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Identification of Novel Conopeptides and Distinct Gene Superfamilies in the Marine Cone Snail Conus quercinus
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Conopeptides from the marine cone snails are a mixture of cysteine-rich active peptides, representing a unique and fertile resource for neuroscience research and drug discovery. The ConoServer database includes 8,134 conopeptides from 122 Conus species, yet many more natural conopeptides remain to be discovered. Here, we identified 517 distinct conopeptide precursors in Conus quercinus using de novo deep transcriptome sequencing. Ten of these precursors were verified at the protein level using liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS). The combined gene and protein analyses revealed two novel gene superfamilies (Que-MNCLQ and Que-MAMNV), and three other gene superfamilies (N, P, and I1) were reported for the first time in C. quercinus. From the Que-MAMNV superfamily, a novel conotoxin, Que-0.1, was obtained via cloning and prokaryotic expression. We also documented a new purification process that can be used to induce the expression of conopeptides containing multiple pairs of disulfide bonds. The animal experiments showed that Que-0.1 strongly inhibited neuroconduction; the effects of Que-1.0 were 6.25 times stronger than those of pethidine hydrochloride. In addition, a new cysteine framework (CC-C-C-C-C-C-CC-C-C-C-C-C) was found in C. quercinus. These discoveries accelerate our understanding of conopeptide diversity in the genus, Conus and supply promising materials for medical research.
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INTRODUCTION

Carnivorous marine gastropod mollusks in the genus Conus produce a venomous cocktail for predation, defense, or competition. Any significant amount of Conus venom may contain hundreds of different peptides, each of which generally comprised of 12–50 residues with multiple pairs of disulfide bonds; these peptides are called conotoxins or conopeptides (Gao et al., 2017; Terlau and Olivera, 2017). Owing to the high selectivity of certain ion channels and nerve receptors, conotoxins have gradually become a useful tool for neuroscience research and have great potential utility for the development of novel drugs. Conus species can be roughly divided into three groups based on diet: vermivorous, molluscivorous, and piscivorous (Gao et al., 2017). Of these, insectivorous Conus are the most common, accounting for about 70% of all the Conus species worldwide (Gao et al., 2017). Insect-eating Conus have dominated throughout the evolution of this genus (Gao et al., 2017).

Several recent studies of conotoxins have focused on their strong pharmacological activity as potential analgesics (Terlau and Olivera, 2017; Shen et al., 2019). The conotoxin MVIIA (Ziconotide), a selective N-type voltage-sensitive calcium channel blocker that contains the cysteine framework C-C-CC-C-C, is approved by the US Food and Drug Administration (FDA) to treat the intractable pain (Miljanich, 2004; Wermeling, 2005). Similarly, the conotoxin MrIA, a norepinephrine transporter inhibitor, is under phase II clinical trials as a potential pain treatment (Lovelace et al., 2006; Paczkowski et al., 2007; Wan et al., 2016). Yet, additional conopeptide materials are still required from which to screen the desired drugs.

In general, the conopeptide signal peptide region is a relatively well conserved (Gao et al., 2017). Based on the sequence similarities among the signal peptides, ConoServer1 currently classifies the conopeptide-encoding genes into 40 superfamilies. Of these, 27 gene superfamilies (A, B1, B2, B3, C, D, E, F, G, H, I1, I2, I3, J, K, L, M, N, O1, O2, O3, P, Q, S, T, V, and Y) are widely recognized (Kaas et al., 2008, 2010, 2012; Puillandre et al., 2012; Ye et al., 2012; Aguilar et al., 2013; Dutertre et al., 2013; Luo et al., 2013; Lu et al., 2014; Fu et al., 2018; Yao et al., 2019; Zhang et al., 2019; Li et al., 2020). The remaining 13 gene superfamilies are listed as temporary in the ConoServer database (Espiritu et al., 2001; Biggs et al., 2010; Kaas et al., 2010, 2012). However, in the ConoServer database, 31 distinct cysteine frameworks are described (Bernáldez et al., 2013). The recent studies have reported more than the 30 novel temporarily gene superfamilies (Lavergne et al., 2015; Peng et al., 2016; Prashanth et al., 2016). The genomic or proteomic analyses of a single Conus specimen may reveal hundreds of unique conopeptides (Biass et al., 2009; Davis et al., 2009; Dutertre et al., 2013; Lavergne et al., 2015). We anticipate that many natural conopeptides remain to be identified, and that these as-yet unknown compounds have great potential utility.

Herein, we used transcriptome sequencing to identify a series of novel putative conopeptides from the three venom ducts of the vermivorous cone snail Conus quercinus. Five novel gene superfamilies were further verified using liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS). One of the newly discovered conotoxins, Que-0.1, which has a novel cysteine framework, was prepared using the genetic engineering techniques. The nerve-blocking potential of this conotoxin was analyzed using the electrophysiological methods.



