidual cross
Stereospecific assignments were based on a combined useaks, appearing only in spectra. The identification of
of 3Juans couplings and NOE information from#H# and all four arginine residues was aided by cross peaks fram N
HN/HP cross peaks (Zuiderweg et al., 1985; Wagner et al., to all side-chain protons in HOHAHA spectra recorded at
1987; Basus, 1989). The intensities of/Hf and H/H? pH 4.8. Final amino acid type identification for the majority
peaks were measured from NOESY spectra recorded with a0f Spin systems was achieved at the stage of sequence-
80-ms mixing time. For stereospecific assignments of valine specific assignments.
methyls as well as thg, angle determination for threonine The procedure developed by uch and his co-workers
and isoleucine, the intensities of#€"H; and HY/C"H; were (Withrich, 1986) was applied for sequential resonance
also used. Theg; angles were constrained #660°(+ 60°), assignments using NOESY spectra recorded with a 200-ms
—60°(+ 60°), or 180 (+ 60°). mixing time. The stretches of possible amino acid types were
Structure Calculations.Structure calculations were per- matched to locations in the protein on the basis of the known
formed on Sun Sparc 10 and Silicon Graphics 4D/35 primary sequence (Figure 1). Sequential NOE connectivities
workstations with the program XPLOR/dg version 3.1 H*(i)/HN(i + 1) and/or H(i)/HN(i + 1) were found for all
(Briinger, 1992). The structures were displayed for analysis residues of the protein, except X@yr*?, Asr®/Tyr'C, and
on a Silicon Graphics workstation using the Insightll (MSI prolines. For prolines, the #i)/H%(i + 1) connectivities
Technologies, Inc.) and MOLMOL (Spectrospin AG) pro- observed in RO spectra were used. These peaks were rather
grams. strong for all three prolines of the protein, indicating that
The hybrid distance geometrglynamical simulated an-  all prolines were in thérans configuration. No sequential
nealing method (Nilges et al., 1988) was used for structure NOE cross peaks were found betweeh ¢&f Tyr*? and H*
generation with the XPLOR 3.1 program (Biger, 1992). of Lys*' because of the chemical shift degeneracy of amide
The structure calculation was accomplished in several stepsprotons at lower temperatures and pH values and presumably
Initial input list of distance and torsional constraints did not fast exchange of Ly3 HN with the solvent at higher
include the data from stereospecific assignmentsgaadgle temperatures and pH values. The spin system of Asuld
restraints. It included only a limited number of hydrogen not be unambiguously assigned from fingerprint regions of
bonds that were unambiguously identified at the initial stage. either DQF-COSY or HOHAHA spectra. The chemical
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Ficure 1: Aligned amino acid sequences of LT and homologous scorpiar-neurotoxins. For AaHlIl, Lqglll, Lgg4, and Bedbnly

the residues different from L@lT are shown. Dots correspond to the deletion necessary to align the sequences withSBglfence
numbering of Lgl T does not include the first methionine (number 0) to make it consistent with the sequence numbering of homologous
proteins. This methionine was added to the sequence to enable bacterial expression.
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FiGure 2: Amino acid sequence of LgiiT and a summary of the NOE connectivities used in the sequential assignment procedure and the
structure determination. The data were obtained from a NOESY spectrum recorded at 308 K and pH 4.8 with a 200-ms mixing time. For
prolines, sequential NOEs involving’8 instead of H are indicated. The asterisks indicate slowly exchanging amide prottagi,

coupling constants greater than 7 Hz are represented with plus signs, while minus signs correspond to coupling constants less than 6 Hz.
The locations of the secondary structure elements found i Blare also indicated. Sequence numbering ofdighexcludes the first
methionine, engineered for the bacterial expression, to make it consistent with the sequence numbering of homologous proteins.

