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ABSTRACT: The primary sequence and three-dimensional structure of a novel peptide toxin isolated from
the Australian funnel-web spidéfadronyche infensa sfs reported. ACTX-Hi:OB4219 contains 38 amino
acids, including eight-cysteine residues that form four disulfide bonds. The connectivities of these disulfide
bonds were previously unknown but have been unambiguously determined in this study. Three of these
disulfide bonds are arranged in an inhibitor cystine-knot (ICK) motif, which is observed in a range of
other disulfide-rich peptide toxins. The motif incorporates an embedded ring in the structure formed by
two of the disulfides and their connecting backbone segments penetrated by a third disulfide bond. Using
NMR spectroscopy, we determined that despite the isolation of a single native homologous product by
RP-HPLC, ACTX-Hi:OB4219 possesses two equally populated conformers in solution. These two
conformers were determined to arise from cis/trans isomerization of the bond preceding Pro30. Full
assignment of the NMR spectra for both conformers allowed for the calculation of their structures, revealing
the presence of a triple-stranded antipargllsheet consistent with the inhibitor cystine-knot (ICK) motif.

The venoms of arachnids (spiders and scorpions) havebeen isolated from the venoms of cone snails and spiders,
been shown to contain complex mixtures of a number of they have also been isolated from numerous plant and fungal
different types of molecules. In particular, spider venoms species. The activities associated with these peptides range
are proving to be a rich source of peptidic neurotoxins. from blocking and regulation of the three major voltage-
Typically, these small, disulfide-rich components are-30 gated ion channel types (NaK*, and C&") to enzyme
50 amino acids in length and possess a wide range ofinhibition and hemolysis.
activities. Some early examples of the toxins discovered in  Recently, several molecules have been isolated and
spider venoms are the-agatoxins {), u-agatoxins 2—5), characterized from the venom of Australian funnel-web
and curtatoxinsg) isolated from the American funnel-web  spiders (Mygalomorphae: Hexathelidae: Atracinae). In
or grass spidersigelenopsis apertand Hololena curta  general, these peptides differ in sequence to the agatoxins
(Araneomorphae: Agelenidae). from the American funnel-web spiders. Four different

They-agatoxins are 3638 amino acid peptides containing  families of molecules have been reported from Australian
an eight-cysteine framework forming four disulfide bonds. funnel-web spiders, each possessing a different cysteine
These toxins exhibit an irreversible, insect-selective activity, framework. The 42 amino acid-atracotoxins §-ACTXs)
invoking a spastic excitatory paralysis attributed to action (8) possess an eight-cysteine framework, including a unique
on sodium channels. Determination of the solution structure cysteine triplet at positions 416, and are active at site 3
of one of theu-agatoxins isolated from the venom of of the voltage-sensitive sodium channel where they slow
Agelenopsis apert@u-Aga-l)* revealed a tightly constrained  channel inactivation. The 3637 amino acid Janus-faced
triple-stranded antiparallgd-sheet structure similar to that  atracotoxins (J-ACTXs)d) contain a different eight-cysteine
of thew-agatoxins ¢-Aga-IVA andw-Aga-IVB) (6). These  framework that involves a rare vicinal disulfide bond, and
structures all conform to a common structural motif, referred while the exact site of action of these molecules remains
to as the inhibitor cystine-knot (ICK) motif7f. The ICK unclear, they have insecticidal neurotoxicity. Theatrac-
motif is present in a number of different peptides, isolated otoxins -ACTXs) (10, 11) contain a six-cysteine frame-
from a variety of sources and possessing a diverse range of
functions. While a large number of these ICK peptides have

1 Abbreviations: ICK, inhibitor cystine-knot; NMR, nuclear magnetic
resonance; RP-HPLC, reversed-phase high-performance liquid chro-
T This work was supported by a grant (D.J.C.) from the Australian matography;u-Aga-l, u-agatoxinI; w-Aga-IVA, w-agatoxin VA,

