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Abstract iii

Abstract

Peptide toxins from animal venom are a rich source of novel biochemistry, with many

toxins having potential utility as therapeutic leads and biochemical tool compounds. There

is a current push to investigate newly described toxins, with only a very small proportion

of the estimated toxin diversity having been characterised at the present time. This thesis

documents an investigation of the scorpion toxin HsTX1, as well as the conotoxins

H_Vc7.1, H_Vc7.2 and contryphan-Vc2 from the marine cone snail Conus victoriae.

The stability and efficient folding of the scorpion toxin HsTX1 suggested possible utility

as a scaffold for molecular grafting applications. To test this possibility, the integrin

receptor binding motif RGD and the protein-protein interaction recognition motif DINNN

were chosen as grafts to be displayed on this scaffold. Molecular dynamics computer

simulations were used to test the stability of proposed construct designs, and the best

performers were produced by solid-phase peptide synthesis. Despite the high folding

propensity of the native HsTX1 structure, the selected constructs did not fold to a stable

three-dimensional conformation. This suggests that modifying the sequence at the chosen

insertion point disrupts the formation of the disulfide bond network. This was not an

outcome considered in the computer simulations, which did not report on the folding

pathway. Given this failure, HsTX1 did not seem to be suited for use as a scaffold.

The H-superfamily conotoxins H_Vc7.1 and H_Vc7.2 had previously been identified in

the venom duct transcriptome of C. victoriae and were produced by recombinant expression

for testing. Unfortunately the complexity of folding these multiply-disulfide-bonded

peptides proved intractable, and it was not possible to produce a sample of the required

purity for structural and functional analyses.

Contryphan-Vc2 was synthesised in sufficient quantity and purity to determine its three-

dimensional structure by nuclear magnetic resonance spectroscopy. This structure was

found to be similar to other contryphans, but displayed unexpected dynamic behaviour in

computer simulations. Activity assays in mice revealed a novel depressive behavioural

phenotype, in contrast to the hyperactive phenotype previously reported for peptides in this

class. Further experiments and simulations suggested an interaction with the lipid

membrane, which may also be a feature for other members of the contryphan family.

While some aspects of the work did not yield positive results, the initial characterisation

of contryphan-Vc2 lays the basis for future work on this peptide and the contryphan family

more broadly, and may aid in elucidating the biochemical targets of this class of molecules.
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1 Overview

A widespread evolutionary strategy in the animal kingdom is the use of venom for

predation and defence. Venom-producing species can be found among many animal

groups, including arachnids, reptiles, amphibians, insects, fish, molluscs and even some

mammals.1 The venom of each species is a distinct mixture of toxic components, which

vary in their composition and effect. Some toxins are large proteins (especially common in

snake venom), and some are small molecules, but the venoms of many species are rich in

peptides (≤100 amino acid residues) which are commonly reticulated by disulfide bonds.2

These venom peptides have been subject to selective pressure over millions of years of

evolution, and many have shown both significant potency and exquisite selectivity for their

target receptors. These properties make such molecules very valuable as tool compounds

for further research, and even as leads for developing new therapeutics.3

The estimated diversity of toxin sequences is vast. For example, each of the 700 known

species of marine cone snail have been shown to produce 100–200 toxins in their venom,4

and more recent reports using high-resolution mass spectroscopy (MS) techniques have

raised that figure to 1000 toxins per venom.5, 6 Relatively few sequences are found in

multiple species, giving an estimate of over 500,000 distinct toxin sequences in this single

genus.5 The total repertoire of spider toxins is estimated to be 12 million sequences or

more,7 while in scorpions 100,000 toxins are predicted to exist across 1500 species.8

Animal venom is therefore a very rich source of biodiversity with the potential to yield

interesting compounds. Despite the efforts of several research groups across the globe,

relatively few sequences have been examined in any depth – some estimates state that fewer

than 0.1% of cone snail toxins have been investigated thus far.9 Therefore, an opportunity

exists to explore this diversity and harness these molecules for scientific and medical

benefit.

This thesis describes an investigation of peptide toxins, with the ultimate objective of

expanding the number of toxin sequences with known properties which may be of use in

future applications. One avenue pursued was the potential to use toxin structures in peptide

engineering applications for the display of functional epitopes. A separate effort was

devoted to understanding the structure and function of novel toxin sequences, to determine

if they may possess novel activity to go with their novel sequence.
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Figure 1. Summary of diversity of toxins found in the venom of various animal groups.
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2 Toxins as research tools

As already stated, many toxins are both highly potent and highly selective for their

biochemical targets. This can make them valuable tools for studying the macromolecules

they affect. The proper functioning of cells requires the coordinated action of a vast array

of biomolecular machinery, including ligand receptors, ion channels and more. Even within

a certain class of molecule, such as voltage-gated potassium ion channels, there are often

several different subtypes that are expressed in different tissues and make a different

contribution to the overall health and functioning of the organism.10 Researchers often need

to isolate or block a certain subtype of receptor (rather than the whole population) in order

to fully understand the system under investigation. Many molecules derived from animal

venom have become valuable tools to facilitate this kind of research.10

One widely known example is tetrodotoxin (TTX), a small molecule toxin found in the

tissues of pufferfish and other marine species that blocks voltage-gated sodium channels.11

Even before the existence of different subtypes of this channel was recognised, it was

known that some excitable cells and neuronal populations were sensitive to the toxin while

others were resistant.12 TTX was used extensively in research to separate the components

of membrane depolarisation events: those of the transient current (due to sodium) and the

steady-state current (due to potassium).13-16 This afforded insights into the mechanisms of

membrane depolarisation and the internal workings of excitable cells. Now that the various

subtypes of sodium channel have been identified and enumerated (NaV1.1–NaV1.9), they

can be classified into being either tetrodotoxin resistant (TTX-R, subtypes NaV1.8 and

NaV1.9) or tetrodotoxin sensitive (TTX-S, subtypes NaV1.1–NaV1.7), which has allowed

finer probing of the particular channels involved in various processes.

 Other toxins have also shown their value in this type of investigation. The μ-conotoxins 

are a class of venom peptide from marine cone snails that have potent effects at voltage-

gated sodium channels. In one study, a panel of 11 μ-conotoxins was tested on isolated 

preparations of channel subtypes NaV1.1 through NaV1.8, expressed in Xenopus laevis

oocytes.17 The researchers found that the overlapping selectivity profiles of the different

toxins allowed discrimination between all subtypes except NaV1.8 (which none of the

toxins blocked and was also the sole TTX-R channel tested). Based on these data,

μ-conotoxins have been used to determine the NaV subtypes responsible for sodium

currents in a variety of neuronal populations.17-20
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Research on potassium channels has also benefitted from the availability of toxin tool

compounds, with some studies showing that toxin probes can reveal information on

structure as well as function. For example, the scorpion toxin charybdotoxin was used to

determine the subunit stoichiometry of the Shaker potassium channel.21 In 1991, it was

known that the Shaker channel was a multimeric membrane protein, but the number of

subunits required to form a functional channel was unknown. Charybdotoxin was known

to block the passage of K+ ions through the channel, but a point mutation in the channel

subunit raised the inhibition constant by a factor of 250, resulting in a much less sensitive

channel. Co-expressing the sensitive wild-type subunit and the resistant mutant subunit in

Xenopus oocytes gave rise to a channel population with mixed subunits that still displayed

marked toxin sensitivity. The observed K+ current was the aggregate of the unblocked

current of all channels in the population – channels that could have any number of sensitive

subunits, from zero to the total number of subunits in a channel. By measuring the

unblocked current with different ratios of sensitive and resistant subunits expressed, it was

possible to calculate the number of subunits in a channel, yielding valuable information on

the structure of the complex.21 The channel was predicted to be a tetramer, and this has

been borne out by determination of the structure of a potassium channel.22

Toxins have also been used to probe finer details of potassium channel structure. In

addition to charybdotoxin, the Shaker channel is also known to interact with the scorpion

toxin agatoxin 2 (AgTx2) via electrostatic interactions. By mutating charged residues on

both the channel and the toxin in a manner that closed a thermodynamic cycle (a technique

termed ‘mutant cycle analysis’), it was possible to discover pairs of toxin/channel residues

that interacted with one another.23 This allowed the toxin binding site to be mapped on the

pore region of the channel, from which a structural constraint was derived that showed the

pore region extended much farther from the channel axis than had been thought

previously.23 Again, this prediction was validated when a crystal structure of a related

channel was solved some years later.22, 24

Thus, it is clear that toxin molecules can be very useful as probes and tools for molecular

biology. With the vast majority of animal venom components still uncharacterised, there is

the potential for many more useful compounds to be discovered and put to use.
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3 Venom-derived therapeutics

The use of venom in a medicinal capacity has been part of traditional practice in many

different cultures.25 In recent decades, venom components have also been used as the basis

for modern pharmaceuticals. The first drug derived from a venom component to be

approved by the FDA was the angiotensin converting enzyme inhibitor (ACE inhibitor)

captopril, developed from the venom of the pit viper Bothrops jararaca and placed on the

market in 1981.25, 26 The ACE inhibitors are a class of drug used in the treatment of

hypertension that work by blocking the cleavage of angiotensin I and thus the production

of angiotensin II.27 Angiotensin II leads to vasoconstriction by acting on its receptor, and

also simulates aldosterone secretion.28 Aldosterone is a hormone that increases sodium

reabsorption in the kidneys and also raises blood pressure.29 Therefore, inhibiting the action

of ACE and reducing the levels of angiotensin II in the blood has a two-fold effect in

lowering blood pressure. Captopril was the first orally available drug in this class and has

proved a phenomenal success, bringing in over a billion dollars for Squibb, the company

that developed it.30, 31

The success of captopril proved that venom-derived drugs could compete in the

marketplace. In 2011, the list of FDA-approved therapeutics mimicking or derived from

venom peptides included six molecules.25

One of those is ziconotide (trade name PRIALT®), an alternative to morphine in the

treatment of chronic pain. Clinical development of this molecule began in 1995, and FDA

approval was granted in 2004.32 Ziconotide is a synthetic version of the ω-conotoxin 

MVIIA from the cone snail Conus magus (see Section 5 for details on conotoxin naming

practices), and is a 25-residue peptide with a hydrophilic character.33, 34 Ziconotide exerts

its effects by blocking N-type voltage-gated calcium channels in the presynaptic terminal

of the dorsal horn of the spinal column.35 Calcium ion influx through these channels is

required for the release of neurotransmitters to propagate nociceptive signals across the

synapse. By inhibiting the flow of ions, the pain signal is prevented from continuing to the

brain, thus providing analgesia.33 Ziconotide is >1000-fold more selective for N-type

channels than any other type,36 which is a key factor in its tolerability and clinical efficacy.

However, the peptide is not orally bioavailable, and is also rapidly degraded by proteases

in the vasculature, necessitating intrathecal administration (that is, an infusion of the

molecule directly into the cerebrospinal fluid).37 Many peptide drugs suffer from similar
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issues in administration. Patients are less likely to favour such invasive therapies, but where

the clinical need is great enough – as is the case with refractory chronic pain and ziconotide

– a less convenient treatment is preferable to no treatment. A venom-derived therapy for

headaches or bacterial infection is unlikely to gain traction in the marketplace, but in more

poorly serviced clinical indications the potency and selectivity of venom-derived

therapeutics can provide the competitive advantage needed to succeed. Continued research

on the toxic peptides found in animal venom may uncover molecules that bear the novel

activity required to meet these needs.

4 Scorpion toxins

One of the peptide toxins investigated for this thesis was a scorpion toxin from the

species Heterometrus spinifer, named HsTX1. A detailed background on this molecule is

presented in Section 4.4, but first some background on scorpion toxins in general is

required.

Scorpions are among the most ancient of animal groups, having changed little over 400

million years of evolution.38 Scorpion venom consists of a mixture of components,39

perhaps the best studied of which are neurotoxic peptides that act at Na+, K+, Ca2+ and Cl-

ion channels.40 There is no standardised nomenclature for scorpion toxins, with most

molecules being assigned an ad-hoc name which may or may not relate to some property

of the toxin. Some names and abbreviations relate back to the species from which the toxin

was isolated — thus ‘maurotoxin’ (from Scorpio maurus)41 and ‘TsIV-5’ (from Tityus

serrulatus).42 ‘Chlorotoxin’ was thought to act on chloride ion channels,43 while ‘kurtoxin’

was isolated from Parabuthus transvaalicus and acts on T-type voltage gated calcium ion

channels.44

Despite the confusion in naming, some attempts have been made to classify scorpion

toxins in logical groupings. These attempts have largely focused on the neurotoxic peptides

that act on ion channels, as these are the molecules that have been studied most intently.

