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ABSTRACT: Venomous predatory animals, such as snakes, spiders, scorpions, sea anemones, and cone
snails, produce a variety of highly stable cystine-constrained peptide scaffolds as part of their neurochemical
strategy for capturing prey. Here we report a new family of four-cystine, three-loop conotoxins (designated
framework 14). Three peptides of this family (flf14e) were isolated from the venom Gbnus floridanus
floridensis and one (vill4a) was isolated from the venonCainusvillepinii, two worm-hunting Western
Atlantic cone snail species. The primary structure for these peptides was determined using Edman
degradation sequencing, and their cystine pairing was assessed by limited hydrolysis with a combination
of CNBr and chymotrypsin under nonreducing, nonalkylating conditions in combination with MALDI-
TOF MS analysis of the resulting peptidic fragments. CD spectra and nanoNMR spectroscopy of these
conotoxins directly isolated from the cone snails revealed a highly helical secondary structure for the four
conotoxins. Sequence-specific nanoNMR analysis at room temperature revealed a well-defined helix
loop—helix tertiary structure that resembles that of thedZa scorpion toxinsc-hefutoxin, k-KTx1.3,

and Om-toxins, which adopt a stable three-dimensional fold where thecthalices are linked by the

two disulfide bridges. One of these conotoxins (vill4a) has a Lys/Tyr dyad, separated by approximately
6A, which is a conserved structural feature iri Ehannel blockers. The presence of this framework in
scorpions and in cone snails indicates a common molecular imprint in the venom of apparently unrelated
predatory animals and suggests a common ancestral genetic origin.

Animals that utilize venom to capture prey, such as snakes,and a characteristic cystine arrangement in the mature
spiders, scorpions, sea anemones, and cone snails, produgaeptides. Within the superfamilies, conotoxins are further
a plethora of cystine-stabilized peptidic scaffolds that target classified into families according to their pharmacological
specifically ion channels and neuronal receptors as part oftargets, which include voltage-gated ion channelst(¥a,
their neurochemical strategy for predation. Among them, and C&"), ligand-gated ion channels (hnAChR and 54R7,
cone snails, a genu€o6nusssp.) of marine gastropods that receptors (neurotensin type Bl adrenergic, NMDA,
can prey upon fish (piscivorous), mollusks (molluscivorous), RFamide, and vassopressin), and neurotransmitter transport-
and worms (vermivorous), contain in their venom an ers (NE) (, 2).
extraordinarily complex and diverse mixture of small neu-  Conopeptides inherently contain high degrees of modified
roactive peptides (conopeptides) that specifically target ion amino acids (usually combinations of them), such as cystines,
channels and neuronal receptord). (Conopeptides are  hydroxyproline,y-carboxyglutamate, Br-Trm-Trp, b-Leu
important tools for investigating ion channel and receptor (4—6), b-Phe {7), p-lle (8), b-Met (8), b-y-hydroxyvaline
function and have great potential pharmacological applica- (9), pyro-Glu, glycosylated Ser/Thr, and sulfated Tgr(
tions @, 3). They can be classified into two major groups: 6). These modifications confer conopeptides with unigue
(1) conotoxins, which contain two or more disulfide bonds, stability and exquisite specificity toward neuronal targédts (
and (2) those with only a single disulfide bridge or none at 10, 11), enabling cone snails to capture prey.
all, which are designated with trivial names such as contry-  The precise composition of cone snail venom is species-
phans, conantokins, contulakins, conorfamides, conophansgpecific (L1—13), and it is the product of 55 million years
and y-hydroxyconophans. Conotoxins are grouped into of evolutionary refinement that has yielded a complex library
various superfamilies (O, M, A, S, T, P, and 1), each with of more than 100 000 neuroactive conopeptides, as this genus
highly conserved signal sequences in their precursor proteinscomprises more than 1000 species distributed in the tropical
and subtropical areas of the Atlantic, Indian, and Pacific

" This work was supported by the Florida Institute of Oceanography gceans 14). Only a small fraction of this immense conobep-
(Shiptime onboard the R/V Suncoaster and R/V Bellows), the Florida 14). y PEp

Sea Grant College Program (R/LR-MB-18 and R/LR-MB-74), the NIH tide library has. been analyzed to dateO(Z%)., and many
(GM 066004), FONACIT (LAB-2000001639), and private funding from novel conopeptide frameworks are yet to be discovered. Most

Wiyi_arlm Cr?rgile- . hould be add 4 Email @ conopeptides that have been isolated and characterized are
0 whom correspondence snhou e adaressed. e-mail: mari H H N i H
fau.edu. Telephone: (561) 297-3315. Fax: (561) 297-2759. from Conusspecies found in the Indo-Pacific region. As part

* Florida Atlantic University. of our efforts tpward the analysis and_charac_terlzatlon of

8 Universidad Simo Bolivar. conopeptides isolated from cone snail species from the

10.1021/bi0511181 CCC: $30.25 © 2005 American Chemical Society
Published on Web 11/16/2005



Novel Conotoxin Framework with a HelxLoop—Helix Fold

Ficure 1: Shells ofC. villepinii (A) andC. floridanus floridensis

(B).