Research Council. w-Aga-IVB, w-agatoxin IVB; 0-ACTXs, od-atracotoxins; J-ACTXs,
* Coordinates for both isomers have been deposited in the Protein Janus-faced atracotoxine-ACTXs, w-atracotoxins; TFA, trifluoro-
Data Bank (PDB ID codes cis, 1KQH; trans, 1KQI). acetic acid; DQF-COSY: double quantum filtered-correlation spec-
* To whom correspondence should be addressed: Fax: 61-7-3365troscopy; TOCSY, total correlation spectroscopy; NOESY, nuclear
2487. Phone: 61-7-3365 4945. E-mail: d.craik@imb.uqg.edu.au. Overhauser enhancement spectroscopy; ESI-MS, electrospray mass
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work in their 36-37 amino acid sequence. They block Laboratories, Palo Alto, CA). PCR of the cDNA template
voltage-gated calcium channels in insects but not mammals.was performed using an AmpliTaq Gold with GeneAmp kit
The fourth family of peptides is the larger 68 amino acid (PerkinElmer, Shelton, CT), a gene specific primer (5-
mamba intestinal toxin-like atracotoxins (MIT-like ACTXs) ttcaacATGAGGAATACTACC-3), and a universal anchor
(12) that possess a 10-cysteine framework and for which the primer (8- AACTGGAAGAATTCGCGGCCGCAGGAA
activity remains unclear. Despite these distinct differences, T-3'). Thermalcycling followed the cycle protocol; 1 cycle
the structures determined for the components from the of 95 °C for 5 min, 35 cycles of 98C for 30 s, 55°C for
Australian funnel-web spiders have conformed to the ICK 1 min, 72°C for 1.5 min, and 1 cycle of 72C for 10 min.
motif, or a proposed simpler ancestral fold, the disulfide PCR products were cleaned by agarose gel electrophoresis
directed S-hairpin motif (DDH), as in the case of the and then cloned into a pCR 2.1 vector and transformed into
J-ACTXs. host INVaF cells using an Invitrogen TA cloning kit

As part of an extensive study on the venom components (Bresatec, Australia). Clones containing the correct insert size
of the Australian funnel-web spiders and their potential were sequenced by the AGRF (Brisbane, Australia).
applications, we have discovered a novel 38 amino acid NMR SpectroscopySpectra were recorded on a Bruker
peptide |, = 4219 Da) containing an eight-cysteine/four- ARX 500 and a Bruker DMX 750 spectrometer with sample
disulfide bond framework. On the basis of the naming temperatures of 293, 298, and 305 K. The carrier frequency
convention introduced by Fletcher et all), this molecule ~ was, in all experiments, set at the center of the spectra, on
from the venom of a female specimen of the Australian the water resonance frequency, and quadrature detection was
funnel-web spiderH. infensaOrchid Beach, was termed used. All spectra were acquired in phase-sensitive mode using
ACTX-Hi:OB42109. TPPI (14). Exclusively homonuclear spectra were recorded,

The sequence of this component has been determined usindcluding double quantum filtered DQF-COSYj; TOCSY
a combination of Edman degradation N-terminal amino acid (16) wWith MLEV17 (17), isotropic mixing period of 80 ms;
sequencing and rapid amplification of cDNA ends (RACE) ECOSY (8); and NOESY 19), with mixing times of 100
(13) techniques. On the basis of sequence comparison withMS: 200 ms, and 250 ms. The water proton signal was, in
other toxins, ACTX-Hi:OB4219 revealed an identical cys- the DQF-COSY experiment, suppressed by low power
teine framework and loop sizes to theagatoxins. The irradiation during thg relaxation delay (1.8 s)._ For the TOQSY
cysteine framework is highly conserved, but limited identity @nd NOESY experiments, water suppression was achieved
of other residues (maximum, six amino acid$7% identity) using a modified WATERGATEZ0) sequence in which two
is present. In this paper, we report the three-dimensional (3D) 9radient pulses of 1 ms durationda G cn1* strength were
solution structure of ACTX-Hi:OB4219 as determined by applied on either side of the binomial pulse. All two-
NMR spectroscopy. In solution, the molecule contains two dimensional (2D) spectra were collected over 4096 data
equally populated conformations resulting from cis/trans POiNts in the f2 dimension and 512 or 600 increments in the
isomerization of one of its proline residues. This finding is L dimension over a spectral width corresponding to 12 ppm.
consistent with the NMR spectra obtained foAga-1V, For |d_ent|f|c§t|on of slowly exchanging amides, a series of
which revealed the presence of two significant conformations ©n€-dimensional (1D) and TOCSY spectra were run im-
through cis/trans isomerization of Pro15. In that case, the Mediately after dissolving the sample in@ .
spectral complexity prevented a full determination of both _All spectra were processed on a Silicon Graphics worksta-
3D structures, but for ACTX-Hi:OB4219, it was possible to tion using XWINNMR  (Bruker). The f1 dimension was

determine the 3D structure of both conformations. generally zero-filled to 2048 real data points with the f1 and
f2 dimensions being multiplied by a sine-squared function
MATERIALS AND METHODS shifted by 90 prior to Fourier transformation. Spectra were