RESULTS


Transcriptome Sequencing

A summary of the transcriptome assemblies of the three venom ducts is given in Supplementary Table 1. Illumina sequencing of Que-1-VD, Que-2-VD, and Que-3-VD generated approximately 8.39, 9.21, and 7.19 Gb of clean data, respectively. Based on these data, full-length transcript sequences were assembled using Trinity (Fu et al., 2015). The total numbers of potential transcripts in Que-1-VD, Que-2-VD, and Que-3-VD were 134,610, 113,063, and 97,027, respectively. The percentage of Q30 clean bases in Que-1-VD, Que-2-VD, and Que-3-VD were 93.2, 96.52, and 93.21%, respectively. The GC contents of the potential transcripts in Que-1-VD, Que-2-VD, and Que-3-VD were 43.46, 44, and 42.97%, and the average lengths of potential transcripts were 434.94, 366.95, and 414.24 bp. For Que-1-VD, Que-2-VD, and Que-3-VD, the ratio of pair mapping was 79.09, 70.31, and 83.39%, and the total numbers of open reading frames (ORFs) were 15,364, 12,141, and 10,068, respectively.

We used the Venn diagrams to visualize the numbers of annotated genes. In the databases, non-redundant nucleotide sequences (Nt), Swiss-Prot, and non-redundant protein sequences (Nr), there were 3,071, 14,918, 9,983, and 19,980 hits, respectively, for Que-1-VD (Supplementary Figure 1A); 2,964, 14,608, 8,185, and 18,828 hits, respectively, for Que-2-VD (Supplementary Figure 1B); and 2,419, 11,463, 6,884, and 14,971, respectively, for Que-3-VD (Supplementary Figure 1C). The major functional Gene Ontology Consortium (GO) terms in the biological process category were cellular process, single-organism process, and metabolic process (Supplementary Figure 1D).

The cytochrome c oxidase subunit I (COI) gene is often used as a DNA barcode for animal species identification (Hebert et al., 2003). From the NCBI EST database, we obtained 22 COI nucleotide sequences from eight Conus species: C. tribblei (Barghi et al., 2015), C. lenavati (Li et al., 2017), C. episcopatus (Prashanth et al., 2016), C. marmoreus (Dutertre et al., 2013), C. geographus (Safavi-Hemami et al., 2014), C. eburneus (Liu et al., 2012), C. flavidus (Davis et al., 2009), C. litteratus (Lu et al., 2014), and C. quercinus. We aligned these sequences with the COI nucleotide sequences of Que-1-VD, Que-2-VD, and Que-3-VD. The resulting evolutionary tree indicated that the genetic distances among the COI genes from the nine Conus species were 0.01–0.011. On the contrary, the genetic distances among the two previously published COI sequences (MN389188.1 and KJ606021) and three of the COI sequences collected from the five C. quercinus specimens were 0.000–0.003. This evolutionary tree was consistent with the traditional morphological identifications and classifications. Thus, we identified Que-1-VD, Que-2-VD, and Que-3-VD as C. quercinus (Figure 1).
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FIGURE 1. The phylogenetic relationship of Conus species. The phylogenetic tree was inferred from the partial sequences of cytochrome oxidase I. Tree building method: PHYLIP Neighbor Joining in the UGENE-1.25.0 program. The Distance matrix model: FB4. Transition/transversion ratio: 2.00. Some species pictures were cited in the literature (Zhang et al., 2019).




Eukaryotic Orthologous Group Functional Classification of the Open Reading Frames

To further explore the possible functions, we screened the identified ORFs against the eukaryotic orthologous groups (KOGs) database. In Que-1-VD, Que-2-VD, and Que-3-VD, we successfully assigned the KOG functional annotations to 9,910, 8,114, and 6,753 sequences, respectively, these annotations were grouped into 25 functional categories (Supplementary Figure 2). Across all the annotations, 3,669 sequences (14.81%) were annotated as “general function prediction”; 3,143 sequences (12.69%) were annotated as “signal transduction mechanisms”; and 2,567 sequences (10.36%) were annotated as “posttranslational modification, protein turnover, and chaperones.” The functions “intracellular trafficking, secretion, and vesicular transport,” “transcription,” “translation, ribosomal structure, and biogenesis,” and “RNA processing and modification” were associated with similar numbers of sequences: 5.11% (1,266 sequences), 5.17% (1,282 sequences), 5.00% (1,236 sequences), and 6.92% (1,715 sequences). In contrast, “defense mechanisms” and “cell motility” were associated with the fewest sequences: 0.73% (180 sequences) and 0.35% (78 sequences), respectively. This pattern of KOG enrichment is similar to that of the sequences from the venom ducts of C. litteratus (Puillandre et al., 2012). Our results showed that many genes involved in the signal transduction and post-translational modification are active in the venom ducts.



