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Abstract 

The paradigm of rational drug design has broadened its focus from classical 

small-molecule drugs and into larger biological molecules (biologics). At the forefront of 

this change are peptide drugs with high potency, selectivity and efficacy toward a broader 

range of targets. Conotoxins isolated from the venom of marine cone snails have received 

much attention because they are highly specific and isoform selective towards their target 

receptors, making them ideal resources for potential drug leads. 

Members of the α-conotoxin family have been extensively studied because they 

are competitive antagonists of nicotinic acetylcholine receptors (nAChRs) located in the 

central and peripheral nervous systems. Modulation of these receptors could aid in the 

control of pain and other associated pathologies. The characteristic receptor-ligand 

interaction of these peptides is contingent on their well-defined tertiary structure, which 

is stabilized by several disulfide bonds. In the venom duct, native α-conotoxins 

enzymatically fold into the globular conformation. However, permutation of the disulfide 

bond connections of α-conotoxins can theoretically yield three conformations/isomers: 

globular, ribbon, and beaded. In vitro studies on conotoxin folding have suggested that 

post-translational modifications (PTM) such as hydroxylated prolines aid in the folding 

of conotoxins. As such, it was hypothesized that elimination of this PTM would increase 

the likelihood of peptide isomer formation. 

To investigate this connection, the novel peptide, α-conotoxin ViI from Conus 

virgo was utilized as it contained two hydroxyprolines at position 6 and 13 in its 

sequence. α-Conotoxin ViI and its non-post-translationally modified variant Vi1.1 were 

synthesized via fluorenylmethoxycarbonyl solid phase peptide synthesis. Random 

oxidation of Vi1.1 revealed two products of identical mass later identified as the ribbon 

and globular isomers. These isomers exhibited a degree of nAChR inhibition in a bovine 

chromaffin cell assay. Subsequently, both α-conotoxin ViI and Vi1.1 were allowed to 

oxidize in buffers containing chaotropic agents. It was found that oxidation of Vi1.1in 

various chaotropic agents increased the creation of non-native isomer as compared to 

oxidation in ammonium bicarbonate. Furthermore, oxidations of α-conotoxin ViI 

revealed that some portion of the peptides remained in the reduced form. This work 
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provides an initial investigation for a long-term study on the connection between the 

generation of disulfide bond isomers and hydroxyprolines. 

Efforts were also undertaken to connect the N- and C-terminal peptide fragments 

of the spider toxin Huwentoxin I via native chemical ligation. Assembly of the complete 

linear sequence of Huwentoxin I was subsequently verified through electrospray 

ionization mass spectrometry. This work will be utilized to create an intramolecular 

native chemical ligation strategy for the cyclization of α-conotoxin ViI and its analogues. 

Like their linear counterparts, these cyclic peptides will also be subject to further 

oxidation studies. Cyclized conotoxins display increased structural stability and 

resistance to enzymatic degradation and may be used to create orally-active conotoxin 

therapeutics. In all, the works presented in this thesis display a progression in conotoxin 

bioengineering to improve their pharmacological properties so that they may be 

developed as therapeutics.
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 Introduction to Conovenomics Chapter 1.

1.1 Conotoxin Research 

The inception of cone snail venom research or conovenomics was ushered by an 

attempt to understand why cone snail stings can be fatal to humans. This initial curiosity 

was expanded by the works of Kohn and Endean (Endean et al., 1977, 1976, 1974; Kohn, 

1956; Kohn et al., 1960) who documented their feeding habits and characterized their 

venom composition (Olivera and Cruz, 2001). It was found that venom of Conus sea 

snails contains a complex mixture of bioactive peptides known as conotoxins. These 

neurotoxic macromolecules are utilized by the cone snail in prey incapacitation and as a 

means of self-defense from predators (Green et al., 2007). Because of their slow nature, a 

cone snail’s envenomation strategy must be rapid and efficient in order to subdue the 

snail’s faster moving prey. Cone snails impale their prey in a harpoon-like fashion using 

a hollow, disposable, tooth known as a radula (Figure 1) (Armishaw, 2010). The radula is 

attached to the venom duct and serves as a needle which the snail utilizes to inject venom 

into its victim (Bingham et al., 2010). The venom apparatus of a dissected Conus striatus 

is shown in Figure 2. 

 

Figure 1. Various Conus radula. Radula are modified teeth and are stored in the animal’s 

harpoon sac. Photo courtesy of Mr. Keoki Stender.  
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Figure 2. A dissected Conus striatus showing various internal anatomical features of the 

animal’s venom apparatus. Photo courtesy of Mr. Keoki Stender. 

 

Conotoxins assert their deadly effects by recognizing and interacting with various 

receptors as well as ion channels in the central and peripheral nervous systems (Adams et 

al., 1999). These ligand-receptor interactions are so selective that certain conotoxins can 

even differentiate between various receptor subtypes (Olivera et al., 1987). Members of 

the α-conotoxin family in particular, are effective inhibitors of nicotinic acetylcholine 

receptors (nAChRs), ligand-gated ion channels from the Cys-loop receptor superfamily, 

and one of the most popular membrane proteins in physiological, pharmacological and 

molecular biology studies (Nicke et al., 2004). Investigation of this receptor and its 

subtypes is important because of their physiological involvement in neurotransmission 

and muscular contraction. Their deregulation has been associated with pathological 

conditions such as neuropathic pain and tobacco addiction (Gyanda et al., 2013). 

Additionally, dysfunction of various nAChR subtypes has been implicated in Tourette’s 

syndrome, schizophrenia, Alzheimer’s and Parkinson’s diseases (Armishaw, 2010). 

Given the involvement of various receptor subtypes in a wide array of medical conditions, 

it becomes clear that studying the progression of these diseases will inevitably entail an 

understanding of the regulatory mechanisms in the signal transduction of these receptors, 

a process that can be facilitated with receptor subtype-specific ligands such as conotoxins. 

A typical cone snail venom profile contains anywhere from 50 to 200 different 

conotoxins, each of which has the potential to target different receptor classes (Arias and 
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Blanton, 2000). It is estimated that the Conus genus is capable of producing a library of 

70,000-100,000 conotoxins that may have neuroactive properties (Akondi et al., 2014; 

Armishaw, 2010). This number will undoubtedly increase as more Conus species are 

discovered and their venom profiles analyzed. The target specificity of conotoxins along 

with their chemical diversity and inherent abundance has garnered them pharmaceutical 

worth as potential drug leads (Craik et al., 2013).  

 

1.2 Peptide Drugs  

In recent years, the paradigm of drug design has broadened its focus from 

classical small-molecule drugs and into larger biological molecules (biologics) which 

have shown greater potency, selectivity and efficacy toward a wide array of targets (Craik 

et al., 2013). Proteins/peptides, polysaccharides and nucleic acids are ideal candidates for 

drug development because these macromolecules are directly involved in the 

implementation and regulation of fundamental biochemical processes (Mao et al., 2009, p. 

29). Of these emerging biologics, protein-/peptide-based therapeutics are quickly gaining 

popularity as evidenced by the increasing number of monoclonal antibody (Mab) 

therapies approved for drug trials by the United States Food and Drug Administration 

(FDA) (Espiritu et al., in press). The increase in popularity of these peptide-based 

therapeutics was stimulated by the advancement of modern biochemical techniques, 

facilitating expression of recombinant proteins, and improving protein purification (Craik 

et al., 2013). In 2004, it was estimated that over 100 peptide and protein therapeutics 

were distributed worldwide, earning an income of approximately $60 billion dollars 

(Yang and Frokjaer, 2009, p. 11). This demonstrates the marketability of peptide/protein 

therapies that poises conotoxin-derived drugs for a bright future. 

Ziconotide, a biologic derived from the ω-conotoxin MVIIA of Conus magus has 

seen relative success as Prialt
® 

an analgesic alternative to morphine (Armishaw, 2010). 

Its mechanism of action involves precluding synaptic transmission by directly inhibiting 

N-type voltage gated calcium channels (VGCC), preventing calcium-dependent 

neurotransmitter release into the nerve synapse (Feng et al., 2003). This differs from 

opiates such as morphine, which bind to -opioid receptors and indirectly regulates 

VGCCs through a G-protein coupled pathway (Miljanich, 2004). Unlike opioid drugs 
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such as morphine, protracted treatments with Ziconotide does not appear to stimulate 

tolerance or addiction (McGivern, 2007). Despite the many advantages of this drug, an 

intrathecal injection is its main route of administration (Miljanich, 2004). Peptide drugs 

are administered parenterally due to problems with chemical stability, size, cell 

membrane permeation, and short plasma half-life; this results in invasive treatment 

procedures, frequent dosing, and poor patient compliance (Yang and Frokjaer, 2009, p. 

11). Additionally, these agents are not suitable for oral intake because their peptide 

backbone is subject to enzymatic degradation in the gastrointestinal tract (Mao et al., 

2009). Future directions in peptide drug design necessitate the creation of an orally active 

version of these therapeutics (McGivern, 2007). As such, it becomes apparent that the 

progression of conopeptide therapeutics is contingent on overcoming the inherent 

pharmacological limitations of peptide drugs.  

 

1.3 Procuring Conotoxins 

To improve the pharmacokinetic and pharmacodynamics properties of conotoxins, 

often synthetic variations of the native peptide have to be made and chemically modified, 

followed by close analysis of their sequence and structure-activity relationships (SAR) 

(Akondi et al., 2014). Besides their peptidic nature, the small size of conotoxins makes 

them amenable for direct chemical synthesis and their ability to form defined three 

dimensional structures allows researchers to assess how these chemical modifications 

affect the peptide’s overall structure (Craik and Adams, 2007). Interestingly, conotoxins 

exhibit many motifs such as α-helices, β-sheets and β-turns that are normally found in 

larger proteins (Armishaw and Alewood, 2005). Given the interconnectivity of the levels 

of protein structure, an alteration of the conotoxin’s overall structure should also affect its 

interaction with its receptor, thus changing pharmacological properties and downstream 

physiological effects.  

 Conotoxins are approximately 10-40 amino acids long and contain several 

cysteines, capable of forming disulfide bonds to stabilize its three-dimensional structure 

(Bingham et al., 2005). Traditionally, studies on these peptides involved sacrificing the 

animal and dissecting its venom gland in order to extract the desired conotoxin (McIntosh 

et al., 1982). A more sustainable alternative to obtaining these natural products is through 
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“milking”, that is, to obtain whole venom sample by misdirecting the cone snail into 

ejecting its venom into a modified microcentrifuge tube during feeding (Figure 3).  

 

 

Figure 3. A setup of cone snail venom “milking”. In this picture, a fish is presented in 

front of the snail. The cone snail is coaxed into firing its radula into the tail of the fish. 

The force involved in ejecting the radula allows it to pierce through the tail and pass into 

the microcentrifuge tube, where venom is ejected and collected. 

 

1.4 Solid Phase Peptide Synthesis 

The most popular method by which to obtain conotoxins for bioengineering is 

through chemical synthesis via solid phase peptide synthesis (SPPS). Given the small size 

of conotoxins, this method provides a swift and manageable means to obtain large 

quantities of both native peptide and their analogs (Armishaw and Alewood, 2005). Solid 

phase peptide synthesis was first described by Dr. Robert Bruce Merrifield in 1963 with 

the synthesis of a tetrapeptide (Merrifield, 1963). The technique would oversee the 

synthesis of several biological peptides including bradykinin and the 124-amino acid 

residue bovine pancreatic ribonuclease A (Gutte and Merrifield, 1971; Jones, 2002; 

Kresge et al., 2006).  

 



 

6 

 

 

Figure 4. Schematic of solid phase peptide synthesis. The simplicity and iterative process 

behind this technique has allowed it to be automated. 

 

Although many variations of this methodology exist, they all revolve around the 

same principles (Figure 4). First, the C-terminal amino acid residue of a target peptide is 

covalently attached to an insoluble support resin through its carboxy group; its α-amino 

group is capped by a temporary protectional group (Bodanszky, 1993; Jones, 2002). To 

attach amino acids, the temporary protectional group from the previous amino acid must 

be removed (deprotection). In a separate reaction, the carboxyl group of a second amino 

acid is activated by the addition of phosphonium or uronium salts and a tertiary amine 

(usually diisopropylethylamine). The activated amino acid is then added into the amino 

acids on resin and allowed to couple and form an amide bond between the activated 

amino acid and the deprotected amino acid on the resin (Chan and White, 2000; Howl, 

2005). These cycles can be repeated for each amino acid added to the growing peptide 

chain. During this process, the reactive R groups of individual amino acids should be 

masked with orthogonal permanent protectional groups that should not be reactive during 
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the α-amino deprotection stage, in order to prevent side reactions (Bodanszky, 1993; 

Jones, 1991). In SPPS, chain elongation occurs from C-terminus to N-terminus, in 

contrast to the normal N- to C-terminal growth of proteins generated in vivo by ribosomes 

(Howl, 2005). 

SPPS of conotoxins utilizes two different approaches depending on the temporary 

α-amino function protectional group used. The tert-Butyloxycarbonyl (Boc-) protectional 

group is removed under acidic conditions by trifluoroacetic acid (TFA) whilst the 9-

Fluorenylmethoxycarbonyl (Fmoc-) group is base labile and can be removed by mild 

bases such as 20% v/v pipperidine in dimenthylformamide (DMF) (Jones, 1991). Each 

chemistry has its advantages as well as disadvantages; therefore, it should be selected 

based on the experimental design and equipment availability (Armishaw and Alewood, 

2005). Boc-chemistry is utilized in the synthesis of complex conotoxins or peptide 

analogs that may be sensitive to bases. Boc-synthesized peptides are cleaved from resin 

by hydrogen fluoride (HF) which is hazardous and necessitates special equipment and 

facilities to perform (Jones, 1991). Fmoc-synthesized conotoxins are cleaved from resin 

by exposure to 95% v/v TFA (including appropriate scavengers) for 1-3 hours (Chan and 

White, 2000). This process is considerably less dangerous and less equipment-intensive 

than Boc-cleavage and may have contributed to Fmoc-chemistry being the preferred 

method to synthesize conotoxins. 

 

1.5 Chemical Modification of Conotoxins 

Solid phase peptide synthesis, have allowed researchers to synthesize conotoxins 

that are not normally found in nature. This ability to modify toxins for improved 

pharmacological and biological activity has been the impetus behind conopeptide 

bioengineering (Brady et al., 2013). Through SPPS, mutations that alter the amino acid 

composition of peptides can be replicated by coupling the desired amino acids residues at 

specific stages during the chemical synthesis. Additionally, this method is capable of 

integrating uncommon amino acids such as selenocysteine and synthetic amino acids 

such as 4-aminophenylalanine and norvaline into the peptide sequence, resulting in amino 

acid analogues that can be difficult to replicate in vivo (Armishaw et al., 2010; de Araujo 

et al., 2011). Integration of these unnatural amino acids can result in unique conotoxin 
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structures. For instance, the integration of selenocysteine in -conotoxin MrVIB resulted 

in the first conotoxin analog cross-linked by diselenide bridges instead disulfide bonds 

(de Araujo et al., 2011). This technique was originally performed by Moroder et al. (2005) 

to study the folding of the bee toxin apamin. Indeed, many of the peptide bioengineering 

techniques adapted for conotoxins have previously seen success in other toxins or 

peptides. A notable case is the incorporation of native chemical ligation in conotoxin 

synthesis. 

 

 

Figure 5. Native chemical ligation of two peptide fragments. 

 

Briefly, native chemical ligation (NCL) is a method utilized to chemoselectively 

link two unprotected peptide fragments together (Johnson and Kent, 2006). One of the 

peptide fragments should contain a N-terminal cysteine and the other peptide fragment 

should contain a C-terminal thioester (Clark and Craik, 2010; Dawson et al., 1994). NCL 

relies on thiol/thioester exchange resulting from the nucleophilic attack of a thiol group 

of an N-terminal cysteine to a C-terminal thioester moiety, followed by a S  N acyl 

shift to generate a native peptide bond (Figure 5) (Dawson and Kent, 2000; Machova and 

Beck-Sickinger, 2005; Tam and Lu, 2000). The reaction is performed in an aqueous 
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solution, under denaturing conditions and at neutral pH (Kent, 2009). Interestingly, if the 

N-terminal cysteine and C-terminal thioester moieties are located in the same peptide, an 

intramolecular reaction occurs, allowing for the circularization of the peptide backbone 

which confers protection against exopepidases and proteases increasing a peptide’s 

biological stability (Clark and Craik, 2010). 

 

1.6 Purification and Mass Spectrometry 

Characterization of conotoxins is fundamental in their study. The combination of 

liquid chromatography and mass spectrometry allow researchers to identify and isolate a 

peptide of interest from a venom sample containing approximately 50-200 different 

conotoxins. Liquid chromatography is made up of a mobile phase and a stationary phase. 

A solvent (mobile phase) containing the mixture of interest is pumped with high pressure 

through a column tightly packed with an adsorbent matrix (stationary phase). Different 

molecules in the sample interact and adsorb differently on to the matrix. The varied 

interactions with the column cause different molecules to elute at different times given a 

change in gradient or mobile phase flow (Nelson and Cox, 2005). This partitioning effect 

allows for the separation of complex mixtures.  

Reverse phase high pressure chromatography (RP-HPLC), the preferred technique 

for conotoxin purification, operates with the same principle except the mobile phase 

usually consists of an aqueous solvent propelled through a column containing a 

hydrophobic matrix (Mathews et al., 2012). Purification of conotoxins (Figure 6) usually 

entails several runs in RP-HPLC using a range of columns of different diameters and 

lengths that should be utilized according to the needs of the experiment. 

Eluents from RP-HPLC are typically fractionated in several tubes. At certain 

stages of purification, these samples are assessed for the presence of the conotoxin of 

interest to ensure that the correct sample is being isolated. Mass spectrometry provides an 

accurate and rapid means of identifying the target peptide from these fractionations. Mass 

spectrometers can be broken down into two components: the ion source and the mass 

analyzer (Chowdhury et al., 1991). Macromolecules of interest are volatilized and ionized 

in the ion source, then are accelerated through an electromagnetic field in the presence of 

a vacuum. Their various mass-to-charge ratio (m/z) is determined by the mass analyzer 
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(Chait and Kent, 1992). Two of the most common types of mass spectrometry used in 

conotoxin analysis are electrospray ionization mass spectrometry (ESI-MS) and matrix-

assisted laser desorption/ionization (MALDI) (Mathews et al., 2012; Nelson and Cox, 

2005). In MALDI, peptide samples are mixed into a solution containing an excess of a 

reagent capable of forming a matrix. The mixture is dried on a probe and introduced into 

the mass spectrometer where it is bombarded by ultraviolet light ( = 337 nm) in short 

pulses, causing the sample to volatilize and the target peptides to be ionized. The samples 

are subjected to an electric field then propelled into a flight tube. A detector at the end of 

the flight tube measures the time of flight (TOF) which is proportional to (m/z)
+1/2

; this 

correlation is used to measure the mass of the ions (Chait and Kent, 1992). 

In ESI-MS the sample is dissolved in a solution containing a trace amount of acid 

(TFA or Formic) to facilitate ionization and sprayed as fine droplets from a metallic 

needle containing a large electrical potential (+4000 V). The droplets are evaporated by 

heat and the positively-charged particles are propelled to a negatively charged aperture 

connected to a vacuum tube with a quadrupole filter which will separate the ions based 

on their m/z ratio (Chait and Kent, 1992). A notable feature of ESI-MS is the production 

of spectra containing multiple charged states of the same protein, facilitating the analysis 

of macromolecules within a limited m/z window (Trauger et al., 2002). 
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Figure 6. Diagram of the steps in purifying conotoxins from cone snail venom. Cone 

snail venom is first collected during feeding. The milked venom is dried, reconstituted 

and injected into a reverse phase high pressure liquid chromatography machine. Injected 

venom binds to an HPLC column and monitored for their elution time when subjected to 

a solvent gradient flow. Whole venom samples present chromatograms with multiple 

peaks, which may have conotoxins of interest (red arrows). These peptides are collected 

as they elute from the column and placed into separate microcentrifuge vials. 