shifts of its resonances were subsequently deduced from thewere also observed between the first and third and between
analyses of the aliphatic regions of the spectra and its the first and fourth residues of thehelix and between close
numerous intraresidual NOE contacts. The summary of residues across the strands of theheet.
sequential and medium-range NOE contacts as well as amide Tight turns are characterized by two medium-to-strong
proton exchange data arfdywne coupling constants are  consecutive M(3i)/HN(i + 1) interactions, accompanied by
presented in Figure 2. Several bleached-out or overlappingweak H+(i)/H\(i + 2) NOEs and characteristic patterns of
HOHAHA peaks were assigned from the spectrum recorded J-couplings for each type of turn (Whrich, 1986). Two
at pH 5.8 and 320 K. Likewise, the®d)/H\(i + 1) NOE regular tight turns (PfB—Val®®> and GIy¥'—Gly*}) and a
connectivities: Arg/Asp®, GIU'Cys'®, and TyfGly*3, 5-residue turn (Ly5-Cys'?) were identified by characteristic
totally bleached out by water presaturation at pH 4.8, were NOE patterns (Figure 2). However, the classification of tight
established from the spectrum obtained at pH 5.8 andturns is rarely possible only on the basis of NOE intensities.
320 K. In our particular case, smallynna couplings for Asp® and
Identification of Secondary Structure Elements ofdddh Lys* ati + 1 positions and larg&unna couplings for Asf
The determination of the secondary structure of the toxin and Tyrf2ati + 2 positions of their respective turns, allowed
was based on the unigue NOE cross peaks, couplingus to classify both PE—Val®®> and GIy°—Gly*® turns as
constants, and slow amide protons exchange rate charactertype | 5-turn. The positioning and classification of the turn

istic of different secondary structure elements "(tich, connecting then-helix with the 5-sheet (residues 283)
1986). For examplep-helices are characterized by the was not clear from NMR data and was obtained at later stages
coexistence of strong Mi)/HN(i + 1) and medium i)/ of the structure determination.

HN(@ + 1) connectivities, as well as smakkb Hz) 3Jinpe Deviations of chemical shifts of Hprotons from their