However, more recent investigations have uncovered a plethora of other molecules found

in scorpion venom, which have been taken into account in some of the systems described

below.
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4.1 Classification by chain length

One widely used distinction is drawn between ‘long-chain’ scorpion toxins (53–78

residues) and ‘short-chain’ scorpion toxins (23–42 residues).45 Some sources in the

literature state that long-chain toxins are active on Na+ channels, while short-chain toxins

affect K+ channels.46, 47 As research has continued, however, it is clear that although this

can be generalised as being ‘usually true’ the distinction is not so clear-cut, as there is also

a subset of long-chain K+ channel toxins.48

4.2 Classification by structural motif

Classifications have also been made based on the three-dimensional structure of toxin

molecules. Many scorpion toxins adopt a structure characterised by an α-helix connected 

to an antiparallel β-sheet by three or four disulfide bonds, termed the ‘cysteine-stabilised 

α-helical and β-sheet’ (or CSαβ) fold. Early reports noted that this structure was universal 

for known scorpion toxins,40 but ongoing research has uncovered toxins bearing different

structural motifs.

 One of these motifs consists of two α-helices connected by two disulfide bonds, called 

the ‘cysteine-stabilised α-helix-loop-helix’ (CSαα) fold,49 found in certain K+ channel

toxins. Scorpion toxins have also been discovered that conform to the ‘inhibitory cystine

knot’ (ICK) motif, which is also widely found in toxins from other animal groups, such as

snakes and cone snails. (For a more detailed discussion of this motif, see Section 6.3.) There

is also a class of scorpion venom peptides that eschews the concept of structural motifs: the

non-disulfide-bridged peptides (NDBPs). These largely adopt an α-helical conformation, 

and display a variety of properties such as bradykinin potentiating activity, antimicrobial

and haemolytic action and immune modulating effects.50, 51 These peptides have

traditionally been neglected in favour of the neurotoxic peptides, but are now becoming an

active field of study in their own right.

4.3 Classification by ion channel family

Another system of classification that has received much attention is based primarily

upon classes determined by the ion channel affected by a toxin. Within each class, families

are created that group toxins with similar structures or mechanisms of action, which may

again be further subdivided. Table 1 outlines the families that have been defined for the

major classes of toxin. This system is most robust for toxins affecting Na+ and K+ channels,

as relatively few molecules have been reported that act on Ca2+ and Cl- channels.
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Table 1. Classification and characteristics of scorpion toxin families that affect different
ion channels.

Family Characteristics Refs

Na+ toxins (NaScTx)

α 

Voltage-dependent binding to receptor site 3 on channel

Slow or block channel inactivation mechanism

Long-chain, CSαβ fold 

8, 47

1LQH

β 

Voltage-independent binding to receptor site 4 on channel

Affect channel activation (shift activation potential)

Long-chain, CSαβ fold 

8, 47

1B3C

K+ toxins (KTx)

α 

Two interaction modes: ‘pore-plugging’ (K-Y/F dyad)

and ‘intermediate’ (charge interactions)

Inhibit K+ current

Short-chain, CSαβ fold 

52

2CRD

β 
Inhibit K+ current

Long-chain, CSαβ fold 

52, 53

5IPO

γ 

Primarily target ERG channels

Bind on turret region rather than pore

Short-chain, CSαβ fold 

52, 54

1J5J

δ 

Pore-plugging (K-Y/F dyad) action

Inhibit K+ current, also inhibit serine proteases

Kunitz domain fold

55, 56

2M01

ε 

(Proposed, two members currently described)

Weak inhibition of K+ current

ICK fold, lacking regular secondary structure

56

2MSF

κ 

Pore-plugging (K-Y/F dyad) action

Inhibit K+ current

Short-chain, CSαα fold 

52

1HP9

λ 

Pore-plugging (K-Y/F dyad) action

Inhibit K+ current

ICK fold

54

1C6W
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Family Characteristics Refs

Ca2+ toxins

Kurtoxin-

like

Bind T-type calcium channels

Inhibit channel by modifying voltage-dependant

gating mechanism

Also active on Na+ channels

Long-chain, CSαβ fold 

44, 57, 58

1T1T

Calcins

Affect ryanodine-sensitive calcium channels

Varying mechanisms of action

ICK fold

52, 54

1IE6

Cl- toxins

None

defined

Too few toxins have been discovered to support distinction

and classification into meaningful groups

Discovered toxins vary in mechanism

43, 59-61

1CHL

4.4 Project target: Scorpion toxin HsTX1

Now our discussion on the organisation of scorpion toxins is concluded, we can describe

the scorpion toxin that was the focus of the first part of this project. HsTX1 is a member of

the α-KTx family, isolated from the venom of the scorpion Heterometrus spinifer (the

Malaysian black scorpion).62 This peptide was identified by its potent antagonism of the rat

KV1.3 channel and found to be a 34-residue chain constrained by four disulfide bonds.63

The molecule bears the CSαβ motif, with an α-helix packed against an antiparallel two-

strand β-sheet (Figure 2).
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Figure 2. Structure and sequence of wildtype HsTX1. (A) Front view of peptide structure.
Disulfide bonds are yellow. (B) Side view of peptide structure. (C) Peptide sequence.
Disulfide connectivity is indicated by gold staples above Cys residues, secondary structure
elements are indicated by underscores below relevant residues.

The potassium channel KV1.3 is of interest as a target in the treatment of autoimmune

diseases, as it is overexpressed in activated effector memory T cells.64 The initial impetus

for studying HsTX1 in our laboratory was to evaluate the molecule for potential use as a

therapeutic in such disease states, but during this investigation it was found to be

remarkably stable against proteolytic degradation and thermal denaturation. Moreover,

despite the complexity inherent in a structure featuring four disulfide bonds it folded readily

into its active conformation. This combination of stability and folding efficiency suggested

that it may be suitable as a scaffold molecule for peptide engineering. The work undertaken

in investigating this possibility is described in the following chapter, Peptide grafting

design using molecular dynamics.
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5 Conotoxins and conopeptides

The novel toxin sequences investigated as part of this thesis were discovered in the

venom duct transcriptome of the cone snail Conus victoriae. Details of the peptides

investigated are provided in Sections 6.4 and 6.6, following some background material on

the organisation and classifications of cone snail toxins.

Marine cone snails are venomous predators that have evolved to produce venom rich in

small peptide toxins, referred to as ‘conotoxins’ or ‘conopeptides’. Historically the term

‘conotoxin’ was reserved for peptides bearing multiple disulfide bonds, but this distinction

has fallen out of use and the two terms are now used interchangeably.65 The existence of

peptide toxins in cone snail venom was determined in the 1970s,66 and the first complete

amino acid sequence described was for the 13-residue α-conotoxin GI, from the venom of 

Conus geographus.67 Since then, over 2000 conotoxins have been described and the rate of

discovery has increased by the application of transcriptomic technology.68

Conotoxins are produced in the venom duct as large precursor proteins (~80–100

residues)69 consisting of three distinct regions,70 shown in Figure 3. At the N-terminus is a

signal presequence, which is generally hydrophobic and is highly conserved among related

conotoxins.65 The intermediate pro-region is typically highly charged and thought to assist

with folding.71 The mature toxin region is found at the C-terminus, usually as a single copy,

and is released by proteolytic cleavage as part of post-translational processing.72 Many

mature toxins undergo further post-translational modification, incorporating unusual amino

acids such as 4-hydroxyproline and γ-carboxyglutamate, or modifying the C-terminus with 

amidation.69

Figure 3. Schematic diagram of conotoxin precursor protein. The precursor is cleaved at
the position indicated by the triangles to generate the mature toxin.

The great diversity of conotoxins has led to the development of several complementary

classification systems, associating peptides by evolutionary relationships, by structure and

by function. The three classifications are made based on gene superfamily, cysteine

framework, and pharmacological family.
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5.1 Classification by gene superfamily

The definition of conotoxin ‘gene superfamilies’ is based on the sequence identity of the

precursor protein signalling sequence, which is highly conserved between related

conotoxins.65 These superfamilies group conotoxins that are related by evolution. The

distinctive presequences are highly conserved within a gene superfamily, but share little

sequence identity with presequences of other gene superfamilies. For an analysis of the

sequence identity within and between superfamilies from a single species, see Table 2.

Table 2. Sequence identity within and between gene superfamily presequences for peptides
discovered in the venom duct transcriptome of Conus marmoreus. (Reproduced from 73)

A B E F H I1 I2 M1 M2 MC N O1 O2 S T

95 25 33 24 24 26 14 35 22 12 33 33 39 35 32 A

100 25 25 37 19 12 12 25 12 25 19 50 19 25 B

100 17 22 17 28 29 22 12 17 39 17 41 22 E

100 27 26 23 47 33 47 23 26 39 18 37 F

91 26 32 35 39 24 41 18 28 29 26 H

79 26 29 28 35 32 26 28 24 37 I1

100 24 28 12 20 23 22 29 26 I2

82 65 76 41 35 35 59 29 M1

89 71 56 17 39 59 33 M2

100 53 18 35 41 29 MC

96 27 33 35 26 N

86 33 24 26 O1

72 24 33 O2

100 29 S

79 T

Numbers indicate % sequence identity. Dark blue background = Min. identity within gene
superfamily. Light background = Max. identity between gene superfamilies.
MC = conomarphin (part of the M superfamily).
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One strategy useful in the search for new conotoxin sequences is to screen cDNA

libraries for known superfamily presequences.74 Of course, this approach will only identify

new members of existing superfamilies and will not be able to uncover novel superfamilies.

The search for novel superfamilies often relies on non-genomic sources of information. For

example, peptides belonging to the H-superfamily were first identified in MS/MS data,

which was then linked back to transcriptomic data and identified the presequence for this

new superfamily.73

5.2 Classification by cysteine framework

In comparison to toxins from other invertebrate sources such as scorpions, spiders and

centipedes, mature cone snail toxins are unusually short. Approximately 80% of those

studied are between 12–33 residues in length,75 compared to (for example) the short-chain

scorpion toxins that are typically 23–42 residues.45 Despite their short length, many

conotoxins contain multiple disulfide bonds in distinct cysteine frameworks (Figure 4).

These frameworks are thought to stabilise the specific three-dimensional structure of the

toxin, allowing the amino acid sidechains from residues in the inter-cysteine loops to be

displayed in the proper orientation for binding to the molecular target.76, 77

Figure 4. Schematic diagram of cysteine framework VI/VII, showing typical disulfide
bond connectivity I–IV, II–V, III–VI.

There are currently 27 recognised frameworks (shown in Table 3), each defined by the

number and arrangement of cysteine residues in the primary sequence. The rapid pace of

transcriptomic discovery is adding new frameworks frequently. The frameworks do not

define how many residues lie between non-vicinal cysteine residues, merely whether a loop

is present or not. This means that loops can vary in length as well as composition, which in

turn allows conotoxins that share the same framework enough sequence diversity to target

different macromolecular entities.
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Table 3. Recognised cysteine frameworks used in the classification of conotoxins.
(Adapted from 78)

Name # Cysteines Pattern

I 4 CC—C—C

II 6 CCC—C—C—C

III 6 CC—C—C—CC

IV 6 CC—C—C—C—C

V 4 CC—CC

VI/VII 6 C—C—CC—C—C

VIII 10 C—C—C—C—C—C—C—C—C—C

IX 6 C—C—C—C—C—C

X 4 CC—C—C

XI 8 C—C—CC—CC—C—C

XII 8 C—C—C—C—CC—C—C

XIII 8 C—C—C—CC—C—C—C

XIV 4 C—C—C—C

XV 8 C—C—CC—C—C—C—C

XVI 4 C—C—CC

XVII 8 C—C—CC—C—CC—C

XVIII 6 C—C—CC—CC

XIX 10 C—C—C—CCC—C—C—C—C

XX 10 C—CC—C—CC—C—C—C—C

XXI 10 CC—C—C—C—CC—C—C—C

XXII 8 C—C—C—C—C—C—C—C

XXIII 6 C—C—C—CC—C

XXIV 4 C—CC—C

XXV 6 C—C—C—C—CC

XXVI 8 C—C—C—C—CC—CC

XXVII 8 C—C— C—CCC—C—C

Novel (from79) 6 C—CC—C—C—C
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5.3 Classification by pharmacological family

Conotoxins with the same biological activity are grouped together into pharmacological

families, each designated by a Greek letter (Table 4). For example, κ-conotoxins 

antagonise voltage-gated K+ channels, while μ-conotoxins antagonise voltage-gated Na+

channels. Voltage-gated Na+ channels are also targeted by δ-conotoxins, but these peptides 

delay the fast inactivation of such channels and are thus separate from μ-conotoxins.9

Classifying conotoxins in this way allows peptides with the same activity to be compared

against each other or analysed as a group, giving insights into the pharmacology of their

target and clues to the mechanism of action.80

Table 4. Conotoxin pharmacological families.
Name Target Effect

α Nicotinic acetylcholine receptor (nAChR) Antagonist

γ Voltage-gated pacemaker channel Agonist

δ Voltage-gated sodium channel (NaV) Delays fast inactivation

ε Presynaptic Ca2+ channel or GPCRs Antagonist

ι Voltage-gated sodium channel (NaV) Agonist

κ Voltage-gated potassium channel (KV) Antagonist

μ Voltage-gated sodium channel (NaV) Antagonist

μO Voltage-gated sodium channel (NaV) Gating modifier

μO§ Voltage-gated sodium channel (NaV) Antagonist

ρ α1-adrenoceptor (GPCR) Antagonist

σ Serotonin-gated ion channel Antagonist

τ Somatostatine sst3 receptor (GPCR) Antagonist

χ Noradrenaline transporter (NET) Antagonist

ψ Nicotinic acetylcholine receptor (nAChR) Allosteric antagonist

ω N-type voltage-gated calcium channel (CaV) Antagonist

5.4 Conotoxin standard nomenclature

The standard nomenclature for describing conotoxins includes structural and functional

information in the toxin name, based on the set of classification schemes previously

described (see Figure 5).81, 82 The pharmacological family of the toxin is indicated by the

corresponding Greek letter (Table 4). Species of origin is abbreviated to one or two letters,

followed by a Roman numeral denoting the cysteine framework (Table 3). Order of
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discovery is communicated by an uppercase letter, which serves as a unique identifier

between toxins that would otherwise share the same name.