Putative Conopeptide Precursors Predicted With ConoSorter

ConoSorter, a machine-learning tool that predicts toxin genes, is widely used to identify and classify the conotoxin gene precursors (Lavergne et al., 2013, 2015; Phuong et al., 2016). Owing to the risk of over-fitting that is associated with machine learning, we adjusted the hydrophobicity threshold of the analysis, which reduced noise while improving the accuracy and efficiency of the predictions. This analysis gave reliable output when conopeptide precursors predicted with ConoSorter was further screened using ConoServer (Kaas et al., 2012) and artificial correction (Safavi-Hemami et al., 2015).

According to the ConoServer database (see text footnote 1), C. quercinus contains 133 mature conotoxins in 13 gene superfamilies (A, B1, I2, Insin, K, M, O1, O2, O3, Q, T, Y, and divergent M—L-LTVA). Using ConoSorter (Materials and methods), we predicted and annotated 273, 180, and 188 conopeptide precursor sequences from Que-1-VD, Que-2-VD, and Que-3-VD, respectively (Supplementary Table 2). The Venn diagrams were used to visualize the relationships among the annotated conopeptide precursor sequences (Figure 2A). There were 194, 115, and 106 unique sequences in Que-1-VD, Que-2-VD, and Que-3-VD, respectively, while 42 sequences were shared between Que-1-VD and Que-2-VD, 45 sequences were shared between Que-2-VD and Que-3-VD, and 59 sequences were shared between Que-1-VD and Que-3-VD.
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FIGURE 2. The annotated conopeptides predicted from transcriptome sequencing. (A) Relationship of the annotated conopeptides predicted by ConoSorter from the Que-1-VD, Que-2-VD, and Que-3-VD. (B) Number of the identified conopeptide precursors previously reported for Conus quercinus.


We identified 17 previously reported conopeptides in Que-1-VD, belonging to seven gene superfamilies (A, M, O1, O2, O3, P, and T); 12 previously reported conopeptides in Que-2-VD, belonging to seven gene superfamilies (A, I1, M, N, O1, O2, and T); and 14 previously reported conopeptides in Que-3-VD, belonging to seven gene superfamilies (A, I2, M, O1, O2, O3, and T). In total, 517 conopeptide genes were identified, of which 26 unique precursors were previously reported (Figure 2B). The 26 unique precursors were Qc5.2, Qc5.1, Qc3.1, Qc3-YDG01, Qc1.2, Qc1.1b, Qc1.18, Qc1.16, Qc1.11, MrIA, Mr5.1b, Mr15.3, Mr11.2, MaIr137, LtXVIA, LtXVA, LtVIC, LtVIA, LtIIIA, Lt9a variant, Lt6d/Lt6e, Lt5b, Lt11.2, Eu6.6, Contryphan-Lo, and Contryphan-G. Of these 26 precursors, 5 were previously identified in the molluscivorous species C. marmoreus (MrIA, Mr5.1b, Mr15.3, Mr11.2, and MaIr137) (Duda and Palumbi, 2000; Luo et al., 2006; Pi et al., 2006; Liu et al., 2012), and 10 were previously identified in the vermivorous species C. litteratus (LtXVIA, LtXVA, LtXVA, LtVIC, LtVIA, LtIIIA, Lt9a variant, Lt6d/Lt6e, Lt5b, and Lt11.2) (Duda and Palumbi, 2000; Luo et al., 2006; Pi et al., 2006; Liu et al., 2012). The Eu6.6 precursors from the related vermivorous species C. ebraeus (Hu et al., 2012) were also predicted by ConoSorter. Notably, the N, P, and I1 gene superfamilies, which were previously reported in this genus, were identified herein for the first time in the vermivorous C. quercinus.



Distribution of Cysteine Frameworks

Cysteine bridges improve the stability of mature conopeptide domains and provide resistance to enzymatic degradation, while the cysteine frameworks with disulfide connectivity are more pharmacologically relevant (Pakkala et al., 2010; Then et al., 2016). Across the 517 conopeptide genes in vermivorous C. quercinus, the most common cysteine frameworks were XIV (C-C-C-C), VI/VII (C-C-CC-C-C), and I (CC-C-C): these frameworks were found in 40, 36, and 26 genes, respectively (Supplementary Figure 3). In addition, 14 genes contained framework V (CC-CC), 10 genes contained framework XVI (C-C-CC), and 10 genes contained framework III (CC-C-C-CC). The frameworks IX (C-C-C-C-C-C), XII (C-C-C-C-CC-C-C), XV (C-C-CC-C-C-C-C), and XXIV (C-CC-C) were all found in seven genes. The remaining nine cysteine frameworks were found in between 2 and 5 genes each. These results further demonstrated the diversity of cysteine frameworks.