couplings. On the other han@s;sheets are characterized by random coil values were suggested to be a useful indicator
strong H(i)/HN(i + 1) connectivities, by the absence of the of secondary structure (Wishart et al., 1991, 1992). Usually,
connectivities typical ofo-helices, and by large>(7 Hz) negative deviations for a number of consecutive residues are
3Junmo couplings. A regular 2.8-turn-helix was observed  indicative of ana-helical structure, whereas positive values
for residues Astf—Lys?® (Figure 2), and a three-stranded are typical of aS-structure. In our case, these deviations
antiparallels-sheet (residues-25, 33—-38, and 44-51) was correlate very well with the helical structure (residues-19
inferred from long-range backbon&ackbone interactions  28) and with the majority of the residues in fhesheet (data
and slow exchange of the amide protons. Numerous sidenot shown). However, strong inconsistencies were observed
chain-side chain and backbonside chain NOE interactions  for Ala* and Al&°. In the case of Alg these inconsistencies
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may be caused by strong ring-current shifts as evidenced byin the HOHAHA spectrum recorded at pH 3.0. For instance,
numerous NOE contacts between the ring protons of’Trp the amide hydrogen of A¥&was shifted by 0.8 ppm upfield,
and H* of Ala®. As for Ala*, it adopts an unusual backbone possibly due to protonation of the spatially adjacent car-
conformation in the final structures of LghT (see below) boxylate of Asp at pH 3.0.
and disrupts the hydrogen-bonding pattern ofgkgheet. It The total number of NOE distance constraints used at the
thus constitutes A-bulge, and its unusual conformation may final stages of structure calculation was 1082, including 288
be partially responsible for the upfield shift of its*H long-range || — j|5) and 153 medium-range @ |i —j| <
resonance by 0.85 ppm relative to its random-coil value. 5) constraints. Seventy-two torsional angle constraints were
Other Long-Range NOEsThe characteristic hydrophobic  used in the calculations. These included ¢hnd 21y,
patch that is common to scorpion toxins (Fontecilla-Camps angle constraints.
et al., 1982, 1988; Fontecilla-Camps, 1989) was manifested Normally, protein structures generated by distance geom-
by numerous NOEs between different aromatic side chainsetry and/or simulated annealing tend to be slightly expanded
of the molecule as well as strong deviations of chemical shifts and sometimes exhibit a number of poor nonbonded contacts
from their random-coil values. A dense network of NOE (Clore & Gronenborn, 1989). For simulated annealing this
interactions included aromatic protons of TyFyre®, Tyr#, may be a minor artifact, caused by replacing all nonbonded
Trp*, and Tyf®, interactions by a simple repulsion term. In our initial
Long-range side chaifside chain and side chain calculations, all the structures obtained after simulated
backbone NOE contacts between already assigned cystein@nnealing refinement had positive values of Lenraloines
residues provide strong evidence for the actual existence ofpotential (it was not included during calculations and was
four covalent SS bonds at expected positions. These measured independently with the CHARMM empirical force
disulfide bridges are highly conserved in all known structures field). The extensive use of pseudoatoms for unresolved
of scorpion toxins, except for one difference found in methyl resonances of valine and leucine and degenerate
excitatory toxins (Fontecilla-Camps, 1989). resonances of aromatic ring protons led to a significant loss
Numerous interactions of the C-terminal residues with the of resolution as a result of more relaxed distance restraints.
5-residue turn formed by residues By<Cys? were observed ~ Furthermore, for many of the observed NOE contacts none
in the NOESY spectra. These interactions involve both the of the protons in the structure were within NOE distance,
backbone and the side-chain protons of the C-terminal although the distance restraints on the pseudoatoms were not
residue, Ar§*. This region of the molecule was characterized violated. This was especially true for abundant NOE
by 16 long-range NOE interactions between both®Aemnd interactions between aromatic protons, since pseudoatom
Cy<® and the side chains of AgnTyr!® Asn'l, and Cy$2 corrections in this case amount to 2 A. In order to solve
Also, Arg® interacts with the 5-residue turn, as was this problem and to eliminate poor nonbonded contacts, two
manifested by many long-range NOE interactions between additional cycles of simulated annealing refinement were
Asn'! and Cy$? and the side-chain protons of Afg The carried out with[i—®Oaveraging of distance restraints for
NOE interactions of Argf are indicative of very similar  unresolved and stereospecifically unassigned resonances
mutual spatial arrangements of its side chain and the (Bringer et al., 1986; Nilges, 1993). This last round of
5-residue turn in LgtlT and AaHIl structures. calculations was performed without pseudoatom corrections.
Stereospecific Assignments and Hydrogen Boritleven The final set of 29 structures was much more consistent with
pairs of resolve@-methylene protons as well as the methyls the NMR data, exhibited negative Lennatibnes potentials,
of Val'3 and Vab® were stereospecifically assigned. The and had almost the same values of total penalty function as
angle restraints were deduced fofJ[€hr?’, and II€”. Nine the structures obtained using pseudoatom corrections.
hydrogen-bond acceptors were unambiguously identified in  The final set of 29 structures with no NOE violations
the secondary structure elements of the toxin on the basis ofexceeding 0.4 A, no torsional constraint violations exceeding
slow amide hydrogen exchange data and characteristic NOE5°, good covalent geometry, no poor nonbonded contacts,
patterns (Figure 2). These conclusions were altogetherand negative values of Lennardones potentials was
facilitated by the preliminary low-resolution structures of subjected to detailed final analysis and comparisons with
LghalT. homologous structures. The statistical data for this final set
Structure Calculations The calculation of 60 structures  of structures are presented in Table 1. The overall structure
using all NOE and dihedral constraints derived from spectral of the toxin is well-defined with rmsd of 0.49 and 1.00 A
data gave 32 structures without NOE violations exceeding for the backbone and all heavy atoms, respectively (the first
0.5 A, with no torsional constraint violations exceedirfg 5 methionine excluded). Figure 3 shows the best-fit superposi-
and with a good covalent geometry. These structures weretion of the backbone structures resulting from the last cycle
subjected to extensive analysis to obtain further restraints. of simulated annealing refinement. The secondary structure
A number of additional stereospecific assignments were is very well-defined with rmsd values of 0.33 and 0.37 A
made on the basis of the calculated structures. Namely, thefor the backbone atoms of thehelix ands-sheet residues,
resolvedd-methyls of Led?, Lew?S, andy-methyls of Vab® respectively. The distribution of rmsd values versus residue
were assigned stereospecifically on the basis of different number is shown in Figure 4. The most poorly defined
long-range NOEs to each of the methyls of these residues.regions coincide with the Ls-Cys'? 5-residue turn, GKP—
Forty new hydrogen-bond constraints were added to the inputGly*? type | turn, and four C-terminal residues. Generally,

list. These were deduced primarily from very short @ the rmsd values show inverse correlation with the number
and N--O distances in at least 80% of the calculated of NOE constraints (data not shown).
structures. Hydrogen bonds to the carboxylates of Asyl Conformational Heterogeneityln addition to the cross

Asp*® were deduced from the structure and were supported peaks that were assigned to the main conformation of the
by significant changes in chemical shifts of amide protons toxin, the HOHAHA and NOESY spectra exhibited numer-
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Ficure 3: Stereo view of the best-fit superposition of 29 bdfi' backbone structures. Each fifth residue is numbered.