Americas, we proceeded with the isolation and structural
analysis of conopeptides fro@onus floridanus floridensis
and Conusvillepinii, which are widespread worm-hunting
cone snail species of the Western Atlantic Ocean (Figure
1). C. villepinii is a deep-water species {00 m), and its
habitat ranges from the Florida coastline and the Gulf of
Mexico to Brazil.Conus floridanuss also a Western Atlantic
species whose range varies from Florida to the Yucatan
Peninsula; however, unlikeC. uillepinii, C. floridanus
inhabits shallow sandy aread4j. Four variants ofC.
floridanusexist: C. floridanus floridensisConus floridanus
buryae, Conus floridanus patglicksteinaed Conus flori-
danus yucatanensid4); these variants of. floridanusare
biogeographical subspecies that show differences in thei
venom composition. To date, no peptides have been isolate
from the venom of these Western Atlant@onusspecies.

Here we present the results from the isolation and structural

characterization of a novel four-cystine, three-loop conotoxin
framework (framework 14) fronC. villepinii (vill4a) and

C. floridanus floridensigflfl4a—c). These new conotoxins
are 27-residue polypeptide chains with a4l2—3 cystine
pairing. NanoNMR analysis revealed a well-defined helix
loop—helix three-dimensional fold where the twihelices
are linked by the two disulfide bridges. This tertiary structure
resembles that of the Ca/a! toxins recently found in
scorpion venom that targets the potassium chanridis (

17).
MATERIALS AND METHODS

Specimen CollectiorSpecimens ofC. villepinii (30—80
mm) were collected off the Florida Keys (Marathon Key,
FL) using a Capetown dredge deployed from the oceanic

Egor semipreparative and analytical RP-HPLC separation, the

Biochemistry, Vol. 44, No. 49, 2003.5987

ranging from 100 to 200 m. Additional snails were collected
using the Johnson-Sea-Link deep submersible vehicle oper-
ated from the R/V Seward Johnson and working at a depth
of 200 m at the same location indicated above. Cone snails
were collected using a suction device attached to a robotic
arm of the DSV. Specimens @. floridanus floridensig20—

45 mm) were collected along the southwest coast of Florida
in sandy areas at low tides. All snails were kept in aquaria
prior to transportation to the lab, where there were dissected
and immediately frozen at80 °C.

Crude Venom ExtractionVenom ducts dissected from
either 63 specimens &&. villepinii or 47 specimens of.
floridanus floridensisvere homogenized in 0.1% TFA at 4
°C. Whole extracts were centrifuged at 109G0r 20 min,
at 4 °C, and the resulting pellets were washed three times
with 0.1% TFA and recentrifuged under identical conditions.
The supernatants containing the soluble peptides were pooled,
lyophilized, and stored at80 °C until further use.

Peptide PurificationCrude venom was initially fraction-
ated by SE-HPLC on a Pharmacia Superdex-30 column (2.5
cm x 100 cm) equilibrated and eluted with 0.1 M BHHCO;
using a flow rate of 1.5 mL/min. Chromatographic fractions
were monitored atl values of 220, 250, and 280 nm.
Additional purification of peptide-containing peaks was
achieved by RP-HPLC on a C18 semipreparative column
(Vydac, 218TP510, 10 mnmx 250 mm; 5um particle
diameter; 300 A pore size) equipped with a C18 guard
column (Upchurch Scientific, AC-43 4.6 mm) at a flow rate
of 3.5 mL/min. Further peptide purification was carried out
by rechromatographing fractions on an analytical C18 column
(Vydac, 238TP54, 4.6 mmx 250 mm; 5um particle
diameter; 300 A pore size), with a flow rate of 1 mL/min.

uffers were 0.1% TFA (buffer A) and 0.1% TFA in 60%
acetonitrile (buffer B). Peptides were eluted with an incre-
mental linear gradient of 1% B/min. Absorbances were
monitored afl values of 220 and 280 nm. All HPLC fractions
were manually collected, lyophilized, and kept-a40 °C
prior to further use.

Reduction and Alkylation of Cysteyl Residugeduction
and alkylation of cystine groups were carried out as previ-
ously described1) with slight modifications. An aliquot
of each peptide~1 pmol) was dried, redissolved in 0.1 M
Tris-HCI (pH 6.2), 5 mM EDTA, and 0.1% sodium azide,
and reduced with 6 mM DTT. Following incubation at 60
°C for 30 min, peptides were alkylated in a final volume of
15 uL with 20 mM IAM and 2uL of NH,OH (pH 10.5), at
room temperature, for 1 h, in the dark. The reduced and
alkylated peptides were purified using a Zip Tip (C18, size
P10, Millipore).

Peptide Sequencingilkylated peptides were adsorbed

research vessels R/V Suncoaster and R/V Bellows at depthsonto Biobrene-treated glass fiber filters, and amino acid

1 Abbreviations: DSV, deep submersible vehicle; TFA, trifluoro-
acetic acid; SE, size exclusion; HPLC, high-performance liquid
chromatography; RP, reversed phase; DTT, dithiothreitol; IAM, io-
doacetamide; MALDI-TOF, matrix-assisted laser desorption ionization
time-of-flight; CNBr, cyanogen bromide; PFG, pulse field gradient;
RF, radio frequency; TSP, 3-(trimethylsilyl)propionic acig-sodium
salt; WET, water suppression enhanced through T1 effects; NOE,

nuclear Overhauser effect; NOESY, nuclear Overhauser effect spec-

troscopy; TOCSY, total correlated spectroscopy; BLAST, basic local
alignment search tool; Q8f3, cystine-stabilizeg/s3; Cso/a, cystine-
stabilizedo/o..

sequences were determined by Edman degradation using an
Applied Biosystems Procise model 491A sequencer. The
concentration of the peptides was determined by using the
calibrated intensities of the first five PTH-amino acid residues
on samples that were not reduced and alkylated.