_ _ _ referenced to DSS. Processed spectra were analyzed and
Isolation of ACTX-Hi:OB4219ACTX-Hi:OB4219 was assigned using the program XEASQ]_Q_ Spectra were

isolated from the venom of the funnel-weh infensaOrchid assigned using the sequential assignment techn2@iewith
Beach. Preparative RP-HPLC on a Vydac C18 column with particular care required to deal with the two coexisting
gradients of 0.1% aqueous TFA and 90% acetonitrile/0.09% conformers. The process was facilitated, in part, using the
TFA were employed in the purification. Over 70 individual gutomatic assignment program NOAH, which is a part of
milkings (50-70 mg) of female and juvenilél. infensa the DYANA (23) package.
Orchid Beach specimens (female and juvenile venom was  Structure CalculationsCross-peaks in NOESY spectra
previously determined to be compositionally similar) pro- recorded in 80% KD/10% D,0/10% CRXCN with a mixing
vided ~3 mg of homogeneous native sample for NMR time of 200 ms were integrated and calibrated in XEASY
analysis. Samples prepared for NMR spectroscopy were(21), and distance constraints were derived using DYANA
dissolved in the following solvent systems: 80%0410% (23). Corrections for pseudo-atoms were added to distance
D,0/10% CRCN at pH 5.0 and 90% iD/10% CRCN at constraints where neede@4j. Backbone dihedral angle
pH 5.0. pH values were all measured at 298 K, and no restraints were derived fromJunme coupling constants
correction for deuterium isotope effects was made. measured from line shape analysis of antiphase cross-peak
RACE Sequence Determination of ACTX-Hi:OB42tge splitting in the DQF-COSY spectrum. Angles were restrained
venom glands of a live Australian funnel-web spider speci- to —120° £ 40 for 3Jynne > 9 Hz and to—60° £ 30 for
men were dissected and the mRNA extracted using a3Junne < 5 Hz. For two residues, Alaé (both conformations)
Quickprep Micro mRNA purification kit (Pharmacia Biotech, and Phe27 (cis conformation), tiheangle was restrained to
Cleveland, OH). Marathon adaptor double-stranded cDNA 60° + 30, based on a coupling constant of around 6 Hz
was obtained using a Marathon cDNA synthesis kit (Clontech together with a very strong intraresiduati(i,i) NOE. For
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N w-ACTX-Hi:0B4219

w-ACTX-Hila / ©-ACTX-Hi2a

00 Time (minutes) 120.0

Ficure 1: Preparative RP-HPLC of crude pooled female and juvethilmfensa spvenom, illustrating the location of ACTX-Hi:OB4219,
w-ACTX-Hila (M, = 3922 Da), andv-ACTX-Hi2a (M, = 4009 Da) (0.5% gradient,-860% MeCN/0.1% TFA in 120 min, UV absorbance
214 nm).

both residues, this was consistent with preliminary structure cooling phase where the temperature is lowered in steps of

calculations. Additionalp angle restraints of-100° 4+ 80 100 K, each comprising 2500 steps of 0.005 ps of Cartesian

were applied where the intraresiduedN(i,i) NOE was dynamics. Finally, the structures were minimized with 2000

clearly weaker than the sequentiathd(i,i+1) NOE. steps of Powell minimization. Identical protocols were used
Stereospecific assignments®methylene protons andl for both the cis and the trans conformer. Coordinates for

dihedral angles were derived frofd,s coupling constants,  both conformers have been deposited in the PDB (ID code

measured from ECOSY spectra, in combination with NOE cis, 1KQH; trans, 1KQlI).