 

 

1.7 Cysteines: A Bridge Between Conotoxin Structure and Activity 

One of the distinguishing features of conotoxins is their cysteine rich sequences. 

Like larger proteins, these cysteines are capable of forming disulfide bonds that stabilize 

a conotoxin’s three-dimensional structure, which in turn contributes directly to the 

peptide’s biological activity. Briefly, a disulfide bond/bridge is the covalent linking of the 

two thiol groups from separate cysteines, forming a cysteine dimer referred to as a 

cystine (Mathews et al., 2012). These cysteines can be found within the same sequence of 

a polypeptide or on separate polypeptide chains (Nelson and Cox, 2005). Although most 
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recorded conotoxins form intramolecular disulfide bonds, some cystine-linked dimeric 

conotoxins have been documented, including Vt3.1, Vt3.2 and -conotoxin TxXIIIA 

from Conus textile (Quinton et al., 2009; Wu et al., 2010). Dimeric conotoxins present an 

exciting new area of research in conotoxin structure.  

The cysteines within a conotoxin sequence are spaced in predictable patterns or 

frameworks, forming amino acid loops which have been found to influence conotoxin 

receptor selectivity (Bingham et al., 2005). α-Conotoxins in particular exhibit a 2-loop 

framework given by the general pattern CCXmCXnC where Xm and Xn represents the 

number non-cysteine amino acid residues comprising the m and n loop respectively and 

can be used to define the cysteine framework of α-conotoxins in the form of m/n (Millard 

et al., 2004). With few exceptions, conotoxins with a 4/7 cysteine framework constitute a 

subclass that is specific for neuronal nAChRs, whereas conotoxins with 3/5 cysteine 

frameworks are specific for nAChRs found at the neuromuscular junction (Armishaw and 

Alewood, 2005). Some other cysteine spacings include 4/6, 4/4 and 4/3 which are shown 

in Table 1, obtained from the work of Gyanda et al. (2013). 

 

Table 1. Examples of 2-Loop Cysteine Frameworks of Representative α-Conotoxins. 

 

-Note: θ = hydroxyprolines, * = C-terminal carboxamide, # = C-terminal carboxylate. This table was adapted from 

Gyanda et al. (2013). 

 

A majority of documented conotoxins contain anywhere from 1 to 3 disulfide 

bonds, and the scrambling of these cystine bridges can create peptide isomers that may 

exhibit different pharmacological properties (Bingham et al., 2012; Espiritu et al., 2014). 

Disulfide bond permutations of α-conotoxins with two disulfide bonds can in principle 
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form three isomers, globular, ribbon, and bead/beaded (Figure 7), with native conotoxins 

conforming exclusively to the globular form (Dutton et al., 2002).  

 

 

Figure 7. Three isomers can be formed from the permutations of two cystine bonds. The 

globular form is achieved through bonding of Cys1-3 and Cys2-4. The linking of Cys1-4 

and Cys2-3 yields the ribbon form. Lastly, the bonding of Cys1-2 and Cys3-4 generates 

the beaded form. Note that an increased number of cysteines can theoretically form a 

greater number of disulfide bond isomers. 

 

 

Ribbon forms have been reported for -conotoxins, but beaded forms have not 

been found in nature (Daly and Craik, 2009; Kang et al., 2007). Dutton et al. (2002) 

demonstrated that the ribbon isomer of α-conotoxin AuIB exhibited a tenfold greater 

potency toward rat parasympathetic ganglia than its native counterpart. This finding 

highlights the importance of investigating non-native isomers of conotoxins for novel 

pharmacological properties, which expands the repertoire of conotoxin scaffolds that can 

be used for bioengineering pharmaceuticals or receptor-specific probes.  

 

1.8 Post-translational Modifications of Conotoxins 

Intramolecular and intermolecular disulfide bridges constitute only a small 

portion of the myriad of post-translational modifications (PTMs) available to conotoxins. 

PTMs observed in conotoxins include the following: C-terminal amidation, -

carboxylation, disulfide bridges, hydroxylation, sulfation, bromination , glycosylation 

and epimerization (Espiritu et al., 2014). This makes conotoxins some of the most post-
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translationally-modified peptides that have been identified (Olivera and Cruz, 2001). It is 

postulated that the abundance of PTMs found in conotoxins arose from environmental 

factors and evolutionary pressures on cone snails to produce efficacious venoms with 

rapid onset (Buczek et al., 2005; Olivera, 1997). These naturally occurring chemical 

alterations to amino acid ‘R’ groups have been shown to influence the chemical diversity, 

structural stability and biological activity of conotoxins (Espiritu et al., 2014). 

Nevertheless, these observations are inconsistent across the many conotoxins tested 

experimentally. As such, the exact roles of these PTMs remain to be elucidated (Akondi 

et al., 2014).  

Hydroxylation is of particular interest to this thesis because it is a commonly 

observed PTM in the proline residues of conotoxins (Espiritu et al., 2014). Curiously, this 

particular PTM is only occasionally found in native α-conotoxins, making it hard to study 

the effects of hydroxylation on this conotoxin family (J.-P. Bingham, personal 

communication, June 11, 2014). Hydroxylation of proline residues is catalyzed by prolyl-

4-hydroxylase, but this enzyme has yet to be completely characterized in Conus (Gorres 

and Raines, 2010). Interestingly, peptide disulfide isomerase, a known subunit of prolyl-

4-hydroxylase, is abundant in the cone snail venom gland (Purcell and Safavi-Hemami, 

2012). Despite the prevalence of this PTM, its bearing on conotoxin structure and 

pharmacology is not completely understood. A comprehensive study on conotoxins -

conotoxin GIIIA, -conotoxin MVIIC, -conotoxin GI and -conotoxin IMI, along with 

their proline or hydroxyproline containing analogs have suggested that hydroxyprolines 

(Hyp) may play a role in conotoxin folding and bioactivity (Lopez-Vera et al., 2008). 

Interestingly, the -conotoxin analogs with hydroxyprolines exhibited greater folding 

efficiency in vitro compared to their native counterparts that lacked this PTM (Lopez-

Vera et al., 2008).  

 

1.9 Aims and Objectives 

Utilizing a novel conotoxin, -conotoxin ViI isolated from the vermivorous 

Conus virgo, this thesis will provide a preliminary investigation on the correlation 

between hydroxyprolines and disulfide bond isomers. Given that hydroxyprolines aid in 

the proper folding of conotoxins, it is hypothesized that elimination of this PTM will 
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increase the prevalence of isomer formation. -Conotoxin ViI is a good model to test this 

correlation because it contains hydroxyprolines in positions 6 and 13 of its native 

sequence and contains four conserved cysteine residues that can give rise to three isomers 

given the different disulfide bond permutations possible (Figure 8). 

Additionally, this thesis will explore the creation of peptide isomers using various 

oxidative conditions, to assess whether or not certain oxidation conditions have a 

penchant for creating a particular isomeric form. Lastly, this thesis will demonstrate 

native chemical ligation to ligate two fragments of a scorpion toxin, and suggest future 

directions to creating a cyclized version of α-conotoxin ViI and its analogs. 

 

Figure 8. A) Sequence of -conotoxin ViI showing hydroxyprolines at position 6 and 13 

and conserved cysteine residues in red. B) Sequence of Vi1.1 an analog of α-conotoxin 

ViI lacking the hydroxylated prolines. 

 

 

1.10 Inclusion of Papers in the Thesis 

Incorporation of published and submitted manuscripts that I have co-authored will be 

introduced in subsequent chapters as they contribute to the general aims and objectives of 

the thesis. An abstract of each paper will be provided along with a brief explanation of 

my contributions to each paper. The current version of the full manuscripts will be 

included in the Appendices of the thesis. Table 2 shows the list of the included papers. 
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Table 2. List of Included Papers. 

Appendix A p. 75 “Incorporation of Post-translational Modified Amino Acids 

as an Approach to Increase Both Chemical and Biological 

Diversity of Conotoxins and Conopeptides.” 

Appendix B p. 102 “Drugs From Slugs. Part II: Conopeptide Bioengineering.” 

Appendix C p. 124 “Conotoxins and Their Regulatory Considerations.” 

Appendix D p. 153 “The Role of Posttranslational Modifications in Forming 

Globular and Ribbon Structures of a 4/6 α-Conotoxin From 

the Vermivorous Conus virgo.” 

Appendix E p. 195 “The Emergence of Cyclic Peptides: The Potential of 

Bioengineered Peptide Drug.” 
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 Post-Translational Modifications of Conotoxins Chapter 2.

2.1 Challenges in Screening Conotoxin PTM 

Conotoxins are touted for their characteristic receptor specificity and sequence 

diversity, making them a good resource to mine for pharmaceutical agents and or 

biological tools for receptor studies (Adams et al., 1999). The amazing diversity found in 

conotoxins can be partially attributed to post-translational modifications undergone by 

the peptide in its journey from ribosomal synthesis to bioactive venom component 

(Olivera and Cruz, 2001). These chemical alterations are believed to be an evolutionary 

mechanism to allow the snails to expand their venom repertoire which has contributed to 

their success as a species (Buczek et al., 2005). Although PTMs play a central role in 

conotoxin bioactivity, their presence often hard to detect, complicating the 

characterization of conotoxins (Adams et al., 1999; Buczek et al., 2005). 

 

2.2 Determining Correct Disulfide Bond Connectivity 

Determining the correct disulfide bond connectivity of conotoxins is crucial in 

their characterization. This process is complicated by the different isomers that arise from 

the possible disulfide bond permutations available to a peptide. α-Conotoxins and -

conotoxins contain the same conserved cysteine loop patterns and are capable of forming 

the same disulfide bonds. However, α-conotoxins are found in the globular conformation, 

whereas -conotoxins adapt the ribbon conformation (Kang et al., 2007). From this 

example it can be seen that improper determination of cystine connectivity can lead to an 

inaccurate classification of conotoxins. The standard method for determining disulfide 

bond connectivity of α-conotoxins involves the partial reduction of the peptide by tris(2-

carboxyethyl) phosphine (TCEP) and real-time monitoring via ESI-MS for the presence 

of the partially reduced mass. The free thiols of the reduced cysteines are first alkylated 

using maleimides, iodoacetamide or 4-vinylpyridine. The alkylated peptide is then 

subject to Edman degradation and other sequencing procedures. Cysteines that have 

similar alkylating groups indicate that they were once linked by a disulfide bond 

(Bingham et al., 2005; Gray, 1993).  
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2.3 Hydroxyprolines 

4-Hydroxyproline is a common PTM in many conotoxin classes where it is 

observed as either the cis or trans isomer (Figure 9), with the trans configuration being 

the most common (Xu et al., 2010). Hydroxyproline is believed to contribute to the 

structure and bioactivity of conotoxins but its specific contributions may need to be 

evaluated on a case-by-case basis. It was found to contribute to the binding affinity of -

conotoxin GIIIA, towards rat Nav1.4 while in α-conotoxins ImI and GIA analogues, this 

PTM improved oxidation and conotoxin stability (Lopez-Vera et al., 2008). Additionally, 

it hydroxyproline cis/trans isomerism has been found to influence changes in the solution 

structure of -conotoxin PIIIA (Nielsen et al., 2002). 

Hydroxyprolines have historically presented problems in conotoxin 

characterization as they have the same mass as leucine and isoleucine and thus share 

similar monoisotopic distributions in ESI-SM (Grant, 2002). This difficulty is quickly 

being circumvented by advanced MS techniques such as w- and d-ion analysis using 

MALDI (Soltwisch and Dreisewerd, 2010). 

 

 

 

 

 

Figure 9. The stereoisomers of 4-hydoxyproline commonly observed in conotoxins. 

 

2.4 Inclusion of Paper: Incorporation of Post-Translational Modified Amino 

Acids as an Approach to Increase Both Chemical and Biological Diversity of 

Conotoxins and Conopeptides 

The topic of post-translational modification of conotoxins is covered in the 

publication: “Incorporation of Post-Translational Modified Amino Acids as an Approach 

to Increase Both Chemical and Biological Diversity of Conotoxins and Conopeptides” 

(Espiritu et al., 2014), which I have had the pleasure of co-authoring. In this publication, 

Espiritu and colleagues (2014) report the numerous PTMs that occur in conotoxins and 
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other Conus peptides. Some of the PTMs covered include C-terminal and N-terminal 

modifications, disulfide bonds, hydroxylation, sulfation, gamma-carboxylation and 

epimerization. The publication details the classical and current biochemical techniques 

used in the identification of these PTMs in conotoxins. The paper argues that a 

synergistic effort between traditional and novel approaches should be utilized in the 

identification of these PTMs in order to gain better understanding of their significance to 

conotoxin structure and activity. This paper was included in this thesis because it 

specifically talks about methods of determining disulfide bond connectivities, a technique 

that was utilized in my work with synthetic α-conotoxin ViI analogs. It also provides 

information on hydroxyprolines and the challenge encountered in its identification. Some 

of my contributions to this manuscript include writing the sections detailing disulfide 

bonds, hydroxylation of proline, valine and lysine residues, -carboxylation and 

conopeptide bioengineering. Additionally, I rewrote the abstract and the conclusion of the 

paper. I also contributed in the creation of Tables 3, 5, 6, 8, 10 as well as Figure 1. The 

following includes the title page of the publication. The full article can be found in 

Appendix A. 
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 Bioengineering Conotoxins Chapter 3.

The integration of solid phase peptide synthesis in conovenomics has allowed for 

the replication of conotoxins normally isolated from the cone snail venom gland. These 

synthetic conotoxins are amenable to chemical modifications that augment their 

pharmacological activity, so that they can be used as pharmaceutical agents or biological 

probes. The extent of modification can range from a simple amino acid substitution to 

complex amino acid side chain derivatization (Brady et al., 2013). This reflects the 

natural progression of peptide-drug development in which researchers often synthesize 

and survey an array of non-native analogs to search for these improved pharmacokinetic 

characteristics when designing peptide therapeutic agents (Jones, 1991). The pursuit for 

these improved pharmacological characteristics serves a major motivation behind 

chemical modifications of conopeptides. 

3.1 Disulfide Bond Isomers and Cysteine Analogs 

One of the simplest modifications to conotoxins that can have profound effects on 

their biological activity is the manipulation disulfide bond connectivity (Grishin et al., 

2010). Altering the cysteine combinations during peptide oxidation can give rise to 

disulfide bond isomers that have different folds and may exhibit different 

pharmacological characteristics. This was demonstrated by Dutton and colleagues (2002) 

when they found that the ribbon isomer of α-conotoxin AuIB exhibited 10x greater 

inhibition of nAChRs compared to native globular isomer. The number of possible 

disulfide bond isomers (p) can be calculated using the formula   
  

(
 

 
)     

 where n 

represents the number of cysteines present in the peptide sequence (Benham and Jafri, 

1993; Espiritu et al., 2014; Kauzmann, 1959). Using this equation, it can be seen that 

conotoxins with 3 disulfide bonds can theoretically yield 15 isomers and 4 disulfide 

bonds can generate a maximum of 105 isomers, some of which may be bioactive and can 

be used as scaffolds for peptide bioengineering.  

 

3.2 Random and Selective Oxidation of Synthetic Conotoxins 

Synthesis and oxidation of peptides and conotoxins can take on many approaches. 

To detail each methodology is beyond the scope of this thesis. This section will focus on 
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the general tactic of conotoxin oxidation as applicable to the experimentation performed 

on α-conotoxin ViI and its synthetic analogs. 

The simplest method of generating disulfide bonds in conotoxins is through 

random oxidation. This single step oxidation process requires the incorporation of 

cysteines with the same protectional groups or protectional groups with similar lability. 

Peptides synthesized through Fmoc-chemistry utilize TFA-labile protectional groups such 

as triphenylmethyl (Trt), 9H-xanthen-9-yl (Xan), methoxytrityl (Mmb) and 2,4,6-

trimethoxybenzyl (S-Tmob) which allow for cysteine thiol deprotection upon cleavage of 

the peptide from resin (Albericio et al., 2000). After cleavage of the synthetic conotoxin, 

it is allowed to oxidize in a highly dilute buffer, usually 0.02–0.1M ammonium 

bicarbonate at pH ranges from 6.7-10 (Loughnan and Alewood, 2004). This strategy can 

be used to produce a number of conotoxin isomers with different folds.  

Regioselective disulfide formation utilizes the orthogonality of different cysteine 

protectional groups coupled strategically during peptide synthesis to direct the formation 

of specific bonds (Armishaw and Alewood, 2005). Through this strategy, conotoxins of 

specific disulfide connections can be generated, making it extremely useful in 

synthesizing particular isomers (Dutton et al., 2002; Hargittai and Barany, 1999). In the 

synthesis of α-conotoxins, acetamidomethyl (Acm) groups are typically employed in 

conjunction with a Trt or Xan groups (Hargittai and Barany, 1999; Loughnan and 

Alewood, 2004). Unlike Trt or Xan, Acm groups are not acid labile, thus cysteines with 

this protectional group do no undergo oxidation in ammonium bicarbonate. Deprotection 

and oxidation of cysteines protected by Acm is typically accomplished using an iodine 

solution (Loughnan and Alewood, 2004). In this combination, Trt or Xan groups are used 

to protect cysteines that participate in forming the first disulfide bond and Acm groups 

are employed to protect cysteines that form the second disulfide bond. 

 

3.3 Inclusion of Paper: Drugs From Slugs Part II: Conopeptide Bioengineering  

Engineering of conotoxins isomers with non-native disulfide bond connectivities 

is a hallmark of Generation I conopeptide bioengineering as mentioned in the review 

paper: “Drugs From Slugs Part II: Conopeptide Bioengineering” (Bingham et al., 2012). 

This paper was included in this thesis because it outlines most of the chemical 
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modifications that have been done on conotoxins and conopeptides to improve their 

pharmacological properties. Bingham et al. (2012) divide conopeptide/conotoxin 

bioengineering into six generations based on the increasing degree of chemical 

modification to the peptide infrastructure and amino acid side chains. The vignette on 

disulfide bond engineering provides a detailed account of the strategies involving 

conotoxin disulfide bond synthesis, a major theme of this thesis. Furthermore, this article 

also mentions chemical techniques to replace disulfide bonds in conopeptides. These 

techniques include integration of diselenide bonds, dicarba linkages, and cystathione 

thioether which may be employed in future investigations on α-conotoxin ViI and its 

analogs.  

As co-author of this paper, I contributed in writing the following sections: 

“Conopeptide bioengineering using natural amino acid substitution(s)”, “Post-

translationally modified amino acid variants as a form of conopeptide bioengineering”, 

“Peptide backbone truncation and conopeptide bioengineering,” “Bioengineering of 

conopeptide disulfide bond isomers, Disulfide bond replacement in conopeptide 

bioengineering”, “Polytides: a combined approach to conopeptide bioengineering”. I 

have also contributed various vignettes incorporated into other sections of the manuscript. 

Furthermore as co-author, I have had the privilege of compiling the data and drawing the 

diagrams used in Tables 2, 3, 4, 5, 6 and 7 of the paper. The following includes the first 

two pages of the publication, which includes the title, abstract, and the table of contents. 

The full article can be found in Appendix B. 
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3.4 Inclusion of Paper: Conotoxins and Their Regulatory Considerations 

The incorporation of peptide chemistry into conovenomics has resulted in the 

creation of a diverse library of synthetic conotoxins. Many of these conotoxin analogs 

and their derivatives possess biological activities that differ from their native counterpart. 