Molecular Mass DeterminatiorRositive ion MALDI-TOF
mass spectrometry was carried out on an Applied Biosystems
Voyager-DE STR spectrometer. Samples were dissolved in
0.1% TFA and 50% acetonitrile and applied oncanyano-
4-hydroxycinnamic acid matrix. Spectra were obtained in
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the linear and reflector mode using Calmix 1 and Calmix 2 (27) with a spectral width of 6000 Hz and 2K data points.
(Applied Biosystems) as external calibration standards. For thewgTOCSY experiment, 160 scans for each of the
Disulfide Connectiity Analysis.Approximately 1 nmol 96 FIDs were acquired with relaxation delay of 1.7 s and a
of each lyophylized conopeptide was digested with a mixing time of 120 ms. The 2DvgNOESY spectra of the
combination of CNBr andt-chymotrypsin prepared free of  vill4 and flf14 conopeptides were recorded using 256 scans
autolysis products and low-molecular weight contaminants. for each of the 128 FIDs acquired with a 1.7 s relaxation
In this case, peptides were not previously reduced anddelay and a mixing time of 200 ms. All 2D NMR data were
alkylated to keep their disulfide bonds intact. Lysis of the processed using VNMR 6.1C (Varian NMR Instruments) on
peptides with CNBr (Acros Organics) was performed using Sun Blade 150 workstations. FIDs were apodized with a
a CNBr:peptide mass ratio of 2:19), in 20 uL of 70% shifted sine bell window function and linearly predicted to
formic acid. The peptidic sample was incubated for 20 h, at 1K points int; and zero-filled to 2Kx 2K data matrices.
room temperature, in the dark, and the reaction was The data were baseline corrected Fa by applying a
terminated by diluting the mixture witk’5 volumes of HO polynomial function. NOESY cross-peaks were assigned and
followed by removal of the excess free reagents by lyo- classified according to their intensities as strong, medium,
philization with a Speed Vac concentrator. Subsequently, theor weak with the aid of their volume integrals. Sequence-
sample was further digested with chymotrypsin (Sigma- specific assignments off all proton resonances were carried
Aldrich), using a 1:20 ratio of chymotrypsin to substrate, in out using standard biomolecular NMR procedur2g).(

20 uL of 0.1 M NH,HCG:; (pH 8.0), for 4 h, at 37C (20). Molecular Model ofvil14a. Molecular models were built
Final digests were directly analyzed by MALDI-TOF mass by comparative modeling method®8j based on the NMR
spectrometry. structure of thec-hefutoxin (PDB entry 1HP9) and the Om-

Circular Dichroism Spectroscopyll circular dichroism toxins (PDB entries 1IWQC, 1WQD, and 1WQE) as tem-
(CD) measurements were carried out with a JASCO J-810 plates and using Modeler (version 8.0). Briefly, conotoxin
spectropolarimeter instrument using a 2@0 solution of  sequences were aligned according to the standard routine in
each peptide in HPLC water (final concentration ok/g; the program using the PDB entries as templates (Table 1).
determined by normalized UV at/avalue of 280 nm) ina A set of 20 model structures was built accordingtg) We
quartz cell. Spectra were recorded over a1980 nmrange  selected the structure of better target Modeler energy. The
(4) at 25°C using an average of 10 scans (scan speed offinal structure was evaluated for its agreement with the NOE
100 nm/min). Peptide helical content was estimated using NMR data. Molecular graphics were created using UCSF
the method proposed by Baldwin et &1j. Chimera beta version B().

NMR SpectroscopyNMR spectra were acquired on @ Nomenclatureln this publication, we adopt a nomencla-
Varian Inova 500 MHz instrument equipped with PFG, 3XRF e of three letters to designaBonusspecies, because the
channels and waveform generators. Nanomolar quantities ofgne- or two-letter nomenclature currently in place will not
the native conopeptides directly isolated from the venom (32 pe enough to describe the large number of different non-
nmol of vill4a, 0.1 nmol of fifl4a, 3 nmol of fif14b, and  fish-hunting species, especially those with similar first letter
0.6 nmol of fif14c) were dissolved in 40L of water with — names. We decided to use the three letters “vil” to name the
10% DO (used for locking purposes) and 4 nmol of TSP pentides fromC. villepinii and “fif” for peptides fromC.
and placed in 1.7 mm NMR tubes (Wilmad WG-1364-1.7). figridanus floridensisArabic numbers were used to represent
The pH was adjusted using 0.01 M solutions of HCl and the disulfide framework; since 13 has already been assigned
NaOH and a Thermo micro-pH probe. Spectra were obtainedio 3 new eight-cystine, six-loop conotoxin familg1, the
using a VariargHCN (generation 5) high-performance 3 mm  framework described in this paper will become framework

probe (pw90= 3 us, at the upper limit of the linear range 14, The letter after the framework number indicates the order
of the RF amplifier) with a 1.7 mm capillary adaptor of gjution on SE-HPLC.