Ll e L g L b

Table 1: Structural Statistics for 29 Lghl Structured a

Rms Deviations from Experimental Constraints
NOE (A) 0.028 e i
dihedral angles (deg) 0.460

Rms Deviations from Idealized Covalent Geometry
bonds (A) 0.003
angles (deg) 0.610
impropers (deg) 0.462
Energies (kcal mot)
overall 195.3
bonds 8.881
angles 97.64
impropers 19.20
NOE 38.22
dlhedralconstralnts 1'023 5 Ll bttt e Ll et bk e ey gty
repel 30.34
vdwp —116.3
Rms Deviations vs the Average Structure (A)
backbone atoms 0.49
side-chain atoms 1.24
all heavy atoms 1.00
backbone atoms (residues-@0) 0.43
aThe first methionine residue was not included in rmsd calculations.
b Full van der Waals potential was not used in the structure calculations

and was estimated afterwards with the Charmm force field.

24 28 3 3
ous weaker cross peaks that caused further complication of residue number
the spectral analysis. No exchange peaks between the twdGURE 4: Distribution of atomic rmsd per residue with respect to

the mean structure for (a) the backbone atoms and (b) all heavy

forms could be observed in the NOESY spectra because ofatoms

very small differences in the chemical shifts between the
major and minor forms (usually not more than 0.1 ppm). accurately because of extensive overlap of the peaks of the
The existence of any significant amount of impurities or major and minor forms. The temperature dependence of the
degradation products in the sample was ruled out on the basigatio between the concentrations of the two observed forms
of mass-spectral and RP-HPLC analyses as well as-SDS led to the conclusion that there is a dynamic equilibrium
polyacrylamide gel electrophoresis (data not shown). Fur- between two different conformations of Lgii. The ratio
thermore, since the studied toxin is a recombinant one, it of the conformational variants in the R64H sample was
cannot be contaminated with other toxins. In some casesidentical to that of the unmodified toxin.

(when the differences in chemical shifts of the minor and  The most prominent examples of conformational hetero-
major peaks were observable) it was possible to make geneity included the aromatic resonances of both the major
sequential assignment for the minor form. The population (Tyr®, Tyr3, Tyr*2, Trp*, and Tyf% and minor (Ty#)

of the minor form (evaluated from peak volume integrals at hydrophobic clusters as well as P#p Surprisingly, the
various temperatures) changed from 2@98% at 300 K to backbone resonances of several residues belonging to the
35% + 3% at 325 K (pH 4.8). It was about 28% at 308 K secondary structure elements (Feand Ly<8in the a-helix

and pH 5.8, which corresponds A6 of the major to minor  and Asp, Tyr®, Trp®8, Asr®, Cys', Trp*’, and Cy48in the

form transformation of about 0.6 kcal/mol at these conditions. 3-sheet) also had two conformational forms.

No changes in the population of the minor form more than  Since the two conformations were present in different
+2—-3% (of the total concentration of the toxin) were amounts, the chemical exchange could lead to more sub-
observed at pH 4.8 vs pH 5.8. In the spectrum recorded atstantial line broadening in the minor form than in the major
pH 3.0 the content of the minor form could not be measured form. It was demonstrated by Vihrich and co-workers
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(Otting et al., 1993) that, provided the natural line width for ~ Backbone-backbone, backboreside chain, and side
both conformations is the same, the difference of half-height chain—side chain interactions between fiand Tyt were

line widths of the minor and major forms is proportional to observed in the NOESY spectra of the R64H mutant. The
the difference in the rate constants of the conformational 3-protons of Ty# experience strong ring-current shifts,
equilibrium and independent of the natural line width. The presumably resulting from their proximity to the aromatic
peaks of the major and minor conformers of several ring of His®*. Weak cross peaks between the side-chain
resonances were fitted to Lorentzian line shapes. Theprotons of Ly§?and Hi$*were observed as well. All these
differences in half-height line widths enabled us to estimate observations and the structures calculated with eight long-
that the conversion rate of the major form into the minor range distance constraints for Ffishow that its aromatic
one is on the order of45 s! at 308 K. This value is  ring is close to both Tyf and Ly$? side chains, forming a
consistent with the result obtained by Bystrov and co-workers surface pattern typical of scorpion toxins (an exposed
(Pashkov et al., 1988) for a similar scorpion toxin, BeM aromatic ring adjacent to a positively charged side chain).