Conopeptide Precursors Verified by Liquid Chromatography-Mass Spectrometry/Mass Spectrometry

The total proteins from the venom duct were sequenced using a Thermo LTQ Orbitrap Elite (Thermo Fisher Scientific, MA, United States). LC-MS/MS sequencing generated 177, 138, and 153 Mb of raw ion current traces from Que-1-VD, Que-2-VD, and Que-3-VD, respectively. The total ion current traces for the three venom ducts of C. quercinus are shown in Figure 3A. We identified three conopeptide gene superfamilies (F, A, and M) (Supplementary Table 3) and 10 unique conopeptides (Figure 3B). In addition, Qu1.8 was identified by LC-MS/MS. Que-1-c61524_g2_4_1, Que-2-c19299_g2_2_1, and Que-3-c57791_g1_4_1 were identified as the same toxin, and the mature peptide was renamed Que-0.1. The mature region of the aligned sequence is shown in Figure 3C. The signal regions of Que-0.1, Que-2-c57915_g1_5, and Que-3-c11961_g1_6_5 did not cluster with any known groups. An evolutionary analysis showed that these three novel conopeptide precursors belonged to two new gene superfamilies. We named these gene superfamilies Que-MNCLQ and Que-MAMNV based on their signal peptide sequences (MNCLQLLLVLLLISTIAA and MAMNVWMTISVLVVVVMATAVTG, respectively, Figure 4). In addition, we identified the cysteine framework CC-C-C-C-C-C-CC-C-C-C-C-C for the first time in cone snails. We also found disulfide links at the cysteine residue sites Cys50, Cys56, Cys64, and Cys68 in the cysteine framework of Que-1-c61524_g2_4_1.
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FIGURE 3. The results of LC-MS/MS analysis. (A) Total ion current traces of the venom ducts of three C. quercinus. Liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) runs using an LTQ Orbitrap Elite System. (B) The Venn diagrams of the identified conopeptides at the protein level from the Que-1-VD, Que-2-VD, and Que-3-VD. (C) The sequence alignment of a novel conopeptide Que-0.1 from the Que-1-VD, Que-2-VD, and Que-3-VD.
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FIGURE 4. Phylogenetic tree of signal sequences from three new precursor conopeptides (Supplementary Table 3) and 63 signal sequences. The amino acid sequences were aligned and a guide tree were constructed using the CLUSTALW 2.1. Tree building method: PHYLP Neighbor Joining. The guide tree was decorated using iTOL (http://itol.embl.de/).




Expression, Purification, and Identification of Que-0.1

The length of the Que-0.1 peptide sequence was 80 amino acids. Owing to the multiple pairs of disulfide bonds in Que-0.1, we selected the expression vector PET32a (+) with ampicillin resistance. The N-terminal of this vector contains the tag protein thioredoxin (TrxA) for auxiliary oxidative folding and the six histidine (His) tag sequence for purification. The sequence is the toxin gene, the restriction endonuclease MscI, the spacer sequence, and the intestinal kinase (EK) recognition site from 5′ end to 3′ end. The termination codon and the restriction endonuclease Xho I were added to the 3′ end of the Que-0.1 gene. The recombinant Que-0.1 gene was synthesized directly. The map of the constructed PET32a-Que-0.1 expression vector and the Sanger sequencing peak map of Que-0.1 gene are shown in Supplementary Document.

The PET32a-Que-0.1 expression vector was successfully constructed and transferred into Escherichia coli (E. coli) BL21 (DE3) strain for induction and expression. The optimal temperature, IPTG (Isopropyl β-D-thiogalactoside) concentration, and time used to induce the expression of the fusion peptides were explored to maximize the product yield while retaining the biological activity. The final induction conditions were as follows: culture at 37°C until an OD600 of 0.6, add IPTG to a final concentration of 0.1 mM, and culture at 18°C for 10 h. On average, 3 mg of recombinant Que-0.1 conotoxin were obtained from l L culture.