peak intensitiesA5). They1 angles were restrained to 60

+ 30, 180 + 30, or—60° + 30 for 15 residues, including RESULTS

six of the eight cysteine residues. Slowly exchanging amide ) o

protons identified by BO exchange experiments were Isolation a_nd Characterlz_atlon'.l'he venom of theH. _

analyzed in preliminary structures. In cases where hydrogeninfensa Orchid Beach specimen (collected from Orchid

bonds could be determined and unambiguously assignedBeach, Fraser Island, QLD, Australia) is highly complex,

these were introduced as distance restraints for following démonstrating the presence of more than 70 components by

calculations. Preliminary structures were calculated using a@nalytical RP-HPLC (Figure 1) and RP-HPLC/ESI-MS. The

torsion angle simulated annealing protocol within DYANA. Peak corresponding to ACTX-Hi:OB4219 was initially
Final structures were calculated using simulated annealingidentified from RP-HPLC/ESI-MS analysis of crude venom

(26). The starting structures were generated using randomanalysis revealed it to be a major component in the venom
(¢,) dihedral angles and energy-minimized to produce Of these spiders. Collection of the peak from analytical RP-
structures with the correct local geometry. A set of 50 HPLC revealed the presence of a relatively homogeneous
structures was generated by a torsion angle simulatedS@mple with only a small amount of impurity. The cysteine
annealing protocol27, 28). This protocol involves a high- ~ residues were reduced and alkylated with maleimide and the
temperature phase comprising 4000 steps of 0.015 ps offeduced/alkylated sample purified by RP-HPLC. Automated
torsion angle dynamics, a cooling phase with 4000 steps of N-terminal amino acid sequencing of the isolated reduced/
0.015 ps of torsion angle dynamics during which the alkylated sample revealed a 30 amino acid partial sequence
temperature is lowered to 0 K, and finally an energy ©f & novel peptide.

minimization phase comprising 5000 steps of Powell mini-  The full amino acid sequence of ACTX-Hi:OB4219 was
mization. Structures consistent with restraints were subjecteddetermined by RACE technology using a gene specific
to further molecular dynamics and energy minimization in primer designed around the translation start site. The ACTX-
a water shell, as described by Linge and Nilg29)(The Hi:OB4219 gene product was identified by BACE using
refinement in explicit water involves the following steps. a cDNA template library constructed from the venom glands
First, heating to 500 K via steps of 100 K, each comprising of a femaleH. infensaOrchid Beach specimen. Subsequent
50 steps of 0.005 ps of Cartesian dynamics. Second, 2500cloning of the cDNA into a vector and transformation into
steps of 0.005 ps of Cartesian dynamics at 500 K before ahost cells allowed for DNA sequencing of the gene,
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p-Aga-I ECVPENGHCRDWYDE-CCEGFYCSCRQPPKCICRNNN-NH,
u-Aga-11 ECATKNKRCADWAGPWCCDGLYCSCRSYPGCMCRPSS

p-Aga-1I1 ADCVGDGQRCADWAGPYCCSGYYCSCRSMPYCRCRSDS-NH,
pn-Aga-Iv ACVGENQQCADWAGPHCCDGYYCTCRYFPKCICRNNN-NH,
pn-Aga-Vv ACVGENKQCADWAGPHCCDGYYCTCRYFPKCICRNNN-NH,
u-Aga-VI DCVGESQQCADWAGPHCCDGYYCTCRYFPKCICVNNN

Curtatoxin-I SCVGEYGRCRSAYED-CCDGYYCNCSQPPYCLCRNNN-NH,

Curtatoxin-II ADCVGDGQRCADWAGPYCCSGYYCSCRSMPYCRCRSDS -NH,
Curtatoxin-III ADCVGDGQKCADWFGPYCCSGYYCSCRSMPYCRCRSDS~NH,

OB 4219 KCLAEAADCSPWSGDSCCKPYLCSCIFFYPCSCRPKGW
FiGure 2: Sequence comparison of ACTX-Hi:OB4219 with the

Biochemistry, Vol. 41, No. 10, 2003297

program XEASY allowed for the assignment of each spin
system to a specific amino acid in either the cis or the trans
conformation. All nonintraresidual peaks within each con-
formation were then subsequently assigned both manually
and with the use of the NOAH automatic assignment
algorithm within the DYANA program package. Interproton
distance restraints were derived from the NOE intensities
and were used in structure calculations using a torsion angle
simulated annealing protocol within DYANA. An iterative
strategy in which preliminary structures were analyzed to
resolve spectral ambiguities to allow for the introduction of
new restraints was used and resulted in a final set of restraints

u-agatoxins and curtatoxins. The latter peptides occur in the venomconsisting of 411 and 442 inter-residual distances for the