Current regulation by the Centers for Disease Control and Prevention (CDC) is limited to 

a small subset of natural conotoxins. This topic is explored by Thapa and colleagues (in 

press) in the manuscript: “Conotoxins and Their Regulatory Considerations”. This paper 

is presently in review but was included in this thesis because it explores the need to 

expand current regulations of conotoxins to include their bioengineered counterparts. As 

co-author of this manuscript, I was responsible for creating the introduction to the paper 

detailing the structure of conotoxins including cysteine spacings, disulfide bond 

connectivities, and pharmacological classifications, features that are often examined 

during conotoxin modification. The following includes the cover page and the abstract of 

the article. The full manuscript can be found in Appendix C. 
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 Studies on α-Conotoxin ViI and its Disulfide Bond Isomers Chapter 4.

4.1 Inclusion of Paper: The Role of Posttranslational Modifications in Forming 

Globular and Ribbon Structures of a 4/6 α-Conotoxin From the Vermivorous 

Conus virgo  

α-Conotoxin ViI (initially called Vg1.1) is a 15 amino acid peptide originally 

isolated by Sandall (2005) from the venom of Conus virgo, a vermivorous cone snail 

distributed throughout the Indo-Pacific region and Australia. The peptide exhibits a 4/6 

cysteine framework and contains two hydroxyprolines residues located at positions 6 and 

13 in its sequence (Figure 8). The presence of hydroxylated prolines and a unique 

cysteine framework makes it a good model to study the correlation between 

hydroxyprolines and disulfide bonding.  

Two syntheses were undertaken to create the native peptide via SPPS, along with 

its non-PTM analog (Vi1.1). Preliminary results indicated that random oxidation of the 

hydroxylated synthetic variant in 2M urea/0.1 M NaCl/ 0.1M glycine at pH 7.8 formed a 

single dominant peak at 14.75 minutes (See Figure 2 in Appendix D). Furthermore, when 

Vi1.1 the synthetic analog without PTMs is subjected to random oxidation in 0.1M 

NH4HCO3 at pH 8, two dominant peaks with retention times of 13.8 and 16.9 minutes 

were observed via RP-HPLC (See Figure 3 in Appendix D). These two peaks shared the 

same mass and were deemed isomers of each other. Additional synthesis of the ribbon 

and globular forms of the peptide revealed that the ribbon form eluted at 13.8 minutes 

whereas the globular form eluted at 16.9 minutes. This indicated that the two peaks 

obtained from random oxidation were the ribbon and globular isomer of Vi1.1. These two 

isomers were found to inhibit catecholamine release in a bovine chromaffin cell assay 

demonstrating biological activity in non-native analogs of α-conotoxin ViI.  

The initial results of this experiment can be found in the manuscript: “The Role of 

Posttranslational Modifications in Forming Globular and Ribbon Structures of a 4/6 α-

Conotoxin From the Vermivorous Conus virgo” (Cabalteja et al., 2014), of which I had 

the privilege of being the primary author. With guidance from my Principal Investigator, 

I contributed to the drafting of each sections of the manuscript. Additionally, I 

synthesized, oxidized, purified and confirmed the mass of α-conotoxin ViI and the two 

Vi1.1 isomers used in the experiments.  
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After the first draft of the manuscript was completed, the results were reexamined 

which generated several interesting observations. First, the buffer used in α-conotoxin 

ViI’s oxidation contained the chaotropic agent urea. Chaotropic agents are normally used 

as denaturants and should increase the likelihood of isomer formation, but only one 

dominant peak was observed in the RP-HPLC chromatogram of α-conotoxin ViI. 

Additionally, it was found that random oxidation Vi1.1 oxidation resulted in a greater 

percentage of ribbon isomer (50%) than the globular isomer (45%). Lastly, it was 

surmised that the small peak which eluted later than the globular isomer was the beaded 

isomer (Figure 3 in Appendix D) based on the possible isomers of α-conotoxins (Figure 

7). These new observations laid the groundwork of the experiment described in section 

4.2, in order to explore the scope of various oxidation buffers and assess whether the 

same results could be generated as well as  determine if it was possible to increase the 

yields of a particular isomer, especially the posited beaded isomer. 

 

Table 3. Hydroxyproline Variants of α-Conotoxin ViI 

Peptide Sequence Comment 

α-conotoxin ViI DCCSNOPCAHNNODC* This work 

Vi1.1 DCCSNPPCAHNNPDC* This work 

Vi1.1 [P6O] DCCSNOPCAHNNPDC* Synthesized; future work 

Vi1.1 [P7O] DCCSNPOCAHNNPDC* Synthesized; future work 

Vi1.1 [P13O] DCCSNPPCAHNNODC* Synthesized; future work 

Vi1.1 [P6O, P7O] DCCSNOOCAHNNPDC* Future work 

Vi1.1 [P7O, P13O] DCCSNPOCAHNNODC* Future work 

Vi1.1 [P6O, P7O, P13O] DCCSNOOCAHNNODC* Future work 

  -Note: * = C-terminal amidation, O = hydroxyproline 

 

The manuscript of “The Role of Posttranslational Modifications in Forming 

Globular and Ribbon Structures of a 4/6 α-Conotoxin From the Vermivorous Conus virgo” 

(Cabalteja et al., 2014) is currently in preparation and will be submitted for the peer 

review process pending the integration of the results from both experimental sets and 

future oxidation data from 1 and 3 PTM variants of α-conotoxin ViI. However, the 

current version of the manuscript is included in Appendix D. Its cover page and abstract 

are shown below. 
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Abstract 

The venom of the vermivorous cone snail Conus virgo was scanned for -

conotoxins by genomic and proteomic techniques. The expression of 4/6 -

conotoxin ViI was verified as an mRNA transcript (in cells from a single venom 

duct), as well as an isolated native duct venom peptide exhibiting unique 

posttranslational modification positioning. The biological activity of -conotoxin 

ViI was confirmed at the nAChR along with two synthetic unmodified variants: 

Vi1.1-Isomers A and B. These isomers possessed two different disulfide 

connectivities, resulting in ribbon and globular structures, respectively. Here we 

illustrate how the presence of posttranslationally modified amino acids in -

conotoxin Vil can influence the specific formation of globular and/or ribbon 

peptides. 

Furthermore, both synthetic isomeric analogues demonstrated different 

levels of activity at the neuronal nAChR and potentially different mechanisms of 

antagonism. However, the most potent activity was observed from the native 

posttranslationally modified peptide -conotoxin ViI. Our analysis expands 

previous evidence regarding the retention of biological activity in synthetic -

conotoxin isomers and posttranslational variants (in venom) to now include 

vermivorous cone snail venom. These findings extend the scope of 

bioengineering toxin peptide templates as disulfide bonded isomers with 

augmented pharmacodynamic and pharmacokinetic properties, thereby 

enhancing their potential as drug leads. 
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4.2 Generation of Vi1.1 and α-Conotoxin ViI Isomers Through Random 

Oxidation                                        

The native conformations of conotoxins are maintained by various enzymes and 

chaperones in the conditions of the venom gland (Safavi-Hemami et al., 2012). Exposing 

these peptides to different environments in vitro can result in changes to their three-

dimensional structure, providing insights to protein denaturation and folding. Peptides 

can be denatured in a variety of ways, including the addition of heat, the manipulation of 

pH and exposure to various chemical solvents and solutes (Moroder et al., 2005; Nelson 

and Cox, 2005). Chaotropic agents such as urea and guanidine hydrochloride (GdnHCl) 

weaken the hydrophobic interactions between amino acids in a peptide chain, allowing 

for the perturbation of native peptide structure (Matthews, 1993). These chemicals 

disrupt hydrogen bonding between water molecules of the solvent in which the peptide is 

dissolved. They can also bind directly to the peptide, contributing to the disruption of 

hydrophobic interactions within the amino acid chain (Salvi et al., 2005). 

Dr. Christian Anfinsen’s seminal work on ribonuclease provides the foundation 

for much of our understanding of disulfide bond isomerism. In his investigations, 

Anfinsen and colleagues reoxidized ribonuclease containing 8 cysteines in a reductive 

solution containing 8M Urea. They found that the solution contained a mixture of 

disulfide isomers representing a portion or all of the 105 possible disulfide permutations 

(Anfinsen, 1973; Haber and Anfinsen, 1962). This finding helped to establish several 

principles regarding protein folding, one of which point to the native peptide 

conformation as the dominant isomer (Anfinsen, 1973; Moroder et al., 2005). In the case 

of conotoxins, it has been suggested that the thermodynamic stability of the native form 

may not differ significantly from its disulfide isomers (Akondi et al., 2014). This 

corroborates with the idea that desired conotoxin disulfide isomers can be generated by 

manipulating solvent conditions during peptide oxidation (Muttenthaler et al., 2010).  

Utilizing this approach, α-conotoxin ViI and Vi1.1 were subjected to oxidative 

buffers containing chaotropic reagents such as GdnHCl. It was hypothesized that Vi1.1, 

the variant without hydroxylated prolines would produce all of the possible isomers 

predicted by disulfide bond permutations. The native peptide containing hydroxylated 
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prolines was predicted to produce the globular isomer as its predominant product all of its 

oxidations.  

 

4.3 Methods 

Vi1.1 and α-conotoxin ViI were manually assembled on a 4-

(methyl)benzhydrylamine (MBHA) Rink-amide resin (0.44 meq.g
-1

 ) by 

fluorenylmethoxycarbonyl solid-phase-peptide synthesis (Fmoc-SPPS) scaled to 0.5 

mMol. Cys(Trt) was incorporated in positions 2, 3, 8 and 15 for both peptides to allow 

for random oxidation of the peptide. All other protectional groups were unchanged from 

the methods described in Cabalteja et al. (2014; Appendix D). Both peptides were 

cleaved via Reagent K (82.5:5:5:2.5 v/v of TFA, phenol, water, thioanisole and 2,3-

ethanedithiol) and purified by semi-preparative RP-HPLC/UV. 

Both peptides were independently subjected to each of the following six oxidative 

conditions: (1) 0.1M NH4HCO3 at pH 8 (2) 0.33M NH4OAc/ 0.5M GdnHCl at pH 7.5, (3) 

0.33M NH4OAc/ 0.5M GdnHCl/50% 2-Propanol at pH 7.5, (4) 2M urea/0.1 M NaCl/ 

0.1M glycine at pH 7.8, (5) 2M urea/ 0.1M NaCl/ 0.1M glycine/ 50% 2-Propanol at pH 

7.8; and (6) 0.1M NH4HCO3 /6M urea/ 50% 2-propanol at pH 7.5. For each condition, 15 

mg of Vi1.1 or ViI was dissolved in 50 mL of oxidation buffer and allowed to oxidize for 

5 days at 23°C. Subsequently, 700L of each oxidation product was collected and 

subjected to vacuum centrifugation for approximately 2-5 hours or until the solvent was 

removed. Peptide residues remaining in each sample were resuspended in a 110 L of 0.1% 

v/v aqueous trifluoroacetic acid in preparation for RP-HPLC. 

Retention times of 100L of oxidation products and their reduced equivalents 

were determined via RP-HPLC using a C18, 0.2mm Phenomenex
®

 narrow bore column 

using a 1% min.
-1

 gradient of 90:10 Acetonitrile (MeCN): 0.08% v/v aq. TFA. Eluates 

were collected and verified for target mass using ESI-MS scanning from 650-1000 Da. 

RP-HPLC chromatograms were integrated using Waters
®

 Millennium 32
™

 High 

Performance Liquid Chromatography Software.  
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4.4 Results 

4.4.1 Vi1.1 

Three major products were observed in the chromatograms of all six Vi1.1 

oxidations. These chromatographic peaks displayed retention times (TR) of approximately 

13.5, 16.6 and 17.2 minutes (Figure 10 to Figure 15) and exhibited identical masses of 

[M+2H]
2+

= 793.0 Da, correlating with an oxidized version of Vi1.1 (m/z = 1584.0 Da). 

Additional peaks were seen in several conditions, notably in condition 2, condition 3 and 

condition 6. A sharp peak with a retention time of 7.2 minutes was observed in conditions 

2 and 3 (Figure 11 and Figure 12). Mass spectrometric data on this product did not reveal 

any dominant peaks in the scanning range of 650-1000 Da and the target [M+2H]
2+

 of 

793.0 Da was not observed. Condition 6 displayed several trace products with retention 

times of 7.6, 11.7, 12.3, 13.9, 14.8 and 15.5 minutes (Figure 15). Individual mass 

spectromic analysis of these peaks in the 650-1000 Da scanning range also did not show 

the target target [M+2H]
2+

 peak of 793.0 Da. Reduced Vi1.1, the starting material was 

subjected to RP-HPLC in the same run as the oxidation products. Reduced Vi1.1 

exhibited a retention time of 17.8 minutes (Figure 16) and an [M+2H]
2+

 of 795.0 Da 

verifying its unoxidized state (m/z = 1588.0). 
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Figure 10. RP-HPLC chromatogram of Vi1.1 products after a five-day oxidation in a 

solution of 0.1M NH4HCO3 at pH 8. The peak at 17.2 minutes was posited to be the 

beaded form based on the possible disulfide bond isomers for peptides with four 

cysteines. 

 

  
 

Figure 11. RP-HPLC chromatogram of Vi1.1 products after a five-day oxidation in a 

solution of 0.33M NH4OAc/ 0.5M GdnHCl at pH 7.5. 
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Figure 12. RP-HPLC chromatogram of Vi1.1 products after a five-day oxidation in a 

solution of 0.33M NH4OAc/ 0.5M GdnHCl/50% 2-Propanol at pH 7.5. 

 

 

 
Figure 13. RP-HPLC chromatogram of Vi1.1 products after a five-day oxidation in a 

solution of 2M urea/0.1 M NaCl/ 0.1M glycine at pH 7.8. 
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Figure 14. RP-HPLC chromatogram of Vi1.1 products after a five-day oxidation in a 

solution of 2M urea/ 0.1M NaCl/ 0.1M glycine/ 50% 2-Propanol at pH 7.8. 

 

 

 
Figure 15. RP-HPLC chromatogram of Vi1.1 products after a five-day oxidation in a 

solution of 0.1M NH4HCO3 /6M urea/ 50% 2-propanol at pH 7.5. 
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Figure 16. RP-HPLC chromatogram of reduced Vi1.1, the starting material for the 

oxidations shown from Figure 10 to Figure 15. 

 

4.4.2 α-Conotoxin ViI 

RP-HPLC chromatograms obtained from the six oxidation conditions of α-

conotoxin ViI yielded two major chromatographic peaks with retention times of 8.6 and 

14.5 minutes (Figure 17‒Figure 22). The latter eluting peak contains a shoulder at 

approximately 14.8 minutes (Figure 17‒Figure 22). The prominence of this shoulder 

varied with each condition, but especially in condition 6 where it was seen to be greater 

in area and intensity than the peak at TR = 14. 5 minutes (Figure 22). The peaks eluting at 

of 8.6 and 14.5 minutes presented identical masses ([M+2H]
2+

= 809.3 Da) indicative of 

the oxidized version of α-conotoxin ViI (m/z = 1616.6) whereas the shoulder (TR = 14.8 

min.) exhibited an [M+2H]
2+

 of 811.3 Da pointing to a reduced version of α-conotoxin 

ViI (m/z = 1620.6). A prominent peak can be observed in conditions 2 and 3 with a 

retention time of 7.2 minutes. When subjected to mass spectrometry, this product did not 

reveal any dominant peaks in the scanning range of 650-1000 Da and the target 

[M+2H]
2+

 peak of 809.3 Da was not present. Additional minor peaks were observed in 

condition 6, with retention times of 7.6, 12.3, and 16.1 minutes. When scanned from 650-

1000 Da, these peaks also did not display the target [M+2H]
2+

 peak of 809.3 Da.  
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Figure 17. RP-HPLC chromatogram of α-conotoxin ViI products after a five-day 

oxidation in a solution of 0.1M NH4HCO3 at pH 8. 

 

 

 

 
Figure 18. RP-HPLC chromatogram of α-conotoxin ViI products after a five-day 

oxidation in a solution of 0.33M NH4OAc/ 0.5M GdnHCl at pH 7.5. 
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Figure 19. RP-HPLC chromatogram of α-conotoxin ViI products after a five-day 

oxidation in a solution of 0.33M NH4OAc/ 0.5M GdnHCl/50% 2-Propanol at pH 7.5. 

 

 
 

Figure 20. RP-HPLC chromatogram of α-conotoxin ViI products after a five-day 

oxidation in a solution of 2M urea/0.1 M NaCl/ 0.1M glycine at pH 7.8. 
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Figure 21. RP-HPLC chromatogram of α-conotoxin ViI products after a five-day 

oxidation in a solution of 2M urea/ 0.1M NaCl/ 0.1M glycine/ 50% 2-Propanol at pH 7.8. 

 

 

 
Figure 22. RP-HPLC chromatogram of α-conotoxin ViI products after a five-day 

oxidation in a solution of 0.1M NH4HCO3 /6M urea/ 50% 2-propanol at pH 7.5. 

 

 

 

 

 



 

43 

 

 
Figure 23. RP-HPLC chromatogram of reduced α-conotoxin ViI, the starting material for 

the oxidations depicted in Figure 17 to Figure 22.  

 

4.5 Discussion 

Synthetic Vi1.1 and α-conotoxin ViI were subjected to six different oxidative 

conditions (Table 4) in an attempt to generate all possible disulfide isomers of a peptide 

with four cysteines: globular, ribbon and beaded. Oxidation conditions 2 to 6 contained 

various chaotropic agents including GdnHCl and urea, as well as alcohol to disrupt 

hydrophobic interactions and perturb hydrogen bonding within the solvent. These agents 

greatly hinder the formation of the globular form, which has been reported as the native 

conformation of α-conotoxins (Dutton et al., 2002). 

 

Table 4. Various Conditions Used in Vi1.1 and α-conotoxin ViI Oxidations 

Condition 1 0.1M NH4HCO3 at pH 8 

Condition 2 0.33M NH4OAc/ 0.5M GdnHCl at pH 7.5 

Condition 3 0.33M NH4OAc/ 0.5M GdnHCl/50% 2-Propanol at pH 7.5 

Condition 4 2M urea/0.1 M NaCl/ 0.1M glycine at pH 7.8 

Condition 5 2M urea/ 0.1M NaCl/ 0.1M glycine/ 50% 2-Propanol at pH 7.8 

Condition 6 0.1M NH4HCO3 /6M urea/ 50% 2-propanol at pH 7.5 
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4.5.1 Vi1.1 Oxidations 

Three major products were observed in all of the oxidations of Vi1.1. These 

products appeared as peaks with retention times of 13.5, 16.6 and 17.2 minutes. Mass 

spectrometric data of these samples showed an [M+2H]
2+

 peak of 793.0 Da, consistent 

with the fully oxidized variation of Vi1.1 with a mass of 1584.0 Da (calculated mass = 

1584.5 Da). These retention times were compared to the retention times of a sample 

containing selectively folded globular and ribbon isomers of Vi1.1. It was found that the 

ribbon sample eluted at an earlier time (13.5 minutes) than the globular form (16.6 

minutes) (Figure 24). These times matched two of the peaks found in all of the Vi1.1 

oxidations. As such, it was posited that the peaks appearing at 13.5 minutes were folded 

in the ribbon conformations, whereas the peaks at 16.6 minutes were the globular form. 

The product that eluted at 17.2 minutes shared the same mass as the ribbon and globular 

form and was postulated to be the beaded form based on the disulfide isomer model for 

peptides such as α-conotoxins with two cystine bridges (Figure 7). The later elution time 

of the ribbon isomer is consistent with the observations of Wu et al. (2014).  

 

 

 

Figure 24. Coelution of the selectively oxidized ribbon and globular isomers of Vi1.1.  

