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Abstract The full-length cDNAs of two novel T-superfamily conotoxins, Lp5.1 and Lp5.2, were cloned
from a vermivorous cone snail Conus leopardus using 3'/5'-rapid amplification of cDNA ends. The cDNA of
Lp5.1 encodes a precursor of 65 residues, including a 22-residue signal peptide, a 28-residue propeptide and
a 15-residue mature peptide. Lp5.1 is processed at the common signal site -X-Arg- immediately before the
mature peptide sequences. In the case of Lp5.2, the precursor includes a 25-residue signal peptide and
a 43-residue sequence comprising the propeptide and mature peptide, which is probably cleaved to yield a
29-residue propeptide and a 14-residue mature toxin. Although these two conotoxins share a similar signal
sequence and a conserved disulfide pattern with the known T-superfamily, the pro-region and mature peptides
are of low identity, especially Lp5.2 with an identity as low as 10.7% compared with the reference Mr5.1a.
The elucidated cDNAs of these two toxins will facilitate a better understanding of the species distribution,
the sequence diversity of T-superfamily conotoxins, the special gene structure and the evolution of these

peptides.
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Cone snails are predatory marine animals belonging to
gastropod mollusks. There are more than 500 species of
cone snails living mainly in the tropical marine area around
the world. These venomous creatures have evolved a highly
sophisticated neuropharmacological strategy based on small
peptides (conotoxins). They are usually composed of 10—
50 amino acids and are rich in disulfide bonds with a few
widely shared structure motifs [1]. However, individual
peptides are selectively targeted to a specific isoform of
ion channel or receptor. A variety of such targets have
been identified, including voltage- and ligand-gated ion
channel subtypes, as well as G protein-linked receptors
and norepinephrine transporters [2]. Conotoxins have great
potential as a tool for neuroscience and as therapeutic
agents. In addition, each Conus species has its own distinct
repertoire of 50-200 different venom peptides [3,4]. Thus,
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there are tens of thousands of different active peptides in
Conus venoms. However, only 0.2% of them have been
elucidated.

According to the disulfide framework and the sequence
of signal peptides, conotoxins can be grouped into several
superfamilies, such as the A-, O-, M-, P-, I-, S-and T-
superfamily. It is well known that, although members of
each superfamily share a similar cysteine pattern, their
molecular targets can be quite different. For example, in
the A-superfamily, o A- and kA-conotoxins share the same
Cys pattern (CC-C-C-C-C), but they are totally different
in physiological activity. aA-conotoxins act as the specific
blocker of nicotinic acetylcholine receptor (NAChR),
whereas kA-conotoxins target the potassium ion channel
[5]. Conotoxins are also characterized by the ability to
discriminate the different subtypes of their molecular
targets [6]. In addition, there are also conotoxins of
different superfamilies which have an effect on the same
target. For example, the a-conotoxins in the A-superfamily
and the y-conotoxins in the M-superfamily both target
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the nAChR. The only difference is that a-conotoxins
compete for the binding site of ACh, whereas y-conotoxins
inhibit the activity of NAChR in a noncompetitive manner
[7.8].

Compared with conotoxins from other superfamilies,
T-superfamily conotoxins found in all three major feeding
types of cone snails are extremely small peptides (10-17
amino acids). The widespread distribution of T-superfamily
conotoxins suggests that they might have an important
physiological function for the genus [9]. Among the T-
superfamily, many members are reported to have a highly
post-translationally modified sequence. An unusually high
degree of post-translational processing, including L-6-
bromination of tryptophane hydroxylation of proline and
O-glycosylation of threonine, was found in tx5a, which
was also reported as e-TxIX and may target presynaptic
Ca* channels or act on G protein-coupled presynaptic
receptors [10,11]. However, no such modifications have
been observed in other members, including mr5a and au5a.
Considering that T-superfamily conotoxins share low
sequence identity, the function of these peptide toxins might
also be divergent.