of the American funnel-web spider#gelenopsis apertand
Hololena curta

cis and trans conformations, respectively.
These restraints, from which redundancies based on the

o i covalent geometry had been eliminated, included 239 and
determining the translated I_eader _and mature p_eptlde S€252 sequential, 37 and 44 medium-range, and 135 and 146
quences. Sequence comparison with the N-terminal aminojong-range distances, respectively, for the two conformations.
acid sequence predicted the cleavage position of the maturqp, aqdition, a set of 28 backbone angle restraints for each
peptide from the leader peptide. The experimental mass of conformation and 14 (cis conformation) and 13 (trans
the native peptide was consistent with the RACE derived ¢onformation) side-chain angle restraints were derived on
sequence. Figure 2 shows the sequence of ACTX-Hi:OB4219ne pasis of coupling constants and short mixing time NOE
and, for comparison, those of theagatoxins and curtatoxins.  jntensities. Furthermore, 18 restraints for 9 hydrogen bonds

NMR Assignmentsnitial 1D 'H NMR spectra recorded  were derived from the preliminary structures. In the final
on ACTX-Hi:OB4219 in aqueous solution had poor signal round of structure calculations, these restraints were used to
intensity and large line widths, which is most likely the result calculate a family of 50 structures for each conformer, using
of sample aggregation. However, spectra recorded in thea torsion angle simulated annealing proto@, 28) within
presence of10% CD:CN produced line widths consistent  CNS, v.1.0 26). Structures consistent with restraints were
with that of a peptide of the known molecular weight. subjected to further molecular dynamics and energy mini-
Therefore, all spectral data, including TOCSY, NOESY, mjzation in a water shell29).

DQF-COSY, and ECOSY, were recorded in either 80%0H Description of the 3D Structure. (1) Secondary Structure.
10% D,0/10% CRCN or 90%00/10% CRCN. Spectra A summary of the information on short- and medium-range
recorded at 298 K were primarily used for assignments, while NOEs, coupling constants, chemical shift index, and slowly
spec_tra.r.ecorded at other temperatures were used to resolvexchanging amide protons is presented for both conforma-
ambiguities. tions in Figure 3. These data, in conjunction with information

Initial inspection and preliminary assignment of the aboutlong-range NOES, clearly show that ACTX-Hi:OB4219
spectral data revealed the presence of far more signals tharhas an absence of helical regions and the presence of regions
expected. This suggested that, despite the presence of a singlef extendedp-type structure. The principal element of
peak in the RP-HPLC chromatogram, ACTX-Hi:OB4219 secondary structure is a triple-stranded antipar@lisheet
adopts more than one conformation in solution. Several of comprising three short strands involving residued6, 21—
the corresponding protons from the different conformations 25, and 3%+35. The arrangement of the three strands,
appeared as “brothered” resonances with similar patterns oftogether with identified NOEs and proposed hydrogen bonds,
NOEs but slightly different chemical shifts. Some signals based on slowly exchanging amide protons, is presented in
were widely separated, demonstrating that the respectiveFigure 4.
protons clearly experience different environments and NOE  (2) Disulfide Connectiity. The amino acid sequence of
interactions. The presence of the two sets of signals resultedACTX-Hi:OB4219 includes eight-cysteine residues involved
in complicated spectra that made the assignment veryin four disulfide bonds. The connectivities of the disulfide
difficult. Consequently, the initial attempts to assign spectra bonds were unknown but were initially assumed to be
recorded at 500 MHz were only partially successful. How- identical tou-Aga-I on the basis of sequence framework
ever, after collection and analysis of spectra recorded at 750similarities. This was supported by the experimental data,
MHz, a complete assignment of both conformations was which included NOEs diagnostic for disulfide bonds between
possible. The two conformations were subsequently shownall of the cysteine residues that were proposed to be
to result from cis/trans isomerization of the peptide bond connected 30). Early in the analysis, it was clear that the
preceding Pro30. Two of the remaining three prolines (Prol1 only possible difference from the assumed disulfide con-
and Pro35) display strong,d.si+1 cross-peaks in the 0 nectivity could be the alternative pairing—27, 18-33,
NOESY spectra, showing that they are in the trans confor- instead of 218, 17-33. However, this possibility was
mation, while Pro20 displays a strong;-d,+1 cross-peak,  excluded by structure calculations that included the alterna-

consistent with a cis conformation. TRel chemical shift
assignments for both conformers of ACTX-Hi:OB4219 are
provided as Supporting Information.