(Wilmad V-GFK-10/1.7). NMR experiments were conducted

at pH 3.60 and at different temperatures (0, 10, and@b RESULTS

to achieve the best chemical shift dispersion possible to aid

the sequence-specific assignments. For one-dimensional (1D) Peptide PurificationCrude venom fron€. villepinii (113
NMR experiments, the water signal was suppressed by usingmg) and crude venor@. floridanus floridensi¢97 mg) were
either WET @2) or presaturation. In addition to the concen- initially fractionated using SE-HPLC on the Superdex 30
trations determined from sequencing, peptide concentrationscolumn (Figure 2). The fif14 peptides were separated by the
were also evaluated by integrating the NMR signa|3 of Superdex-SO column despite their similar size. This is not
selected methyl groups and using the known concentrationentirely unexpected, since this column is also known to
of TSP as an internal standar23 or the signal of selected  partition analytes by hydrophobic interactioi@2y. The SE
methyl groups from peptides with known concentrations as fractions identified by the arrows in Figure 2 were rechro-
external standards. For two-dimensional (2D) experiments, matographed on a semipreparative C18 column (Figure 3).
water Suppression was carried out using WATERGAWE)( Purification to Single components was uItimater achieved
(24) in combination with 3919 purge pulses with flipback Using an analytical C18 column (Figure 3, insets).

(25), which were implemented in the TOCSY and NOESY  Reduction and/or Alkylation and Peptide Sequence De-
pulse sequences. ThgTOCSY andvgNOESY experiments  termination.The purified peaks were subjected to reduction
were used to obtain information about sequence-specificwith DTT and alkylation with iodoacetamide. Mass spec-
assignments and the secondary structure of the frameworktrometry of the reduced and/or carboxymethylated peptides
14 conotoxins Z6). All 2D NMR spectra were recorded in  and of native peptides showed a mass difference consistent
the phase sensitive mode using the Stakésberkorn method  with the presence of four cysteine residues for each peptide.
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Table 1: Amino Acid Sequences of Peptides flf14a, flf14b, flfl4c, and vill4a

Peptide Sequence Source Ref
fif14a WDVND&IHFELIGVVERSYTEj?HTMéT Conus floridanus floridensis This work
fIf14b WDVND!?IHFELIGVVGRSYTE?HTMJ:T Conus floridanus floridensis This work
fifl4c WDAYDCIQFCMRPEMRHTYAQCLSICT Conus floridanus floridensis This work
vill4a GGLGR!:IYNEMNSGGGLSFIQ?KTM!’Y Conus villepinii This work
k-Hefutoxin 1 G- -HACYRNCWRE- -GNDEETCKERC Heterometrus fulvipes (Scorpion) (15)
k-Hefutoxin 2 G- -HACYRNCWRE - -GNDEETCKERCG Heterometrus fulvipes (Scorpion) (15)
k-KTx1.3 G--F-CYRSCWKA - -GHDEETCKKECS Heterometrus spinifer (Scorpion) (16)
OmTX1 ---DPCYEVCLQQHGNV - -KECEEACKHPVE Opisthacanthus madagascarienses (Scorpion) (17)
OmTx2 ---DPCYEVCLQQHGNV--KECEEACKHPVEY Opisthacanthus madagascarienses (Scorpion) 17)
OmTx3 N--DPCYEVCLQHTGNV - - KACEEACQ Opisthacanthus madagascarienses (Scorpion) 17)
OmTx4 ---DPCYEVCLQQHGNV - -KECEEACKHP Opisthacanthus madagascarienses (Scorpion) 17)
MBP-1 RSGRGECRRQCLRRHEGQPWETQECMRRCRRRG Zea mays (Corn) 39)
Tachyplesin ---KWCFRVCYRGI------- CYRRCR Tachypleus tridentatus (Horsehoe crab) (48)
Gomesin £z 25 4CRRLCYKOR == CVTYCRGR Acanthoscurria gomesiana (Spider) (49)

a Sequences are aligned for maximal identity, and identical residues are shown with bold type. The flf14 and vil14 conotoxins were also aligned
with several four-Cys, three-loop peptide sequences. Peptides with the functional Tyr/Lys dyaddieandel binding are indicated with Y (red)
and K (blue) colored labels.

flf14a and flf14b differed by only one amino acid residue.
All of these conotoxins contained 27 residues, and the four
cysteines were separated by three loops of conserved size
(loop 1 has three amino acids, loop 2 has 11 amino acids,
fif14c and loop 3 has three amino acids). This is a novel arrange-
l ment of Cys residues within conotoxin families that we have
designated framework 14. Additionally, a BLAST sear88)(
of the databases (Swissprot/EMBL, PIR, PDB, and nrdb95)
did not show any significant sequence homology to reported
proteins and peptides. Several four-cystine, three-loop se-
0 Time (min) 300 guences (Table 1), including peptides from scorpion venom,
k-hefutoxins (5), k-KTx1.3 (16), and Om-toxins17), were
found to have loop spacing similar to that of the new
conotoxins described here.