In this report, the full-length cDNA sequences of two
novel T-superfamily conotoxins, Lp5.1 and Lp5.2, have
been cloned from Conus leopardus. The successful gene
cloning of these two conotoxins will facilitate better
understanding of the species distribution and sequence
diversity of T-superfamily conotoxins, and of the special
gene structure and evolution of these peptides.

Materials and Methods

Materials

The specimens of C. leopardus for gene research were
obtained from Sanya (China) near the South China Sea.
The venom ducts were dissected from living snails, then
immediately frozen in liquid nitrogen and stored at —80 °C.
The 3'-rapid amplification of cDNA end (RACE) kits and
Trizol reagent were purchased from Invitrogen (Carlsbad,
USA), Tag DNA polymerase and the pGEM-T Easy Vector
System from Promega (Madison, USA), and restriction
enzymes from NEB. 5-Bromo-4-chloro-3-indolyl B-D-
galactopyranoside, isopropyl B-D-thiogalactopyranoside
and other reagents were of analytical grade.

Preparation of total RNA

One venom duct frozen in liquid nitrogen was ground
into fine powder and homogenized. Using the Trizol reagent

kit, the total RNA extraction was carried out according to
the instruction manual.

cDNA cloning and sequencing

Approximately 5 ug of total RNA from the C. leopardus
venom duct was taken to convert mMRNA into cDNA using
Superscript Il reverse transcriptase (Invitrogen) with a
universal oligo(dT)-containing adapter primer 5'-GGC-
CACGCGCGTCGACTAGTAC(dT),;-3". For the poly-
merase chain reaction (PCR) amplification of the genes
encoding T-superfamily conotoxins, 5' forward primer 1
(5'-ATGCGCTGTGTCCCAGTCTTC-3') based on the
conserved signal peptide sequence of T-superfamily
conotoxins was used, paired with an abridged universal
amplification primer devoid of the poly dT tail. In the case
of Lp5.1, an additional 3' forward primer 2 (5'-CTG-
AAATATTTAATC-3") was used. PCR was performed as
follows: an initial denaturation of 94 °C for 2 min; 10 cycles
of 94 °C for 45 s, 55 °C for 45 s, decreasing 1 °C per
cycle, 72 °C for 2 min; 25 cycles of 94 °C for 45's, 45 °C
for 45 s, 72 °C for 2 min; then terminated with a final
extension at 72 °C for 10 min. PCR products were analyzed
by electrophoresis on 1% agarose gel. The PCR product
band was excised from the gel and purified with a Gel
Extraction Mini Kit. The purified PCR products were
inserted into the pGEM-T Easy Vector System by TA
cloning. Transformed colonies were screened with white-
blue identification for sequence analysis.

Results

PCR amplification with 5' forward primer 1 paired with
an abridged universal amplification primer was carried out
to screen the C. leopardus cDNA library. In the case of
Lp5.1 an additional 3' forward primer 2 was used. A
prominent PCR product band of approximately 700 bp
was obtained in both cases. At least 12 clones were
sequenced each time. The precursor peptide sequences
of two novel T-superfamily conotoxins, Lp5.1 and Lp5.
2, were deduced according to the cDNA sequences (Figs.
1 and 2), both of which include a long 3'-untranslated
region of approximately 500 bp. The deduced precursor
of Lp5.1 consists of a 22-residue signal peptide, a 28-
residue propeptide and a 15-residue mature peptide (Fig.
1). In the case of Lp5.2, the cleavage site is uncertain,
but the highly conserved prepeptide sequences and the
same cysteine pattern (CC-CC) of both peptides clearly
indicate that they should belong to the T-superfamily
conotoxins.
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Primer |
ATGCGCTGTGTCCCAGTCTTCATCATTCTTCTGCTGCTGATTCCATCTGCACCCAGCGTT
MR CVPVYEF L I LLLLILPSALPSVY