To obtain high-purity recombinant Que-0.1, we first purified the recombinant Que-0.1 product with six histidines (His). After Ni affinity purification, the resultant recombinant Que-0.1 product was of high purity. After the N-terminal TrxA label in the purified product was removed by EK, Que-0.1 was further purified using the AKTA Explorer chromatography system. The molecular weight of the purified product was consistent with the theoretical molecular weight of Que-0.1 (8.52 kDa), as shown by the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Figure 5A). The crude recombinant Que-0.1 was again purified using reversed phase high performance liquid chromatography (RP-HPLC). The 2 min peak, which was the target peptide (Figure 5B), was collected. To verify that the product was recombinant Que-0.1, we validated it using mass spectrometry. The two peptides of recombinant Que-0.1 were successfully identified (Figure 5C). The products were stored separately and lyophilized for the activity test.
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FIGURE 5. Expression, purification, and identification of Que-0.1. (A) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analyze of expression of recombinant Que-0.1; 1: sample of the fusion protein TrxA-QcMAMN0.1; 2: sample of the fusion protein TrxA-Que-0.1 digested by enterokinase; 3: the standard protein marker. (B) Reverse phase high-performance liquid chromatography (HPLC) purification of purified conopeptide Que-0.1. (C) LC-MS/MS of Que-0.1.




Biological Activity of Que-0.1

To test the biological activity of the recombinant Que-0.1 toxin, we designed the model (Figure 6) described in section “Materials and Methods.” We used the clinical pethidine hydrochloride anesthetic as the positive control group and the recombinant Que-0.1 toxin as the experimental group.
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FIGURE 6. The animal experiment test models.


We recorded eight electrical stimulation signals in the positive control group before drug administration, eight signals when 5 μg/μl pethidine hydrochloride was applied, and six signals after the drug was washed out. The peaks were 0.08, 0.01, and 0.02 mV, respectively, and the troughs were -0.08, -0.02, and -0.04 mV, respectively (Figure 7). In the experimental group, we recorded six electrical stimulation signals in the positive control group before drug administration, six signals when 5 μg/μl pethidine hydrochloride was applied, and six signals after the drug was washed out. The peaks were 0.18, 0.09, and 0.12 mV, respectively, and the troughs were -0.10, -0.11, and -0.07 mV, respectively (Figure 8).
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FIGURE 7. Inhibitory action of the recombinant Que-0.1 on neuromuscular transmission. (A) Before treatment. (B) 0.5 μg/μl recombinant Que-0.1. (C) Cleaning recombinant Que-0.1 with Ren’s solution.
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FIGURE 8. Inhibitory action of pethidine hydrochloride on neuromuscular transmission. (A) Before treatment. (B) 5 μg/μl pethidine hydrochloride. (C) Cleaning pethidine hydrochloride with Ren’s solution.


Using the statistics described in the Materials and methods, we found that the treatment with 5 μg/μl pethidine hydrochloride inhibited neural signal transduction by 20%, which recovered by 60% after the pethidine hydrochloride was washed out. Importantly, treatment with 0.5 μg/μl recombinant Que-0.1 inhibited neural signal transduction by 50%. When the toxin was washed out, neural signal transduction recovered to 66.67%. At equivalent doses, Que-0.1 had a stronger inhibitory effect on neuromuscular conduction than pethidine hydrochloride; specifically, the inhibitory effect of Que-0.1 was 6.25 times greater than that of pethidine hydrochloride.




DISCUSSION

The toxin resources of cone snails are rich and diverse. To date, more than 700 species of cone snail have been described, but the transcriptome and proteome data are available for only a few of these species (Violette et al., 2012; Dutertre et al., 2013; Safavi-Hemami et al., 2014; Jin et al., 2015; Lavergne et al., 2015). The transcriptomic and proteomic approaches have different advantages in the identification of novel conotoxins. To uncover conopeptide diversity in the venom of vermivorous species and to explore the potential pharmacological applications of natural conopeptides, we systematically analyzed the conopeptide genes and proteins in the venom ducts of the vermivorous species C. quercinus. The phenetic and phylogenetic relationships of the specimens were analyzed based on the shell morphology, COI sequences, and internal transcribed spacer 2 (ITS2) sequences. We used these analyses to distinguish this new species from other species (Nam et al., 2009; Puillandre et al., 2014a, b).

The COI gene is an excellent marker gene for species classification in Conus. We extracted the COI genes from transcriptome of C. quercinus. We then constructed an evolutionary tree based on these sequences and previously published the COI gene sequences from eight other cone snails. We found that the genetic distances among the COI genes of the analyzed Conus species were 0.01–0.011. Using these data, we correctly identified C. quercinus. Furthermore, the KOG enrichment analysis showed that the venom ducts were highly enriched in the signal transduction and post-translational modification genes, presumably due to the large number of conopeptides that are synthesized and processed in this organ.