 

Future work may involve isolating this product and subjecting it to NMR to reveal 

its cystine connections. Alternatively, this product may be partially reduced, alkylated 
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with N-phenylmaleimide or 4-vinylpyridine and monitored by ESI-MS. The alkylated 

peptide can then undergo Edman degradation to determine its disulfide bond connectivity 

via the identification of differential alkylated cysteine positions within the parent 

sequence. 

It should be noted that there is a slight shift in the retention times of Vi1.1 from 

those expressed in the manuscript by Cabalteja et al. (2014) and the retention times 

reported in this experiment, despite using the same samples of Vi1.1 and same RP-HPLC 

methodology. It appears that there is a retention time shift of 0.3 minutes between the two 

sets of data. Since each minute of the RP-HPLC run is divided in to increments of 100, 

the shift in retention time is approximately 18 seconds (real time). This variation in 

retention time is to be expected since the two sets of chromatograms were not run on the 

same day, as the two sets of experiments were conducted months apart from each other.  

Changes in retention time can be attributed to many factors, including the 

following: column age, contamination and improper equilibrium in addition to variability 

in mobile phase composition, pH, flow rate and pressure (Agilent Technologies, 2010; 

Neue, 2004). In this case, since all chromatograms were run using the same sample batch, 

column and flow rate, the most probable source of inconsistency lies with the mobile 

phase composition. Each RP-HPLC run utilizes two solvents: Solvent A (0.1% aq. TFA) 

and Solvent B (90:10 MeCN: 0.08% v/v aq. TFA). Interestingly, mobile phase 

compositions can vary each time fresh solvents are made. A 1% deviation in 

measurement volume of organic solvent can influence a retention time shift of 

approximately 10-15% (Neue, 2004). Furthermore, human error in pipetting of 

trifluoroacetic acid could cause a deviation of pH, further shifting the time of elution by 

approximately 10% per 0.1 pH unit (Neue, 2004). 

The chromatograms of several oxidation conditions revealed various peaks. 

Notably, a sharp peak with a retention time of 7.2 minutes was observed in the 

chromatogram of conditions 2 (0.33M NH4OAc/ 0.5M GdnHCl at pH 7.5) and condition 

3 (0.33M NH4OAc/ 0.5M GdnHCl/50% 2-Propanol at pH 7.5). In addition, smaller peaks 

were seen in the chromatogram of condition 6 (0.1M NH4HCO3 /6M urea/ 50% 2-

propanol at pH 7.5). Isolation and mass spectrometric analysis of these peaks did not 

show the target [M+2H]
2+

 of 793.0 Da within the scanning window of 650-1000 Da, 
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indicating that these peaks are not the Vi1.1 peptide. The sharp peak at 7.2 minutes in 

condition 2 and 3 is likely a ghost peak caused by contamination from the oxidation 

buffer. The minor peaks detected in condition 6 are also likely due to impurities in the 

sample during oxidation. Peptide samples were particularly difficult to obtain from 

condition 6 due to the high concentration of urea and the presence of propanol. The 

sample necessitated several rounds of drying and resuspension in solvent A, which may 

have contributed to the addition of impurities in the RP-HPLC chromatogram.  

Challenges in recovering the peptidic material from the various oxidation buffers, 

especially condition 6 made it difficult to ensure that each RP-HPLC sample contained 

the same concentration of peptides. As such, the peak intensities in each samples varied 

in magnitude. To evaluate whether or not new disulfide bond isomers were becoming 

more intense with each Vi1.1 oxidation, peaks that exhibited the target mass were 

integrated using the built-in integration function of the Waters
®

 Millennium 32
™

 High 

Performance Liquid Chromatography Software. Values for the area under the curve were 

obtained for each peak and summated. The area of each peak was then expressed as a 

percentage of the total area of the three peaks (Table 5). Although sophisticated methods 

for peak analysis exist, this method was used since it allowed for basic quantitation of the 

yields obtained for each oxidation.
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Table 5. Areas of Select Peaks in Various Vi1.1 Oxidation Conditions. 

  Ribbon Globular Bead* 
 

Ribbon Globular Bead* 

Oxidation Condition Area (μV*sec) Total Area  

(μV*sec) 
% of total area 

0.1M NH4HCO3 at pH 8 
15162060.6 23196307.7 2254027.8 40612396.13 37.3% 57.1% 5.6% 

0.33M NH4OAc/ 0.5M GdnHCl at pH 7.5 
58777582.8 22012932.0 12858765.8 93649280.7 62.8% 23.5% 13.7% 

0.33M NH4OAc/ 0.5M GdnHCl/50% 2-Propanol at pH 7.5 
5038943.5 3153143.9 2885695.6 11077783.0 45.5% 28.5% 26.0% 

2M urea/0.1 M NaCl/ 0.1M glycine at pH 7.8 
16183092.7 6146961.0 1309161.3 23639215.0 68.5% 26.0% 5.5% 

2M urea/ 0.1M NaCl/ 0.1M glycine/ 50% 2-Propanol at pH 7.8 
3068158.3 1546433.5 1646867.1 6261458.9 49.0% 24.7% 26.3% 

0.1M NH4HCO3 /6M urea/ 50% 2-propanol at pH 7.5 
8786051.1 16980993.6 21631198.6 47398243.3 18.5% 35.8% 45.6% 

-Note: The peak at 17.2 minutes is posited to be the beaded form according to the disulfide bond isomer model of α-conotoxins.
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Since only peaks exhibiting peptide mass were used in area calculations, it was 

assumed that their summative area is representative of the total products of each 

oxidation. Notably, the peak at 17.2 minutes showed a drastic increase in its fraction of 

the total area when comparing Condition 1 (0.1M NH4HCO3 at pH 8) and Condition 6 

(0.1M NH4HCO3 /6M urea/ 50% 2-propanol at pH 7.5) (Table 5). This peak is of 

particular interest because it is predicted to be the beaded isomer according to the 

disulfide bond permutation model of conotoxins containing four cysteines.  

Additionally, it can be observed from Table 5 that the peak at 13.5 minutes, 

identified as the ribbon isomer, constitutes the greatest percentage of the total area in 

conditions 2 (0.33M NH4OAc/ 0.5M GdnHCl at pH 7.5), 3 (0.33M NH4OAc/ 0.5M 

GdnHCl/50% 2-Propanol at pH 7.5), 4 (2M urea/0.1 M NaCl/ 0.1M glycine at pH 7.8) 

and 5 (2M urea/ 0.1M NaCl/ 0.1M glycine/ 50% 2-Propanol at pH 7.8). This seems to 

suggest that these conditions favor the creation of the ribbon form over the other isomers. 

A closer inspection of the chromatograms shows that the peak is not symmetrical and 

contains a slight tail, causing a small increase in the area, thus potentially inflating its 

fraction/percentage of the total area. Although a symmetric Gaussian shape is ideal, peak 

tailing is a common occurrence in chromatography and can be attributed to several 

factors including the following: overloading of sample, uneven packing of silica matrix in 

the column, and interactions of the analyte with silanol groups from the aforementioned 

silica matrix (Dolan, 2003; Neue, 2004). Interestingly, a peak with a slight tail can also 

be observed in the analytical RP-HPLC chromatogram of the ribbon isomer of α-

conotoxin AuIB (Grishin et al., 2010), which may suggest a connection between this 

chromatographic shape and the fold of α-conotoxins. 

 

4.5.2 α-Conotoxin ViI Oxidations 

The chromatograms of α-conotoxin ViI yielded two major peaks at 8.6 and 14.5 

minutes that can be found in all of the oxidation conditions. Both peaks reveal an 

[M+2H]
2+

 peak of 809.3 Da, correlating with the oxidized version of α-conotoxin ViI. 

These two peaks are believed to be the ribbon and the globular forms as these two 

isomers are the ones most commonly found in conotoxins. A comparison of the peak 

shapes between the earlier eluting peak of α-conotoxin ViI and the ribbon isomer of 
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Vi1.1 shows two peaks of comparable structure. The peak at 8.6 minutes in the α-

conotoxin oxidations displays a tail very similar to that of the Vi1.1 ribbon isomer 

(Figure 25). This similarity in peak shape may be an indication that two peaks share a 

ribbon conformation.  

 

 

 

 
Figure 25. Coelution of the earlier eluting peak of α-conotoxin ViI and the ribbon isomer 

of Vi1.1. Both peaks were obtained from 5-day oxidations in 0.1M NH4HCO3 at pH 8. 

Samples were run in a 0.2mm C18 Phenomenex
®

 narrow bore column using a 1% min
-1

 

gradient of 90:10 Acetonitrile (MeCN): 0.08% v/v aq. TFA. Notice the similarity in 

shape and the presence of a slight tail.  

 

The latter eluting peak was observed to have a shoulder at approximately 14.8 

minutes. While this shoulder appears as a small bump in condition 1(0.1M NH4HCO3 at 

pH 8), it becomes more pronounced in the other conditions containing chaotropic agents. 

At condition 6 (0.1M NH4HCO3 /6M urea/ 50% 2-propanol at pH 7.5), the shoulder at 

14.8 minutes appears to be more intense than the peak at 14.5 minutes (Figure 22). When 

subjected to ESI-MS, it was seen that the shoulder has an [M+2H]
2+

 of 811.1 Da, 

indicative of the fully reduced version of α-conotoxin ViI (Figure 26). Interestingly, RP-

HPLC chromatograms of a separate sample of a mass-verified, synthetic unoxidized α-

conotoxin ViI also elutes at 14.8 minutes (Figure 23) indicating that the shoulder is 

indeed the reduced version of α-conotoxin ViI.  
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Figure 26. ESI-MS data of the isolated shoulder at 14.8 minutes of α-conotoxin ViI 

oxidized in condition 6. The graph shows an [M+2H]
2+

 peak of 811.1 Daltons, consistent 

with the reduced form of the peptide. 

 

The chromatograms of the various oxidation conditions of α-conotoxin ViI presented 

several peaks with the following retention times: 7.2, 7.6, 12.3, and 16.1 minutes. Mass 

spectrometry data of these peaks did not reveal any prominent peaks coinciding with the 

target peptide ([M+2H]
2+

 = 809.3 Da), within the 650-1000 Da scanning range. 

Integration of each peak exhibiting peptidic mass was performed and summated. 

Subsequently, the percentage of each peptide product was determined (Table 6). 
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Table 6. Areas of Select Peaks in Various α-Conotoxin ViI Oxidation Conditions  

 
Ribbon Globular 

  
Ribbon Globular 

 

  Area ( μV*sec) 
Total Area 

( μV*sec) 
% of total area 

Oxidation Condition 
 

Oxidized Reduced 
 

Oxidized Reduced 

0.1M NH4HCO3 at pH 8 
 

5673372.4 13829738.5 1035878.8 20538989.7 27.6% 67.3% 5.0% 

0.33M NH4OAc/ 0.5M GdnHCl at pH 7.5 
 

14192266.6 10043484.7 2584277.3 26820028.7 52.9% 37.4% 9.6% 

0.33M NH4OAc/ 0.5M GdnHCl/50% 2-Propanol at pH 7.5 
 

13943277.4 16563282.7 5917295.1 36423855.3 38.3% 45.5% 16.2% 

2M urea/0.1 M NaCl/ 0.1M glycine at pH 7.8 
 

5883160.3 3026378.6 2191266.6 11100805.5 53.0% 27.3% 19.7% 

2M urea/ 0.1M NaCl/ 0.1M glycine/ 50% 2-Propanol at pH 7.8 
 

8344447.3 7681133.5 4321023.1 20346603.9 41.0% 37.8% 21.2% 

0.1M NH4HCO3 /6M urea/ 50% 2-propanol at pH 7.5 
 

4216049.2 9460188.4 13807995.8 27484233.4 15.3% 34.4% 50.2% 

-Note: The peaks at 8.6 minutes and 14.5 minutes are postulated to be the ribbon and globular as these two isomers are the ones most commonly observed in 

conotoxins.  
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Unlike the results of Vi1.1, the oxidations of α-conotoxin ViI did not yield a third 

isomer in the presence of urea or guanidine hydrochloride. Instead, the addition of 

increasing concentrations of these chaotropic agents resulted in a greater percentage of α-

conotoxin ViI remaining in its reduced form (Table 6). Interestingly, the oxidation 

buffers containing chaotropic agents exhibited a greater percentage of 

unoxidized/reduced peptide. Condition 6 (0.1M NH4HCO3 /6M urea/ 50% 2-propanol at 

pH 7.5) which contained the greatest concentration of chaotropic agent had the greatest 

percentage of reduced material, accounting for approximately 50% of total yields. This 

result is expected since chaotropic agents effectively function as protein denaturants 

(Salvi et al., 2005).  

Of the oxidized products, the peak at 8.6 minutes constitutes the major yield for 

oxidation conditions 2, 4 and 5 whereas the peak at 14.5 minutes constitutes the major 

yield for oxidation conditions 3 and 6. If the peak at 8.6 minutes and the peak at 14.5 

minutes are taken to be the ribbon and globular form respectively, it would seem that 2-

propanol increases the chance of forming the globular isomer of α-conotoxin ViI. When 

the data between conditions 4 (2M urea/0.1 M NaCl/ 0.1M glycine at pH 7.8) and 5 (2M 

urea/ 0.1M NaCl/ 0.1M glycine/ 50% 2-Propanol at pH 7.8) are compared, the % total 

area of the globular isomer is shown to increase from 27.3 to 37.8% in the condition that 

encompasses 2-propanol. Although the globular form is not the dominant isomer 

produced in every α-conotoxin ViI oxidation, the addition of propanol in similar 

oxidation conditions seems to improve the yields of the globular isomer of α-conotoxin 

ViI (Table 6). 

Thus far, the results indicate that the classic ammonium bicarbonate oxidation 

without chaotropic agents or alcohol, favors the creation of the globular isomer over the 

ribbon isomer in Vi1.1. This observation may also hold true for α-conotoxin ViI if the 

peak at 8.6 and 14.5 are determined to be the ribbon and globular isomers in future 

studies. 

The main difference between the two sets of oxidations is that Vi1.1 (No PTM) 

produced a third isomer whereas only two isomers were seen in all α-conotoxin ViI 

oxidations. It is postulated that this shoulder observed in the α-conotoxin ViI oxidations, 

has the tendency form the beaded isomer, but the hydroxyprolines in the sequence 
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encumber its creation. Looking at the sequence of α-conotoxin ViI, hydroxyprolines may 

contort the peptide so that Cys8 and Cys15 are sufficiently far apart to make disulfide 

bonding unfavorable. Given that adjacent cysteines are constrained by the planar nature 

of the peptide bond (Carugo et al., 2003), disulfide bond formation between Cys2 and 

Cys3 may also prove challenging. Since the creation of vicinal disulfide connections is 

unfavorable in this situation, the peptide is less inclined to randomly oxidize into the 

beaded form and as such, retains its reduced conformation. Nevertheless, the exact 

mechanism by which hydroxyprolines impact the folding of α-conotoxin ViI isomers can 

only be theorized until structural studies on this peptide is performed.  
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 Native Chemical Ligation and Cyclization Chapter 5.

NCL is utilized in the peptide assembly because its chemoselective reaction 

generates a native peptide bond at the site of ligation (Dawson and Kent, 2000; Machova 

and Beck-Sickinger, 2005). It allows for the linking of two peptide fragments provided 

that one of the fragments contains a C-terminal thioester and the other peptide fragment 

contains an N-terminal Cysteine residue (Dawson et al., 1994). To test NCL’s application 

for the synthesis long cysteine rich peptides, a collaborative project was undertaken to 

ligate the spider toxin Huwentoxin I. Briefly, Huwentoxin I (HwTx I) is one of several 

neuropeptides found in the venom of Ornithoctonus huwena, commonly referred to as the 

Chinese bird spider (Chen et al., 2005). This 33 amino acid peptide (MW = 3750 Da) is 

able to inhibit pre-synaptic neural-type calcium channels involved neurotransmitter 

release as well as Tetrodotoxin-sensitive voltage gated sodium channels (Wang et al., 

2012). The toxin contains three disulfide bonds and exhibits an inhibitor cysteine knot 

motif, common in many venom peptides.  

 

 

Figure 27. Schematic of the ligation of N-terminal and C-terminal peptide fragments to 

attain the native sequence of Huwentoxin I. 
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HwTxI is a model peptide in which to apply NCL because it contains a Cys-Cys 

bond at the middle of its sequence. This allows for the synthesis of two peptide fragments 

that can be ligated and oxidized to form the native peptide (Figure 27). Details of the 

synthesis, cleavage and ligation of the N-terminal and C-terminal peptide fragments of 

this project are highlighted in a research paper by Thapa, Cabalteja, Phillips, Cummins, 

& Bingham (2014a) and was intentionally excluded from the present thesis prior to the 

paper’s publication as requested by the authors. 

 

5.1 Excerpt of Selected Results 

The N- and C- terminal fragments of Huwentoxin I were synthesized using Boc- 

and Fmoc-SPPS respectively. Cleaved N- and C- terminal peptides were subjected to RP-

HPLC using a Phenomenex C18 capillary bore RP-HPLC/UV (5 mm, 300 Å, 1.0 x 250 

mm) at a gradient of 1% min.
-1

 gradient of 90:10 Acetonitrile (MeCN): 0.08% v/v aq. 

TFA. The N-terminal peptide exhibited a retention time of 36.04 minutes, while the C-

terminal peptide eluted at a similar time of 36.06 minutes (Figure 28 and Figure 29). 

Eluates of each run were collected and verified for mass via ESI-MS and scanned in a 

window of 500 to 1500 Da. The N-terminal fragment of HwTx exhibited a major peak at 

651.1 Da ([M+3H]
3+

) and a minor peak at 922.6 Da ([M+2H]
2+

) (Figure 28) agreeing 

with the expected N-terminal fragment mass of 1842.8 Da (Philips, 2010). The C-

terminal fragment displayed a major peak at 533.1 Da ([M+3H]
3+

) and a minor peak at 

711 Da ([M+2H]
2+

) (Figure 29), also consistent with the expected mass of 2130.06 Da 

(Philips, 2010). These purified fragments were subjected to native chemical ligation and 

the product was further purified via RP-HPLC. The ligation product exhibited a retention 

time of 38.5 minutes, a shift of approximately two minutes from the retention time of the 

two starting fragments. ESI-MS of the ligation product at a scanning range of 500 to 1500 

Da exhibited four peaks at 537.8 Da ([M+7H]
7+

), 627.1 Da ([M+6H]
6+

) , 752.2 Da 

([M+5H]
5+

), and 940.3 Da ([M+4H]
4+

) (Figure 30). These peaks were indicative of the 

reduced form of Huwentoxin I with a calculated mass of 3756 Da.  
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Figure 28. Mass spectrometry and RP-HPLC data of the N-terminal Fragment of 

Huwentoxin I 

 

Figure 29. Mass spectrometry and RP-HPLC data of the C-terminal Fragment of 

Huwentoxin I 
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Figure 30. Mass spectrometry and RP-HPLC data of the ligation product of the N- and 

C- terminal fragments of Huwentoxin I. The peaks shown are consistent with the mass of 

a reduced Huwentoxin I, indicative of a successful ligation. 

 

5.2 Discussion and Implications to α-Conotoxin ViI and Vi1.1 

The successful ligation of the N- and C-terminal fragments of Huwentoxin I is 

further proof of the techniques’ applicability to the synthesis of peptide venoms. This 

technique is fast becoming a staple in conotoxin bioengineering and was successfully 

utilized by Hopping et al. (Hopping et al., 2009) in the production of conotoxin chimeras 

by joining peptide fragments of -conotoxins CVID and MVIIC. NCL has also been 

used in the creation of other peptide toxins including Iberiotoxin from Buthus tamulus 

and Shk toxin from Stichodactyla helianthus (Bingham et al., 2009; Dang et al., 2013). 