Mass Spectrometry of Purified Peptiddsass spectrom-
etry carried out using MALDI-TOF in the reflector mode
(M/AM resolution~ 10 000) yielded the following monoiso-
topic molecular ions: 3170.2 Da for flf14a, 3098.0 Da for
flf14b, 3280.4 Da for flfl4c, and 2872.5 for vill4a. Mass
analysis of the reduced and/or S-acetamide peptides and the
native peptides showed a mass difference consistent with
the presence of four cysteine residues in each peptide. The
. ‘ s masses obtained for the peptides were in agreement with the

0 Time (min) 250 calculated theoretical monoisotopic values determined for
Ficure 2: Purification of peptides by HPLC-Superdex 30. The the assigned sequences and indicated that the peptides were

column was eluted with 0.1 M NICO; at a flow rate of 1.5 ot gmjdated at the C-terminus. The calculated molecular
mL/min. (A) Fractionation of the venom @. floridanus floridensis

Peptides flf14a, f1fl4b, and f1fl4c were purified from the peaks masses were obtained using Protein Prospe&#r (

identified by the arrows. (B) Separation of the venom @f Disulfide Connectiity Analysis. The presence of four
villepinii. Peptide vill4a was purified from the peak marked with cysteine residues in these sequences suggested the existence
an arrow. of two disulfide bridges. Because of the limited quantities
The reduced and/or alkylated conotoxins were sequenced toof native conotoxins available after their purification, the
completion by Edman degradation. The sequences of thedisulfide connectivity was established by cleaving the peptide

fTb A flf14 and vil1l4 conotoxins are shown in Table 1. Peptides
ﬂfl4a

A220

vilt4a B

A220
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B fifl4b

Az

50 60 FIGURE 4: Schematic representation of peptides digested with
cyanogen bromide (CNBr) and chymotrypsin (Chym). Peptide
fragments and molecular weight will depend on the disulfide pattern.
X1 and X are either Phe, Trp, or Tyr.

c s Y ing other possible disulfide patterns were found. As expected,
some fragments containing the Met showed a™MH 30
o Da fragment that corresponded to a homoserine lactone
4?" formed as a consequence of the CNBr treatm@B) Since
Lo vill4a contains two Met residues, a loss of 60 Da was
“ % evidenced in the corresponding hydrolytic fragments of this
M L peptide. A product of dehydration (MH— 18 Da) was
Aot s ol St obtained in the fragment DVNDCIHF bonded to CT.
0

S Tme(min) Dehydration has been reported for residues such as Ser, Asp,
Glu, and Thr 84). Other MS peaks that were observed

r'd represented intermediate products of digestion.
“ Circular Dichroism SpectraCD spectra of flf14a, flf14b,

D

flf14c, and vill4a are shown overlaid in Figure 6. Similar
.................. overall spectra were obtained for the four peptides with a
4 50 maximum positive ellipticity at 195 nmif and a minimum
with negative ellipticity at 208 nmA). Conotoxin vill4a
- shows another minimum at 225 nit) (Analyses performed
o Time (min) using the method proposed by Baldwipl) indicate that
FicURE 3: Purification of peptides fifl4a (A), fif14b (B), fiflac  these peptides are predominardihelical, which is in good
(C), and vill4a (D). Fractions marked with the arrows in Figure 2 agreement with data derived from NMR spectroscopy.

were applied to a Vydac C18 semipreparative column and eluted ;
with a linear gradient of 1% buffer B increase per minute for 100 NMR Spectroscopye were able to obtain NMR spectra

min at a flow rate of 3.5 mL/min. The peaks highlighted with the (1D and 2D) of nanomolar quantities (nanoNMR) of the flf14
arrows were further purified on an analytical Vydac C18 column and vil14 conotoxins directly isolated from the venom of
using the same gra%iem f?rt%g? If?nlijn :}gigﬂ_t/hrgi%l(jggfstse\}eﬁgré)%b the cone snails. In all cases, 2BGTOCSY spectra were
semipreparative and analytical RP- » (Ne X 1% acquired; 2DVGNOESY spectra with spectral quality suitable
TFA (buffer A) and 0.1% TFA in 60% acetonitrile (buffer B). for structural determination (sufficient signal-to-noise ratio)
bonds between the loops of the native peptides (not reduced)wvere obtained for flfl4b and vill4a. Figure 7 shows
to obtain fragments maintaining all disulfide bonds. The wgNOESY spectra of flf14b (A) and vill4a (B) at Z%&.
molecular masses of these fragments were determined byDespite their small size (27 residues), a large number of NOE
MALDI-TOF mass spectrometry, which only requires fem- (>300) cross-correlations were found for these peptides.
tomole quantities of the sample. Three disulfide pairing Spectra at lower temperatures (0 and®@Qdata not shown)
patterns can be possible for these conotoxins, and they carresulted in even higher number of NOE cross-correlations.
be distinguished using a combination of CNBr and chymot- The flf14b and vill4a conotoxins have very well-defined
rypsin cleavage patterns (Figure 4). Peptides flf14a, flf14b, structure in solution at room temperature and in agreement
and vill4a contain a Met residue in the third loop which with the results of CD results (Figure 6). Sequence-specific
could be readily cleaved by CNBr. Further hydrolysis was assignments for all protons (except Glyl) in vill4a were
then achieved by using chymotrypsin, which cleaves after achieved using the nanoNMR data (Table S1). This allowed
aromatic residues Phe, Trp, and Tyr. Disulfide pairing of us to generate the NOE-based secondary structure connectiv-
flf14c was not assessed as it lacks a Met residue in loop 3.ity map shown in Figure 8A. 2vgNOESY spectra revealed
MALDI-TOF mass spectra following treatment of each a high a-helical content for all four peptides. For vill4a,
peptide with the combination of CNBr and chymotrypsin sequential NN(i + 1) andoN(i, i + 1) NOEs in conjunction
revealed that the disulfide pattern for these three peptides iswith midrange NNi, i + 3), aN(i, i + 3), andaj(i, i + 3)
C6—C26 and C16-C22 (Figure 5). No fragments represent- indicate twoo-helical segments between residuesl2 and