Structure Determination and AnalysfSareful analysis of

tive pairing; the resultant structures clearly violated the
experimental data. The disulfide pairing was therefore
unambiguously determined to be-28, 9-23, 1733, 25~

31 and is identical to that in-Aga-I. The protein is folded

the 200 ms NOESY spectrum (750 MHz, 298 K) using the in such a way that the disulfide bond between Cys17 and
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FIGURE 4: Schematic diagram of the triple-stranded antlparﬂlel
FiGURe 3: Summary of the short- and medium-range NOE sheet and the residue 230 f turn present in the ACTX-Hi:
interactions, chemical shift index (CSI), slowly exchanging amide OB4219 structure. Arrows represent observed NOEs between
protons, and coupling constants for the cis (A) and trans (B) protons in the sheet. Dashed arrows represent NOEs that could be
conformations of ACTX-Hi:OB4219. Filled circle®] indicate a present but that are not included in structure calculations because
¢ angle of 60 + 30°, stars &) represent @ angle of —100° + of overlap. Dashed lines correspond to hydrogen bonds predicted
80°, and filled triangles ¥) indicate a¢ angle of —120° + 40°. by the program MOLMOL 25) on the basis of calculated structures.
Empty upside down triangles’] represent a CSl of 1, and empty
triangles @) indicate a CSI oft1. Filled squaresl) illustrate
amide protons still visible 24 h after exchange intgCD Black
bars represent NOEs present in the 200 ms NOESY spectrum (29

Table 1: Structural and Energetic Statistics for the Final Family of
qZO ACTX-Hi:OB4219 Structures

K, pH 5.0). The thickness of the bars corresponds to the NOE cis trans
intensity. Arrows indicated strands in the calculated structures. Mean RMS Deviations from Experimental Restraints
NOE (&) 0.024+ 0.001 0.024+ 0.002

Cys33 penetrates a ring formed by the backbone of residues @hedral angles (deg) 0.580.09 057+0.09

— i i i Mean RMS Deviations from Idealized Covalent Geometry
2—9 together with the dlsul_flde bond between stQ and bonds () 50040 0,002 0.0035 0.0002
Cys23, the backbone of reS|dues—JZB', qnd the dlsulflde angles (deg) 0.5% 0.04 0.56+ 0.03
bond between Cys2 and Cys18. A similar motif has been impropers (deg) 0.42:0.04 0.43+0.03
identified in many classes of peptides, includimgiga-l, A Restraint Violations

i i NOE violations> 0.2 0 0

and is cgmmonly referred to as a cystine kn?)t?(_l). . masximurm NOE viclation (&) 0.20 0.20

A family of 20 lowest energy structures consistent with  dihedral violations> 3° 0 0
the experimental data of each conformer was chosen from Mmum dihedralviolation (deg) 3.0 30
the final set of 50 structures to represent the solution structure _ Mean Energies (k) mo) 151t 22
of each conformer of ACTX-Hi:OB4219. The statistics for  gcdin 1.4+ 0.45 1.25+ 0.44
the two families are given in Table 1. The structures have E\édeJrE ot Ei Egséiil 1510 géﬁieio

on angle+ Eimproper . . . .

no distance violations greater than 0.2 A and no dihedral goos 13341 38 19564 23
violations greater than 30Further, they have good covalent  Etotal —1192+ 28 —1121+ 27
geometry, indicated by small deviations from ideal bond Pairwise RMSD
lengths and bond angles and favorable nonbonded contactsb"ﬂc(kbo([}(;e Ao dues 138 (A) 0.98+0.25 1.01+0.30
as indicated by low values of Lennard-Jones potential. heavy atoms (A) 1.7 0.41 1.88+ 0.41

The structures are well-defined with the exception of the o e s aray ) o Y 0-35:0.11
N-terminus and the C-terminus of the cis conformation. Some heavy atoms (&) 0.740.17 0.86+0.11

flexibility is also seen in the loop including residues—11

15, but that is most likely due to a lack of restraints in this atoms and 0.74t 0.17 A for the heavy atoms of the cis
region as a result of overlap. The mean pairwise rmsd for conformation. The corresponding values over the entire
the backbone atoms over the whole molecule of the cis molecule for the trans conformation are 1:£10.30 A for
conformation is 0.98 0.25 A and 1.77+ 0.41 A for the  the backbone atoms and 1.880.41 A for the heavy atoms.
heavy atoms. The rmsd for the well-defined regions, residuesThe corresponding rmsd values for the well-defined regions
6—9, 21—25, and 3%+35, is 0.27+ 0.07 A for the backbone  of the trans conformation are 0.350.11 A for the backbone
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Ficure 5: Stereoview of backbone superimpositions of the 20 lowest energy structures for the cis (upper) and trans (lower) conformations
of ACTX-Hi:OB4219. N- and C-termini and selected residues are labeled.