Figure 5. Identification of component parts of standard conotoxin nomenclature. This toxin
blocks voltage-gated sodium channels (it is a μ-conotoxin), was discovered in the venom 
of Conus bullatus (abbreviated ‘Bu’), displays a CC—C—C—CC cysteine framework
(type III), and was the second such toxin identified (denoted by ‘B’).

6 Conus victoriae venom duct transcriptome

Conus victoriae is a molluscivorous cone snail that is endemic to the north-western coast

of Australia.83 Like all known cone snail species it is venomous, and a recent study in the

Norton laboratory aimed to document the diversity of sequences produced in the venom

duct. This study made use of the next generation paradigm that has been termed ‘venomics’,

mining the transcriptome of the venom duct and matching the sequence data obtained with

experimental results from MS/MS matching of the crude venom. Prior to this study, 24

conotoxin sequences were known from C. victoriae, spread across four superfamilies (A,

O1, O2 and T). The venomics approach discovered 113 sequences, spread across 20 gene

superfamilies.84 Seven of the previously known sequences were not detected. (Robinson,

S.D.; personal communication) A summary of the sequences discovered is presented in

Table 5.
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Table 5. Summary of sequences discovered from the venom duct transcriptome of C.
victoriae. (Adapted from 84) N.D. = not determined.

Superfamily Cysteine framework
Number of

sequences identified

A I 2

XXII 1

Conantokin (B) Cysteine-free 1

B2 Cysteine-free 1

E N.D. 1

F N.D. 1

H VI/VII 2

Cysteine-free 1

I1 XI 6

I2 XI 4

I4 XII 1

J XIV 4

M1 III 4

M2 III 6

Conomarphin (M) Cysteine-free 2

M Single disulfide 1

O1 VI/VII 20

Cysteine-free 1

O2 VI/VII 18

Contryphan (O2) Single disulfide 2

O3 Cysteine-free 1

P IX 2

XIV 1

S VIII 1

T V 24

XIII 1

X 1

U VI/VII 2

Con-ikot-ikot XXI 1

Conodipine 3
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Several of the sequences identified from the transcriptome were tempting targets for

further research, but the sheer number made it impractical to fully explore the newly

recognised diversity of conotoxins in C. victoriae in a single project. The investigation

documented in this thesis confined itself to three peptides – the two disulfide-bonded

members of the H-superfamily, named H_Vc7.1 and H_Vc7.2, as well as contryphan-Vc2

(part of the O2-superfamily).

6.1 H-superfamily toxins

The H-superfamily was first described by Dutertre et al. in 2013, with seven sequences

being discovered in a deep venomics investigation of Conus marmoreus venom.73 The

presequence for this superfamily exhibited <50% sequence identity with other known

superfamily presequences. Being a novel superfamily it was not detected in the initial

homology search of the transcriptomic database generated in this study and only became

apparent after analysis of MS/MS data. Six of the seven sequences discovered conformed

to the type VI/VII cysteine framework.73 The two disulfide-bonded H-superfamily toxins

discovered in the venom duct transcriptome of C. victoriae also share the type VI/VII

cysteine framework.

6.2 Type VI/VII framework

 The type VI/VII cysteine framework was first described in the conotoxin ω-GVIA,85 and

has since been found in almost 700 sequences, making it the most common framework

known at the present time. The framework is composed of six cysteines separated by four

loops, with the disulfide bonds connected in a I–IV, II–V, III–VI pattern. Conotoxins

bearing this framework have been found to act at several different targets, including

voltage-gated sodium channels (δ- and μ-conotoxins), voltage-gated calcium channels 

(ω-conotoxins), voltage-gated potassium channels (κ-conotoxins) and voltage-gated 

pacemaker channels (γ-conotoxins). Hence, knowledge of the cysteine framework does not 

provide a good indicator of the pharmacological target of a given toxin and thus provides

no clues as to the activity of the H-superfamily toxins. Many conotoxins bearing this

framework do share some structural similarity, folding into the defined toxin scaffold of

the ICK motif.
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6.3 Inhibitory cystine knot (ICK) motif

The ICK motif is a common structural scaffold, found in toxins from the venom of

scorpions, cone snails and spiders as well as peptides from plants and fungi.86 Peptides that

adopt this motif usually bear an antiparallel β-sheet structural element, and always possess 

three disulfide bonds that form the ‘knot’ structure.

As can be seen in Figure 6, a ring is formed by two of the disulfide bonds (along with

the intervening backbone residues of the peptide). The third disulfide bond is threaded

through this ring, completing the ‘knot’.87

Figure 6. Representation of the ICK fold. The ring is cyan; disulfide bonds are yellow. (A)
Conotoxin ω-GVIA, one of the first molecules in which the ICK motif was identified.87 (B)
Schematic diagram, illustrating the disulfide-bonded ring through which the third disulfide
bond passes.

The first few molecules discovered with this motif inhibited ion channels, which led to

the term ‘inhibitory cystine knot’. As more molecules have been discovered that bear this

motif, the collection have been found to include proteases, hormones, anti-microbial

peptides and peptides with anti-HIV action and other effects.88 This confirms that the

structure is not a good indicator of eventual function. The ICK motif is noted for being

exceptionally stable,89 and has also been investigated as a possible scaffold for peptide

engineering.90
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6.4 Project targets: H_Vc7.1 and H_Vc7.2

Analysis of the transcriptomic data from the C. victoriae venom duct identified two

sequences from the newly described H-superfamily which bore the type VI/VII cysteine

framework, being named H_Vc7.1 and H_Vc7.2.84 These peptides were also identified in

MS data collected on crude venom samples, providing evidence at the protein level. The

sequences of the peptides are given in Figure 7.

Figure 7. Sequences of H-superfamily toxins from venom duct transcriptomes of C.
victoriae and C. marmoreus. Disulfide connectivity is assumed by homology with other
framework VI/VII and ICK molecules.

The H-superfamily toxins from the C. victoriae venom duct transcriptome were chosen

for further investigation for a number of reasons. Firstly, it was an opportunity to

characterise peptides from a novel superfamily, perhaps establishing a precedent to guide

the approaches of future researchers investigating other H-superfamily toxins. Secondly,

the MS data collected indicated that the peptides were devoid of post-translational

modifications, opening the possibility of producing them by recombinant expression.

Thirdly, the novelty of the sequence gave rise to the hope that the toxins may have novel

modes of action, expanding the range of molecules that may find use as research tools or

therapeutic lead compounds.

6.5 Contryphans

The other peptide to be investigated from the C. victoriae venom duct transcriptome was

contryphan-Vc2, a member of the contryphan family of conotoxins which was first

identified in Conus radiatus in 1996.91 The contryphans share a signal presequence with

the O2 gene superfamily and contain only a single disulfide bond (thereby avoiding the

concept of cysteine frameworks).92 No convincing target has been established for the class,

although individual contryphans have been reported to have activity at certain ion
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channels.93-95 Therefore contryphans have not been classified into a pharmacological

family.

6.6 Project target: Contryphan-Vc2

Contryphan-Vc2 is an unusual contryphan, deviating from the consensus sequence that

most members of the class conform to. This novelty recommended the molecule for further

study, which is documented in the published work Structure and activity of

contryphan-Vc2: Importance of the D-amino acid residue, presented as Chapter 3 of this

thesis.

7 Research question

From the literature, it is clear that peptide toxins can be useful both as tools and as

therapeutic compounds. However, this utility is not universal, and each toxin must undergo

a biochemical evaluation to establish its potential. The 113 sequences of the C. victoriae

venom duct transcriptome are ripe for such investigations, although to fit within the scope

of the current project only a few can be investigated. By contrast, the scorpion toxin HsTX1

is already under investigation for its potential therapeutic properties, but may also be useful

as a tool in peptide engineering. This too is a possibility worth investigating. The research

question for this thesis is therefore: What utility do the peptide toxins under investigation

possess?

8 Aims

The specific aims of this project are to:

1. Evaluate the potential for scorpion toxin HsTX1 to be used as a scaffold in peptide

engineering, using the RGD and DINNN motifs as example graft sequences. Design

of hybrid molecules will be informed by molecular dynamics computer modelling,

before production and testing of selected constructs.

2. Investigate the structure and function of novel conotoxin sequences discovered in

the venom duct transcriptome of C. victoriae. Samples will be produced by

recombinant expression or solid-phase peptide synthesis, and tested via nuclear

magnetic resonance spectroscopy and mouse bioassay.
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1 Introduction

Producing peptides for experimental analysis is not always straightforward. In some

cases, the procedure is further complicated by the nature and properties of the peptide to be

produced, as it may be unstable, toxic, or otherwise challenging to produce in its normal

state. Such challenges may make production of the native peptide unfeasible, and if it

cannot be produced it cannot be tested. However, if the active section of the peptide is

known, it may still be possible to study its function by engaging in peptide engineering,

redesigning the peptide to be more amenable to production and testing.

This chapter documents such an exercise in peptide engineering – an attempt to validate

the scorpion toxin HsTX1 as a scaffold for molecular grafting.

1.1 Peptide engineering

In this context, peptide engineering refers to the rational re-design of peptides of

interest, modifying the sequence or structure of an existing molecule to reduce undesired

traits and promote beneficial ones. This thesis chapter is concerned with redesigning

peptides from a functional standpoint, although the term ‘peptide engineering’ can also

cover engineering peptides for structural purposes – such engineered peptides often self-

assemble into nanoscale structures for applications in nanotechnology.1, 2 These

applications are not considered further in the current work.

There are many techniques applicable to the peptide engineering field from a functional

standpoint. One popular technique is combinatorial peptide engineering (also called

‘directed evolution’),3 in which extra sequences are introduced to a protein scaffold and

randomly mutated before being screened for activity. The best performers are mutated and

screened again through successive iterations, until the final molecule is produced. Other

techniques include forced cyclisation of molecules,4 ligation of peptide fragments to create

larger molecules,5 selective mutation of sequences with natural and unnatural amino acids6

and molecular grafting.

1.1.1 Molecular grafting

‘Molecular grafting’ is a technique in which sections of two source peptides are melded

together to form a new hybrid molecule that shares in the properties of both component

pieces. Each component has a specific function in the hybrid. First is the ‘scaffold’, which

makes up the bulk of the hybrid and is chosen for its structural properties, such as thermal
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stability, protease resistance and folding efficiency. By using a stable molecule as the basis

for the hybrid, it is hoped the hybrid will be likewise stable. The other source molecule is

chosen for its function, with the intent that the hybrid molecule will exhibit the same

functionality. This is done by selecting the stretch of sequence that is responsible for the

desired activity, whether it be the active site, a recognition motif or a set of catalytic

residues. This active sequence, commonly referred to as the ‘motif’, is then grafted onto

the scaffold molecule at an appropriate location. A hybrid is thus formed which displays

the grafted active sequence in a molecule with much higher stability, circumventing the

issues inherent in studying the source molecule on its own.