Speqtral data and st.ructural stydigs are reported only for 5 5cyssI0N
the major conformer, since quantitation of NOE cross peaks
of the minor one was severely complicated by too low signal- ~ Despite similar backbone conformations, scorpistoxins
to-noise ratios of its peaks for the majority of the residues. are diverse in binding affinities, displaceability characteris-
The cross peaks chosen as a reference for calibrating thdics, and phylogenetic preferences. Thus, determination of
derived distances did not exhibit any conformational analogs. the 3D structures of either toxins displaying similar structures
The cross peaks of the major form were treated as if they but different pharmacology or relatively distant structures
arised from all toxin molecules, rather than from ap- but identical pharmacology may be useful in correlating
proximately 75% of the them. As a result, the distances structural domains with functional features. In this respect,
derived from these cross peaks were 5% longer than those-ghalT, the most insecticidal scorpiom-neurotoxin (Eitan
that could have been obtained if the intensities of the crossetal., 1990; Gordon et al., 1996), and AaHll, the most potent
peaks of the major conformation were normalized. This antimammaliar-toxin (Zlotkin et al., 1978), may be suitable
slight overestimation of the distances should not significantly for such study. Furthermore, the remarkable homology
affect the structure calculation. It should be noted that all between LgbdT and Lqgglll (Kopeyan et al., 1993) varying
the detectable cross peaks of the minor conformer werein only three residues (A20S, E24A, and R64H) but
accompanied by much stronger cross peaks of the major onédisplaying a 4-fold difference in phylogenetic preference
which corresponded to the same interactions. This observa{Gordon et al., 1996), provides an attractive opportunity to

tion implies only a minor conformational difference between Compare their structures and attempt to correlate pharma-
the two forms of the toxin. cological differences with only minor changes in the

. sequence and three-dimensional structure.
NMR Studies of the R64H Mutant of lajfi. In most .
scorpion a-toxins, position 64 is occupied by histidine, General Features of the LGAT Tertiary Structure The

whereas arginine is found at this position in lodf and ztcrgrctil:)rre]z tgiinéqn%ﬁeref;r;gliscéﬁt a(():ft V(\)/;[tt;f; J\?er;ﬁggﬁ'g d
Lgg4. Mutation of Arg* to histidine increased the toxicity P ' P P

of LghalT by 3-fold for both insects and mammals (Gurevitz core consisting of ax-helix, a three stranded anti-parallel
and Zilberberg, unpublished results), indicating the impor- 5'“.‘?“ several loops connecting tﬂestrand_s .and an
tance of this residue for biological activity of the toxin, To 2dditional long loop at the C-terminus. The helixis attached

. . RO ; ’ to the5-sheet by two disulfide bridges.

investigate the implications of this mutation on the confor- Th or hvdroohobi tch includ vent d
mation of the toxin we determined the 3D structure of the ., '€ Major Nyaropno 3'5? pa CZ 'ncug es so ve? expose
R64H mutant. side chains of Tyx Tyr3, Tyr*?, Tyr*® and Trg’. The

) ) o orthogonal alignment of aromatic side chains involved in
It is well-known that proton chemical shifts in the he hydrophobic patch (so called “herringbone” arrangement),
fingerprint region of the spectrum are especially sensitive \yas noted from visual inspection of the structures. The
to conformational changes in proteins. As the NMR experi- «herringbone” motif is found also in other scorpion toxins
ments with the R64H mutant were conducted at exactly the gnq js known to be the lowest energy configuration of
same experimental conditions as those for the unmodified sovent-exposed aromatic rings (Burley & Petsko, 1985). The
toxin, the changes in chemical shifts are indicative of local second minor hydrophobic patch on the opposite side of the
conformational perturbations caused by the mutation. protein is centered around Pyrand Ty, including also

Detailed comparison of the chemical shifts of lodf and o-methyls of Led®.