(A) 29 (B) handed hook (RHH) conformatior3?, 33), ties the N-
terminus to the loop involving residues-120. The linker
between this loop and the N-terminus is the fjfsstrand,
25 strand 1, involving residues—6L0. This strand is linked to
the secongB strand, which includes residues-225, by the
disulfide bond between Cys9 and Cys23, which is in a short
right-handed hook (SRH) conformation. The-120 loop is
\ further tied to thes sheet by the disulfide bond between
20 \‘\ c Cysl17 and Cys33. This disulfide bond adopts a left-handed
) ) ) spiral (LHS) conformation. A turn of no definite classifica-
Ficure 6: Comparison of ACTX-Hi:OB4219 cis and rans jon js formed in both conformations by residues—23®.
conformations (view A) angiAga | (view B). Thejs sheets are -This turn includes the Pro30 involved in cis/trans isomer-
represented as arrows in red and magenta. Disulfide bonds are' ' : ) !
shown in yellow in ball-and-stick representation. N- and C-termini ization and is where the major differences between the two
and selected residues are labeled. conformations occur. The turn serves as a link between strand
2 and the lasp3 strand, strand 3, which includes residues
atoms and 0.86: 0.11 A for the heavy atoms. Stereoviews 31-35 and it is stabilized by the disulfide bond between
of the two families of structures superimposed over the Cys25 and Cys31, which is in the short right-handed hook
backbone atoms are shown in Figure 5. A ribbon representa-(SRH) conformation 2, 33). The C-terminus is slightly
tion of the structures showing the disulfide bonds is given disordered for the cis conformation, while, in the trans
in Figure 6A. Analysis of the angles shows that9% of conformations, it appears to be interacting with the turn
the residues in both conformations lie in the most favorable petween residues 2&0. This interaction can be identified
regions of the Ramachandran plOt and that the remaining by a |arge number of NOEs between the Trp38 aromatic
21% all lie in the additionally allowed region. protons and the Ile26 side chain.
The solution structure of ACTX-Hi:OB4219 was deter-
mined to be very flat, with the core comprising mainly pISCUSSION
cysteine residues and a fold primarily stabilized by disulfide
bonds. The poor definition of the N-terminus is most likely In the current study, we have determined the 3D structure
associated with flexibility of this region in solution, as is of two solution conformers of the Australian funnel-web
commonly observed in protein structures. The disulfide bond spider toxin ACTX-Hi:OB4219. The two conformers derive

between residues Cys2 and Cys18, which is in the right- from a single isomer purified by RP-HPLC. In solution, an
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(A) (B) 0.88 ppm for the . and HN protons respectively, while,
cis trans for Cys31, the differences are 0.041 and 0.499 ppm,
respectively.

The solution structure of ACTX-Hi:OB4219, illustrated
in Figure 6, shows that the peptide possesses a very similar
fold to that ofu-Aga-1. Both are characterized by an inhibitor
cystine-knot (ICK) motif that has previously been found in
various peptides from phylogenetically different sources,
including cone snails, spiders, plants, and fungi)(
Although a range of activities have been reported for peptides
incorporating the ICK motif, one principal target is the
voltage-gated ion channels. The ICK motif incorporates a
triple-stranded antiparallg? sheet, which is stabilized by

Ficure 7: Comparison of the 10 lowest energy structures of the el : :
is (A) and the trans (B) C-terminal part of ACTX-Hi:0B4219. three disulfide bonds. Two of the disulfide bonds are