Several labs have been pursuing peptide engineering by molecular grafting, producing

molecules with applications in areas such as tumour imaging,7 tumour suppression,8

treatment of autoimmune disease,9 foot-and-mouth disease10 and chronic pain.11

1.1.2 Molecular grafting: scaffolds

Selecting a scaffold for a molecular grafting project is a key element in the ultimate

success of the endeavour. There are two broad ways in which scaffolds are selected. The

first is by homology matching – that is, by searching a structural database for a molecule

that has a structural element similar to the sequence to be grafted, and using that molecule

as the scaffold. This approach is often used when engineering enzymatic activity or

mimicking protein-protein interactions, as the structural similarity being exploited allows

the inclusion of multiple point mutations at disparate locations, rather than a single stretch

of sequence.12, 13 However, a new search must be undertaken for each new application, as

the geometry of each grafted sequence is different from the last. A generalised solution is

not possible.

The second approach is to select a molecule that has the potential to present the grafted

sequence in an active conformation. There is a collection of molecules that have already

been shown to possess this attribute, which forms a toolkit for peptide engineers from which

the scaffold most suited for their purposes can be selected without an exhaustive search.

The graft to be introduced is often limited to a single insert, as opposed to the more far-

reaching modifications sometimes attempted using the homology matching approach.

Some versatile scaffold molecules have been used to display multiple distinct peptide grafts

in the reported literature (Table 1).
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There are two qualities of a scaffold molecule that are of primary importance: stability,

and the capacity to tolerate a grafted sequence. The first scaffolds tested in early molecular

grafting applications were sections of the immunoglobulin molecular fold, as the structure

was stable and the variable-region loops were, by definition, tolerant of a wide diversity of

sequences. More recent efforts have focused on validating smaller, more synthetically

tractable molecules as scaffolds, including many multiply-disulfide-bonded peptides that

fold into fairly rigid three-dimensional structures. These molecules are sometimes termed

‘miniproteins’, as their short sequences nevertheless form structures that include a solvent-

excluded core reminiscent of that of larger proteins. In the case of miniproteins this core is

made up primarily of the cystines of the disulfide bonds, rather than buried hydrophobic

sidechains.

An overview of the molecules that have been used as scaffolds for molecular grafting

applications is presented in Table 1.
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Table 1. Summary of molecules used as scaffolds in molecular grafting peptide engineering
studies.

Molecule name Abbreviation
Structural

motif

No. of
disulfide

bonds

Insert
lengths
(# res.)

Ref

Immunoglobulin

and portions thereof

(VL, REI VL)

Ig Ig ≥1 
20, 16, 15,

13, 12, 9

14-16

Lysozyme Globular 4
4, 5, 6, 7,

8, 10, 12

17, 18

Interleukin-1β IL-1β 
Up-and-down

β barrel 
0 3, 10 16, 19

ω-agatoxins AgTx ICK 4 9 20

Agouti-related protein AgRP ICK 5
7, 11, 14,

16, 18, 20

21, 22

Ecballium elaterium

trypsin inhibitor
EETI-II ICK 3

7, 12, 14,

18

21, 22

Momordica

cochinchinensis trypsin

inhibitor

MCoTI-I/-II CCK 3
3, 6, 7, 9,

14, 15, 16,

8, 10,

23-25

Kalata B1 CCK 3

4, 5, 6, 7,

8, 9, 10,

12, 13

9, 11,

26, 27

Charybdotoxin ChTx CSαβ 3
8 (NC),

9 (NC)

28-30

Scyllatoxin ScyTx CSαβ 3
11 (NC),

12 (NC)

31

Buthus martensi high-

conductance potassium

channel toxin 1

BmBKTx1 CSαβ 3 4 (NC) 32

θ-defensin RTD-1 RTD-1 CCL 3 3 33

Obtustatin Disintegrin 4 11 21

Microcin J25 MccJ25 Lasso 0 3 34

Sunflower trypsin

inhibitor
SFTI-I β-hairpin 1 6, 7, 9 24

ICK = inhibitory cystine knot, CCK = cyclic cystine knot, CSαβ = cysteine-stabilised α/β, 
CCL = cyclic cystine ladder, NC = non-continuous insert



Introduction 37

As can be seen from Table 1, there are three general disulfide-bonded motifs that have

been extensively investigated as scaffolds, with multiple molecules bearing the motif used

in grafting experiments.

One of these is the inhibitory cystine knot (ICK) motif, which was detailed in the

Introduction to this thesis. This motif is attractive as a scaffold, as most of the stabilising

interactions are found in the cystine knot – as long as the disulfide bonds remain intact, the

structure remains stable. The non-cysteine residues have little impact on stability, meaning

that they can be mutated and foreign sequences can be grafted in without perturbing the

structure. EETI-II in particular has been used in several molecular grafting applications

(references in Table 1).

The cyclic cystine knot (CCK) motif is very similar to ICK, save that the backbone of

the peptide is cyclic. This motif is the uniting feature of the cyclotides, a class of plant

defence peptides with diverse activities.35 As with the ICK motif, the structural stability

resides in the disulfide bonds, leaving the rest of the peptide open for grafting. Kalata B1

is an example of this class that has been intensively studied. Gunasekera et al.26 evaluated

each of the six intercystine loops of kalata B1 as insertion points for grafted sequences,

excluding loops 1 and 4 (as they form the ring of the cystine knot and opening the backbone

at these positions causes a failure to fold36). The antiangiogenic RRKRRR ‘poly-R’ graft

tested was most active when displayed in loop 3.26 In other reports loop 6 has been favoured

as an insertion site, as it is the largest loop in the structure and is not in close proximity to

the bulk of the molecule, reducing the risk of steric clash between the grafted hybrid and

the target molecule.11, 27 Grafting in this site has resulted in a hybrid capable of selectively

blocking the bradykinin B1 receptor (with applications in easing chronic inflammatory

pain)11 as well as a molecule selective for the melanocortin 4 receptor (of potential use for

the treatment of obesity).27

 The final well-studied scaffold is the CSαβ fold, commonly found in scorpion toxins – 

the same scaffold borne by the proposed scaffold of HsTX1. The key difference between

the previous reports and the current work is that each of the previous studies that made use

of the CSαβ scaffold chose it by homology matching, rather than utilising it as a general 

scaffold. Drakopoulou et al. replaced two of the β-strands of charybdotoxin with β-hairpins 

from both a curaremimetic snake neurotoxin28 and the CDR2-like region from the

immunological glycoprotein CD4.29 The short N-terminal β-strand of the scaffold was 

truncated in each case to improve the accessibility of the grafted hairpin and avoid clashes

with the target molecule. Vita et al. followed up by grafting the CD4 hairpin into the β-sheet 
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of scyllatoxin, which lacks the N-terminal strand and was therefore posited to be a superior

scaffold.31 Matching the α-helix also led Li et al. to engineer a tumour-suppressing p53 

sequence into the CSαβ scorpion toxin BmBKTx1.32 None of these examples involved

grafting a motif into a generic insertion site on the CSαβ structure, as is proposed in this 

work.

1.1.3 Potential graft: RGD integrin binding motif

To evaluate the potential for HsTX1 to act as a scaffold, an appropriate graft sequence

needed to be selected for testing. A classic sequence used to test the feasibility of scaffolds

is the tripeptide RGD, the integrin binding motif. Integrins are a class of membrane-bound

cell-surface receptor that integrate the extracellular matrix with the cytoskeleton of cells.37

Each receptor exists as a noncovalent heterodimer of α and β subunits. Both types of subunit 

possess a large extracellular domain, a single transmembrane helix and a short cytoplasmic

domain. Despite these similarities in architecture, the subunits are not homologous, and

generally α subunits are larger than their β counterparts. To date 18 α subunits and 

8 β subunits have been characterised in vertebrates, with 24 distinct heterodimers 

documented.38 Integrin receptors bind an array of ligands which are abundant in the

extracellular matrix, including collagen, fibronectin, fibrinogen, thrombospondin,

vitronectin and von Willebrand factor.39 Upon binding, integrin receptors form clusters and

in many cases recruit kinases that go on to phosphorylate other signalling molecules.37 The

minimal recognition motif for an integrin ligand is the tripeptide Arg-Gly-Asp, known as

the RGD motif.40-42 Each heterodimeric integrin receptor interacts with a different subset

of extracellular RGD-containing ligands, and each ligand can interact with multiple integrin

receptors. The differing recognition profiles of integrin receptors are thought to be due to

differing physical conformations of the tripeptide motif.43

Since it was first identified in 1984,40 the RGD motif has seen frequent use as a promoter

of cell adhesion. Biopolymers modified with RGD peptides have elicited heightened cell

attachment and cell spreading in tissue engineering applications,44 and many studies have

made use of the motif as a graft for peptide engineering.15-18, 20, 21, 33, 34 These successes

make the RGD motif an ideal candidate for validating the utility of a new peptide scaffold.

1.1.4 Potential graft: DINNN protein-protein interaction recognition motif

In addition to the RGD motif, a more focused practical application of HsTX1 as a

scaffold was planned by using a second graft sequence. Inducible nitric oxide synthase
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(iNOS) was a molecule under study in our laboratory that is a key part of the innate immune

response to invading pathogens, as it is upregulated in instances of pathogenic attack. iNOS

catalyses the conversion of L-arginine into L-citrulline and nitric oxide, a reactive free

radical which is used as a chemical attack to kill the invading pathogen.45 The production

of nitric oxide is closely regulated, as excess nitric oxide is also harmful to native cells, so

iNOS is recognised by the cytoplasmic protein SPRY-containing SOCS box protein 2

(SPSB2). Binding between iNOS and SPSB2 leads to ubiquitination and degradation of

iNOS, which ends the production of nitric oxide.46 The recognition motif for this protein-

protein interaction is the pentapeptide Asp-Ile-Asn-Asn-Asn (DINNN).46 An appropriately

designed DINNN analogue could occupy the binding site on SPSB2, competing for binding

with iNOS and thus delaying iNOS degradation and prolonging the production of nitric

oxide. This would enhance the pathogen killing effect, and may be an avenue for the

creation of novel anti-infective agents.47 A grafted HsTX1 molecule containing the DINNN

motif was hypothesised to be capable of producing this effect, which would be a good test

of HsTX1 as a scaffold.

1.1.5 Hybrid construct design

 The structure of HsTX1 includes a loop between the two strands of the β-sheet (residues 

25–28), which was chosen as the site of insertion for the graft sequence (illustrated in

Figure 1). One important consideration was the length of the linker between graft and

scaffold – too short and the bulk of the scaffold may interfere with the binding event

between graft and target, while a too long linker would confer too much flexibility and

negatively impact the stability of the construct. To probe the stability of constructs with

varying linker lengths, molecular dynamics simulations were performed on a series of

proposed designs.
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Figure 1. Three-dimensional structure of scorpion toxin HsTX1. Disulfide bonds are

yellow, graft insertion loop is highlighted in red.

1.2 Molecular dynamics (MD) simulations

Molecular dynamics (MD) simulations are a computational method for investigating

molecular systems, which can provide information on the specific interactions made by

individual atoms in the system.

1.2.1 Technical aspects of MD simulations

In a MD simulation, the molecular system to be analysed is represented as a collection

of particles. The positions and velocities of the particles evolve in time, with the total length

of the simulation made up of many small time steps. At each time step, the forces acting on

each particle are calculated and both position and velocity are updated accordingly. The

process is very computationally expensive and, despite a range of techniques available for

optimising the process, long simulations of complex systems can take many weeks of CPU

time. Some of these streamlining techniques are discussed in the following sections, as are

other important aspects of the MD framework.

1.2.2 Force fields

The forces applied to each atom in a MD simulation are determined by the molecular

mechanics force field, which consists of a potential energy function and a series of
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parameters used in that function, such as (for example) bond lengths and atomic charges.

The potential energy function is made up of several terms, each of which describes the

energetic contribution of a certain type of interaction. A common form of the potential

energy function is shown in Figure 2. Different interactions between bonded molecules are

accounted for by a series of separate terms. The energy associated with deviations from the

ideal bond length is represented by a harmonic potential. Bond angles are similarly treated

with a harmonic potential, while torsional angles are represented by a periodic sinusoidal

term. The other terms in the potential energy function are for long-range interactions

between non-bonded atoms. Dispersion forces are represented by a Lennard-Jones ‘12–6’

potential, with a repulsive component acting at short distances and an attractive component

that dominates at larger distances. Finally, electrostatic interactions are captured by a

coulombic potential.48 Each of these terms is evaluated for each particle at each time step,

with the calculated force being used to update the position and velocity of the particle.

Thus, the potential energy function forms the core of the molecular dynamics simulation.
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Figure 2. General form of potential energy function used in molecular dynamics force
fields. Taken from 48.