NCL has also been instrumental for the N- to C-terminal cyclization of α-conotoxin MrIa, 

and α-conotoxin Vc1.1, some of the first cyclic conotoxins reported (Clark and Craik, 

2010; Lovelace et al., 2006). Cyclization of conotoxins improves conotoxin stability as 

was demonstrated with α-conotoxin MII (Clark et al., 2005). In terms of conotoxin drug 

design, cyclization may help to improve oral bioavailability as it can confer resistance to 

proteolyic degradation (Craik et al., 2013). 
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5.3 Cyclic ViI and Vi1.1 

A possibility for future work on α-conotoxin ViI and Vi1.1 will be to create cyclic 

version of each conotoxin and assess whether the stability conferred by the cyclic 

backbone will favor the creation of the native globular form over the other isomers. 

Successful cyclization of α-conotoxin ViI necessitates the creation of a linker that will be 

able to bridge the gap between the N- and C-terminus of the peptide. Additionally, the 

linker should be the proper length to prevent perturbation of structure and allow the 

peptide to fold in its native conformation, thus retaining its biological activity. A method 

that can be undertaken is to examine the 3D structure of the peptide in its native folded 

state and measure the distance between the amino and carboxy terminus (Clark et al., 

2005). The measured distance in angstroms can be substituted in the 

equation 
                         ( )    

    
 to obtain an estimate for the number of amino acid 

residues needed for the linker (Clark et al., 2010). Typically, linkers are synthesized 

using glycine and alanine residues due to their small side chains which are less likely to 

cause intramolecular interactions (Clark et al., 2005). 

 

Figure 31. A stylized ligation setup for Vi1.1. The linker is composed alternating glycine 

and alanine sequences. 
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α-Conotoxin ViI and Vi1.1 should be scanned for good ligations points, typically 

between 2 cysteines. Both α-conotoxin ViI and Vi1.1 contain adjacent cysteine residues 

at position 2 and 3 that could potentially serve this purpose. A setup for the cyclization of 

Vi1.1 is shown in Figure 31.  

 

5.4 Inclusion of Paper: The emergence of cyclic peptides – the potential of 

bioengineered peptide drugs. 

Cyclization is the mainstay of the 4
th

 generation of conopeptide bioengineering as 

proposed by Bingham and colleagues, and represents a progression in the field of 

conovenomics (2012). Interestingly, cyclic peptides are not exclusively found in vitro. 

Some natural peptides exhibit N- to C-terminal cyclization. Notably, Kalata B1 a 

cyclotide isolated from the plant Oldenlandia affinis was found to promote uterine 

contractions during labor (Gran et al., 2000). As such, there is considerable interest in 

developing this drug because of its application to childbirth. More information about this 

fascinating peptide is found in the rapid communication paper: “The emergence of cyclic 

peptides – the potential of bioengineered peptide drugs” by Thapa and colleagues (2014b). 

This paper was included in this thesis as it explains the application of cyclic peptides to 

pharmaceutical research. As a co-author of this paper, I contributed to the section 

regarding a brief history of cyclic peptides that focuses on Kalata B1 and cyclosporin. 

Additionally, I also wrote the conclusion of this manuscript. The full manuscript can be 

found in Appendix E of this thesis. 
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Short Communication/Commentary Paper 

Title: The emergence of cyclic peptides – the potential of bioengineered peptide 

drugs 

Authors: Parashar Thapa, Michael J. Espiritu, Chino Cabalteja, Jon-Paul 

Bingham 

 Affiliations:  

Department of Molecular Biosciences and Bioengineering, College of Tropical 
Agriculture and Human Resources, University of Hawai’i, Honolulu, HI, 96822, 
USA. 

 

Abstract: 

Studies into N- to C-terminal cyclic peptide backbone structures have 

provided for the lateral transition of important principles and strategies that 

clearly resonate within the world of bioactive peptides and peptide toxins. The 

ability to transform peptide biologics into stable and orally active constituents 

represents a major pharmacological achievement. This progression has been 

forthcoming and is potentially intensified by the diminishing expectations of 

current small organic molecule pipelines. While still in the early stages of 

development, cyclic peptide drug leads have gained the attention of the 

pharmaceutical industry yet their true potential is still very much unknown.
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 General Discussion and Future Work Chapter 6.

The burgeoning area of peptide bioengineering is fueled by the prospect of 

creating bioactive peptides for pharmaceutical and research use. Numerous techniques 

have been devised to augment pharmacological properties and increase the chemical 

diversity of conotoxins. Many of these modifications extend beyond the sizable repertoire 

of post-translational modifications available to native conotoxins. Synthesizing an array 

or library of these non-native analogs and testing them for improved pharmacokinetic 

properties are necessary steps to peptide-drug amelioration. Despite the multitude of 

complex modifications preformed on conotoxins, there is still value in examining the 

simple techniques such as disulfide bond rearrangement. The discovery of Dutton et al. 

(2002) that the ribbon isomer of α-conotoxin AuIB expressed greater potency than its 

native counterpart opened the possibility of using these bioactive conotoxin isomers as a 

platform for drug discovery. 

The generation of disulfide bond isomers was investigated using α-conotoxin ViI, 

a novel peptide from the vermivorous cone snail Conus virgo and its non-post-

translationally-modified analog Vi1.1. Preliminary results of the experiment showed that 

random oxidation of α-conotoxin ViI (Figure 2A in Appendix D) resulted in one major 

product, represented as a peak at 14.75 min followed by a region of compressed peaks. 

These peaks may have been impurities in the oxidation buffer as they were not present in 

Figure 2B, with a purified version of the peptide. Mass spectrometry analysis of the 

major peaks in these oxidation revealed a [M+2H]
2+

 of 809.9 Da, consistent with the 

oxidized α-conotoxin ViI. It should be noted that even in the purified sample; a shoulder 

adjacent to the major peak is present. Subsequent examination of α-conotoxin ViI 

oxidation using various oxidative conditions showed a peak at 14.5 minutes with a 

similar shoulder. This shoulder was later revealed as the reduced form of the peptide. 

Additionally, RP-HPLC chromatograms of the random oxidation of Vi1.1 displayed two 

dominant peaks at 13.8 and 16.9 minutes. Differential alkylation of these two peaks 

revealed that the earlier eluting peak was the ribbon isomer and the latter eluting peak 

was the globular isomer.  
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To confirm the disulfide bond connectivity of the dominant peaks, two additional 

syntheses of Vi1.1 were undertaken. Each synthesis employed an orthogonal cysteine 

protection strategy that allowed for the selective oxidation of the ribbon and globular 

forms of Vi1.1 (Figure 32). These strategically oxidized isomers were run on RP-HPLC 

with their randomly oxidized counterparts. Vi1.1 Isomer A which was selectively folded 

in the ribbon conformation shared the same retention time of 13.8 minutes with the 

earlier eluting peak of randomly oxidized Vi1.1. Similarly, Vi1.1 Isomer B (selectively 

folded into the globular conformation) was shown to have the same retention time as the 

later eluting peak in the randomly oxidized Vi1.1 (16.9 minutes). This corroborated the 

previous results obtained from the differential alkylation (See Figures 3A, B & C in 

Appendix D).  

 

 

Figure 32. Selective disulfide bond formation of Vi1.1 Isomer A and Vi1.1 Isomer B. 

The blue X represents cysteines with acetamidomethyl protectional groups. 

 

These findings imply a relationship between the presence of hydroxyprolines and 

the predilection for the native globular fold of conotoxins. It seems to indicate that the 

elimination of hydroxyprolines from α-conotoxin ViI increases the likelihood of isomer 

formation. Although relatively little is known about the specific purpose behind 

hydroxylation of prolines in venoms, it has been reported to aid in the proper folding of 
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other α-conotoxins such as the analogues of α-conotoxins GI and ImI (Lopez-Vera et al., 

2008).  

Hydroxyproline’s purported role as a mediator in the correct peptide conformation 

was tested in the second experiment involving various oxidation conditions containing 

chaotropic agents. It was predicted that Vi1.1 without the PTM would produce all of the 

possible isomers since it did not contain hydroxyprolines to aid in proper folding. It was 

also hypothesized that α-conotoxin ViI would produce the globular isomer as the major 

product. Resulting RP-HPLC chromatograms of all Vi1.1 oxidations exhibited peaks at 

13.5, 16.6 and 17.2 minutes. These peaks exhibited the same mass of ([M+2H]
2+

= 793.0 

Da), indicating that they were isomers of each other (Figure 10 to Figure 15). Two of the 

oxidation products exhibited retention times of 13.5 and 16.6 minutes which closely 

matched those of the ribbon (TR = 13.8 minutes) and the globular (TR = 16.9 minutes) 

isomers of Vi1.1, making it highly probable that these two products were folded in the 

ribbon and globular conformation. A retention time shift of 0.3 minutes can be attributed 

to several factors including slight changes in RP-HPLC solvent composition or 

temperature change, which could shift retention times by 1 to 2% per 1°C increase in 

temperature (Neue, 2004). Although there was a slight shift in retention times between 

the first and second experiment, the retention times in each oxidation batch were 

consistent. The third major peak at 17.2 minutes was assumed to be the beaded 

conformation according to the disulfide bond isomer model for α-conotoxins. Further 

investigation to the identity of these oxidation products would involve isolating each peak 

and subjecting them to differential alkylation and sequencing via MALDI-TOF/TOF or 

Edman degradation. Although laborious and time-intensive, this step would support 

initial disulfide bond connectivity determined from the RP-HPLC retention times.  

The limited number of isomers formed by permutations of α-conotoxin isomers 

facilitates tracking their yields after oxidation. For simplicity, the products at 13.5, 16.6 

and 17.2 minutes are assumed to be the ribbon, globular and beaded forms respectively. 

Individual peak areas were expressed as a fraction of the summated areas of the three 

peaks. This gave a relative percentage of the yields of each isomer. It was hypothesized 

that Vi1.1 without hydroxyprolines would allow for an increased yield of non-native 

isomers as hydroxyprolines were not present to direct the folding. A quick examination of 
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the area percentage of each peak (Table 5) supports this hypothesis. In all conditions 

containing chaotropic agents, the native globular conformer does not constitute the major 

oxidation product. In these conditions, the percent yield of the globular isomer is lower 

than when the peptide is oxidized in 0.1M NH4HCO3 at pH 8. Curiously, the beaded 

conformer was found to increase yields in each chaotropic-agent-containing condition 

except for condition 4 (2M urea/0.1 M NaCl/ 0.1M glycine at pH 7.8) where its yields 

were similar to that of the standard ammonium bicarbonate oxidation. 

Oxidations of α-conotoxin ViI produced several interesting results. Like in Vi1.1, 

three peaks were consistently in all of the chromatograms. These three peaks had 

retention times of 8.6, 14.5 and 14.8 minutes. The peak at 14.8 minutes presents as a 

small shoulder when oxidation is undertaken using the standard 0.1M NH4HCO3 buffer, 

but becomes more intense in conditions with chaotropic agents. ESI-MS of these 

products revealed that the peak at 8.6 and 14.5 minutes shared the same mass 

([M+2H]
2+

= 809.3 Da), which was consistent with oxidized α-conotoxin ViI. However, 

the shoulder at 14.8 minutes revealed an [M+2H]
2+

 peak of 811.1which is indicative of a 

reduced form of α-conotoxin ViI. When a sample of reduced Vi1.1 was subjected to RP-

HPLC, it was also found to have a retention time of 14.8 minutes (Figure 23). This 

presented a curious case since a reduced product was not observed in all oxidations of 

Vi1.1. It was proposed that the position of hydroxyprolines in α-conotoxin ViI contort 

the peptide backbone as to impede the creation of a third isomer. This conjecture may be 

further explored in future studies of α-conotoxin ViI with the aid of structural data.  

It was predicted that oxidation of α-conotoxin ViI would be directed by 

hydroxyprolines and yield a single oxidized product in the globular conformation. The 

peaks disproved this hypothesis at 8.6 and 14.5 minutes that were determined by ESI-MS 

to be oxidized products and isomers of each other. These peaks are believed to be the 

ribbon and globular forms because they are the isomers most commonly observed in 

conotoxins. If the peaks at 8.6 and 14.5 minutes are posited to be the ribbon and globular 

isomers, it would appear that adding isopropanol to the solution increases the likelihood 

of the formation of the globular isomer of α-conotoxin ViI. In conditions 3 (0.33M 

NH4OAc/ 0.5M GdnHCl/50% 2-Propanol at pH 7.5) and 6 (0.1M NH4HCO3 /6M urea/ 

50% 2-propanol at pH 7.5), the peak 14.5 minutes presents the major oxidized product. 
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Although it is not the major product in condition 5 (which also contains propanol), its 

area percentage increases from 27.3 to 37.8%.  

Determining the areas under the curve for the chromatograms of α-conotoxin ViI 

proved to be challenging due to the nature of the shoulder at 14.8 minutes. This 

occurrence known as split peaks or shouldering can be attributed to many different 

factors. In the case of α-conotoxin ViI, the shoulder is attributed to the overlap of two 

peaks that have very close retention times. This overlap can cause problems in 

determining the area under the curve. It was observed that the built-in integration 

software for Waters
®

 Millennium 32
™

 divides split peaks at the trough between the two 

peaks (Demonstrated in Figure 33). Areas obtained from this method might be smaller 

than if the two peaks were separated and individually integrated, as visualized in Figure 

34. To attain better separation, a different ion-pairing reagent can be used. Ion pairing 

reagents (IPR) are ionic compounds with hydrocarbon chains that modulate the retention 

time of analytes in RP-HPLC through interactions of their hydrocarbon chains with the 

stationary phase and their charged ionic ends with the positively charged amino acids of 

the protein, decreasing their hydrophilicity (Dolan et al., 2008; Shibue et al., 2005). In 

testing common ion pairing reagents such as trifluoroacetic acid, pentafluoropropionic 

acid (PFPA) and heptafluorobutyric acid (HFBA), Shibue et al. (2005) found that HFBA 

was the best at increasing a peptide’s hydrophobicity and increasing the peptide’s 

retention time. RP-HPLC of the oxidation products using HFBA as an ion pairing reagent 

may provide better separation and thus better determination of peak areas. 

 

Figure 33. Automatic integration software divides the double peaks at their trough during 

integration. 
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Figure 34. Peaks with shoulders can be overlapping peaks. The area of the overlap is 

often not included during integration. As such, peak separation and individual integration 

of both peaks may be a more accurate representation of the actual areas under the curve. 

 

The next step in the investigation of α-conotoxin ViI and Vi1.1 will include 

isolating the products of each oxidation and confirming their overall structure and motifs 

through NMR and circular dichroism. These will then be compared to the structure of 

native α-conotoxin ViI procured from the milked venom of C. virgo to evaluate 

similarities and differences in peptide configuration. This may provide insights on how 

hydroxyproline affects the specific interactions of the amino acids or contorts peptide 

backbone thus influencing disulfide bond isomerism. If the beaded isomer is determined 

in these structural studies, it should also be tested for bioactivity using a bovine 

chromaffin cell assay.  

In this study, it was noticed that not all of the prolines in α-conotoxin ViI were 

post-translationally modified. The proline residue at position 7 of α-conotoxin ViI was 

unhydroxylated. This curiosity led to the inquiry of whether the structural effects of 

hydroxyproline are contingent on spatial location and or abundance. Pending work on α-

conotoxin ViI will explore this association and will entail the synthesis of various Vi1.1 

analogues with varying numbers of hydroxyprolines substituted at different locations in 

the peptide sequence. These samples, as shown in Table 3, will be randomly oxidized and 

evaluated for production of disulfide bond isomers. 

The chemoselective reaction of native chemical ligation has been utilized in 

venomics in the synthesis of long peptide sequences. This was demonstrated in the 
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synthesis of Huwentoxin I, a 33 amino acid toxin from the Chinese bird-eating spider 

Ornithoctonus huwena. NCL has been employed in conovenomics for the purpose of 

creating conotoxins. Cyclic conotoxins have shown resistance to degradation against 

trypsin (Lovelace et al., 2006) and may aid in creating conopeptide drugs with greater 

oral bioavailability (Craik et al., 2013). Future direction of the research in α-conotoxin 

ViI will attempt to combine the process of native chemical ligation and disulfide bond 

rearrangement to produce cyclic disulfide bond isomers of α-conotoxin ViI to evaluate 

whether the constraints imposed by backbone cyclization and hydroxyprolines will have 

an effect on the creation of α-conotoxin isomers.  

Overall, the original objectives of these projects were achieved. Through the 

initial results of the random oxidation of α-conotoxin ViI and Vi1.1, it was shown that 

elimination of PTMs in α-conotoxin ViI increased the prevalence of isomer formation. 

By manipulation of oxidation buffers, it was demonstrated that the yields of possible 

isomers can be changed. Figure 35 provides some conditions to maximize the yields of 

various disulfide bond isomers of specific conotoxins with the same framework at α-

conotoxin ViI. The findings support the supposition of a correlation between 

hydroxyproline and disulfide bond isomers. However, the exact nature of this connection 

remains to be elucidated. The peptide α-conotoxin ViI serves as a good model for 

continued study because it can easily be synthesized through Fmoc-SPPS and because it 

contains three prolines in its sequence which gives the possibility of creating synthetic 

analogs with different hydroxyproline variations. Furthermore, the sequence of conotoxin 

makes it amenable to cyclization by native chemical ligation. 
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Figure 35. A flowchart to maximize the yields of various disulfide isomers of a 

theoretical α-conotoxin with a 4/6 framework, containing hydroxyprolines or prolines in 

its sequence. 

 

The present research provides a preliminary investigation for a long-term study on 

hydroxyprolines and the generation of disulfide isomers in conotoxins. Results of these 

experiments suggest that elimination of hydroxyprolines from α-conotoxin ViI increases 

its likelihood of disulfide bond isomerism. This implies a possible role of the PTM in 

modulating conotoxin folding, which can be elucidated with more experimentation and 

structural data. Isomer formation through solvent manipulation also holds value as it 

allows for the creation of conotoxin isomers that cannot be found in nature. The worth of 

this technique may be better appreciated when working with venom peptides containing 

more than 2 disulfide bonds, where the number of possible disulfide isomers are too 

numerous to be synthesized and oxidized individually. These findings, however small, 

present important intermediaries in the design of bioactive peptides with augmented 

pharmacokinetic properties. 
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Abstract 

The venom of the vermivorous cone snail Conus virgo was scanned for -

conotoxins by genomic and proteomic techniques.  The expression of 4/6 -

conotoxin ViI was verified as an mRNA transcript (in cells from a single venom 

duct), as well as an isolated native duct venom peptide exhibiting unique 

posttranslational modification positioning.  The biological activity of -conotoxin 

ViI was confirmed at the nAChR along with two synthetic unmodified variants: 

Vi1.1-Isomers A and B.  These isomers possessed two different disulfide 

connectivities, resulting in ribbon and globular structures, respectively.  Here we 

illustrate how the presence of posttranslationally modified amino acids in -

conotoxin Vil can influence the specific formation of globular and/or ribbon 

peptides. 