Az

vill4a
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Ficure 5: MALDI-TOF mass spectra (reflector mode) of peptides flf14a (A), flf14b (B), and vill4a (C) after treatment with CNBr and/or
chymotrypsin. Arrows highlight some molecular weights, and the corresponding fragments are shown. Monoisotopic molecular weights
were compared with the calculated molecular weights.

1926 separated by the Gly-rich (with few NOESs) segment that reveal a new conotoxin framework that highly differs
(residues 1318). The CSI plot 86) of vill4a (Figure 8B) from those of all known conotoxins. This new framework is
indicated negative values for the same segments of residuegharacterized by a four-Cys, three-loop sequence with a
5—12 and 19-26, whereas the rest of amino acids showed conservedCys-Xs-°Cys-X11-3Cys-Xs-*Cys loop spacing and

positive or near-zero values. 1-4, 2—-3 Cys pairing. We have termed this new arrange-
Molecular Model ofzill4a. A model of the four-Cys,  ment framework 14. The only posttranslational modifications
three-loop sequence {#, 2—3 Cys pairing) with a helix found in all these of 27-residue framework 14 conotoxins

loop—helix fold found in vil14a (Figure 8C) was built using  are cystine bridges. Unlike other four-Cys conotoxins, vil14
the k-hefutoxin (L5) and Om-toxins 17) three-dimensional  and flfl14 conotoxins are not amidated at the C-terminal end.
(3D) structures as templates. Slight structural differences arewnhile these peptides have the same framework, the inter-
found among these template structures; however, we selecte@ystine amino acid sequences can be quite variable. Besides
the «-hefutoxin as the template for the model of villl4a the cystines, the only conserved residue in all these four
shown in Figure 8C, as thehefutoxin-based model provided  conotoxins is lle7. fifl4a differs from flf14b in residue 16

the lowest Modeler target energy. (E in flf14a vs G in flf14b); therefore, there are three distinct
framework 14 conotoxins that show different degrees of
DISCUSSION sequence variability. The N-terminal tail and loop 1 are

Here we detail the isolation of four nov€lonuspeptides homologous among the flf14 conotoxins. The central loop
from the venom oLC. villepinii andC. floridanus floridensis ~ shows the greatest degree of variability among these three
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Ficure 6: CD spectra of native peptides flf14a, flf14b, flf14c, and
vill4a in H,O at 25°C. The table below shows the relatisehelix
content for each peptide.

variants. Loop 3 is conserved between flf14a/b and villl4a,
but different for flf14c. This sequence variability is typical
within conotoxin families, as interspecies sequence diver-
gence, even in closely relat€bnusspecies 7), is usually
observed. This new conotoxin framework was found in two
differentConusspecies that exist in unrelated environments,
as C. villepinii is restricted to deep-water habitats 100

m), wherea<. floridanusis restricted to shallow water0

m). However, it has been recently suggested @aflori-
danusandC. villepinii are in the same taxonomical clade
(38).

It is likely that this new conotoxin framework defines a
new conotoxin gene superfamily, as in most cases determined
so far, new peptidic frameworks i€onusvenom have
defined new superfamilies. This is particularly true in this
case, since the distribution of cysteine residues within the
sequence is quite unique f@onus It will be necessary to
compare the mRNA/cDNA sequences that encode the
precursor proteins of these conotoxins and evaluate if these
precursors share a highly conserved and unique signal
sequence that would define a gene superfamily to this new
framework. However, this putative new superfamily would
not be unique t&€onusas other organisms9), particularly
scorpions {5—-17), are capable of expressing this peptide
framework.

Four other families of four-Cys conotoxins have been
describedp-conotoxins 40) and p-conotoxins 41), which
belong to the A superfamily, ane-conotoxins 42) and
x-conotoxins 43), which are members of the T superfamily.
o-, -, and p-conotoxins have &Cys<CysPCys#Cys con-

Moller et al.
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nectivity. By way of contrasty-conotoxins havéCys+#Cys/
2Cys-<Cys connectivity. We obtained'€ys“CysPCys Cys
pairing for the new framework 14 conotoxins (the same
connectivity ag/-conotoxins) by digestion of three of these
novel conotoxins with CNBr and chymotrypsin. Unlike all
other four-Cys conotoxins, the flf14 and vill4 conotoxins