The potential energy function is only part of the force field, however. The function

contains several constants that determine the strength of each interaction, and these

constants may be different for different atom types. Force fields must therefore be

parameterised to ensure these constants and other terms yield a model that is in agreement

with experiment. There are several force fields that can be employed in a MD simulation,

with a diversity even within the sub-field of biomolecular MD. Many are continually

undergoing a process of development and refinement. Each force field may base its

parameterisation on a different property of the atoms involved. The GROMOS force field

bases its parameterisation on the free enthalpy of solvation,49, 50 while the CHARMM force

field is optimised for condensed phase calculations by reproducing experimental pure

liquid, solution and crystal data with a balance between microscopic and macroscopic

properties.51
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1.2.3 Time step length

The length of the time step used in a simulation is informed by two factors. It is more

efficient to run simulations with as large a time step as possible, since fewer calculations

need to be performed for a simulation of a given duration. The computing power thus saved

can then be re-invested to run longer simulations and access motions at larger timescales.

However, the time step must sample the system often enough to capture the motions of the

system – if the time step is too long, rapid motions can be missed, leading to discontinuities

and compromising the simulation. The time step is therefore limited by the fastest dynamic

that is observed in the system under analysis. For a peptide in water, the fastest dynamic is

technically bond-stretching vibrations, which occur on a timescale of ~10 fs.52 However,

these motions are governed by quantum mechanical effects and are not explicitly

considered in classical MD, being treated by a mathematical constraint instead. The fastest

dynamic considered by a MD system is therefore bond-angle vibrations (specifically, those

that include hydrogen atoms), which have a periodicity of 13 fs.52 To ensure this motion is

sampled sufficiently, MD simulations of peptides are generally limited to a time step of

2 fs.

1.2.4 All-atom, united-atom and coarse-grained force fields

In addition to the length of the time step, another contributor to the computational cost

of a simulation is the number of particles to be simulated. The more particles there are in

the system, the more calculations are required at each time step – and since long-range

interactions in principle involve calculating the force on every particle due to every other

particle, the computational expense compounds on itself. To help mitigate this, some force

fields combine multiple atoms into larger particles, saving on the number of particles to be

simulated. In an all-atom force field, such as AMBER or CHARMM22, each individual

atom is represented by its own particle. Another option is a united-atom force field, such

as GROMOS or CHARMM19, in which some atoms are considered together in a single

particle. For example, the GROMOS united-atom force field merges non-polar hydrogen

atoms with their bonded heavy atoms. Extending this concept further are coarse-grained

force fields, such as MARTINI, in which several atoms are grouped together into a single

particle or ‘bead’. Combining multiple atoms into these coarse-grained beads reduces the

number of particles that need to be simulated, and allows the simulation of larger systems.

In addition, larger time steps can be used, as the dynamics between beads are slower than

those between atoms. It has been estimated that the coarse-grained approach can cut the
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computational cost of a simulation by seven orders of magnitude, compared to an atomistic

simulation of the same system.53 This saving comes at the cost of reduced fidelity, so

coarse-grained simulations are generally only run for large systems that are beyond the

capabilities of modern hardware running more atomistic simulations. The differences

between all-atom and united-atom simulations are less severe, although the incorporation

of hydrogen atoms into the simulated particle requires a distinct and specialised parameter

set to ensure physical behaviour.

1.2.5 Accounting for solvent effects

Hardware constraints on the complexity of systems that can be simulated are a constant

reality in the MD field, although the situation is always improving. In the early years of

MD, one strategy to mitigate this reality was to perform a biomolecular simulation in a

vacuum, without solvent. Indeed the first simulation of a protein, performed in 1977 on the

globular bovine pancreatic trypsin inhibitor, took this approach.54 The justification supplied

for neglecting the solvent was that the internal motions being analysed would be little

affected by the lack of solvent, even though the surface residues would be subjected to

unphysical conditions. With the advent of more powerful computer hardware, simulations

incorporating the effects of solvent have become the norm, which allows the analysis of

surface effects – particularly important in the simulation of peptides.

One early solution to the solvation problem was implicit solvation, in which the effects

of solvent on the molecule of interest were calculated via a series of mathematical

approximations.55 This was mostly useful for bulk solvent and was unable to account for

the effects of ordered water molecules at the solvent-solute interface. The implicit solvent

model could also break down in areas such as deep binding pockets, where the behaviour

of isolated water molecules may vary from that of bulk solvent.

The modern solution to the solvation problem is explicit solvation, which involves

including a host of water molecules in the simulation and calculating the interactions of

these molecules with the species of interest and with each other. Several water models have

been developed for this purpose in an attempt to faithfully replicate experimentally

determined properties of liquid water, such as density and intermolecular energy. Models

vary in the number of particles used to compose a single water atom. While models with

higher particle counts are generally more faithful to the experimental values, they are also

more computationally expensive.56 The choice of which water model to use is often

informed by the force field being utilised; when force fields are being parameterised, the
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values chosen are usually selected on the assumption that a certain water model will be

used. For example, the GROMOS force field is optimised for use with the single point

charge (SPC) model, while AMBER and CHARMM make use of TIP3P.57 Using a

different water model may involve re-parameterisation of the force field to ensure results

are accurate.

1.2.6 Simulation cells and periodic boundary conditions

If a simulation is run on a system of a finite size, unphysical effects may occur at the

boundary, where the particles have no neighbours to interact with. At the same time, it is

impractical to simulate a system of infinite size. The solution is to confine the simulation

to a finite ‘cell’ and impose a boundary condition. Most biomolecular simulations make

use of so-called periodic boundary conditions, in which the cell is replicated as a periodic

image on all boundaries. When forces are calculated, each particle interacts with whichever

version of the partner particle is closest – either the one in the cell or one in a periodic

image. In effect this creates a simulation of infinite volume and eliminates boundary effects

that would otherwise influence the simulation. An important consideration is the size of the

cell; although there is no problem if the molecule of interest interacts with the periodic

image of a solvent molecule, a situation should be avoided where the molecule is interacting

with a periodic image of itself. Therefore the cell must be of a sufficient size to ensure this

does not occur. However, a larger cell contains more particles and therefore requires more

computational power. To alleviate this, some simulations make use of non-cubic boxes. A

rhombic dodecahedron, for example, can maintain the same separation between a molecule

and its images while saving 40% of the volume, and therefore the solvent molecule count,

over a cubic box.58 This is due to the more spherical geometry of the rhombic

dodecahedron, which cuts corners off a similar-sized cube but still tessellates efficiently.
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Figure 3. Grafted HsTX1 construct in a simulation cell packed with SPC water models.

The goal of a MD simulation is to investigate the motions of a system at the atomic level,

collecting data and allowing inferences to be drawn. The capabilities of the hardware

running the simulation determine which systems are tractable and how long the simulation

will take to complete. Through careful selection of time step, force field, solvent treatment,

cell dimensions and boundary conditions, the computational expense of achieving that goal

can be minimised. The computational power thus saved can then be invested in running a

longer simulation to collect more data, or in testing more conditions and determining the

effect of different variables, or in a simulation of a more complex system to gain new

knowledge in a new arena. Eventually the progress of technology makes such simulations

viable even without optimising such parameters, but making use of the techniques

discussed pays dividends in the meantime.
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2 Research rationale

In this study, MD simulations were used to model the interactions of designed constructs

of grafted HsTX1, determining the effects of the graft and linker residues on the stability

of the molecule. The primary focus was on the length of the peptide linker. Too short and

the motif would be unable to interact with the target protein due to steric hindrance by the

bulk of HsTX1. Too long and the linker would be too flexible, negatively impacting

stability and possibly complicating binding. The site of insertion for the grafts was the loop

between the β-strands, residues 25–28 in the native sequence. For each graft (RGD and 

DINNN), a series of constructs was designed in silico, differing by the number of Gly

residues in the linker between graft and scaffold. The linkers were symmetric, with an equal

number of Gly residues on each side of the graft (0–5, resulting in a total linker length of

0–10 residues).

In addition to these poly-glycine linkers, two constructs were designed based on work

published by Kimura et al.,59 which described RGD-containing peptides developed by

directed evolution. The inserts of their constructs 2.5D and 2.5F were transplanted to the

HsTX1 scaffold to form constructs JC-D and JC-F. The sequences of the designed

constructs (and the final constructs produced) are presented in Table 2.

Table 2. Sequences of proposed HsTX1 grafted constructs. Binding motifs are red, linker
residues are purple.

Construct
designation

Sequence

Native ASCRTPKDCADPCRKETGCPYGKC-----MNRK------CKCNRC*

Rx ASCRTPKDCADPCRKETGCPYGKC-(Gx)RGD(Gx)---CKCNRC*

JC-D ASCRTPKDCADPCRKETGCPYGKC--PQGRGDWAPTS--CKCNRC*

JC-F ASCRTPKDCADPCRKETGCPYGKC--PRPRGDNPPLT--CKCNRC*

R-C ASCRTPKDCADPCRKETGCPYGKC----GRGDWAE----CKCNRC*

Dx ASCRTPKDCADPCRKETGCPYGKC-(Gx)DINNN(Gx)-CKCNRC*

D10-GS ASCRTPKDCADPCRKETGCPYGKCGSGSGDINNNGSGSGCKCNRC*

To test the stability of these constructs, MD simulations were carried out with a time

step of 2 fs using the GROMOS united-atom force field in the GROMACS software

package, with the explicit SPC water model and a rhombic dodecahedral box.
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3 Methods

3.1 Molecular dynamics (MD) simulations

Molecular dynamics simulations were carried out using GROMACS version 5.0.4,60

utilising the GROMOS 54a7 united-atom force field50 and a 2 fs time step. Temperature

coupling made use of the velocity rescale algorithm with a reference temperature of 298 K.

Pressure coupling used the Parinello-Rahman algorithm,61 with reference pressure of 1 bar

and compressibility of 4.5 x 10-5 bar-1.

Initial structures were generated using the Maestro software package (v 10.3.014)62 by

in silico mutation of the published structure of HsTX1 (PDB code: 1QUZ).63 These

structures were solvated with SPC water and subjected to a steepest-descent minimisation

of 2000 steps to remove bad van der Waals contacts between atoms. Temperature

equilibration (without pressure coupling) was run for 10,000 steps. Isotropic pressure

coupling was then applied for 500,000 steps. Following equilibration, the simulation

production runs were executed for 100 ns each. The resultant trajectories were visualised

with the Visual Molecular Dynamics (VMD) software package (v 1.9.2)64 and analysed

with VMD and GROMACS built-in tools.

3.2 Trajectory analysis

Simulation trajectories for each construct were visualised with VMD. Images of the

constructs were also prepared with this software. Root-mean-square deviation (RMSD)

violin plots were generated with a Python script using the matplotlib library,65 based on

data extracted using the rms command of the GROMACS software. Radius of gyration was

calculated using the gyrate command of the GROMACS software and plotted using the

gnuplot software package (v 5.0). Regional average RMSD values across the simulation

were calculated with the VMD RMSD Trajectory tool.

3.3 Peptide synthesis

Samples of selected constructs were ordered from Peptides International Inc. (KY,

USA), where they were produced by solid-phase peptide synthesis (SPPS). Analyses of the

samples produced are shown in Section 4.7. A discussion of the SPPS technique is

presented in the following chapter, Accessing peptide toxin samples.
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4 Results

4.1 Initial structure creation

The initial structures for each proposed construct were prepared by in silico mutation of

the PDB entry for HsTX1 (PDB ID: 1QUZ). Residues 25–28 in the native structure were

replaced by the combined graft and linker sequence (Table 2). The structures were also

energy minimised within the Maestro program before coordinates were output in the PDB

file format, ready for conversion to the .gro format.

4.2 Trajectory analysis

To ascertain the stability of the proposed constructs, global RMSD and radius of

gyration (Rg) were calculated across the 100 ns simulation time of each trajectory. RMSD

values indicated the extent to which the structure was changing, while radius of gyration

allowed the compactness of the structure to be monitored. If the structure of the grafted

construct were to unravel during the simulation, this would be indicated by an increase in

Rg. The results of these analyses are presented in Figures 4–7.

4.3 RMSD plots

The RMSD of each construct from the initial pose was calculated for the length of the

trajectory. These values were visualised as violin plots, giving an indication of the overall

flexibility of each construct and allowing easy comparison to the other constructs in the

series. The higher the RMSD of a construct, the more the structure changed over the course

of the simulation. Lower RMSD values indicate lower variability and therefore more stable

conformations. The plots are presented as Figure 4 and Figure 5.
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Figure 4. Violin plots of RMSD values for R-series in silico designed HsTX1 grafted
constructs. Higher values indicate greater deviation from the initial pose.

Figure 5. Violin plots of RMSD values for D-series in silico designed HsTX1 grafted
constructs. Higher values indicate greater deviation from the initial pose.