Furthermore, both synthetic isomeric analogues demonstrated different 

levels of activity at the neuronal nAChR and potentially different mechanisms of 

antagonism. However, the most potent activity was observed from the native 

posttranslationally modified peptide -conotoxin ViI.  Our analysis expands 

previous evidence regarding the retention of biological activity in synthetic -

conotoxin isomers and posttranslational variants (in venom) to now include 

vermivorous cone snail venom.  These findings extend the scope of 

bioengineering toxin peptide templates as disulfide bonded isomers with 

augmented pharmacodynamic and pharmacokinetic properties, thereby 

enhancing their potential as drug leads. 
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Abbreviations: Asn(Trt), N-alpha-9-fuorenylmethoxycarbonyl-N-beta-

Trityl-L-Asparagine; Asp(OtBu), N-alpha-9-fluorenylmethoxycarbonyl-L-aspartic 

acid alpha-t-butyl ester; bp, base-pairs; CD, Circular Dichroism; cDNA, 

complementary DNA; CID, collision induced dissociation; Cys(Acm), N-alpha-9-

fluorenylmethoxycarbonyl-S-Acetamidomethyl-L-Cysteine;Cys(Trt),N-alpha-9-

fluorenylmethoxycarbonyl-S-Trityl-L-Cysteine; Da, Daltons; DHB, 2,5-

dihydroxybenzoic acid; dH2O, nano-pure water; EM, N-Ethyl-Maleimide; ESI-MS, 

Electrospray Ionization Mass Spectrometry; Fmoc, 9-fluorenylmethyloxycarbonyl; 

GBR, Great Barrier Reef; Hyp, Hydroxyproline; His (Trt),N-alpha-9-

fluorenylmethoxycarbonyl-N-trityl-L-histidine; Iso, isoleucine; Leu, Leucine; 

MALDI-TOF/TOF, Matrix Assisted Laser Desorption Ionization time of flight-time 

of flight; MBHA, 4-(Methyl)benzhydrylamine; MeCN, acetonitrile; MH+, protonated 

monoisotopic molecular mass; mRNA, Messenger RNA; m/z, mass to charge 

ratio; nAChR, nicotinic acetylcholine receptor; NMR, Nuclear magnetic 

resonance; Obs. MH+, Observed Protonated Monoisotopic molecular mass; Obs. 

Red.  MH+, Observed Reduced Protonated Monoisotopic molecular mass; PCR, 

Polymerase Chain Reaction; PM, N-Phenyl-Maleimide; Pro, Proline; PTM, 

Posttranslational modification; RP-HPLC/UV, Reverse phase - High performance 

liquid chromatography interfaced Ultra-violet detection; Rt, retention time; SARs, 

structure activity relationships; Ser(tBu), N-alpha-9-fluorenylmethoxycarbonyl-O-

tert-butyl-L-serine; SPPS, Solid Phase Peptide Synthesis; TCEP, Tris-carboxyl-

ethyl-phosphine; TFA, trifluoroacetic acid. 
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1.0 Introduction 

The ability of conotoxins to serve as novel peptide probes to discriminate 

between receptor and ion channel subtypes has fuelled interest in their discovery 

as novel drug leads (Essack et al., 2012).  The natural process whereby cone 

snails generate venom diversity has resulted in a Conus venom library estimated 

at >100,000 peptide-components (Dutertre et al., 2013; Kapono et al., 2013; 

Violette et al., 2012).  This has undoubtedly led to the evolutionary and predatory 

success of this carnivorous genus, and the search for pharmaceutical candidates 

that cover a spectrum of biological activities and potentials.  These efforts are 

now being facilitated by peptide bioengineering that has exponentially multiplied 

the chemical and structural diversity of conotoxin templates available for drug 

design and development (Bingham et al., 2012). 

Meanwhile, the search for primary drug leads has encouraged the study of 

exotic species from remote areas (Azam et al., 2005; Shon et al., 1994), with the 

aim of expanding conovenomics beyond the abundant well-characterized 

conotoxins from the more familiar species (Olivera et al., 1990). Interestingly, 

even amongst the most common species, vermivorous cone snails have only 

recently refocused attention (Jin et al., 2013; Zhou et al., 2013).  In a recent 

study on cone snails from the South China Sea, Liu et al. (2012) constructed 

venom cDNA libraries and analyzed the evolutionary trees of T- and A-

superfamily conotoxins from four Conus species including the vermivorous, 

Conus virgo.  This species, which is widespread throughout the Indo-Pacific 

region, is the subject of further investigation in the present paper. 
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Posttranslational modifications (PTMs) provide diversity in the number of 

unique peptide toxins that can be made from the same genomic sequence 

(Espiritu et al., 2013; Kapono et al., 2013).  Considerable research has focused 

on determining the role of PTMs in conotoxin/conopeptide receptor selectivity 

and specificity (Craig et al., 1999; Lopez-Vera et al, 2008).  Elimination of -

carboxyglutamate from conantokin G (Conotoxin GV) and sulfated tyrosine from 

-conotoxin AuIB resulted in a significant decrease of bioactivity (Jimenez et al., 

2009; Loughnan et al., 2004; McIntosh et al., 1984). However, studies on the 

synthetic peptide -conotoxin Vc1.1 have found the converse.  Clark et al. (2006) 

observed that the non-PTM -conotoxin Vc1.1 was more effective at blocking 

352 nAChR (94% inhibition at 7.2 ± 0.2 M) compared to its PTM analog -

conotoxin VcIa, [P6O]-Vc1.1, which failed to inhibit ACh-evoked currents. Similar 

findings have now been recently reported with -conotoxin TxIC from Conus 

textile (Bergeron et al. 2013).  This reveals considerable potential for non-PTM 

peptide variants as novel bioactive peptide templates. 

 Additionally, the impact of disulfide bond connectivity on structure activity 

relationships (SARs) has been explored since the majority of conotoxins contain 

multiple disulfide bonds (Bingham et al., 2012b).  The selective production of 

disulfide bond isomers has now created additional novel unnatural conotoxin 

scaffolds that may possess differential pharmacological selectivity (Dutton et al., 

2002; Grishin et al., 2011). In -conotoxins with four cysteines, three isomers can 

be theoretically formed: (i) globular, (ii) ribbon and (iii) beaded (Dutton et al., 

2002).  Chemical synthesis of the non-native ribbon structure, via selective 
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disulfide bond formation, results in differential selectivity when compared to its 

native globular counterpart.  This is observed with the ribbon form of -conotoxin 

AuIB at the 3β4 neuronal nicotinic acetylcholine receptor (nAChR; 1:1 3:β4 

ratio), with an IC50 of 0.77 M compared to an IC50 of 2.48 M for the globular 

form (Dutton et al., 2002; Grishin et al., 2011; Lovelace et al., 2011).  More 

recently, Khoo et al. (2012) reported that two non-native -conotoxin isomers 

retained biological activity to the NaV1.2 voltage-gated sodium channel.  These 

findings highlight unique SARs that newly bioengineered conotoxins share with 

their receptor targets, thereby increasing their potential as novel drug templates 

(Craik and Adams, 2007; Bingham et al., 2012b).  Yet the combined impact of 

PTMs on these structural constraints and the resulting generation of disulfide 

bond isomers are relatively unexplored within the -conotoxins. 

In this paper we use a conovenomic approach to define -conotoxin ViI − 

a native PTM duct venom peptide from C. virgo, first reported by Liu et al. (2012) 

as a genomic product.  Following a similar premise as Nevin et al. (2007), our 

present study investigates the 4/6 -conotoxin ViI and its non-PTM counterpart 

Vi1.1. Although the native -conotoxin ViI is found as one isomer in the duct 

venom, random oxidation of synthetic Vi1.1 reveals a penchant for the creation of 

two abundant isomers, Vi1.1 A and Vi1.1 B, attaining ribbon and globular 

structures, respectively.  This work reports on the activity of these novel 4/6 -

conotoxin variants at the neuronal nAChR and provides prefatory evidence for 

bioactivity of both of the conotoxin disulfide isomers lacking PTMs. 

 



 

159 

 

2.0 Materials and Methods 

 

2.1 Conus specimens:  Two specimens of C. virgo were used for this 

study, both collected from Australia’s Great Barrier Reef (GBR).  One specimen 

was collected from One Tree Island, Heron Island group (23.5083° S, 152.0917° 

E); this was used for a DNA-based investigation.  Another specimen was 

collected from Lizard Island (14.6689° S, 145.4594° E).  The duct venom from 

this specimen was used for a complementary peptide-based investigation.  

 

2.2 Conotoxin cDNA Isolation and Sequencing:  cDNA was created 

from the venom duct mRNA and this was used as the basis for all PCR reactions, 

as described previously by Sandall et al. (2003).  In brief, frozen material was 

ground and mRNA was extracted using a Dynabeads mRNA direct kit (Dynal, 

Norway).  A cDNA library was created from this mRNA using a Marathon cDNA 

amplification kit (Clontech).  All PCRs utilized the primers Uni -1 (universal -

conotoxin primer) 5’ ATGGGCATGCGGATGATGTT 3’; and Uni -2 (universal -

conotoxin primer) 5’ CGGAAAGTGAAGCAGGTCAG 3’, designed against 

conserved sequences found on the 5' and 3’ conserved regions of known -

conotoxins.  Reaction mixtures contained Taq polymerase (Roche) and 

deoxynucleotides in a buffer supplied by the manufacturer.  Samples were 

incubated at 94 °C for 2 min.; followed by 30 cycles of 94 °C for 30 sec., an 

annealing step for 30 sec., 72 °C for 45 sec.; concluding with a final termination 

step of 72 °C for 5 min.  The purified PCR products were transformed into 
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competent INVF′ E. coli cells in accordance with the manufacturer’s 

specifications (Invitrogen, Netherlands).  Recombinant plasmids were sequenced 

by the di-deoxy chain termination method using the ABI PRISM Big-Dye 

Terminator Cycle Sequence Ready Reaction Kit (Perkin Elmer, USA).  

Sequences were analyzed on a Perkin Elmer 377 sequencer at the Australian 

Genome Research Facility (AGRF). 

 

2.3 Duct Venom Sample Preparation:  Duct venom components were 

removed and extracted in 30% v/v acetonitrile (MeCN) and 70% v/v nano-pure 

water (dH2O) with mild sonication (1-3 min.).  Samples were centrifuged (3,000 g) 

to remove any insoluble material, with the resulting supernatant used (diluted) for 

chromatographic profiling, peptide separation and isolation. 

 

2.4 RP-HPLC/UV:  Native and synthetic peptides were separated and 

purified using various scales of C18 RP-HPLC/UV, as previously described by 

Chun et al. (2012).  

 

2.5 Reduction of Disulfide Bonds:  The disulfide bonds in both native 

and synthetic peptides were reduced in 100 mM Tris(2-carboxyethyl)phosphine 

(TCEP; Pierce Chemicals) in 25 mM NH4OAc, pH 4.5.  Reactions were incubated 

for 30 min. at 60 C.  Reduced peptides were then purified by RP-HPLC and 

analyzed by ESI-MS or/and MALDI-TOF/TOF-MS. 
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2.6 Direct ESI-MS Infusion:  AB/MDS-Sciex API 3000 triple quadrupole 

mass spectrometer (Thornhill, Ontario, Canada) was used in part during this 

investigation as described by Chun et al. (2012).  The ESI-MS system was 

calibrated manually in positive mode with PPG 3000 (AB/MDS-Sciex) to achieve 

<5-ppm mass accuracy, as per manufacturer’s protocol. 

 

2.7 MALDI-TOF/TOF MS Peptide Sequencing and PTM 

Characterization:  ZipTip™ or RP-HPLC/UV purified native, synthetic non-PTM 

and alkylated derivatives of -conotoxin Vil, in Solvent A (0.1% v/v TFA aq.), 

were mixed 1:1 with matrix solution (40 g L-1 2,5-dihydroxybenzoic acid (DHB) in 

1:1 0.1% v/v TFA aq.: MeCN) and 1 L was spotted on a MTP 384 polished steel 

target plate (Bruker Daltonics).  The spots were dried under a stream of N2 gas.  

Tandem mass spectra (MS/MS) were acquired in reflector positive LIFT mode 

using an Ultraflex III MALDI-TOF/TOF MS (Bruker Daltonics), externally 

calibrated with Peptide Calibration Mix II (Bruker Daltonics) with a MS/MS 

accuracy of 0.04 Da.  FlexAnalysis v3.0 (Bruker Daltonics) was used for manual 

inspection and annotation of the LIFT-spectra.  The RapiDeNovo module in 

BioTools™ (Bruker Daltonics) was used to make additional assignments to the 

amino acid sequence. 

 

2.8 Peptide Synthesis:  Both -conotoxin Vil [DCCSNO6PCAHNNO13DC-

NH2] and its non-PTM variant Vi1.1 [DC2C3SNPPC8AHNNPDC15-NH2], were 
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manually assembled using a 0.5 mMole scale by 9-fluorenylmethoxycarbonyl 

solid phase peptide synthesis (Fmoc SPPS) via in-situ neutralization, as 

previously described (Kapono et al., 2013).  Side chain protecting groups were: 

Asp(OtBu), Cys(Trt), Asn(Trt), Ser(tBu) His(Trt), and Hyp(tBu), with peptide 

assembly using a 4-(Methyl)benzhydrylamine (MBHA) Rink-amide resin (0.44 

meq.g-1), to provide a C-terminal amide.  An additional 0.5 mMole syntheses of 

two Vi1.1 isomers (A and B) were undertaken using orthogonally protected 

Cys(Acm) to direct disulfide bond formation.  Cys(Acm) was placed in positions 2 

and 15 for Vi1.1-Isomer A (ribbon) and position 3 and 15 in Vi1.1-Isomer B 

(globular) in the above non-PTM parent sequence. Finally the synthesis of the 

native-like material, containing the assigned PTMs, was then produced using 

Cys(Acm) in positions 3 and 15 to afford the globular native form. These 

syntheses used the same assembly strategy, but deviated in using an alternative 

oxidation process (see below).  TFA cleavage and peptide recovery was 

performed for all peptides as previously described (Kapono et al., 2013).  

 

2.9 Random Disulfide Bond Formation:  All peptides were subjected to 

air oxidation; crude -conotoxin ViI was dissolved in 50 mL of oxidation buffer 

containing 2 M Urea, 0.1 M NaCl, 0.1 M Glycine at pH 7.5, and stirred for 5 days 

at 4 °C.  Oxidation of crude Vi1.1 was attained by dissolving a 15 mg sample in 

50 mL of 0.1 M NH4HCO3 at pH 8 and allowed to stir at room temperature for 5 

days. 
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2.10 Directed Disulfide Bond Formation:  Cleaved orthogonally 

protected Cys(Acm) -conotoxin Vil and variants of Vi1.1-Isomers A and B were 

initially air oxidized using 0.1 M NH4HCO3 at pH 8 as described in Section 2.9.  

Partially oxidized material, as confirmed by ESI-MS (Section 2.6), was then 

subjected to spontaneous thiol deprotection and final disulfide bond formation.  

This was achieved by dissolving the crude partially folded Cys(Acm) containing 

peptide in 50% v/v acetic acid (1 mg mL-1) and then adding the supernatant from 

a saturated solution of fresh I2 in 50% v/v acetic acid to the stirring peptide (15% 

reaction vol.).  The reaction was quenched after 5 min with the addition of 10 L 

aliquots of 1 M sodium thiosulfate until the solution became clear.  This was then 

followed by the addition of 200 L of TFA.  Resulting acidified solution was 

centrifuged (12,000 g, 2 min), filtered (0.22 m) and purified directly by semi-

preparative RP-HPLC/UV.  Confirmation of complete oxidation of fractionated 

material was provided by ESI-MS. 

 

2.11 Selective Disulfide Reduction and Thiol Alkylation:  For 

assignment and confirmation of disulfide bond connectivity of -conotoxin ViI and 

randomly oxidized isomeric materials, peptides were monitored individually in-

real time by ESI-MS (Section 2.6).  This encompassed a process of selective 

TCEP reduction and alkylation as previously described by Bingham et al. (2005).  

Fully reduced mono-alkylated, partially reduced di-alkylated and fully reduced 

differentially alkylated target samples, using N-Ethyl-Maleimide (EM) and N-

Phenyl-Maleimide (PM), were C4 RP-HPLC/UV purified and molecular mass 
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(ESI-MS) assigned prior to collision induced dissociation (CID) fragment analysis 

by MALDI-TOF/TOF MS (Section 2.7). 

 

2.12 Assay of Neuronal Nicotinic Acetylcholine Receptor Activity in 

Bovine Chromaffin Cells:  Adrenal chromaffin cells were isolated from adult 

bovine adrenal glands as previously described (Livett et al., 1987a).  Cells were 

prepared as monolayer cultures and incubated with the synthetic -conotoxins 

for 5 min, before stimulation with either 1-4 M nicotine or 56 mM KCl for another 

5 min.  Catecholamines were measured by electrochemical detection (650 

mVBAS model LC-3A) following RP-HPLC as previously described (Livett et al., 

1987b).  Quantitation of catecholamines was expressed as a percentage of the 

total cell content.  The data were graphed as mean ± SD (n=4) using GraphPad 

PRISM.  Statistical significance of the variance between mean values was 

assessed using paired student’s T-tests. 
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3.0 Results 

 

3.1 Confirmation of the Pre-pro-signal and Mature Sequence Region 

of Vi1.6/1-62 by PCR:  The sensitivity of the PCR-based procedure was 

demonstrated in these experiments using a single venom duct from a GBR 

specimen of C. virgo as the starting material.  The -conotoxin-like transcript, 

Vi1.0, was identified and showed 100 % homology in precursor- and mature-

peptide sequences to Vi1.6/1-62 (Table 1), which was previously isolated from 

specimens of C. virgo from the South China Sea (Liu et al., 2012). 

 

3.2 -Conotoxin ViI in the Duct Venom:  Duct venom was extracted 

from a separate specimen of C. virgo and venom components were resolved by 

RP-HPLC/UV.  Individual peptides were isolated and subjected to ESI-MS 

analysis (Fig. S1).  One peptide, Vi1616 (Obs. mass 1616.4 Da), corresponded 

in molecular mass to a predicted PTM variant of mature-peptide sequence 

derived from Vi1.0 - Vi1.6/1-62 (Table 1).  This hypothetical product would need 

to contain two hydroxyprolines (Hyp) residues (+16 Da each), together with a C-

terminal amidation (-1 Da, free acid to amide; Calc. mass 1616.6 Da).   

TCEP reduction revealed a 4.0 Da shift in molecular mass between the 

native (Obs. mass 1616.4 Da) and the fully reduced peptide (Obs. Red. mass 

1620.6 Da) corresponding to the reduction of two disulfide bonds.  The fully 

reduced duct venom peptide was then subjected to sequence analysis by 

MALDI-TOF/TOF MS/MS fragmentation (Fig. 1).  The fragmented parent ion 
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provided complete sequence coverage of a 15 amino acid peptide, which 

confirmed the expression of the genetic derived mature-peptide consistent with 

-conotoxin ViI (Table 1).  Positions 6 and 13 of -conotoxin ViI were tentatively 

identified as Hyp (Fig.1; Table 1), whereas in the cDNA derived Vi1.0 - Vi1.6/1-62 

mature sequence these locations were occupied by prolines (Table 1). 

 

3.3 Conotoxin Synthesis and Disulfide Bond Connectivity Analysis:  

The synthetic native-like PTM version, -conotoxin Vil, containing Hyp in 

positions 6 and 13, produced one dominant peak under the prescribed random 

oxidation conditions for maximum yields (Section 2.9; Fig. 2A). This peak 

constituted ~62 % of the area under the curve of all products formed, and was 

found to co-elute with the native duct venom peptide (data not shown).  Random 

folding of the synthetic non-PTM peptide, Vi1.1, yielded two dominant peptide 

isomers comprising approximately 95 % of the products formed, as determined 

by peak area integration (Fig. 3A).  The isomeric nature of the two non-PTM 

variants was confirmed by their identical mass of 1584.0 Da.  

Assigning the disulfide connectivity of these two non-native peptide 

isomers employed a combined approach of the following: (i) ESI-MS to monitor 

and confirm in real-time the generation of partial and fully reduced materials; (ii) 

RP-HPLC/UV to isolate and purify the alkylated and differentially alkylated target 

material(s), and finally; (iii) MALDI-TOF/TOF MS/MS fragmentation to analyze 

the final sequence and assign disulfide connectivity by identifying the individual 

differential alkylation positionings.   
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The fully oxidized synthetic peptide variant (dominant m/z 1585.6; Isomer 

A) was exposed to TCEP with small time intervals of heating (60 °C, 30 sec).  