The side chains of lle26, Phe27, Phe28, Tyr29, Pro30, and Trpagorientated such that they form a ring together with the
are shown in white, yellow, blue, magenta, green, and gray, backbone of the intervening amino acids. The third disulfide

respectively. bond penetrates through this ring. Members of this family
) ) ) have the consensus sequence 3GEX3-CXo—7CX1—4-
equal population of each conformer is produced by cis/trans CX4_15C, where X can be any residuglj. This framework
isomerization of Pro30. _ _ _ appears ideal for presenting a number of different functional
Though the presence of multiple conformations is not groups and provides a likely explanation for the diverse range
uncommon among small disulfide-rich peptides, there are ot targets observed for the members of this family. The
few examples where complete spectral assignments haveyitferences in overall folding and activity of the members
been possible for mixtures of two or more conformers and 5.6 determined by the number of residues in the loops as
have led to the successful calculation of the separate, el a5 the differences in primary sequence. In ACTX-Hi:
structures_$4). (_)ne exqmp!e of a peptide _showmg multiple OB4219, the sequence can be written assCXCXoCXu-
conformations in solution is the ACTX-Hi:OB4219 homo- CX:CXoC, whileu-Aga-I has only six residues in the second
logueu-Aga-1V, isolated from the venom of the unrelated loop. Both ACTX-Hi:OB4219 andu-Aga-I have an ad-
American funnel-web spideAgelenopsis apertattempts ditional disulfide bond within the last loop. This disulfide
to determine the solution structure @fAga-1V were made  fqrms a bridge between strand 2 and strand 3, which defines

by Omecinsky et al. but were unsuccessful due to the e eng of the sheet and provides further stabilization to the
complexity of the spectral dat®)( requiring the structures - involving residues 2730.

to be modeled instead. h ina th f N
Some regions of the spectra of ACTX-Hi:OB4219 are not When comparing the two structures o ACTX'H"OB4219
andu-Aga-l, it is clear that the loop between residuesl®

affected by the isomerization of Pro30. However, this does ! , :
not simplify the assignment procedure. Instead, it introduces 'S the least v_veII-Qeﬁne_d. For-Aga-l, a broadenln_g of the
the significant problem of linking regions of degenerate resonances in this region has bggr_l obserggdridicating
signals separated by regions of nondegenerate signals. Thi hat thefe might be_ some ﬂe>_<|b|I|ty. Howeve_r, no such
problem was solved by the identification of a number of key Proadening occurs in ACTX-Hi:OB4219, and it has been
long-range NOE connectivities between the different regions "ePorted that no broadening can be detected for these
of nondegenerate signals for the two conformations. The féSonances in spectrapifga-IV. These differences in line
amino acids affected by the isomerization are primarily widths may be caused_by the fact that this Ioop_|s one residue
clustered in the-sheet regions and C-terminal region of the ShOrter inu-Aga- than inu-Aga-1V and ACTX-Hi:OB4219,
molecule. which may cause a change in the rigidity of this loop. On
The major differences in the structures of the cis and trans th€ Pasis of our data, we assume that the poor definition in
isomers are presented in Figure 7, highlighting the important this region is more a result of lack of restraints rather than
side chains in the C-terminal region of the molecule. It is Structural flexibility.
clear that the major change in the structure is the conforma- No data on the biological activity of ACTX-Hi:OB4219
tion and orientation of the turn involving Pro30. In the trans are available, but the fact that it is one of the major
case, this turn adopts a conformation that leads to hydro-components of the venom from an insectivorous spider
phobic interactions between lle26 and Trp38. These interac-suggests an insecticidal activity. This is supported by our
tions give rise to a large number of NOEs that are specific structural data, which shows that ACTX-Hi:OB4219 is
for the trans isomer. The turn 280 is highly hydrophobic  structurally similar tqu-Aga-l andu-Aga-1V, both of which
and incorporates residues Phe27, Phe28, Tyr29, and Pro3Ghave been shown to target insect sodium channels. The
The orientation of the side chains of these aromatic residues,structure also shows that ACTX-Hi:OB4219 incorporates an
especially Tyr29, is affected by cis/trans isomerization and ICK motif, which is a strong indication that it possesses
may result in some of the chemical shift differences observed. activity on ion channels. However, the sequential differences
It is well-known that electron rich aromatic rings often affect between ACTX-Hi:OB4219 and theAga toxins are sig-
the shielding of surrounding protons. The greatest separationnificant, and because peptides with similar structure have
in chemical shifts between the two conformers is observed been shown to be active on several different ion channels, it
for residues lle26 and Cys31. For lle26, the differences in is difficult to speculate which channel ACTX-Hi:OB4219
chemical shifts between the two conformations are 0.406 andmay target.
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