In general, the longer the linker the higher the RMSD observed. Constructs R2 and D0

are exceptions to this general trend, with greatly elevated RMSD values compared to their

short linker length. Construct R-C also defied the trend, as the graft is shorter than that of

R4, JC-D and JC-F and yet the RMSD is higher. Also notable is construct D10-GS, which

differs by identity from construct D10 by only four residues and by length not at all;

regardless, the RMSD value is appreciably reduced from that of construct D10.
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4.4 Radius of gyration (Rg) plots

Mathematically, the radius of gyration (Rg) of a molecule is the perpendicular distance

from the axis of rotation to the location of a point mass that gives the same inertia as the

whole molecule. The less compact the molecule – for example, the less folded the protein

– the higher the value of Rg.

Rg plots of the simulation trajectories of HsTX1 constructs are presented in Figure 6

and Figure 7 and generally maintain a consistent value, indicating that the structure

remained stable and did not unfold. Construct R8 is an exception, with a somewhat

heightened Rg value at the end of the simulation. Constructs R6 and D0 also displayed short

periods of heightened Rg, but then recovered and maintained a low value for the rest of the

simulation. Without running the simulation of construct R8 beyond 100 ns it is not possible

to determine if this construct would likewise recover or unfold completely. Construct D4

also deviates from the steady value towards the end of the simulation, but in this case there

is a reduction in Rg, reflecting the fact that the grafted loop folds over the side of the

molecule in a more compact arrangement.

Figure 6. Radius of gyration (Rg) as a function of time across length of simulation for
R-series in silico designed HsTX1 grafted constructs.
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Figure 7. Radius of gyration (Rg) as a function of time across length of simulation for
D-series in silico designed HsTX1 grafted constructs.

4.5 Regional RMSD calculations

The overall RMSD values for each construct (as shown in Figure 4 and Figure 5)

present an incomplete picture, since each construct was composed of two sections – the

residues composing the flexible graft and linker as well as the residues composing the core

of the scaffold. In terms of ascertaining stability of the molecule, the RMSD values of the

core scaffold were far more important, as the linker was expected to be flexible and able to

change its orientation throughout the simulation. Any change in the orientation of the linker

would alter the overall RMSD, but perhaps not appreciably impact the actual stability of

the construct. RMSD values were therefore calculated for each section separately, to

investigate the relative contributions of each part of the construct to the overall RMSD

value. The results of RMSD calculations for all constructs are presented in Table 3.
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Construct RMSD (Å)

Global Core
Grafted

loop

R0 1.40 1.36 1.64

R2 2.39 2.27 2.88

R4 1.99 1.57 3.29

R6 3.09 2.62 4.47

R8 2.22 1.90 1.96

R10 3.00 1.36 3.28

JC-D 2.85 2.07 2.55

JC-F 2.48 1.63 4.25

R-C 2.93 2.74 2.00

D0 5.17 5.10 5.42

D2 1.90 1.38 3.26

D4 2.74 2.41 3.72

D6 2.43 2.24 2.77

D8 2.54 2.56 1.66

D10 3.87 1.98 3.45

D10-GS 2.93 2.30 2.46

Table 3. Regional RMSD values for global fold, core residues and grafted loop over
simulated trajectory for all in silico designed HsTX1 grafted constructs. Values were
calculated for heavy atoms with respect to the average structure.

4.6 Selection of constructs

In addition to the stability of the construct, it was important that the linker be long

enough to prevent the steric bulk of the scaffold from interfering with the binding between

graft and target. The constructs selected for evaluation therefore had a minimum linker

length of four residues. The other criterion considered when selecting constructs to be

synthesised was the core RMSD value from Table 3, with lower values being more

favourable. The constructs thus selected were D10 for the D-series and JC-F for the

R-series. In consultation with our collaborator Mike Pennington of Peptides International,

the linker of D10 was modified from –GGGGG– to –GSGSG–. A simulation of this revised

construct (D10-GS) was also run and analysed in the same manner as the previous designs.
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4.7 Production of selected constructs

Production of the selected constructs was carried out by solid-phase peptide synthesis

by Peptides International, who have considerable experience in producing HsTX1 and

associated analogues. Synthesis was successful, and oxidative folding attempted via air

oxidation at room temperature for 36 hr in the presence of 0.75 mM oxidised glutathione

and 1.5 mM reduced glutathione. Unfortunately, the folding resulted in a multitude of peaks

on the HPLC trace rather than the single peak of a well-folded product (Figure 8). Previous

investigations on native HsTX1 have showed that the unmodified peptide folds to a single

peak in almost 100% yield (Figure 4A in Rashid et al.66).

Figure 8. RP-HPLC traces of refolding mixtures of final HsTX1 constructs following
overnight incubation. Buffer A: 0.05% TFA in MilliQ H2O; Buffer B: 0.05% TFA in
acetonitrile, gradient: 0–67.5% B over 20 min. (A) Construct D10-GS. (B) Construct JC-F.

4.8 Final construct design

Given the failure of construct JC-F to fold, a shorter RGD graft from a publication by

Richards et al.67 was proposed, in the hope that the shorter graft would have a smaller

impact on folding. A simulation of this proposed construct R-C was also run and analysed

(Figure 4, Figure 6, Table 3). As with the other constructs produced, the refolding reaction

resulted in a multitude of peaks, frustrating attempts to isolate a pure sample for analysis.
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5 Discussion

The design of the grafted construct is a key consideration in the pursuit of a molecular

grafting study, and impacts on every downstream aspect of the process. Both graft and

scaffold must be carefully chosen, and then integrated effectively.

For this project, the explicit aim was to validate HsTX1 as a general scaffold, which set

the choice of which scaffold to use. To effectively ascertain the generalised utility of the

scaffold, two grafts were chosen to test. The RGD motif has been widely used in proof-of-

concept and validation studies for other scaffolds, which made it a logical choice for this

new scaffold. The DINNN motif was chosen as a practical example of the ability of the

scaffold to exhibit a desired bioactivity. With both scaffold and graft set, the remaining

question was how to combine these elements in a manner that resulted in the best grafted

construct.

The approach chosen in this work defined ‘best’ as ‘most stable’, and to investigate how

to maximise this parameter MD simulations were undertaken. The primary strength of this

technique is that it furnishes a wealth of atomic-level detail on the system being studied. A

more challenging aspect is deciding which questions to ask of that data set, sifting through

and extracting the information most relevant to your research objectives.

5.1 Selection of constructs

Two criteria were used to select constructs for production. The first was that the linker

be long enough to separate the grafted motif from the bulk of the scaffold. This emerged as

a preference for linkers with at least two flanking residues on each side. The second

criterion was the RMSD value of the core region of the scaffold, with lower values taken

to indicate greater stability. The radius of gyration data was used as a filter; if any constructs

underwent an increase in Rg over the course of the simulation, it would indicate an

unfolding event that would disqualify them from consideration.

For the R-series, constructs R0 and R10 had the lowest core RMSD values. However,

construct R0 had no separation between the graft and the linker and would therefore be

unlikely to allow the RGD motif to interact with the integrin receptor unhindered. By

contrast, construct R10 had too much linker; RGD motif binding depends on a certain

rigidity,43 and five intervening Gly residues would confer excessive flexibility. The identity

of residues flanking the motif has also been shown to affect RGD-integrin binding.68 For

these reasons, construct JC-F was eventually chosen for synthesis, selected over construct
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JC-D by virtue of its lower core RMSD value. The PRPRGDNPPLT graft of construct JC-F

has been reported to bind to αVβ3, αVβ5 and α5β1 integrin receptors,59 and it was hoped this

graft could confer similar binding properties on the HsTX1 scaffold. Once construct JC-F

failed to fold, a shorter RGD consensus motif was taken from the work of Richards et al.67

to make construct R-C, in the hope that a shorter graft would lead to more efficient folding.

This did not eventuate, as construct R-C also failed to fold effectively.

The lowest core RMSD in the D-series belonged to construct D2, but again concerns

about linker length led to disqualification. The next lowest value belonged to construct

D10. There are no published data on the effects of rigidity of the DINNN motif on SPSB2

binding, so the enhanced flexibility of the graft was not considered to be as much of an

issue as it was for the R-series. Thus construct D10 was chosen as the DINNN graft for this

study – although for final production the linker was modified from poly-Gly to mixed

Gly/Ser.

The final constructs produced by solid-phase peptide synthesis were:

Construct JC-F

ASCRTPKDCADPCRKETGCPYGKCPRPRGDNPPLTCKCNRC*

Construct R-C

ASCRTPKDCADPCRKETGCPYGKCGRGDWAECKCNRC*

Construct D10-GS

ASCRTPKDCADPCRKETGCPYGKCGSGSGDINNNGSGSGCKCNRC*

5.2 Validity of assumptions

In this study, the initial models for each simulation run were constructed by in silico

mutation of the published HsTX1 structure from the PDB, inserting the motif and linker

into the loop between the β-strands (residues 25–28 in the native sequence). This was the 

starting point from which the rest of the simulation flowed – it was assumed that the peptide

would adopt this conformation, in which the structure was well folded and the disulfide

bond network was correctly arranged. This assumption was not without support, given the

highly efficient folding of native HsTX1.66 However, when the time came to produce the

selected constructs in the laboratory, it was found that the insertion of the graft between the

β-strands disrupted the efficient folding of HsTX1 and prevented the adoption of the folded 

conformation.



56 Chapter 1: Peptide grafting design using molecular dynamics

This was not a possibility which was considered in the simulation work. The simulations

performed had been designed to assess the stability of the folded conformation, rather than

the examine the specifics of the folding pathway. Indeed, a different tool would need to be

used to probe the folding pathway, as formation of the disulfide bond network is a critical

step and classical MD simulations are incapable of forming or breaking bonds between

atoms without including quantum calculations in the paradigm.48 The ‘refolding problem’

remains one of the greatest challenges in peptide biochemistry, as the factors that determine

and influence the transition from linear primary sequence to three-dimensional tertiary

structure are still being investigated and no general schema is known.

5.3 Directed folding

Finding conditions that promote the proper folding of proteins and peptides, especially

those with multiple disulfide bonds, is a challenging proposition. Buffers and cofactors all

play a role, but although there are general guidelines and principles there are no firm ‘rules’.

Rather than relying on conformational dynamics to ensure that the correct Cys residues

bond together, another approach is so-called ‘directed folding’. In this paradigm,

corresponding pairs of Cys sidechains are protected with orthogonal protecting groups,

such that the protecting groups can be removed one at a time. This results in only a single

pair of Cys sidechains being exposed at any given time and ensures that each pair will bond

with each other, rather than a different, incorrect Cys sidechain. This reduces the

combinatorial problem of protein folding into a series of discrete steps; instead of the 105

connection patterns possible with 4 disulfide pairs, a single pair is reacted at each stage,

resulting in the single, properly formed product. One such orthogonal scheme for 4

disulfide bonds has been reported using the protecting groups trityl (Trt), acetamidomethyl

(Acm), tert-butyl (tBu) and 4-methyl-benzyl (MeBzl).69

Although such a scheme could allow the production of properly folded HsTX1 grafted

hybrids, it nullifies a large part of the appeal of HsTX1 as a scaffold – that being the ease

of folding observed in the native peptide. If getting such a grafted molecule to fold becomes

a complex process, the simplest solution is to use a different scaffold.
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6 Conclusion

In the end, the effort to validate the scorpion toxin HsTX1 as a general scaffold for

molecular grafting was unsuccessful. Computer modelling, although useful, was limited in

scope and considerations outside the scope of the simulation lead to a failure in the folding

of the constructs when they were produced physically. There remain a selection of

molecules that have been successfully used as scaffolds for arbitrary short motifs in

molecular grafting, but the CSαβ fold is not one of them, having only been successfully 

grafted when chosen on the basis of homology matching with the source structure.
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1 Introduction

In this research project, one of the aims was to study newly discovered conotoxins from

the venom duct transcriptome of the cone snail Conus victoriae. One planned method of

analysis was solution nuclear magnetic resonance (NMR) spectroscopy, to determine the

three-dimensional structure. In order to facilitate this investigation, samples of toxins were

required in multi-milligram quantities at >95% purity. There are several different methods

that can be utilised to obtain such samples, such as direct isolation from the venom, solid-

phase peptide synthesis (SPPS) and recombinant expression. Each method comes with

certain strengths and challenges, which may make it ideal for some investigations and

unsuited for others. In the context of the newly discovered H-superfamily conotoxins

H_Vc7.1 and H_Vc7.2, the crude venom was a precious resource in limited supply.

Moreover, the toxins were not abundant in the venom. The peptides were of a length

tractable by SPPS (being less than 50 residues), which would enable the production of

native material and analogues. Recombinant production in E. coli would additionally allow

the prospect of double-labelling the sample with heavy isotopes, which would be

prohibitively expensive by SPPS. Double-labelling would allow heavy atom NMR spectra

to be collected in a reasonable timeframe, which would assist in assigning resonances and

calculating the solution structure. In this chapter, a brief background to the technical

approaches to peptide toxin production is provided, followed by details of attempts to

obtain samples of newly discovered conotoxins from C. victoriae by recombinant

expression.