GATGCCCAACGGAAGACCAAAGATCATCTGCCCCTGUCATCTTTCCATGATAATGCAAAG
2100 A Q R K T KD D VP LA SEFHDNAK

=8

121 CGAACCCTGAMAGACTTTGGAACAMCGCTCGTGUTGCCCACANGAATTTTTATGC TG
41 RT L KRILWNEKTPRSS COC?PQETIILGCC

181 CTATACCTGGIGAAMTGACTTTCOCTCAGACTCCTGCCAACTCTCCCTAGATGTGAGATT
6l LY L ¥V K *
241 TGOEAAAGCAGACTGTTCCTTTTGTGTGTTTTCGTCOAATTTCGAATGATCGTCAACAACA
301 TTCTGCCACTTGCAAGCTATTATCTCTTTGTCCTTTCATATGTGGAAATGGATGACCTAA
361 CAACTGAAATGTCATGGAAATTTTTCAATGGGTATACACTATGACCATGTAGTCGGAAAT
421 TGEA | FITTTGGAATATT AAATGTAGTA reerer
481 GGAAGGTCCTETGTCATIAATATTTCAGTATGTTATGC T T GCACACAAGCTATAGAA
Primer 2

TGCTATCTTTCTTTTTGTTACCATATCAATGATGGGOCCCAAAAAATCATTGOOTTTTGG
GCCTATGTAAATTTATCACCTGGCATTAACTGGCTTAT

54
60

Fig. 1 cDNA and deduced sequences of T-conotoxin Lp5.1
The untranslated regions are in italics; the pro-region underlined; the mature peptide
region shadowed. The primers for 3'/5'-rapid amplification of cDNA ends are indicated
with arrows. GenBank accession number of the coding region of Lp5.1 is AY591769.

Primer [

ATGCGCTGTOTCCCAGTCTTCATCATCCTTCTTCTGTTOGCTTCACCTGCAGCTCCAAAG
MR CVPVFEFIT I LLLILASPAAMNLPK

61 TCTTTGGAAMCGAGAATCCAGAACGATTTGATTCGCGCAGGCCTTACAGATGCCGATCTG
2 s L E T R 1L QND L 1 R AG L T D ADL

121 AAAACCGAAAAAGGCTTCCTTAGCGGCCTACTCAACGTGGCCGGCAGTGTCTGCTGCAAG
4 K T K K 6 F I8 ¢ L ILNV A G SV CCK

181 GTTGATACCAGTTGCTGTTCTAACTAATAATCAAGATGCTTTAAAGTATGGCTCGACTTTG
61 ¥ DT 8§ C C S8 N % =*

241 GAACCGACACCTCCANCTGTACCCGGATATCAGA TCTANANAGCAGACTGTTTCTTTT
301 GCACATGCTCGTGTGGTTGANACAGTCATCTANTATACGCTGCCATTTGCATTGTCATGE
361 TCTCCGTTTATTCACAGAACTGCATAC AGATTAANTGTCTTCEANATTGAACTC
421 ATTTTCTGCACAGTATAGTCAGTGACCAACCGGTCATACTTCAAATATTTCTGATTATCT
481 AAMCTCCTTCAACATCTTTTTATCTCTCCTTTTTTCTCACATTTTCCGTTTCOCTACCT
541 CGTCTCCAAGTACAATAATATTGCTCCTCCTTTTCTTCAGTCATGACAGAGAAAACTCATC
601 ATGGTCAATGTAATCATCATAATTACCTAGCTTTAGAGTGACTTTTTTTCGGTGTTGAAT
661 CTTCANCCTCTATACAAACAGTCCTCAGGTCOATTAATAAACGCTTGCAT TGUAAAAAAA
721 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGTAC

—

Fig. 2 c¢DNA and deduced sequences of T-conotoxin Lp5.2
The untranslated regions are in italics and the polyadenylation signal “AATAAA”
bold. The primer for 3'-rapid amplification of cDNA end is indicated with an arrow, the
pro-region underlined and the mature peptide region shadowed. GenBank accession
number of the coding region of Lp5.2 is AY591770.