the R64H mutant indicated that changes exceeding 0.02 ppm In addition to two type |3-turns identified previously, a
occurred only for residues sequentially proximal to the third distorted type | turn is observed. This turn is formed
mutation site (M and H* of Gly®%, Lys®2, and Cy#®) or those by Thi’, Lys?®, Asr?® and Gly°, and is hardly distinguishable
spatially adjacent in the L@HT structure (especially AsSn from the helix. It was postulated to be a type I-like turn on
Tyrl% and AsAl). The most significant changes were the basis of the) andy angles obtained in the calculated
observed for Ty (0.11 ppm for H, 0.16 ppm for K, 0.43 structures. Théandi+1 residues of this turn belong to the
and 1.01 ppm for twgs-protons) and th@-protons of Asf end of theo-helix.
(0.07 and 0.21 ppm). Interestingly, slight changes were The C-terminal segment of LgthT, comprising residues
observed also for the side-chain resonances of%Arghe Pra*®-Arg®, adopts an unusually well-defined conformation
side chain of this arginine plays an important role in in comparison to the NMR structures of other scorpion toxins
stabilizing the 5-residue L§s-Cyst? tight turn. This obser-  (Darbon et al., 1991; Jablonsky et al., 1995). In addition to
vation may imply that a slight conformational rearrangement the Cy3%Cys?3 disulfide bridge, this conformation is stabi-
of this turn occurred as a result of the R64H mutation. lized by hydrogen bonds with the backbone and side-chain
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Ficure 5: Ramachandran plot for the set of 29 lodi" structures.
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FiGure 6: Best-fit superposition of the backbone conformations
of LghalT (thin line) and AaHII (bold line).

ization of the disulfide bond was thoroughly investigated by

The areas of allowed regions are shaded. Glycine residues areéNMR for BPTI by Withrich and co-workers (Otting et al.,

represented by plus symbols.

atoms of the 5-residue turn comprising residuesiigs'2
The side chains of Ash and Arg® play a special role in
these interactions. The side-chain amide hydrogens oftAsn
are hydrogen-bonded to the backbone carbonyl of%al
whereas H of Arg®8 is hydrogen-bonded to the backbone
carbonyl of Asil. A hydrogen bond betweenMbf Argé
and O of Tyt® was also inferred from the NMR data. The
aromatic ring of Tyt may interact with the positive charge
of the guanidinium group of Afg.

Ramachandran plot for the set of 29 lodf structures is
shown in Figure 5. Thep and ¢ angles predominantly
occupy allowed regions. Only two non-glycine residues
adopt positivep angles in all 29 structures (Afdand Asi?).

It is well-known that asparagine residues adopt posifive

1993). In the case of LgHT, however, the residues
exhibiting the second conformational form are not necessarily
sequentially or spatially localized near cysteines. The
differences in chemical shifts between the major and minor
conformational forms in LghlT are on average much less
significant than observed for BPTI. As it is very unlikely
that a disulfide bond isomerization would produce long-range
structural perturbations comparable to or even stronger than
those in its immediate vicinity, these observations suggest
that some additional sources of conformational flexibility
exist, besides possible isomerization of the disulfides. The
latter may not be definitely ruled out, as only three of eight
cysteiney; angles were defined in the structure of lodfh.
Almost all hydrogen atoms of L@l T exhibiting the minor
conformational form belong to or are located around the
major and the minor CHS. The ring rotational motions in

angles in the middle of tight turns more easily than other the hydrophobic patches of LghT are likely to be concerted
amino acids (Richardson, 1981). There are also severalbecause of their spatial proximity and numerous interactions

residues with underdetermingdangle values: Ashtends
to adopt¢ angles from—60° to +40° and is placed in the
middle of the 5-residue turn, whereas ®l&as positivep

between aromatic protons of different rings. It is not clear
whether some concerted rearrangements of the CHS may
occur as slowly as to be observable on the chemical shift

angles in a number of the final structures and is positive time scale. The conformational exchange rate indigh

also in the X-ray structure of AaHII (Fontecilla-Camps et
al., 1988).