Broadening of the isotopic distribution, scanning ±5 Da of the parent ion, was 

observed.  Reaching ~75 % decrease of the fully oxidized charge state and with 

the first visualization of the fully reduced material (m/z 1589.7; <10%), the 

reaction was terminated by acidification.  A dominant m/z of 1587.7 was 

observed (+2 Da) – this representing the partially reduced material.  After 

alkylation with N-ethyl-maleimide (EM) and subsequent C4 RP-HPLC purification, 

a di-alkylated form of the target peptide was observed (MH+ 1838.3 Da). An 

addition of 125.1 Da/thiol was assigned, noting that at this stage the parent 

peptide was in its partially oxidized state, with one disulfide intact, and the other 

being reduced and alkylated. 

Partially alkylated material was then fully TCEP reduced, which produced 

MH+ 1840.5 Da.  This mass represents the fully reduced di-alkylated form.  

Remaining thiol alkylation was undertaken with N-phenyl-maleimide (PM), which 

added 172.2 Da/thiol to the already di-alkylated parent mass and provided the 

fully differentially alkylated form, MH+ 2184.6 Da.  This material was then 

subjected to sequence analysis using MALDI-TOF/TOF MS/MS (Fig. 4). 

This approach was repeated with RP-HPLC purified Vi1.1-Isomer B 

(globular form; Fig. 3A), which yielded the same observations in reduction and 

alkylation mass additions.  It was found that Vi1.1-Isomer A was kinetically more 

susceptible to TCEP reduction.  It produced the partially reduced form with less 

heat and time, about a three-fold difference to that of Vi1.1-Isomer B (globular 
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form).  As indicated in Fig. 4, the final disulfide bond linkage assignment of the 

synthetic Vi.1.1-isomer A was determined to be 2-15 and 3-8, and was therefore 

designated as the ribbon form.  Vi1.1-isomer B disulfide connectivity, determined 

to be 2-8 and 3-15 and therefore assigned as the globular form, had the same 

connectivity as the native -conotoxin Vil (not shown). 

To independently confirm the disulfide connectivity analysis, two isomers 

of Vi1.1 were constructed by selective orthogonal cysteine protection, as 

described in methods Section 2.8 (see Supplemental Fig. S2).  Vi1.1-Isomer A 

was synthesized with Cys(Acm) at positions 2 and 15, affording it an initial 3-8 

disulfide bond connectivity by air oxidation.  Subsequent selective deprotection 

with I2 generated the final 2-15 interlinkage and provided a single 

chromatographic peak, as illustrated in Fig. 3B.  This provided the correct 

oxidized parent mass, 1584.0 Da (Fig. 3B - insert).  This structure reflects the 

non-native ribbon form, which corresponds to Vi1.1-Isomer A, as designated by 

disulfide bond connectivity analysis, see above (Fig. S2, 3A and B).  The same 

approach was repeated with Vi1.1-Isomer B, except Cys(Acm) were located in 

positions 3 and 15, which induced an initial 2-8 connectivity by air oxidation (Fig. 

S2).  Successive deprotection with I2 produced the final 3-15 interlinkage (Fig. 

3C).  This provided the correct oxidized parent mass of 1584.0 Da and reflected 

the native-like (non-PTM) globular form (Fig. S2, 3A and C).  Randomly oxidized 

and directed disulfide formed non-PTM materials co-eluted respectively by RP-

HPLC/UV. 
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3.4 Biological Activity:  The biological activity of the native/synthetic-

native-like -conotoxin Vil and of the two synthetic analogues, Vi1.1-Isomer A 

and B, were compared in an established assay for neuronal nicotinic receptors, 

the bovine chromaffin cell assay (Fig. 5A-C).  While chromaffin cells may not 

express all known nicotinic subtype combinations, they provide a functional 

assay for screening for potential neuronal nicotinic antagonists on native nicotinic 

receptors (Livett et al., 1983; Livett et al., 1987b; Marley and Livett, 2004), and 

express receptor subtypes associated with pain transmission in animals 

(Satkunanathan et al., 2005).  

 

3.4.1 -Conotoxin Vil:  The activity of the native peptide is shown in Fig. 

5A. -Conotoxin Vil caused a concentration-dependent inhibition of nicotine-

evoked catecholamine release (range 1-20 M) with complete inhibition at 20 

M.  The native/synthetic-native-like -conotoxin Vil was more potent than either 

of the two synthetic non-PTM analogues (Isomer A and B).  This functional assay 

showing pharmacological inhibition by -conotoxin Vil at neuronal nicotinic 

receptors confirmed its classification as a member of the -conotoxin family.  

  

3.4.2 Synthetic analogues - Vi1.1-Isomer A and Vi1.1-Isomer B:  As 

noted in Section 3.3, two synthetic analogues of Vi1.1 were produced from a 

single synthesis via the random oxidation process (Fig. 3A).  Individual disulfide 

bond connectivity was reconfirmed by selective disulfide bond formation (Fig. S2, 

3B and C).  Both peptides were synthesized as deduced from the DNA 



 

170 

 

sequence, but with a C-terminal amide and without Hyp residues (Table 1).  Both 

peptides produced a dose-dependent inhibition of the neuronal nicotinic 

response (Fig. 5B and C).  However, the nature of the inhibition differed.  At the 

lower concentrations (1-10 M) Vi1.1-Isomer A (ribbon form) exhibited a weaker 

inhibition in comparison to that of Vi1.1-Isomer B (globular form).  At the highest 

concentration investigated (20 M), both Vi1.1-Isomers were comparable (Fig. 

5B and C). Finally, comparison of Vi1.1-Isomer B to its structurally ‘equivalent’ 

PTM globular form, -conotoxin ViI at 20 M (Fig. 5A and C), showed that Vi1.1-

Isomer B conferred only 50% inhibition, while the native/synthetic-native-like -

conotoxin ViI exhibited complete suppression of catecholamine release.  Again 

both peptides demonstrated different pharmacokinetic trends with increasing 

concentrations, until reaching their inhibitory maxima. 
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4.0 Discussion 

 

Two specimens of C. virgo were used in a conovenomic approach (a 

combined genomic and proteomic strategy) to confirm the primary sequence of 

-conotoxin Vil, first reported by Liu et al (2012) in a genomic investigation of the 

same Conus species.  We have extended this original study as follows: (i) 

demonstration of -conotoxin ViI in the venom resulting from its expression and 

secretion into the duct venom via proteolytic cleavage (Fig. S1 and Table 1); (ii) 

assessment and assignment of -conotoxin ViI PTMs (Fig. 1); (iii) chemical 

synthesis of the -conotoxin ViI and its non-PTM variants (Fig. 2); together with 

(iv) assignment of their disulfide connectivity (Fig. 3 and 4); and (v) a survey of 

their biological activity (Fig. 5). 

The assigned 4/6 disulfide framework exhibited by -conotoxin ViI from C. 

virgo adds to the reported expression of this framework in two other species of 

cone snails, C. aulicus (Luo et al, 1988) and C. distans (Kaas et al 2008), and 

secures this framework along with the 4/7 (Cartier et al., 1996; Fainzilber et al., 

1994; Loughnan et al., 1998; Loughnan et al., 2004; Luo et al., 1998; McIntosh et 

al., 2002), 4/4 (Azam et al., 2005) and 4/3 frameworks of the A-Superfamily/-

conotoxins (Ellison et al., 2006; Franco et al., 2006; McIntosh et al., 1994) (see 

Table S2). Of the three documented peptides with 4/6 disulfide frameworks, -

conotoxin ViI is unique in containing Hyp at positions 6 and 13 of its primary 

sequence.  Hydroxylation of multiple proline moieties is in itself a rare occurrence 

among -conotoxins.  Interestingly, -conotoxin Vil shares some similarity with 
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4/7 -conotoxin TxIC from the molluscivorous C. textile, which also contains 2 

Hyps, one in each N- and C-terminal loop (Bergeron et al., 2013). Observing this 

unique feature in two peptides of different frameworks, highlights the scope of 

chemical diversity and disulfide frameworks available in the relatively unexplored 

realm of vermivorous cone snails.  

The native -conotoxin ViI isolated from the duct venom extract was 

biologically active in a benchmark functional assay of neuronal nicotinic receptors 

(Fig. 5).  The concentration of the PTM peptide needed to elicit a concentration 

dependent inhibition (range 1 – 20 M) is in line with the concentrations exhibited 

for other -conotoxins (e.g. -conotoxins Vc1.1, ImI, and EpI) in this functional 

assay (Broxton et al., 1999; Sandall et al., 2003; Loughnan et al., 1998).  

Comparison of bioactivity between the native -conotoxin ViI and the two non-

PTM Vi1.1 forms suggests a positive bioactive/structural influence of Hyp, 

whereby, the presence of the Hyp PTM in the native peptide allowed for 

complete inhibition of the neuronal nicotinic response (catecholamine release) in 

a bovine chromaffin cell assay (Fig. 5A).  Yet, it was shown that the non-PTM 

forms are still able to achieve partial inhibition irrespective of the isomer used 

(Fig. 5B and C).  The demonstrated endpoint commonality in both non-PTM 

isomers contrasts with the pharmacological features observed with the globular 

and ribbon forms of 4/6 -conotoxin AuIB, which shares 67% homology to Vi1.1 

(10/15 amino acids; Table 1; Grishin et al., 2010).  This represents a unique 

finding within the process of bioengineering of non-native -conotoxin peptide 

templates. 
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The work of Lopez-Vera et al. (2008) on folding larger conopeptides, such 

as -conotoxin MVIIC, has already suggested an influential role of Hyp on both 

structure formation and bioactivity.  Until now there has been limited comparable 

information available on the ‘native’ role of Hyp in the smaller -conotoxins due 

to the rare occurrence of Hyp in this conotoxin class (Table S1).  Our own 

observations concur with the original conclusions of Lopez-Vera et al. (2008), 

that hydroxylation improves bioactivity and influences structural possibilities. Our 

investigation of -conotoxin Vil attests to the level of interdependency between 

these two features.  

-Conotoxin Vil represents an unusual peptide-toxin candidate containing 

two Hyp moieties, one in each N- and C- terminal loop.  As we have illustrated 

with the random folding of -conotoxin Vil and Vi1.1, the absence of these two 

PTMs generates both globular and ribbon structures in a 10:9 ratio, respectively 

(Fig. 2A and 3A).  To further examine this phenomenon, comparative Circular 

Dichroism and/or NMR analysis may be employed in a two-loop model for -

conotoxin Vil.  Key to this approach will be to establish how native and non-native 

disulfide connectivities are influenced by the presence of PTMs.  Specific 

attention is drawn to the presence of the -Pro-Pro-, -Pro-Hyp-, -Hyp-Pro- and -

Hyp-Hyp- regions within the N-terminal region, and with the corresponding Pro or 

Hyp in the remaining C-terminal loop. 

The occurrence of the -Pro-Pro- region, seen at both genomic and 

proteomic levels, has been observed in -, -, - and -conotoxins, conopressins 

and contulakins, encompassing all Conus feeding types.  Presently >200 
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individual conotoxin entries have been documented to conserve this amino acid 

region (Kaas et al., 2008; Kaas et al., 2012; Lopez-Vera et al., 2008).  Although 

resistant to proteolytic enzyme activity (Vanhoof et al., 1995), the unique 

structural characteristics of a -Pro-Pro- bond, and its PTM variants, are translated 

chromatographically as peaks with variable differences in retention times (Fig. 2A 

and 3A; Bingham unpublished observations).  Similar RP-HPLC chromatographic 

features, pertaining to isomeric peptide peak shape symmetry as seen here with 

globular and ribbon forms (Fig. 3A), have also been observed by others (Grishin 

et al., 2010) and may provide a basis for speculative identification within 

randomly folded materials.  

Closer analysis of sequence regions within 4/6 -conotoxin Vil reveals an 

additional reoccurring pattern seen within other -conotoxins.  While examining 

two regions “CCSXPPC” (X is a variable amino acid, representing T, Y, L, H, R, 

or D) and “NNPD”, comprising some 74 % of the total amino acids in -conotoxin 

ViI, we observed that 17 individual -conotoxins conserve one or the other 

region.  In addition, both of these regions are conserved in the following 8 

conopeptides: PnIA, Pn1.1; Pn 1.2; Tx1c, TxIa, TxIC, Vc1.3 and Di1.1 (Table 

S2).  Seven of these peptides possess a 4/7 framework, while Di1.1 exhibits a 

4/6 framework.  Di1.1, a genomic derived sequence from the remotely related 

vermivorous species Conus distans (Duda et al., 2001), demonstrates 100 % 

homology to Vi1.1/Vi1.6/1-62 as shown in Table 1 (Liu et al., 2012; Watkins et 

al., 2004).  Both C. distans and C. virgo share many common traits (feeding type, 

habitat, shell size, color and structure) and are easily confused taxonomically.  
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Yet recent findings indicate the convergence or conservation of identical peptides 

within separate but closely related Conus species (Nguyen et al., 2013).  It 

remains to be established if peptides within C. distans and C. virgo fall into this 

unique convergent category. 

Peptide backbone truncation in the -conotoxins has been a recently 

reported bioengineering development (Jin et al., 2008; Kapono et al., 2013; 

Kasheverov et al., 2011).  Starting with -conotoxin PnIA, possessing a native 

4/7 disulfide framework, various C-terminal loop deletions have been undertaken 

to transition from the 4/7 to a 4/3 framework.  Most, except for the final 4/3 

framework demonstrated an IC50 towards the 7 rat nAChR ranging from 55-207 

nM (Jin et al., 2008).  Likewise, 4/6 [A10L]PnIA, with 80 % homology to Vi1.1, 

demonstrated an IC50 of 115 ± 45 nM.  These results indicate that bioengineered 

4/6 structures can successfully target nAChR subtypes with high affinity and 

provides an impetus to examine the prevalence of 4/6 -conotoxins within the 

vermivores of the genus. 

The additional pharmacological complexity observed in the 4/6 -

conotoxin framework family, compounded by PTMs, provides another opportunity 

to bioengineer new high affinity toxins based on native peptide templates.  These 

efforts underscore conovenomic research on the often-overlooked vermivorous 

Conus species as a source of novel bioactive peptides.  Moreover, it highlights 

the potential to expand chemical diversity of the Conus venom library through 

disulfide bond isomerism, which contributes to our present knowledge of 

conotoxin structure and function.  Ultimately it is this understanding that fuels the 
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design of new peptides and how ‘cono(peptido)mimetics’ will advance future drug 

design and development (Bingham et al., 2012; Khoo et al., 2012). 
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Figure Legends: 

 

Fig. 1. De novo sequencing of native -conotoxin ViI by MALDI-TOF/TOF MS/MS CID:  Sequence assessment of -

conotoxin ViI allowed for a partial primary sequence assignment.  Given the abundance of Hydroxyproline (O) in 

conotoxins, together with isobaric amino acids Leucine (L) and Isoleucine (I), full and final assignment was only achieved 

with confirmation of primary cDNA derived data (Table 1).  This allowed the assignment of the positions 6 and 13 

containing the posttranslationally modified proline, Hydroxyproline.  Sequence is designated as containing a C-terminal 

amide (*).
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Fig. 2. Production of synthetic native-like 4/6 -conotoxin Vil, containing 

the identified PTMs. A. C18 RP-HPLC/UV of crude random oxidized target 

material illustrating the presence of one major peak eluting at 14.75 min. (See 

Methods); B. C18 RP-HPLC/UV of the final product from the selective oxidation of 

the crude orthogonally protected 4/6 -conotoxin Vil, conforming to the globular 

configuration (see Fig. S1; Methods). Both random and selective oxidative 

strategies provided C18 RP-HPLC/UV co-eluting globular materials (not shown). 

Insert: ESI-MS confirmation of the abundant native-like target material in both 

crude oxidation strategies, shown target material from resulting selective 

oxidized, observed molecular mass of 1616.0 Da. 
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Fig. 3. Production of synthetic non-PTM containing Vi1.1 – The presence of 

disulfide isomers.  A. C18 RP-HPLC/UV of crude randomly oxidized V1.1 (in 

0.1M NH4HCO3; see Methods) illustrates the presence of two peptide isomers 

eluting at 13.8 and 16.9 min, in a 50:45 peak area ratio respectively. While the 

individual crude C18 RP-HPLC/UV of the selectively oxidized-orthogonally 

protected V1.1 forms produced single chromatographic peaks: B. Ribbon form 

eluting at 13.8 min, and C. Globular form eluting at 16.9 min. Both selective 

oxidized products demonstrated co-elution with their respective random oxidized 

Ribbon and Globular isomeric forms (not shown). Inserts: ESI-MS of the 

resulting orthogonally protected V1.1 Ribbon and Globular isomers, in their 

oxidized forms, indicated their molecular mass homogeneity with the observed 

mass of 1584.0 Da. 
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Fig. 4. MALDI-TOF/TOF MS/MS CID analysis of differentially alkylated Vi1.1 – The disulfide connectivity analysis 

of Vi1.1-Isomer A:  This represents the typical approach in assigning individual connectivity using a differential alkylation 

procedure which uses the differential kinetic and constructional constraints within the peptide to selectively open one 

disulfide bond at a time.  Here, disulfide 2-15 was the first disulfide reduced and alkylated with N-ethyl-maleimide (EM).  

Monitoring of partial reduction was observed by real-time ESI-MS, with MALDI-TOF/TOF MS/MS CID used to sequence 

each alkylated derivative, including the final fully reduced and differentially alkylated from as illustrated.  Vi1.1-Isomer A 

represents the globular form, as shown. 
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Fig. 5. Pharmacological assessment of -conotoxin ViI and its non-post-

translationally modified isomeric forms Vi1.1 Isomer A and B:  

Concentration-dependent inhibition of nicotine [5 M] evoked release of 

catecholamines (Noradrenaline and Adrenaline) in response to incubation with 

increasing concentrations of native -conotoxin ViI – which induced full inhibition 

at 20 M.  The synthetic isomeric forms, Vi1.1 Isomer A and B, demonstrated 

differential inhibition but did not achieve full blockage of the neuronal nAChR 

response.  No inhibition of the KCl-evoked release of catecholamines was 

observed with -conotoxin ViI or the two isomers, (data not shown), this is 

consistent with their action being on the nicotinic receptor and not on voltage-

gated ion channels. Specimen of Conus virgo (GBR) is shown – commonly 

misidentified as Conus distans (Bar = 2.5 cm). 
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Table 1. Genomic and proteomic analysis for the 4/6 -conotoxin family 
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Fig. S1. RP-HPLC/UV profile of the duct venom derived from C. virgo:  Duct 

venom peptide separation was performed by RP-HPLC on a Phenomenex 

Synergi Max-RP C18 column (4 m, 80Å, 4.6x150 mm).  The RP-HPLC system 

consisted of a Waters 600 HPLC pump equipped with gradient controller, using 

the same solvents as previously described by Chun et al. (2012).  Absorbance 

was monitored at 214 nm on a Waters 2487 Dual λ absorbance detector. 

Samples were injected manually via a 100 L sample loop.  Arrow shows peak of 

interest.  Insert: The mass spectrometric summary of the molecular masses 

contained in the duct venom fractions extracted from C. virgo. 
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Fig. S2. Synthetic approach to the production of Vi1.1 – Isomer A and B:  

Stepwise selective orthogonal deprotection of Cys allowed for individual disulfide 

bond formation in a controlled manner.  This provided the desired and differential 

disulfide bond connectivities representing the two isomers of Vi1.1. 
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Table S1. Representative -conotoxins that encompass the various cysteine 

frameworks presently observed in Conus. 