Discussion

As most conotoxins, the prepropeptide of Lp5.1 is
cleaved at the signal site - X-Arg- to yield the mature toxin,
whereas in the sequence of Lp5.2 there is no apparent

cleavage site that contains alkaline amino acids. Our
assumption is that precursor Lp5.2 is possibly cleaved at
the site -X-Ala-, as previously characterized in conotoxin
BtX [12]. Consequently, there must be an unusual
proteinase cleaving at such a different site to yield mature
toxins. But this is still to be identified by isolating and
characterizing the mature toxin from venom. We also noted
that the identity of the pro-region between Mr5.1a (as
reference) and Lp5.2 is 10.7%, which is by far the lowest
of all known T-superfamily conotoxins [9]. However, the
pre-regions of both conotoxins are, relatively, much more
highly conserved. The pre-region identities of Lp5.1 and
Lp5.2 are 90.1% and 69.2%, respectively (Table 1).

Sharing no obvious homology, the mature peptide
sequences of T-superfamily conotoxins are more diver-
sified than those of other known superfamilies, whose
identities range from 25.0% to 86.7%, taking Mr5.1a as a
reference. Except Mr5.1b, each toxin has a low identity
below 50% (Table 2). Lp5.1 and Lp5.2 elucidated in this
work have quite differing identities of 40.0% and 28.6%,
respectively. In the sequences of Lp5.1 and Lp5.2, there
is no conserved glutamic acid residue preceded by the
second two adjacent Cys, unlike the conotoxins found in
Conus marmoreus [9]. Because the mature toxins of Lp5.1
and Lp5.2 have not yet been isolated and characterized
from venom, it is still unknown whether they undergo
post-translational modification. But the T-superfamily is
still a family endowed with fairly abundant post-trans-
lational modification, as shown in Table 2. Of all the T-
superfamily conotoxins, tx5a is the most complicated. An
unparalleled degree of post-translational processing
including bromination, hydroxylation, and glycosylation
were found in one toxin for the first time [10,11]. It is
worth noting that some post-translational modifications
have been shown to be indispensable for the specific
biological activities of several conotoxins [17].

From the deduced precursor sequences we cannot be
sure whether there is post-translational processing in Lp5.1
and Lp5.2, however there are some possible sites that
may undergo post-translational modification. For example,
the O-glycosylation of the serine or threonine residue, the
hydroxylation of Pro residue and the y-carboxylation of
Glu residue.

The elucidated full-length cDNAs of two novel T-
conotoxins from C. leopardus in this work again provide
evidence that T-superfamily Conus peptides share a rela-
tively conserved signal sequence, but rather diversified
pro-region and mature peptides. The high variability of
mature Conus peptides and mechanism of post-trans-
lational modification are intriguing. As with the discovery
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Table 1

Comparison of entire peptide sequences between T-superfamily conotoxins Lp5.1/Lp5.2 and Mr5.1a

Conotoxin  Sequence

Identity (%)

Pre  Pro
Mr5.1a MRCVPVFVILLLLIASAPSVDARLKTKDDMPLPSSHANIKRTLQIHRNKRCCPGWELCCEWDEW 100.0 100.0
Lp5.1 MRCVPVFIILLLLIPSAPSVDAQRKTKDDVPLASFHDNAKRTLKRLWNKRSCCPQEFLCCLYLVK 90.1 654
Lp5.2 MRCVPVFILLLLASPAAPKSLETRIONDLIRAGLTDADLKTEKGFLSGLLNVAGSVCCKVDTSCCSN 69.2 10.7

The cysteine residues are in bold; propeptides are underlined; mature peptides are shadowed. The percentages indicate the sequence identity of the pre-region and pro-

region of Lp5.1 and Lp5.2 (Mr5.1a as reference).