Conformational Heterogeneity Conformational hetero-
geneity was observed previously in 2D NMR studies of a
similar scorpion toxin, BeM It was tentatively explained
by cis—transisomerization of the Lys-Prd bond (Pashkov

is, however, faster than the amide exchange rate of hydrogen-
bonded or buried amide protons. Transient exposure of these
protons to the solvent as a result of a conformational
rearrangement would considerably enhance their exchange
rates. This may be the cause of a faster than usual exchange
of the amide protons of several residues of fhgheet and

et al., 1988). This proline is absent in the 5-residue turn of the a-helix (see Figure 2). Early NMR studies of a highly

LghalT, and no indications otis—trans isomerization of
any of the three prolines of LghT were obtained from

flexible Tityus serrulatuscorpion toxin, for instance, showed
that all its amide hydrogens exhibited complete exchange in

NMR spectra. Another possible explanation proposed wasa matter of minutes at 295 K and pH values from 5.5 to 6.5

the protonation of one or more carboxyl groups wikyp2,

(Possani et al., 1981).

since at basic pH the spectrum corresponded to only one Comparison with the AaHIl Structure and with the R64H

structural form (Pashkov et al., 1988). It is very unlikely
that this could be the case for Lgii, which was studied

Mutant The conformation of the polypeptide backbone of
LghalT toxin is remarkably similar to that of the-toxin

at pH 4.8 and 5.8. The resonances of the second confor-AaHlIl, whose structure was solved by X-ray crystallography
mational form were observed also in the recent NMR studies (Fontecilla-Camps et al., 1988). The rmsd for the backbone

of Lqqlll, especially near cysteine residues (Landon et al.,

1996), implying disulfide bond isomerization. The isomer-

atoms between the two proteins is only 1.1 A (see Figure
6). The secondary structure is essentially identical in both
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toxins. The location and type of turns in LgiT are also between AaHIll and LghlT and between AaHlIl and Lgqlll
very similar to those of AaHlIl. is 1.1 and 2.6 A, respectively, indicating that the backbone
The structure of the major conserved hydrophobic surface of LghalT is more similar to that of AaHIl. It is possible
(CHS) is common to both toxins and the only difference is that the structure of Lqgqlll at higher resolution, when it
the substitution of Ty¥ in AaHIl by tryptophan in LglT. becomes available, will be more similar to that of lodh.
However, in the vicinity of the major CHS, the aeibase LgholT and Lqgqlll differ also in their antiinsect/antimam-
pair Lys°—Glu®?in AaHIl contrasts the neutral amino acids malian toxicity ratio in favor of LqalT (Gordon et al.,
Ala® and Set? on the surface of LghlT. Amino acids at 1996). LDy on the cockroactBlatella germanicais 3.3-
positions 32 and 50 are variable in scorpion toxins but in fold lower for LghalT and 1.2-fold higher on mice. Analysis
most cases form an acidase pair. The structural impor- of the bioactivity of the R64H mutant enabled us to
tance of this difference was indirectly demonstrated by discriminate among the roles of the residues, which differ
previous mutagenic studies (Zilberberg et al., 1996; seein the two toxins. The toxicity of the R64H mutant increased
Implications from Mutagenetic Studies below). Interestingly, 3-fold against both insects (EPand 1Gg and mammals
Lys®in the X-ray structure of AaHlIl toxin (Fontecilla-Camps (LDsg) (Gurevitz and Zilberberg, unpublished results), and
et al., 1988) has almost exactly the same posifivengle therefore, in comparison to Lqqglll, the R64H mutanti$0
value as Al& in the structure of LgtlT. This generally times more toxic to insects and2.5 times more toxic to
unfavorable conformation may be at least partially stabilized mammals.
in both toxins by a hydrogen bond to the carboxylate of3Asp The chemical shifts of LghlT and Lqgqlll are very similar.
Asn'! was also found to have a positigeangle in AaHll. However, since the NMR experiments on Lqglll (Landon
It was recently shown byab initio quantum mechanical et al.,, 1996) were conducted at a slightly lower pH value
modeling (Herzberg & Moult, 1991) that positiyeangles (4.2 vs 4.8 for LqlT and the R64H mutant), differences
introduce substantial strain in the polypeptidic backbone of do exist, especially in the chemical shifts of some amide
proteins and are usually encountered at, or close to, function-protons (H' of Arg?, Cys®, Ala®, Asp3, and Va). It was
ally important regions of the molecules. noted from comparisons of the HOHAHA spectra of bdjh
The 5-residue turn LysCys'? and the last 23 residues recorded at different pH values that the chemical shifts of
of the C-terminus, which are spatially closer to the minor backbone and side-chain hydrogens of residues, spatially
CHS, differ considerably between the two toxins. The adjacent to the N-terminus and the-3&5 tight turn (e.g.,
sequence DDV at the beginning of the 5-residue turn in HN of Arg? Asp®, and Vat®), are especially sensitive to
AaHlIl is substituted by KNY in LgklT. This variation pH. This may be attributed to a lower stability of the dense
causes changes in the charge of the surface, and differenhydrogen-bonding network of this region of the molecule at
side chain-side chain interactions stabilize the 5-residue turn. lower pH values due to the protonation of charged groups