Conceptually, each of the three methods mentioned for obtaining peptide samples

follows the same sequence of steps (Figure 1). The first is to form the polypeptide chain,

with amino acid residues arranged in the correct order to conform to the primary sequence

of the peptide of interest. Next, the peptide must be folded into the correct three-

dimensional structure with secondary structural elements such as α-helices and β-sheets 

arranged in the correct orientation. For cysteine-rich peptides, including many toxins, this

also requires the disulfide bond network to be properly connected. The final step is

purification, to ensure the experiments and assays to be carried out are not compromised

by contaminating species.
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Figure 1. Flowchart outlining the steps necessary to produce a peptide sample for analysis.

Each of the three methods accomplishes these steps in its own manner. When isolating

a toxin from the venom, the endogenous protein translation machinery of the source

organism accomplishes the first two steps; the challenge for the researcher is to isolate the

peptide of interest from the rest of the venom components. In recombinant expression, the

formation of the polypeptide chain and (in some cases) the folding are performed by the

machinery of the chosen host cell. In other cases the cellular machinery is unable to

correctly fold the sample and a separate refolding procedure is required. SPPS

accomplishes the first step through synthetic chemistry, sequentially adding amino acids to

the growing polypeptide chain. The folding step is also performed in vitro and may require

testing and optimisation. Purification is again the final step. As the three methods differ in

how they produce the target peptide, they also differ in other respects, such as the length of

time required, cost, suitability for particular peptides (especially in the area of post-

translational modifications) and the complexity of the final product. The benefits and

challenges of each method are discussed in more detail in the sections that follow.

1.1 Isolation from venom

Isolating samples of a peptide of interest from the natural source – for example, isolating

conotoxins from cone snail venom – is an important technique, as it ensures the material

recovered is complete and correct. Any post-translational modifications present can be

identified and the structure can be accepted as the canonical native fold. This technique can

therefore be used to confirm the identity and accuracy of peptides produced by the other

two methods to be discussed. Some early studies on conotoxins generated all of their toxin

material in this manner,1-3 although most recent studies rely on one of the alternative

approaches.

In most cases, the abundance of a toxin of interest in the venom is low. Collecting a

sufficient stock of venom from which to extract the required amounts of toxin is therefore

the first hurdle. This is not always straightforward, as venom composition can vary from

individual to individual within the same species. A study comparing the peptide

complement of the cone snail species Conus textile revealed that fewer than 7% of the
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peptides detected were shared by the three individuals studied.4 The method of venom

collection also affects the composition of the sample. Dissecting the venom apparatus from

a specimen and extracting the contained venom allows access to all peptides present in the

duct, but also commonly introduces non-venom material from the surrounding tissue. In

particular, these contaminants can include proteases, which may degrade the peptides of

interest before they can be isolated. In addition, this approach limits the amount of venom

that can be obtained from each specimen and can have a high cost in animal sacrifice.

Milking venom from captive specimens provides an alternative. The venom thus obtained

is typically less complex than material extracted from the duct, but many milkings are

generally required over an extended period of time to amass sufficient quantities of venom.

The state of the animal upon milking can also affect the sample composition, as distressing

a cone snail prior to milking elicits the production and expression of a ‘defensive’ venom,

distinct from the predatory venom used on prey.5 This variability requires researchers to

carefully consider how to acquire their stock of venom.

Once a stock of venom is obtained, a method for separating the individual venom

components is required. This is typically a chromatographic method that divides the sample

into several fractions. Fractions may need to be sub-fractionated to completely purify the

components. The final requirement for successfully isolating a peptide from the venom is

a technique for identifying which fraction contains the molecule of interest. Historically,

venom fractions were tested in assays for biological activity. Fractions that showed an

interesting effect in the assay were further investigated and characterised to reveal the

identity of the isolated peptide. More recent investigations make use of LC-MS and

LC-MS/MS to identify the peptides present in fractions.

To illustrate the process of isolating peptides from venom, the discovery of

contryphan-R may be used as an example.6 This peptide (and a deletion mutant) were

identified by isolating the toxins from the venom of the cone snail Conus radiatus. The

venom sample was obtained by dissecting the venom duct and extracting the toxins with

acetonitrile. Initial RP-HPLC of the extracted venom resulted in a multitude of peaks, while

bioassay of the fractions by intracranial injection in mice revealed a biological activity in

two peaks in particular. The bioactive fractions were then re-chromatographed with a

shallower gradient, revealing multiple peaks that were in superposition in the initial run.

Another round of bioassays was used to identify the active peaks from these

chromatograms, which were then purified to homogeneity. The two peptides thus isolated

were investigated and named contryphan-R and des-[Gly1]-contryphan-R.
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In the context of this research project, the crude venom was a precious resource in scarce

supply and the toxins to be investigated were of very low abundance. In addition, much

work had been done at the transcriptomic level that led to a complete knowledge of the

peptide sequence, without the need to isolate the toxins from a venom sample. Therefore,

alternative methods were used to produce samples for testing and isolation from venom

was not attempted in this investigation.

1.2 Recombinant expression

In recombinant expression systems, the transcriptional and translational machinery of a

host cell is harnessed to express the protein of interest. The host cell is transformed with an

expression vector containing DNA encoding the protein of interest and various genetic

markers to promote the translation of the recombinant sequence. The cells are then

maintained in optimal growth conditions to allow the protein to be expressed. Several

different types of cell are available as recombinant hosts, including mammalian cells, insect

cells, yeast, plant cells and bacteria. Choosing the best host for a particular protein is a

complex decision, based on the relative importance of several different factors.

1.2.1 Mammalian host cells

The pharmaceutical industry is making increasing use of so-called ‘biologics’, which

are proteinaceous therapeutics expressed recombinantly. The proteins thus produced are

usually of human origin to maximise biocompatibility with the human end-users. When

producing a protein of human origin via recombinant expression, there is an advantage in

using a mammalian cell line, such as Chinese hamster ovary (CHO) or human embryonic

kidney (HEK-293) cells. A mammalian cell producing a human (mammalian) protein

possesses all of the biochemical machinery required for proper folding and post-

translational modification of the expressed sequences,7 which could be lacking in other

potential host strains. However, mammalian cells are also challenging and expensive to

maintain and so are rarely used when this advantage is not required.8 As such, although

widely used in the pharmaceutical industry, mammalian cells have not been utilised to any

great extent in the production of peptide toxins for research purposes, as the effort and

expense do not translate to a substantially better outcome.
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1.2.2 Insect host cells

Insect cells can also be used as recombinant hosts, such as the Sf9 strain from

Spodoptera frugiperda. In the most common system, insect cells are infected with a

recombinant baculovirus coding for the protein of interest, under the control of the viral

polyhedrin promoter.9 Once the protein is produced the cells lyse, releasing the product into

the media where it can be harvested. The eukaryotic nature of insect cells provides them

with much of the post-translational modification machinery that would be lacking in

prokaryotic cells, which makes them attractive for the production of modified peptides.9

Insect cells are also easier to cultivate than mammalian cells and the baculovirus system

can deliver higher expression levels of the protein of interest.10 However, insect cells still

incur higher maintenance overheads than other potential host cell systems (discussed

below). There are reports in the literature of peptide toxins being produced by this system,

such as the spider toxin huwentoxin-1, although insect cells were only used in this study

after production by yeast and bacteria yielded unsatisfactory results, rather than as a first

preference.11 Toxins from the venom of the black widow spider have also been produced

by Sf21 cells.12 Although useful, this system is seldom the first choice for the production

of toxin peptides.

1.2.3 Yeast host cells

Another widely used kind of host cell are yeasts, most notably Saccharomyces

cerevisiae and Pichia pastoris. As with the other eukaryotic systems, yeast cells are capable

of post-translational modifications, although not the full range available to mammalian

cells. Yeast cells also boast secretion pathways that can direct the produced protein to the

culture medium where it can be easily harvested. The genome of S. cerevisiae in particular

has been extensively studied, aiding attempts at genetic manipulation. In addition to being

eukaryotic, yeast cells can be grown rapidly in inexpensive media to high cell density.13

These advantages make yeast cells an attractive alternative to other eukaryotic systems and

several studies have made use of this expression system. Toxins have been expressed from

the venom of a variety of species, including scorpions, spiders, snakes and cone snails.14-18

A scorpion toxin was expressed in P. pastoris and found to have insecticidal activity,15

while S. cerevisiae was used to express the spider peptide jingzhaotoxin-34 for functional

studies.16 The snake neurotoxin α-bungarotoxin has been produced recombinantly by 

P. pastoris,18 as has the conotoxin TxVIA from C. textile.17
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1.2.4 Plant host cells

Recombinant expression can also make use of plant cells, either in culture or as an entire

transgenic plant. Like the other systems discussed so far, plant cells are eukaryotic and thus

suitable for producing proteins and peptides with post-translational modifications.19 There

is also less risk of harmful contaminants being introduced to the sample with this system,

as plant cells are not afflicted by human pathogens and (unlike bacteria) the cells do not

produce endotoxins.20 The decision to express a protein in whole transgenic plants

necessitates consideration of additional requirements, such as which type of plant to use

and which plant component to accumulate the recombinant product in. Tobacco leaves,

cereal seeds and potato tubers have all been used, the selection of each system influenced

by factors such as production time, level of protein accumulation and ease of or need for

downstream processing.21

Producing recombinant proteins in plant cells in culture is a newer technology,

developed to address the lack of precise control inherent in whole transgenic plants.

Cultured cells allow greater batch-to-batch consistency, greater containment of the

transgenic material and easier compliance with good manufacturing process standards.19

However, plant cells grow much more slowly than microbial cells and typically deliver

relatively low protein yields.19 Several kinds of recombinant proteins and antibodies have

been produced by this host system,22 but there are few examples of venom peptides being

produced in plants for further research; one report details the production of the analgesic-

antitumor peptide from the scorpion Buthus martensi in this fashion.23 There are also

examples in the literature of venom peptides (commonly from spider venom) being

expressed in transgenic plants for their insecticidal properties, proving the viability of

plants as recombinant host for the production of toxins and the efficacy of the folding

apparatus.24-26

1.2.5 Bacterial host cells

Perhaps the most commonly utilised recombinant expression host system is the Gram-

negative bacterium Escherichia coli. The genetics of E. coli have been extensively studied

and as a microorganism this host system provides several advantages, such as ease of

growth, the existence of plasmids as a convenient mode of genetic material transfer and the

high culture densities attainable.27 There are however some limitations: as prokaryotes,

bacteria lack the machinery required for eukaryotic post-translational modifications,

making them unsuitable for the production of modified peptides. Additionally, the
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cytoplasm is a naturally reducing environment, which inhibits the folding of disulfide-rich

peptides and proteins. To overcome this, a signal sequence can be included on the protein

construct to direct the expressed sequence to the periplasm, which is an oxidising

environment that can facilitate folding.28 Another option is to make use of a specially

engineered strain of bacteria such as E. coli OrigamiTM or SHuffle®, which have an altered

cellular redox potential and an oxidising cytoplasm.29 These strains are optimised for the

production of disulfide-bonded sequences, and may not perform as well for other sequences

due to the increased oxidative stress experienced by the cell.30

An advantage of using recombinant bacteria to produce peptide samples is that the

resulting products can be uniformly labelled with heavy isotopes of carbon and nitrogen.

Unlike the abundant 12C and 14N, the heavy isotopes 13C and 15N are magnetically active

and can be detected by NMR spectroscopy. Minimal growth media supplemented with

13C-glucose and 15N-ammonium ions can be used to produce double-labelled peptides that

can be readily analysed by NMR, simplifying the process of calculating a solution structure.

This capability has been exploited in previous studies on recombinant toxins.31, 32 Even

without this advantage, the speed and ease of cultivating E. coli cells has resulted in this

system being used to produce many toxins from several venomous species and it is often

the system of choice for unmodified peptides.33-35

1.3 Fusion construct design

In bacterial recombinant expression systems, peptides of interest are rarely produced on

their own in the host cell; it is far more common to express the peptide of interest as part

of a fusion construct, with another protein as a fusion partner.36 The fusion partner is often

selected to enhance the properties of the peptide of interest. Many partners are chosen to

increase solubility, although others can direct the peptide into insoluble inclusion bodies.36

Some fusion partners also act as affinity tags and aid in purification, although others lack

this functionality and require the inclusion of specific affinity tags for this purpose. A final

component of most fusion constructs is a protease recognition sequence, strategically

placed to liberate the desired protein from the fusion so that the protein of interest may be

studied in isolation.