Many conotoxins are identified in various Conus species, such as 215 distinct conopeptides in C. betulinus (Peng et al., 2016), 136 unique conopeptides in C. tribblei (Barghi et al., 2015), and 3,305 novel conopeptides in C. episcopatus (Lavergne et al., 2015). Here, we identified 517 full-length putative conopeptide precursors in total, encompassing 20 known cysteine frameworks. Thus, the accurate identification of conotoxin types provide key clues for the biological research and clinical medicine (Dao et al., 2017). Our analyses of conopeptide genes among the venom ducts of three snails demonstrated that many conopeptide gene sequences differed among the individual C. quercinus. The N, P, and I1 gene superfamilies, which have been previously identified in other Conus species, are reported here for the first time from the vermivorous C. quercinus. In addition, a small set of conopeptide genes with identical sequences were shared among C. quercinus, C. marmoreus, C. litteratus, and C. ebraeus, reflecting the complexity of gene origin and evolution in this genus.

The proteomic sequences reflect the final secreted conopeptides. Using the proteome analysis in combination with transcriptome analysis, we identified 10 unique conopeptides at the protein level, encompassing five conopeptide gene superfamilies: F, A, M, Que-MNCLQ, and Que-MAMNV. The cysteine framework CC-C-C-C-C-C-CC-C-C-C-C-C was identified for the first time in C. quercinus at both the mRNA and the protein levels. The Que-0.1 precursor, which contained seven pairs of disulfide bonds and which was found in all the three individuals, was used for the functional study.

The in vitro preparation of functionally active conopeptides containing multiple pairs of disulfide bonds is challenging (Heimer et al., 2018). Here, we successfully generated the conopeptide Que-0.1 for the first time by constructing an expression system using the tag TrxA. TrxA plays a key role in the oxidative folding of Que-0.1, which is biologically active due to its seven pairs of disulfide bonds. Via a series of trials, we successfully optimized the parameters for efficient induction and purification of recombinant Que-0.1. Further explorations of Que-0.1 activity using the animal models showed that Que-0.1 inhibited neural signal transduction at low concentrations. Specifically, the inhibitory effects of laboratory-generated Que-0.1 on neural signal transduction were more than six times stronger than those of pethidine hydrochloride. This suggests that Que-0.1 may represent a potential biological anesthetic derived from the natural products.

At present, the analgesic drugs used in clinic, such as morphine, pethidine, and dizocine, have side effects, such as easy addiction and poisoning, while conotoxin has the advantages of novel structure, high diversity, strong activity, strong specificity, non-addiction, and few side effects (Duda and Palumbi, 2000; Luo et al., 2006; Pi et al., 2006; Hu et al., 2012; Terlau and Olivera, 2017; Shen et al., 2019). It can specifically bind to a variety of membrane proteins and has become an important treasure house in the field of analgesic research and development (Elisabetta et al., 2017; Gao et al., 2017; Shen et al., 2019). For example, Ziconotide, an analgesic drug listed in the United States, can specifically target Ca2+ channel (Cav2.2) (Wermeling, 2005). Other clinical pipelines, such as conotoxin κ-PVIIA (CGX-1051) targeting K+ channel (Kv1) (Kwon et al., 2016) and conotoxin αO-conotoxin GeXIV targeting α9α10 nicotinic acetylcholine receptor (Zhangsun et al., 2017). However, ω-CVID targeting Ca2+ channel (Cav2.2) has completed a preclinical study, but it is temporarily in phase II observation test due to high cytotoxicity (Adams et al., 2003). In the future conotoxin research, the cytotoxicity of conotoxin Que-0.1 and animal safety test can be carried out. In addition, the conotoxin Que-0.1 may contain seven pairs of disulfide bonds, while the other four conotoxins (κ-PVIIA, Kwon et al., 2016; GeXIV, Zhangsun et al., 2017; and ω-CVID Adams et al., 2003) have only three pairs of disulfide bonds. Disulfide connectivity in the peptides bearing intramolecular disulfide bonds is highly important for the structure and the biological activity of the peptides (Massonnet et al., 2018). It may be that Que-0.1 is more stable and can prevent degradation during in vivo administration. The Que-0.1 has better analgesic effect and lower dosage than the clinical anesthetics pethidine in this study. It may be developed into the analgesic drugs for chronic pain and neuropathic pain in the future.

In summary, this study updated our knowledge of the Conus toxins, not only deepening our understanding of conopeptide diversity, but also providing a valuable framework for the future investigations of conotoxin activity. Analgesia has been a long-term effort of humankind, but there is long way to go. The discovery of neuroblocking conotoxin Que-0.1 is helpful to identify its specific analgesic molecular targets.



MATERIALS AND METHODS


RNA Extraction

Three adult specimens of C. quercinus were collected from the South China Sea. The venom ducts were immediately removed from each specimen and designated Que-1-VD, Que-2-VD, and Que-3-VD. Each tissue sample was separated into two parts and stored at −80°C until use. RNA was extracted from one part of each sample, while the remainder was used for LC-MS/MS. Total RNA was extracted using TRIzol, following the instructions of the manufacturer.