FiIGURE7: 2D NOESY spectra of flf14b (A) and vil14a (B) recorded
at 25°C using a 1.7 mm NMR tube in 3 mM gHCN probe. Water
suppression was achieved using Waterg2i Regions containing
the NN¢, i + 1) andaN(i, i + 1) correlations are outlined with
rectangular boxes. (C) NN({ + 1) sequence-specific assignments
of vill4a.

would reveal the Cys pairing. The advantage of this method

have all four cystine residues spaced out by loops (ho vicinal is that it requires smaller quantities of sample and it is less
Cys residues); this allowed the use of specific peptide bond laborious, as the cleavage products can be directly detected
cleavage between the loops, thus releasing fragments thaby MALDI-TOF MS.
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Ficure 8: (A) Sequential NOEs of vill4a (sequence shown at the top). The relative strengths of the sequential NOEs are indicated by
thickness of the bars. Twa-helical segments were found between residue$®and 18-26. (B) A proton chemical shift index (CSI)
indicates the presence of two helical segments in the peptide separated by a loop. (C) Model of the lowest-energy structure depicting the
backbone ribbon fold and disulfide bridges of vill4a (green). Lys23 is colored blue, along with two proximal Tyr residues (8 and 27),
which are colored red.

CD spectroscopy revealed a predomiraihtelical content cystine-stabilized (Cs/a) fold, where the two helices are
for all flfl4 and vill4 conotoxins. This is an unusual linked by the two disulfide bridges.

structural feature, as most conotoxins are nonhelical. Mea- NanoNMR analysis was used to address the details of the
surements of the molar ellipticity at 222 nit) provided us  stryctural fold found in the flf14b and vill4a conotoxins;
with the relative helical contents of these framework 14 335 nmol (9-90 g) isolated directly from the cone snails
conotoxins 21). This approach yields good estimations of \yere sufficient to yield spectra suitable for the structural
the relative helical content of these peptides, provided that analysis of these peptides. By way of contrastifol (19
contributions from tertiary structure and/or disulfide bonding mg) of synthetic peptide were utilized to determine the
are equivalent within a set of peptide®|. CD spectra for  strycture of the-hefutoxin. Similar synthetic quantities-{
all flf14 conotoxins were similar with one minimum of |, mol) were used for the structural determination of the Om-
ellipticity between 207 and 209 nmi) The CD spectrum  oxins. Despite the severe resonance overlap, particularly of
of vill4a was slightly different w_|th tvv(_) distinct m_|n|mal( HN protons, sequence-specific assignments of all proton
= 209 and 222 nm). These slight differences in the CD resonances were achieved for the vil14 conotoxin, allowing
spectra of the framework 14 conotoxins are consistent with ;5 to assess the structural features found in this new
slight structural differences in solution as observed in the gnotoxin fold. The 2DWgNOESY spectra of the fIf14 and
three different NMR structures of Om-toxins. vill4 conotoxins at room temperature showed very well
Other four-Cys, three-loop peptides wiBys“CysPCys- defined structures in solution, in a way that is reminiscent
3Cys pairing have been described. Notably, tHeefutoxins of the one observed in larger tightly folded globular proteins.
(15), x-KTx1.3 (16), and the Om-toxins1(7), a family of The NMR structures of four other disulfide-bonded cono-
K* channel-binding scorpion toxins, share the same frame-toxins (@, ¢, p, andy) have been determined, 42, 45).
work as these newly described conotoxins. However, prior However, these determinations have been carried out at lower
to the discovery of this framework in the scorpion toxins, a temperatures and with a relatively low number of NOE
sequence with similar characteristics was described for MBP- constraints per residue. Highly structured frameworks have
1, an antibiotic peptide present in the see@eé may$39) been observed in three disulfide-bonded conotoxins belong-
(Cys pairing was not determined for MBP-1). All of these ingto the O and M superfamilies, where a cystine knot with
peptides, including the flf14 and vil14 conotoxins, share this a triple-stranded3-sheet is the prevalent structural motif
conserved framework where loops 1 and 3 invariably have within these tightly compact scaffoldd4). This is not the
three amino acids and loop 2 varies from 7 to 11 residues case for peptides flf14a, flf14b, flf14c, and vill4a, since here
(Table 1). These peptides are highlyhelical accordingto  we have two disulfide bonds and all four cystine residues
their CD spectra, and it has been determined by NMR that spaced by loops of at least three amino acids. Instead, two
thek-hefutoxin and the Om-toxins form a hetixoop—helix o-helical distinct segments, residues® and 19-26, are
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clearly identified by their NOE connectivities and their can extend the dyad binding mode to the new framework
chemical shift indexes. This is in good agreement with the 14 conotoxins. We have carried out experiments that indicate
results of CD spectra, which revealed a predominantly that vill4a indeed blocks Kchannels in PC12 cells; these
o-helical secondary structure for these four new conotoxins. results will be reported elsewhere. However, the sequences
Most conotoxin frameworks described to date are nonhelical, of flf14 conotoxins do not have Lys residues, and no apparent
with the exception of the- and p-conotoxins, which have  dyad is contained in these conotoxins. This is also the case
a short helical segment, and some M superfamily conotoxinswith OmTx3, the only Om-toxin (Table 1) that lacks the
(47). functional dyad; however, it is the best blocker of the Om-
The fIf14 and vill4 conotoxins have the same helix  toxin set. It has been proposed that other positively charged
loop—helix Cso/a fold first described for th&-hefutoxins residues may mimic K ions entering the pore, occluding
from the scorpiorHeterometrus fulipes(15). Thex-hefu-  the ion pathway %6). Furthermore, alternate modes of
toxins block the voltage-gated *Kchannels, Kv1.2 and  pinding to the K channels, which excludes the aromatic
Kv1.3, and also slow the activation kinetics of the Kv1.3 gmino acid as being critical for bindingsT), or that
currents. Other related scorpion toxins, th&Tx1.3 from completely exclude the functional dyad, have been suggested
Heterometrus spinife(16) and the Om-toxins fronDpist- (58). The binding determinants and the differential targeting
hacanthus madagascariengds), share this same fold, and  of these conotoxins are currently being addressed with the