The interaction of the aromatic ring of Tmith Arg®*found involved in maintaining the tertiary structure. The differ-
in LghalT is the most salient difference. T¥rand Arg* ences in chemical shifts of theNibrotons of Al&° and Cy$®
of LghalT are rare at these positions in scorpi@ftoxins. between Lqglll and LghlT may be due to hydrogen bonds

In AaHIl, the side chain of H® points to the opposite  of these amide protons with the carboxyls of Aapd Asp®,
direction as compared with Affjin LghalT and is closer respectively, in both AaHIl and LgidT.

to Lys®?. The replacement of Af§ by histidine is ac- Significant differences in chemical shifts between Lqg]ll
companied by significant changes in the chemical shifts of and LgtulT were observed also for theMand H of Tyr'°,

the S-protons of Tyt’, possibly due to the ring current effect These protons are spatially close to the side-chain protons
caused by the histidine ring. Another interaction in tujh of Arg® in the LghuT structure. The chemical shift

worth mentioning in this respect is between £asd Tyi4 difference could be attributed to the substitution of #rg
In AaHll, the side chain of Asppoints away from the Tyf by histidine in the sequence of Lqglll. Indeed, in the
ring. HOHAHA spectrum of the R64H mutant of LghT the

The side chain of HE in the calculated structure of the chemical shifts of Ty° were identical to those of Lqqlll.
R64H mutant is oriented in the opposite direction (almost This identity in chemical shifts suggests that the mutual
180) relative to that of Ar§*in the unmodified toxin. This  orientation of Tyt?, Lys®?, and Hig*is similar in Lqglll and
orientation of Hi&*in the mutant and the mutual arrangement the R64H mutant.
of the side chains of Ty?, His%*, and Ly$?is similar to that As the conformation of HR$ and its vicinity is very similar
in AaHIIl. It may be concluded that the orientation of the in both the R64H mutant and Lqqlll, it may be concluded
side chain of residue 64 depends on specific interactions withthat the replacement of Aaand Gl¥* of LghalT by Ser
the neighboring side chains of the C-terminus and the and Ala, respectively, in Lqglll accounts for the difference
5-residue turn. As no other substantial differences were in phylogenetic selectivity between LghT and Lqgglll as
observed between the structures of the unmodifiedoll§h  well as between the R64H mutant and Lqgqlll. However, it
and its mutant, it is likely that the hydrophobicity of the is possible that residues 20 and 24 would not directly interact
histidine ring is preferable to the polarity of arginine in with the receptor site, as antibodies raised against the
maintaining the surface pattern necessary for higher levelsa-helical region of AaHIl were capable of binding to the
of toxicity. toxin when it was bound to the receptor site (El Ayeb et al.,

Variations in thea-Helix Dictate Pharmacological Dif- 1986). The two differences between legit and Lgglll in
ferences between LghT and Lqgqglll. Most recently, a low- the sequence of the-helix may possibly generate variations
resolution NMR structure of a highly homologoustoxin, in the metabolic fate and stability upon injection to test
Lqqglll, was reported (Landon et al., 1996). This toxin differs animals. The decreasedsf&alue measured with the R64H
from LghalT in three amino acids at positions 20, 24, and mutant of LglulT as compared to Lgqlll (both bearing a
64 (see Figure 1). The average rmsd of tlfecGordinates C-terminal histidine) suggests that the structural variations
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between LghlT and Lqgqlll affect the binding propertiesto  SUPPORTING INFORMATION AVAILABLE
the receptor site. This finding could be explained by the
relative proximity of these residues to the minor hydrophobic
patch, provided this patch is involved in the toxic site region.
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