Table 2 Mature peptide sequence comparison of T-superfamily conotoxins
Conotoxin Sequence Identity (%) Conus species Reference
Mr5.1a CCPGWEL CCEWDEW 100.0 C. marmoreus [9]
Mr5.1b CCPGWELCCEWDDGW 86.7 C. marmoreus [9]
Mr5.2 FCCRTQYV CCYAIKN' 40.0 C. marmoreus [9,13]
Mr5.3 CCITFYSCCYFDLK 50.0 C. marmoreus [9,13]
Mr5.4a CCQVMPQCCEWN 42.9 C. marmoreus [9]
Lp5.1 SCCPQEFLCCLYLVK 40.0 C. leopardus This work
Lp5.2 GSVCCKVDTSCCSN 28.6 C. leopardus This work
Gm5.1 LCCVTEDWCCEWW 46.7 C. gloriamaris [10]
Tx5.1 CCQTFYWCCVQ 28.6 C. textile [10]
mr5a NACC-IVRQCC 25.0 C. marmoreus [9]
p5a GCCPKQMRCCTL' 33.3 C. purpurasceus [10]
auba FCCPFIRYCC 33.3 C. aulicus [10]
tx5a YCC-YDGWCCTSAAO 375 C. textile [10,11]
MrlA NGVCCGYK-LCHPC 29.4 C. marmoreus [14-16]

T C-terminal amidation; * bromination; § O-glycosylation. y, gamma-carboxyglutamic acid, E, predicted to be gamma-carboxyglutamic acid.

of the presence of a y-carboxylation recognition signal in
the pro-region of the precursor of tx5a [10,18], there may
also be recognition signals in the prepropeptide for
bromination and O-glycosylation enzymes. Thus, tx5a and
other members of the T-superfamily might provide good
model substrates for studying post-translational modi-
fication of Conus peptides. The high diversity of Conus
peptides could be an optimum evolutionary strategy of the
genus; the relatively conserved signal sequences and the
pro-regions are necessary and may take on certain func-
tions during the course of folding, post-translational modi-
fication and secretion [19,20]. The cDNA cloning and
analysis of cone snails is an efficient method to discover
novel toxin peptides, and it also facilitates a better under-
standing of the complicated post-translational processing
and evolution of conotoxins.

It has already been confirmed that the T-superfamily
conotoxins are extremely diversified. The highly variable

toxin peptides, as well as their abundant post-translational
modification, may lead to the exhibition of different
functions. Therefore, the T-superfamily conotoxins may
serve as a good library for studying the structure-function
relationship of conotoxins. Given that the specific func-
tions of many already identified T-superfamily conotoxins
are still unknown, more research in this area is needed to
reveal their physiological activities.

Acknowledgements

This work was conducted in the Institute of Protein
Research, Tongji University (Shanghai, China) and under
the supervision of academician Prof. Cheng-Wu CHI
(Institute of Biochemistry and Cell Biology, Shanghai
Institutes of Biochemical Sciences, Chinese Academy of
Sciences, Shanghai, China).

O©lnstitute of Biochemistry and Cell Biology, SIBS, CAS

20z 1udy 0Z uo 1senb Aq £€1//82/F/8€/0101E/SqME/WO9 N0 0IWaPEDE//:SARY WO} PAPEOIUMOQ



Apr., 2006

Wei-Hua CHEN et al.: cDNA Cloning of Two Novel T-superfamily Conotoxins from Conus leopardus 291

10

11

References

Oliveraa BM, Cruzab LJ. Conotoxins, in retrospect. Toxicon 2001, 39: 7-14
Sharpe 1A, Gehrmann J, Loughnan ML, Thomas L, Adams DA, Atkins A,
Palant E et al. Two new classes of conopeptides inhibit the alphal-adrenoceptor
and noradrenaline transporter. Nat Neurosci 2001, 4: 902-907

Olivera BM. E.E. Just Lecture, 1996. Conus venom peptides, receptor and
ion channel targets, and drug design: 50 million years of neuropharmacology.
Mol Biol Cell 1997, 8: 2101-2109

Shon KJ, Stocker M, Terlau H, Stuhmer W, Jacobsen R, Walker C, Grilley
M et al. Kappa-conotoxin PVIIA is a peptide inhibiting the shaker K* channel.
J Biol Chem 1998, 273: 33-38

Santos AD, Mclintosh JM, Hillyard DR, Cruz LJ, Olivera BM. The A-
superfamily of conotoxins: Structural and functional divergence. J Biol Chem
2004, 279: 17596-17606

Nicke A, Wonnacott S, Lewis RJ. Alpha-conotoxins as tools for the elucidation
of structure and function of neuronal nicotinic acetylcholine receptor subtypes.
Eur J Biochem 2004, 271: 2305-2319