 

* = C-terminal amide; Y = sulfated Tyrosine,  = gamma carboxyglutamic acid, O = 4-

tranhydroxyproline. For Diets: M = Molluscivores, V = Vermivores, P = Piscivores 
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Abstract: 

Studies into N- to C-terminal cyclic peptide backbone structures have provided 

for the lateral transition of important principles and strategies that clearly 

resonate within the world of bioactive peptides and peptide toxins. The ability to 

transform peptide biologics into stable and orally active constituents represents a 

major pharmacological achievement. This progression has been forthcoming and 

is potentially intensified by the diminishing expectations of current small organic 

molecule pipelines. While still in the early stages of development, cyclic peptide 

drug leads have gained the attention of the pharmaceutical industry yet their true 

potential is still very much unknown. 
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1.0 Setting the stage – the need for the development of biologics 

Small organic molecules (SOMs) are largely recognized as the current mainstay 

of the therapeutic market; however progressive footholds have been gained by 

biologics. Essential to the future advancement of these up and coming biologics 

is the simplification of their syntheses and improvement of their pharmacokinetic 

properties, which includes increased absorption rates and enhannced structural 

stability. Most biologics lack the aforementioned properties and hence have not 

been seen as significant contributors in expanding potential leads (Frokjaer and 

Otzen 2005). Thus efforts in achieving stability and oral bioavailability are integral 

to maximizing their potential. Cost effective production and oral bioavailability has 

enabled SOMs to dominate the therapeutic market and therefore have been the 

traditional choice of pharmaceutical companies.  However, biologics are 

garnering interest among researchers and pharmaceutical companies due to 

their selectivity, potency and desirable route of metabolism. These distinctive 

features largely avoid excessive bioaccumulation, an issue commonly observed 

in many SOMs (Lax 2010). 

SOMs are losing prominence due to the lack of new leads, the rising cost of their 

development, and competition from affordable generics. This in-turn has spiraled 

the pharmaceutical industry down a path of production of so called “Me too” 

drugs (Angell 2004). “Me too” drugs are chemical analogs of patented original 

new chemical entities (NCEs) which are released prior to patent expiration. 

These compounds are designed to compete with NCEs for the therapeutic 

market thereby providing consumers with more choices at reduced prices. The 
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profit obtained from “Me too” drugs allows businesses to provide funding for 

research and development of NCEs. However, these are potentially viewed as 

inefficient funding mechanisms for the discovery of much needed new 

therapeutics. This may account for the more recent strengthening of collaborative 

“fast-track discovery” ties between academic and industrial institutions in an 

attempt to supplement the apparent developmental deficiencies of NCEs. 

In an attempt to remedy the current deficiencies of NCEs, and continue feeding 

new molecules into the drug-lead pipeline, increased attention has been drawn to 

biologics as a source for new therapies. The evolution of biologics as a viable 

resource pool directly correlates with the role that proteomics and genomics have 

played in their initial characterization (Espiritu et al. 2014). Many natural 

resources exist for the identification of lead compounds in the environment 

including various peptides from marine organisms such as cone snails and 

cnidarians (Frazao et al. 2012; Bingham et al. 2012), insects such as bees and 

scorpions (Son et al. 2007; Bergeron and Bingham 2012), as well as plants such 

as Oldenlandia affinis (Gran 1973), to name a few. Extensive libraries of 

bioactive compounds have been constructed and placed in public online 

databases such as Conoserver or Arachnoserver (Kaas et al. 2012; Herzig et al. 

2011), these databases are valuable to research as they archive many 

compounds that may serve as future drug leads or drug lead templates. 
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2.0 The emergence of protein and peptide biologics – The hurdle of oral 

bioavailability 

Some of the most successful biologics include monoclonal antibodies or Mabs 

such as the cancer fighting Trastuzumab (Herceptin®; Genentech), and 

Cetuximab (Erbitux®; Bristol-Myers Squibb and Eli Lilly and Company), as well as 

Mabs for rheumatoid arthritis such as Atlizumab/Tocilizumab (Actemra®; 

Hoffmann–La Roche and Chugai).  

In recent years however the use of peptides in the clinic has drawn mounting 

interest, particularly with the bioengineering of synthetic peptides. This synthetic 

integration bridges the gap between the pharmacodynamics/pharmacokinetic 

advantages of SOMs and biologics. Such an approach may ultimately provide an 

opportunity to target diseases that SOMs have failed to treat. Examples of 

bioengineering practices include full backbone cyclization and peptide stapling 

(Verdine and Hilinski 2012; Clark et al. 2010).  These modifications enhance 

desirable pharmacokinetic characteristics such as absorption and stability. 

Peptide stapling enhances absorption by adding a lipophilic linker and cyclization 

increases stability by eliminating free N- and C-termini.  

With a few exceptions all peptide and protein based therapies are administered 

intravenously, subcutaneously or intramuscularly. These routes of administration 

are more invasive, inconvenient and less desirable than the oral intake of drugs 

(Lin 2009). Clinically, oral intake of drugs remains the desired route of 

administration among healthcare professionals. Oral administration of peptide 

http://en.wikipedia.org/wiki/Trastuzumab
http://en.wikipedia.org/wiki/Cetuximab
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based therapeutics remains a challenge due to the low bioavailability of 

peptides/protein taken orally (Lin 2009).  

Low bioavailability of orally taken peptide therapeutics can be attributed to the 

presence of digestive enzymes in the intestinal lumen (Haines et al. 1990; 

Woodley 1994) and inability of peptides to permeate through the membranes 

owing to its size and polarity (Lin 2009; Reichert 2008). Yet peptide based 

therapeutics remain highly attractive because they are derived from natural 

products and their metabolism results in amino acids that can be incorporated in 

the body’s natural metabolic processes. 

  The gastrointestinal tract contains a plethora of peptidases, with exopeptidases 

and endopeptidases working in tandem to metabolize the dietary protein, and will 

account for peptide drug circulatory decay and clearance.  Small molecules 

utilize concentration dependent simple diffusion using trans-cellular and 

paracellular pathways to diffuse across the gut (Van Itallie and Anderson 2004; 

Pade and Stavchansky 1997). These pathways are not suitable for peptides due 

to their size and polarity. 

Peptides offer great potential as therapeutic agents because of their receptor 

selectivity and activity in nanomolar to picomolar range (Lax 2010). Contrastingly, 

potency can also provide hurdles in therapeutic development by causing biologic 

leads to fall outside the desired therapeutic range. Consideration of in vivo 

interactions and circulatory bioavailability then becomes paramount in their 

assessment. Here refinement can be addressed by reverse bioengineering, in 
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which simple amino acid substitutions influence their pharmacokinetic properties 

(Bicker et al. 2012) . Naturally, such ventures require an in-depth understanding 

of their individual structure activity relationships – a task commonly addressed in 

the initial research phase of drug discovery (Winkler 2002).  

 

3.0 Cyclic peptides – Orally active peptides 

Eliminating the charges on the N- and C-termini through cyclization can improve 

stability and membrane permeability (Bockus et al. 2013). Cyclization in nature 

affords protection against exopeptidase and endopeptidases that have evolved 

as protective measure against foreign material. Bockus et al. (Bockus et al. 2013) 

have categorized cyclic peptides into 4 categories based on their physical 

properties and biological activity.  Characteristics of these molecules involve the 

following: (i) highly charged poly cationic or poly anionic molecules that function 

as antimicrobial agents by disrupting the microbial cell membrane; (ii) non-polar 

cyclic compound which possess a lipophilic backbone containing non-polar 

amino acids in majority, allowing for greater passive diffusion across membranes; 

(iii) amphiphilic cyclic compounds that possess a mixed polarity and; (iv) cyclic 

compounds which are stabilized by disulfide bonds.  

 Within these four categories there are three additional subgroups: (i) homodetic 

cyclic compounds that have head to tail cyclization between their N-termini and 

C-termini; (ii) cyclic compounds with heterodetic linkage which possess a linkage 

between side chains or a single side chain and one of their termini, and (iii) cyclic 
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compounds which consists of a mixture of many homodetic and heterodetic 

linkages. Each type of linkage strategy offers different advantages and 

susceptibilities, with the homodetic group offering the best natural-like 

encompassment with fully compatible degradation.  

Several methods currently exist for the production of cyclic peptides including: (a) 

solid phase peptide synthesis (SPPS) in combination with native chemical 

ligation (NCL); (b) recombinant production through the use of a removable intein; 

(c) cyclization through enzyme catalysis, and; (d) the production of a stapled 

domain using a hydrocarbon linker. Each method contains its own specific 

advantages and disadvantages regarding the ability to obtain high throughput 

production, compatibility with specific amino acid sequences, and overall cost of 

production. 

 SPPS in combination with NCL is one of the most common methods of 

producing synthetic cyclic peptides due to the ease of the stepwise synthesis and 

straightforward application of NCL (Clark et al. 2010). This method allows for 

partial automation due to the wide range of peptide synthesizers currently 

available, providing for a higher throughput production, and it allows for the 

incorporation of non-native or Post-Translationally Modified amino acid 

equivalents that would be difficult to incorporate in peptides that are produced 

recombinantly, as they generally rely on standard ribosomal processes. 

Examples of cyclic peptides synthesized by SPPS and NCL include cyclic Mr1A 

(Lovelace et al. 2006), cyclic Vc 1.1 (Clark et al. 2010) and synthetic versions of 

members of the cyclotide family such as Kalata B1 (Cemazar and Craik 2008). 
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 Intein mediated synthesis is a recombinant expression technique that 

utilizes multiple internally excised protein sequences sometimes referred to as a 

“protein exons” to perform NCL in vitro without the interference of synthetic 

chemistry (Tavassoli and Benkovic 2007). Cyclization through enzyme catalysis 

can be used in combination with SPPS to produce cyclic peptides (Kohli et al. 

2002). This technique requires the use of partial synthetic and in vitro processes. 

Finally, peptide stapling, a form of domain or peptide stabilization, although not 

generally seen as a cyclization technique, performs many similar functions and 

contains its own advantages in comparison to N-to C-terminal backbone 

cyclization, these include: (i) increased lipophilicity for better absorption, and; (ii) 

membrane permeability and domain stabilization for retention of activity. 

However, this approach is limited in terms of conjugation strategies for the further 

use of proteins as biochemical tools or markers due to a lack of potential 

conjugation sites (Verdine and Hilinski 2012). 

4.0 A brief history of cyclotides/cyclic proteins 

Kalatas are cyclic peptides specifically known as cyclotides that belong to the 

fourth category of cyclic peptides as mentioned above.  The therapeutic value of 

these cyclic peptides outdates the discovery of their ring structures. Lorents Gran 

documented the use of extracts from Oldenlandia affinis as an herbal drink to aid 

in childbirth (Gran et al. 2000). The extract’s ability to induce uterine contractions 

has received much interest due to its medical application in parturition (Gran 

1973). The most abundant active compound in this concoction was identified 

Kalata B1 (Gran 1973). Saether et al.(Saether et al. 1995) elucidated the 
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structure and disulfide bond connectivity of this 29 amino acid peptide and found 

that it contained no free amino terminus, providing evidence for its cyclic 

structure.  Since the delineation of its structure, research on Kalata B1 has been 

conducted to determine the mechanisms by which it asserts its biological activity. 

Recently, Nawae et al. (Nawae et al. 2014) provided a model by which Kalata B1 

elicits membrane disruption, which may provide insights into the peptide’s 

molecular interactions.  Despite Kalata B1’s pharmaceutical potential, it has 

enjoyed limited clinical use as it elicits undesired side effects (Saether et al. 1995; 

Grain 1973). Currently research on Kalata B1 is focused on improving its 

pharmacological properties (Colgrave and Craik 2004).  

Kalata’s journey in the drug development pipeline points to cyclic peptide drugs 

as a new and potential mainstay in the pharmaceutical industry. Interestingly, 

many of the earliest cyclic peptides were isolated from microorganisms. The 

immunosuppressant cyclosporin which has been utilized in organ transplants 

was originally isolated from the fungus Tolypocladium inflatium and has proven to 

be one of the most successful cyclic peptide therapeutics to date (Svarstad 2000; 

Calne 2010).  Its success has spawned various analogs that also exhibit 

cyclization, of note is Voclosporin (Isotechnika and Lux Biosciences), a novel 

calcineurin inhibitor which has shown to be effective in treating of plaque 

psoriasis (Schultz 2013). 

 

Present trends have illustrated the successful bioengineering of free terminal 

peptides to their N- to C-terminal cyclic counterparts. This has specifically been 
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applied to the area of peptide toxins. Due to the assignment of their highly 

defined structures and ease in chemical synthesis (Muttenthaler et al. 2011), 

toxins from venomous marine cone snails are prime candidates for N- to C-

terminal cyclization. With an FDA approved intravenous peptide analgesic 

already on the market from these venoms (Prialt®, Jazz Pharmaceuticals 

(Bingham et al. 2010)) the natural progression of these peptides would  entail N- 

to C-terminal cyclization along with the evaluation of their new pharmacodynamic 

and pharmacokinetic properties; however this remains to be fully investigated. 

 

5.0 Future directions 

Peptides as drugs in general are gaining momentum in commercial drug 

development due to their high success rate reaching approximately 20-25% 

(Saladin et al. 2009) and their abundance in nature. In addition to this, cyclic 

peptides are bridging the gap between the pharmacokinetic properties of SOMs 

and biologics, all the while maintaining the superior pharmacodynamic properties 

of biologics as seen with their high potency and target selectivity. Many of these 

N- to C- terminal cyclized peptides have displayed promising therapeutic 

potential (Table 1). Several approaches have been suggested for the forward 

movement of cyclic peptides in industry whether they be backbone stabilized with 

synthetic amino acid linker sequences (Clark et al. 2010) or stapled through the 

use of other organic compounds (Verdine and Hilinski 2012).  

Considerations for the future development of synthetic cyclic peptides might 

include the advantages and disadvantages of each approach. Peptide stapling, 
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particularly in the use of a hydrocarbon linker sequence as undertaken by 

Verdine et al. (Verdine and Hilinski 2012) offers the advantage of increased 

lipophilicity through the introduction of strongly hydrophobic character. In contrast 

is the use of an amino acid based linker sequence amended by thio-ester ligation 

as performed by Clark et al. (Clark et al. 2012), yet this provides an avenue for 

introducing conjugation techniques such as the binding of a fluorescent marker 

(Bingham et al. 2009) or other synthetic or peptide additions, without modifying 

the native parent sequence.  

Despite advanced techniques such as thio-ester ligation, SPPS, and recombinant 

production continually growing prominence in the world of peptide chemistry, 

scaling up production for cyclic peptides as therapeutics will be an increasingly 

difficult endeavor. Scale-up production of native or synthetic non-cyclized 

peptides is infamously known for providing roadblocks in large-scale 

development, whereas cyclic peptides introduce new issues of complex 

chemistry and proteomic characterization techniques. The adjoining of the N- and 

C-termini of peptides through synthetic chemistry generally requires a ligation 

strategy that must be integrated within the synthesis procedure, further 

complicating the scale up procedure. Here alternative strategies would be 

advantageous. 

The loss of charges on the N- and C-termini make quality control and 

characterization efforts complex by reducing the effectiveness of proteomic 

sequencing techniques such as mass spectrometry and Edman degradation 

(Clark and Craik 2012).  Furthermore de novo sequencing of native cyclic 
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peptides for discovery purposes also presents major hurdles due to the 

aforementioned complications. Currently the only known proteomic sequencing 

methods for cyclic peptides include a two-step enzymatic digestion and mass 

spectrometry or Edman process. If digestion sites are not present within the 

native protein, genetic sequencing may be considered the only option for initial 

characterization. 

One promising direction of cyclic peptides is the use of known native scaffolds 

from cyclotides (plant derived cyclic peptides) as linker sequences for the 

introduction of active epitope regions of peptides as a method for increasing 

stability (Daly and Craik 2009).  This scaffolding technique provides potential for 

the generation of new active regions in an already well-known membrane 

permeating structure; however limitations with cyclic peptides might arise due to 

the potential for increased anaphylactic response, as notoriously seen with 

biologic based therapies (Purcell and Lockey 2008). 

 

6.0 Conclusions 

The development of novel therapeutics can be a precarious venture. Leads 

continue to fail without fulfilling their potential. Within the last decade, biologics 

have emerged as a promising source of new leads. Though not without flaws, 

biologics have faced challenges in drug development. Oral bioavailability remains 

one of the major roadblocks in the development of biologics as therapeutics. 

Cyclization holds promise in overcoming this limitation. Engineering of biologics 
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to enhance their therapeutic properties provides medicinal chemists with exciting 

new avenues for drug development. 
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Table 1: Different cyclic peptides and their potential application.   

Name Type Source Sequence 
Potential 

application 
Reference 

Kalata B1 Natural Oldenlandia affinis 
GLPVCGETCVGGTCNTPGCTCSWPV
CTRN 

Anti HIV activity, 
insecticidal activity  

 
Jennings et al. 2001; 
Daly et al. 2004 
 

Cyclic Vc 1.1 Synthetic Conus victoriae GCCSDPRCNYDHPEICGGAAGG 
Treatment of 
neuropathic pain 

 
Clark et al. 2010 
 
 

Cyclic MrIA Synthetic Conus marmoreus NGVCCGYKLCHOCAG Treatment of Pain  
 
Lovelace et al. 2006 
 

MCoTI-II Natural 
Momordica 
cochinchinensis 

GGVCPKILKKCRRDSDCPGACICRGN
GYCGSGSD 

Drug Delivery 

 
Cascales et al. 2011; 
Felizmenio-Quimio et 
al. 2001 
 

SFTI-I Natural Helianthus annus GRCTKSIPPICFPD Drug Delivery 

 
Cascales et al. 2011; 
Korsinczky et al. 2005 
 

Lactocyclicin Q Natural Lactococcus sp. QU 12 

 
LIDHLGAPRWAVDTILGAIAVGNLASW
VLALVPGPGWAVKAGLATAAAIVKHQ
GKAAAAAW 
 

Bacteriocin Sawa et al. 2009 

Alpha Amantinin Natural Amanita phalloides IWGIGCNP 

 
Inhibitor of RNA 
polymerase II and 
III 
 

Hallen et al. 2007 

RTD-1 Natural Macaca mulatta  RCICTRGFCRCLCRRGVC Antimicrobial  

 
Tang et al. 1999; 
Abuja et al. 2004 
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Name Type Source Sequence Potential application Reference 

      

Kalata B1 Native 
 

Oldenlandia affinis GLPVCGETCVGGTCNTPGCTCSWPVCTRN 
Anti HIV activity, 

insecticidal activity [43, 44] 

      
Cyclic Vc 

1.1 
Synth
etic Conus victoriae GCCSDPRCNYDHPEICGGAAGG 

Treatment of neuropathic 
pain [13] 

      

Cyclic MrIA 
Synth
etic Conus marmoreus NGVCCGYKLCHOCAG Treatment of Pain [23] 

      

MCoTI-II Native 
Momordica 

cochinchinensis GGVCPKILKKCRRDSDCPGACICRGNGYCGSGSD Drug Delivery [45, 46] 

      

SFTI-I Native Helianthus annus GRCTKSIPPICFPD Drug Delivery [45, 48] 
      

Lactocyclic
in Q Native 

Lactococcus sp. 
QU 12 

LIDHLGAPRWAVDTILGAIAVGNLASWVLALVPGPGWAVKAG
LATAAAIVKHQGKAAAAAW Bacteriocin [48] 

      
Alpha 

Amantinin Native Amanita phalloides IWGIGCNP 
Inhibitor of RNA 

polymerase II and III [49] 

      
RTD-1 

 
Native 

 
Macaca mulatta 

 
RCICTRGFCRCLCRRGVC 
 

Antimicrobial 
 

[50, 51] 
 

 

Table 1: The table shows different cyclic peptides and their potential application. 

 