Transcriptome Sequencing and Bioinformatics Analysis

The transcriptomes of the C. quercinus species were sequenced on an Illumina HiSeq platform (125-bp paired-end, Illumina Inc., San Diego, CA, United States). The raw data were filtered using the NGS QC Toolkit (Patel and Jain, 2012) and Trimmomatic-0.60 (Bolger et al., 2014). The filtering criteria and analysis pipeline have been described previously (Puillandre et al., 2012).



Screening New Conotoxins With ConoSorter

ConoSorter is a machine learning program for the large-scale identification and classification of conopeptide precursors (Lavergne et al., 2013). The analysis process was as follows: first, ConoSorter was used to analyze the unique transcripts directly. Sequences 40–147 amino acids long were selected. The predicted conopeptide precursors with an N-ter hydrophobicity rate ≥ 65% were selected as candidate conopeptides for further analysis. Finally, according to the prediction of ConoServer, the sequence without signal peptide was removed.



Protein Fractionation and Preparation for Liquid Chromatography-Mass Spectrometry/Mass Spectrometry Analysis

The venom duct samples were stored at −80°C. The sample preparation and analysis methods were preformed following the protocols of the Thermo Scientific EASY-nLC 1000 system, the Thermo LTQ Orbitrap Elite mass spectrometer, and our previously published studies (Puillandre et al., 2012). The sample was solubilized in lysis buffer (8 M urea, pH 8.00) containing 5 mM DTT at 60°C for 45 min, followed by alkylation at 25°C for 45 min in the presence of 25 mM iodoacetamide in the dark. The obtained protein solutions were reconstituted in 50 mM ammonium bicarbonate with 0.5 M urea, pH 7.8, and digested (trypsin: protein = 1:100) for 12 h at 37°C. The pH of the samples was adjusted using a 0.1% formic acid solution before MS sequencing. The test time for each sample was 50 min.



Proteomic Data Analysis

The peak lists were generated and the sequences were identified by searching the Thermo LTQ Orbitrap Elite mass spectra against candidate conopeptide databases using the Thermo Scientific Proteome Discoverer Version 1.3.0.339 (Supplementary Table 2). For the alkylated samples, the fixed modification was set as carbamidomethyl (+57.021 Da). The MS instrument was Collision-induced dissociation- Ion Trap Mass Spectrometer (CID-ITMS), the precursor tolerance was 20 ppm, and the fragment tolerance was 20 ppm. The dynamic modification was set to oxidation (+15.995 Da, methionine). The maximum modifications per peptide were set to 4, the precursor mass tolerance was set to 20 ppm, the fragment mass tolerance was set to 20 ppm, up to 3 missed cleavages were allowed, the enzyme was trypsin, the FDR was set to 1%, the peptide mass was 600–10,000 Da, and the peptide length was 6–100 amino acids.



Phylogenetic Tree

The signal sequences of the 27 superfamilies in ConoServer (A, B1, B2, B3, C, D, E, F, G, H, I1, I2, I3, J, K, L, M, N, O1, O2, O3, P, Q, S, T, V, and Y) as well as the 13 temporary gene superfamilies were referenced (Liu et al., 2012; Bernáldez et al., 2013; Safavi-Hemami et al., 2014; Lavergne et al., 2015). In addition, the signal sequences from the 35 novel superfamilies were described over the past three years (Duda and Palumbi, 2000; Luo et al., 2006; Pi et al., 2006), and those from the three newly identified precursor conopeptides were added. The amino acid sequences were aligned by CLUSTALW 2.1 software.2 All the distances were between 0.0 and 1.0. We chose PHYLP Neighbor Joining as tree building method in the UGENE1.25 software.3