Dutton JL, Craik DJ. Alpha-conotoxins: Nicotinic acetylcholine receptor
antagonists as pharmacological tools and potential drug leads. Curr Med
Chem 2001, 8: 327-344

Shon KJ, Grilley M, Jacobsen R, Cartier GE, Hopkins C, Gray WR, Watkins
M et al. A noncompetitive peptide inhibitor of the nicotinic acetylcholine
receptor from Conus purpurascens venom. Biochemistry 1997, 36: 9581—
9587

Han YH, Wang Q, Jiang H, Miao XW, Chen JS, Chi CW. Sequence
diversity of T-superfamily conotoxins from Conus marmoreus. Toxicon 2005,
45:481-487

Walker CS, Steel D, Jacobsen RB, Lirazan MB, Cruz LJ, Hooper D, Shetty
R et al. The T-superfamily of conotoxins. J Biol Chem 1999, 274: 30664—
30671

Rigby AC, Lucas-Meunier E, Kalume DE, Czerwiec E, Hambe B, Dahlqvist I,
Fossier P et al. A conotoxin from Conus textile with unusual posttranslational

12

13

14

15

16

17

18

19

20

modifications reduces presynaptic Ca?* influx. Proc Natl Acad Sci USA 1999,
96: 57585763

Fan CX, Chen XK, Zhang C, Wang LX, Duan KL, He LL, Cao Y et al. A
novel conotoxin from Conus betulinus, kappa-BtX, unique in cysteine pattern
and in function as a specific BK channel modulator. J Biol Chem 2003, 278:
12624-12633

Hansson K, Furie B, Furie BC, Stenflo J. Isolation and characterization of
three novel Gla-containing Conus marmoreus venom peptides, one with a
novel cysteine pattern. Biochem Biophys Res Commun 2004, 319: 1081—
1087

Mclntosh JM, Corpuz GO, Layer RT, Garrett JE, Wagstaff JD, Bulaj G,
Wazovkina A et al. Isolation and characterization of a novel conus peptide
with apparent antinociceptive activity. J Biol Chem 2000, 275: 32391-
32397

Balaji RA, Ohtake A, Sato K, Gopalakrishnakone P, Kini RM, Seow KT,
Bay BH. Lambda-conotoxins, a new family of conotoxins with unique disulfide
pattern and protein folding. Isolation and characterization from the venom of
Conus marmoreus. J Biol Chem 2000, 275: 39516-39522

Sharpe 1A, Palant E, Schroeder CI, Kaye DM, Adams DJ, Alewood PF,
Lewis RJ. Inhibition of the norepinephrine transporter by the venom peptide
chi-MrlA. Site of action, Na* dependence, and structure—activity relationship.
J Biol Chem 2003, 278: 40317-40323

Buczek O, Bulaj G, Olivera BM. Conotoxins and the posttranslational
modification of secreted gene products. Cell Mol Life Sci 2005, 62: 3067—
3079

Bush KA, Stenflo J, Roth DA, Czerwiec E, Harrist A, Begley GS, Furie BC
et al. Hydrophobic amino acids define the carboxylation recognition site in
the precursor of the gamma-carboxyglutamic-acid-containing conotoxin
epsilon-TxIX from the marine cone snail Conus textile. Biochemistry 1999,
38:14660-14666

Wang CZ, Jiang H, Ou ZL, Chen JS, Chi CW. cDNA cloning of two A-
superfamily conotoxins from Conus striatus. Toxicon 2003, 42: 613-619
Espiritu DJ, Watkins M, Dia-Monje V, Cartier GE, Cruz LJ, Olivera BM.
Venomous cone snails: Molecular phylogeny and the generation of toxin
diversity. Toxicon 2001, 39: 1899-1916

Edited by
Ming-Hua XU

http://www.abbs.info; www.blackwellpublishing.com/abbs

20z Iudy 0g U0 1senb Aq £€1//82/%/8€/2101B/SAGR/WO00 dNO"OIWBPEE//:SAY WOy POPEOJUMOQ