they show differential targeting of the *Kchannels. In appropriate electrophysiological experiments.
addition to the Cys residues, tlkehefutoxins have several

amino acids in common with the vil14 and flf14 conotoxins.
Examination of existing four-Cys frameworks witH'@ys-
4CysPCys=Cys pairing reveals several related nonhelical

The commonalities of these new framework 14 conotoxins
with the recently described @8a. K* channel binding toxins
found in scorpions are an indication of a shared molecular

toxins such as thg-conotoxins fromConus marmoreys imprint in these unrelated predatory venomous animals.

which target the noradrenaline transportt)( Tachyplesin, ~ hile the venom of these animals is a rich source of Cys-
a peptide with antimicrobial properties isolated from the constrained neuroactlv_e peptides, the detailed framewor_ks,
horseshoe crabachypleus tridentatug8); and Gomesin,  the number of Cys residues, the arrangement of Cys with
also an antimicrobial peptide from hemocytes of the spider the sequence, loop sizes, the Cys pairing, and the length of
Acanthoscurria gomesian@9). However, their 3D fold is  the polypeptide chains generally differ. Scorpion toxins are
quite different from that of the framework 14 conotoxins. larger, with more Cys bridges, and their frameworks are
Comparison of the loop size of the villl4 and fif14 different from the ones found in conotoxin families and
conotoxins with Cst/o. scorpion toxins shows that the first Superfamilies. In fact, the gene arrangements are different
and third loops have the same three-amino acid spacing@s toxin precursors are encoded by three exons in cone snails
(Table 1); the second loop afhefutoxins is two residues @S Opposed to two exons in scorpiod8)( However, all of
shorter. Even shorter spacing of the central loops can bethese toxins are probably related by common ancestral genes
found in the Tachyplesin and Gomesin (3/5/3); however, which were initially found in scorpions. Ancient scorpions

these peptides are not helical, and they exhibit #Bdold. of aquatic origin are estimated to have appeared 400 million
Therefore, the length of the central loop is critical in Yyears ago, whereas cone snails date to 55 million years ago
determining the overall fold of these motifs. according to the fossil recordb9). While Conusvenom

Structural analysis of our nanoNMR data confirmed that toxins are considered molecularly more diverse, as they are
the flf14 and vill4 conotoxins have the same three- capable of a combinatorial plethora of posttranslational
dimensional fold as the-hefutoxins and Om-toxins. It is ~ modifications and express linear families of conopeptides,
quite remarkable that we found a new conotoxin framework it is unclear how much commonality there is betwé&amus
in two Conusworm-hunting species that resemble so closely peptides and peptides found in other organisms since only a
these newly discovered @go. K* channel-binding scorpion  small fraction of either theConus peptide library or the
toxins. Just as for other potassium channel toxins, the vil14 scorpion toxins library has been characterized. Another
conotoxin has a functional Lys/Tyr (or Phe) dyad separated conotoxin framework, specifically the classical O superfamily
by 6.0+ 1.0 A (50). This is consistent with the model built  conotoxin C-C-CC-C-C array, has been found in spidés (
for the vill4a conotoxin, based on the NMR structure of the and sea sponge$1) and within the viral genomes59).
r-hefutoxin. This model is in agreement with our current However, in the case of the fll14 and vil14 conotoxins, cone
nanoNMR data, and only small variations with the nanoNMR- snails are utilizing the same biochemical strategy as scorpions
based 3D structure of the vill4a (currently in progress) are in targeting ion channels through this particular &
expected. Furthermore, the Ggo scorpion toxins exhibit  framework to capture their prey. Further structural and
only small structural variations among themselvVEg (The functional studies of these conotoxins will provide a better
location of Lys23 (in blue in Figure 8C) indicates two understanding of the usefulness of this new scaffold in
proximal Tyr residues (Y8 and Y27). Therefore, two potential molecular engineering and neuronal targeting and could lead

dyad pairs can be considered for thé khannel binding  to the design of neuropharmacological agents that target
properties of vill4a. This dyad was found in structurally specific receptors or ion channels.

unrelated potassium channel-blocking toxins from scorpions

(52), sea anemone$?) and in thex-conotoxins $3—55). ACKNOWLEDGMENT
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'H NMR chemical shift assignments for vill4a. The
sequences of the framework 14 conotoxins have been
deposited with the UniProt Knowledgebase with accession
numbers P84704 for conotoxin vill4a, P84705 for conotoxin
flf14a, P84706 for conotoxin flf14b and P84707 for cono-
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