Recombinant Expression of the Que-0.1 Conotoxin

The Que-0.1 conopeptide was prepared using the genetic engineering. The codon of the toxin gene was optimized based on the nucleotide sequence of the conotoxin gene encoding the mature peptide, in combination with the polyclonal site of PET32a (+) vector and the restriction endonuclease site of toxin gene. The toxin gene was short and was synthesized using the direct synthesis method. Ni2 + column affinity purification was performed using the ATAK Chromatographic system (chromatographic column: Chelating Sepharose Fast Flow, Sephadex G25, Sephadex G-50, Amersham Pharmacia Biotech, Amersham, United Kingdom). The Que-0.1 gene was sequenced using the Applied BioSystems 3730xl DNA Analyzer (Applied Biosystems, Carlsbad, CA, United States). The sequencing results were viewed using UGENE-1.25.0 (see text footnote 3). The basic procedure for induced expression and product purification of the recombinant Que-0.1 was as follows. (1) Single colonies were cultured in 15 ml 2YT medium and vibrated at 37°C for 12 h as seed. They were inoculated in 1 L 2YT medium at the ratio of 1:50 and cultured at 37°C until the OD value reached at 0.6–0.7. The stock solution 24 mg/ml IPTG and 5% glucose solution were separately added to the culture under the ratio of 1:1,000 and cultured at 18°C for 10 h. (2) The bacteria were collected after centrifugation at 4°C at 8,000 rpm at 4°C for 10 min. The ultrasonic supernatant was collected after crushing the bacteria at 4°C, followed by 12,000 rpm centrifugation for 20 min. (3) Cleaned the ethanol-sealed Ni2+-Chelating Sepharose affinity chromatography column (GE AKTA explorer100, GE Electric Company, MA, United States) with five times the column bed volume of deionized water, bound the Ni2+ to the column matrix with two times the column bed volume of 0.2 M NiSO4, washed with 10 times the column bed volume of deionized water to remove the free NiSO4, and balance the column with an Ultrasonic Buffer (50 mM Tris, 0.5 M NaCl, 20 mM imidazole, and pH 8.0) at five times the column bed volume (4). The supernatant after ultrasound treatment and centrifugation was loaded on the column and washed with ultrasonic buffer until the UV absorption value reached the baseline, then the gradient elution was carried out with the Elution Buffer (50 mM Tris, 0.5 M NaCl, 0.5 M imidazole, and pH8.0). The solutions of the cross-flow peaks and elution peaks were collected for SDS-PAGE detection. (5) For the fusion polypeptide solution obtained using Ni2+ affinity chromatography, a 3 K ultrafiltration tube was used to replace the original buffer with EK enzyme digestion buffer, during which the rotational speed did not exceed 7,500 rpm/min. The volume ratio of the EK enzyme to the fusion peptide solution was 1:100, and the digestion was performed at room temperature for 18 h. (6) The digested product was loaded to a fresh prepared column, and the second round of affinity purification was carried out by repeating the step 3–step 4 above. (7) The crude product obtained above was passed through a C18 reversed-phase column for RP-HPLC detection, during which the salt ions and other miscellaneous peptides and proteins were removed simultaneously. The volume of each sample was 50–100 μl. Linear gradient elution was performed for 30 min using solution A (deionized water + 0.1% TFA) and solution B (acetonitrile + 0.1% TFA): solution A, 95– > 5%; solution B, 5– > 95%. Double wavelength detection was performed at 215 and 280 nm, and the elution peaks were collected for MS detection. After RP-HPLC purification, the collected polypeptide peaks were again vacuum freeze-dried and stored at −20°C until use. After preliminary purification, the Que-0.1 conopeptide was analyzed using LC-MS-MS.



Bullfrog Sciatic Nerve Bioelectric Activity

In this experiment, the bullfrog sciatic nerve bioelectric activitywas used to detect whether the conotoxin blocked neuromuscularconduction (Cymerman and Gottlieb, 1970; Gaffey and Tenforde, 1983). The bullfrog sciatic nerve was prepared as follows: decapitation, destruction of spinal cord, stripping of specimen hind limb, separation of two hind limbs, and examination of specimen. During the specimen preparation, the peeled specimen was frequently moistened with Ren’s solution. The sciatic nerve of the prepared specimen was gently touched with the two poles of the zinc copper arch. If the gastrocnemius muscle contracted immediately, we considered the specimen to have good excitability. Next, the specimen was transferred to Ren’s solution, and the experiment was performed after the excitability of the specimen stabilized. The tension transducer was connected to the root muscle of the gastrocnemius tendon, and the sciatic nerve was placed on the stimulation electrode. The tension transducer and the stimulation electrode were connected to a BL-420S biological function experimental system. To assess the nerve blocking abilities of recombinant Que-0.1, we recorded the signals using the BL-420 biological signaling system. The animals used were bullfrogs purchased at the university market. When the toxin was given, 6–10 electrical stimulations were performed, and at least six signals were collected each time. The time interval between the electrical stimulations was 0.8 s, and the peak was recorded each time. All the electrical stimulations for each model were completed within 5 min. The concentration of the conotoxin was 0.5 μg/μl. The dosage was 50 μl. To calculate the experimental results, at least five peaks were collected, and the maximum of each peak was extracted. The peak represents the maximum pulling force, and the average value of the peak was calculated. The inhibition rate of the neural circuit was calculated as (mean value after administration/mean value before administration) × 100%. The recovery rate of the neural circuit after drug removal was calculated as (mean value after drug removal/mean value before drug administration) × 100% - inhibition of the neural circuit.
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