Each of the recombinant expression systems therefore have their own mixture of

properties that makes them suitable for different applications (Table 1). For peptide toxins

the two systems most commonly employed are yeast and bacteria, although some studies

have made use of others, as noted.
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Table 1. Comparison of features of recombinant expression host systems.
Host system Expense Timeframe PTMs possible

Mammalian cells High Long Yes

Insect cells High Long Yes

Transgenic plants Moderate Long Yes (limited)

Plant cells Low Moderate Yes (limited)

Yeast Low Short Yes (restricted)

Bacteria (E. coli) Low Short No

1.4 Solid-phase peptide synthesis

Solid-phase peptide synthesis (SPPS) is a technique involving a repeating series of

chemical reactions that sequentially couple amino acids together on a solid support to

synthesise a peptide.37 The ‘solid phase’ of the technique is an inert resin on which the

growing peptide chain is anchored. The resin allows the reaction vessel to be drained of

reagents at the completion of each step, while retaining the growing peptide chain. The

steps required to construct the polypeptide are outlined in Figure 2.

Figure 2. Schematic diagram outlining the synthetic cycle followed in solid-phase peptide
synthesis.
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During the synthesis, reactive amino acid side chains are chemically protected to prevent

side-reactions that would result in misformed peptides. The α-amino group is so protected, 

so this protecting group must be removed in the ‘deprotection’ step of the synthetic cycle.

The deprotected amino group is then available for coupling with the carboxy group of the

next amino acid, which forms the peptide bond and extends the polypeptide chain. As a

consequence, the peptide is constructed from the C-terminus towards the N-terminus. There

are two common protecting groups for the α-amino group, which differ in the chemistry 

required to remove them from the chain and therefore necessitate the adoption of different

reaction schemes. These α-amino protecting groups are tert-Butyloxycarbonyl (Boc) and

9-(Fluorenyl)methyloxycarbonyl (Fmoc), illustrated in Figure 3.

Figure 3. Structures of solid-phase peptide synthesis amino protecting groups.

(A) Boc-(L-Alanine); (B) Fmoc-(L-Alanine).

The Boc protecting group was the first to be adopted and in the early days of SPPS had

the advantages of low costs, high purity and high solubility.37 The utility of this protecting

group is somewhat limited by the fact that it is acid-labile, as is the typical linkage to the

polymer resin. Having both types of cleavable bond susceptible to the same chemical

conditions necessitates a reduction in selectivity: if the deprotection step is protracted, loss

of peptide from the resin can occur. When using the Boc protection scheme, selectivity is

modulated by the strength of each acid treatment; deprotection is carried out by

trifluoroacetic acid (TFA), while final cleavage is performed with the much harsher



74 Chapter 2: Accessing peptide toxin samples

hydrofluoric acid (HF). The use of HF imposes a further difficulty, since specialised

equipment is required to handle this dangerous chemical safely. The Boc protecting group

is therefore less commonly used now that Fmoc has matured as an alternative.

The Fmoc protecting group allows an ‘orthogonal’ protection scheme, in which each

bond can be removed without affecting the others, improving the final yield of the product.

The Fmoc group itself is labile under basic conditions and is removed with solutions of

piperidine. Cleavage from the resin is performed under acidic conditions using TFA. There

is no chance that the attempted cleavage of one bond can affect the other, which, coupled

with the safety benefit, gives rise to the preference for Fmoc over Boc in modern SPPS.

 The α-amino moiety is not the only chemical entity that requires a protecting group. The 

sidechains of several amino acids can also be reactive and require protection to ensure that

they do not form undesired products. These protecting groups must remain in place

throughout the synthesis and are only removed in the final step, when the polypeptide chain

is released from the resin by cleaving the covalent bond. Side-chain protecting strategies

have therefore been developed to complement both the Boc- and Fmoc-based peptide

synthesis protocols.37

Peptide synthesis gives exquisite control over the composition of a peptide sample.

Additionally, even crude synthetic preparations contain far fewer chemical species than

crude venom or recombinant cell lysates, simplifying purification. The primary limitation

is the size of the peptide to be synthesised, as long peptides (>~50 residues) face an

increased risk of mis-couplings and other errors. The cost of the reagents required is also a

consideration and can be a limiting factor. This cost is magnified greatly if heavy isotope

labelling is desired, as labelled amino acids must be purchased for use in the synthesis. For

this reason recombinant expression is the preferred production method for most labelled

peptides. Nonetheless, chemical synthesis has been used by many groups over many years

to access peptide toxins for analysis.38

1.5 Peptide refolding

Once the peptide chain has been constructed, the peptide must be folded into the native

conformation, with disulfide bonds formed correctly and secondary structural elements in

place. In most cases this conformation is a thermodynamically favourable arrangement,

occupying a minimum on the potential energy landscape for the peptide.39 The potential

complexity of the disulfide bond network is a combinatorial problem; as the number of

cysteine residues in a peptide sequence increases, the number of ways they can be paired
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into disulfide bonds rises exponentially. A single pair of cysteines have a single way to

connect. Two pairs can connect in three different configurations. With three pairs, fifteen

possibilities exist – and so on. Of all the possible configurations, generally only one is the

desired native form (although some rare peptides do exist in nature with multiple disulfide

isoforms, for example the IgG2 subclass of antibodies40). If a molecule is produced that

connects the cysteines in an alternate manner, the misfolded isomer becomes an impurity

in the final sample. Such isomers may be worthy research subjects in their own right, with

interesting activities distinct from the native peptide, but if the goal of the study is to

investigate the native species then their presence causes a difficulty. Under certain

conditions, incorrectly connected disulfide bonds can be ‘shuffled’, which allows the

folding process to seek the energy minimum once more and makes it more likely that the

native conformation will be achieved. If a refolding step is necessary in a peptide

production workflow, conditions must be found that drive the peptide towards the native

state and minimise the formation of misfolded isomers.

Formation of a disulfide bond is an oxidative process, in which a reactive thiolate ion of

the Cys side chain mounts a nucleophilic attack on an oxidant. The partner thiolate then

attacks this mixed species, resulting in the disulfide bond.41 To facilitate this process,

refolding buffers should contain an oxidant or redox-shuffling reagent and be of basic pH.42

The presence of a redox-active compound provides the target for the nucleophilic attack,

while high pH maintains the thiolates in the active form.43 The exact composition of a

refolding buffer is something that must be determined empirically; a buffer that works for

one peptide will not necessarily provide the best results for another.

2 Research rationale

The H-superfamily conotoxins H_Vc7.1 and H_Vc7.2 were to be studied by NMR

spectroscopy. Mass spectroscopy data revealed that these peptides lacked post-translational

modifications, which lead to the decision to produce the samples recombinantly in E. coli.

This would allow for double-labelling with heavy isotopes by growing the cells on

supplemented minimal media. Having selected this method of production, it was necessary

to design a fusion construct for the expression.

A recombinant construct was designed with thioredoxin as a fusion protein partner

(Figure 4). Thioredoxin enhances the solubility of fusion constructs and has also been
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reported to assist in the proper folding of recombinant peptides and antibodies.44 A

polyhistidine (6xHis) tag was included in the construct, in the linker between thioredoxin

and the toxin sequence, to assist with purification by nickel affinity chromatography.

Finally, a TEV protease cleavage site (ENLFYQ’X) was included immediately adjacent to

the toxin sequence, to allow the toxin to be released from the construct. The TEV protease

contains a catalytic Cys residue, which requires a reducing agent in order to be maintained

in the active state. This protease is also very selective and only cleaves peptides at the

canonical cleavage site. Moreover, the P1’ position of the recognition site can tolerate a

variety of amino acid residues to varying degrees. In the designed fusion constructs, the

P1’ position of the cleavage site was also the N-terminal residue of the toxin, Ala for

H_Vc7.1 and Asn for H_Vc7.2. These residues are well tolerated, having been found to

result in cleavage efficiencies of over 95%.45

Figure 4. Schematic diagram of H_Vc7.1/H_Vc7.2 recombinant expression fusion
construct. Elements are not to scale.

The expected molecular masses of the fusion constructs were 20.6 kDa for Trx-H_Vc7.1

and 20.1 kDa for Trx-H_Vc7.2. The processing of the expressed fusion protein to the final

toxin sample involved a number of steps, each of which required optimisation. Details and

results of the various trials undertaken are presented in the following sections.

3 Methods

3.1 Production of expression plasmids for H-superfamily toxins

Synthetic genes were ordered from Life Technologies Corporation (CA, USA),

containing the sequence for H_Vc7.1 or H_Vc7.2 flanked by NcoI and KpnI restriction

sites. Sequences were optimised to use bacterial codons. Pfx Platinum PCR kit (Life

Technologies Corporation, USA) was used to amplify the DNA using specific primers (5’–

3’) GGTAGCGGTAGCGGTACC (forward) and CTACCACCTTCCATGGTTA (reverse)

(GeneWorks Pty Ltd Custom Oligo Service, SA, Australia). Reaction products were run on

1% agarose gel to separate amplified product from impurities. QIAquick gel extraction kit

(QIAGEN Sample & Assay Technologies, Germany) was used to extract DNA from

excised bands of the gel. KpnI-HF and NcoI-HF (New England Biolabs, MA USA) were
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used to cleave the DNA ahead of ligation into pET-32a expression vector with ExpressLink

T4 DNA ligase (Life Technologies Corporation, USA). Ligated plasmid was used to

transform DH5α competent cells, which were grown and harvested. The resultant DNA 

was purified via Miniprep (AccuPrep Plasmid Mini Extraction Kit, Bioneer, Republic of

Korea) and sequenced by the Australian Genome Research Facility.

3.2 Expression of Trx-Vc7.1 and Trx-Vc7.2 fusion constructs

 10 mL LB media (100 μg/mL ampicillin) starter cultures were inoculated with 1 mL 

previously prepared BL21(DE3) glycerol stock and grown overnight (16 h) in an orbital

shaker (180–200 rpm) at 37 °C. 500 mL LB media (100 μg/mL ampicillin) expression 

cultures were inoculated with 1 mL starter culture and incubated at 150 rpm in an orbital

shaker at 37 °C until OD600 = 0.7. Protein expression was induced by addition of 1 mM

isopropyl-β-D-1-thiogalactopyranoside (IPTG), induced cultures were incubated in an 

orbital shaker at room temperature for a minimum of 4 h.

3.3 Cell harvesting and lysis

Cells were pelleted by centrifugation at 9800 g for 10 min at 4 ºC. Pellets were weighed

and either processed immediately or stored at -80 ºC. Cell pellets were resuspended in

50 mM phosphate, pH 7.0, with 250 mM NaCl and lysed by sonication, on ice, with

6 x 30 s bursts. Cellular debris was pelleted by centrifugation at 20,000 rpm for 20 min at

4 °C. The supernatant was decanted into fresh centrifuge tubes and debris re-pelleted under

the same conditions. Supernatant containing soluble species (including thioredoxin-

conotoxin fusion construct) was filtered through a sterile 0.2 μm membrane and stored on 

ice prior to nickel affinity chromatography.

3.4 Fusion construct purification

The thioredoxin-conotoxin fusion construct was separated from other soluble species

using a HisTrap 5 mL Chelating HP column (GE Healthcare, Life Sciences) on a Fast

Protein Liquid Chromatography (FPLC) system (ÄKTApurifier, GE Healthcare, USA).

Unbound species were washed out with 5 column volumes of buffer (50 mM phosphate

buffer, pH 7.0, with 250 mM NaCl). A continuous gradient was run from 0–50% elution

buffer (50 mM phosphate buffer, pH 7.0, with 250 mL NaCl and 1 M imidazole) over

6 column volumes. UV absorbance at 214 nm was monitored to detect eluting proteins and
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outflow collected in 2.5 mL fractions. These fractions were analysed by SDS-PAGE;

fractions found to contain species of the correct molecular weight for the fusion construct

were pooled and dialysed against 50 mM phosphate buffer prior to cleavage/refolding.

3.5 Fusion construct cleavage

Cleavage was carried out with a 1:50 ratio of TEV protease:substrate in 50 mM

phosphate buffer including oxidised and reduced glutathione to provide reducing power. A

pilot cleavage trial tested levels ranging from 0.1 to 1.0 mM oxidised glutathione (GSSG)

and 1 to 10 mM reduced glutathione (GSH). Subsequent routine cleavage made use of

0.1 mM GSSG/1 mM GSH.

3.6 Buffer refolding

H_Vc7.1 was incubated with 100 mM TCEP for 2 h to reduce disulfide bonds and

ensure a homogeneous starting material for refolding trials. TCEP was removed by

RP-HPLC and the peptide lyophilised. The peptide was resuspended in a small amount of

MilliQ H2O and placed in buffer solution (100 mM ammonium bicarbonate, pH 7.0, with

0.5 mM GSSG and 5.0 mM GSH or 100 mM HEPES, pH 7.0, with 0.5 mM GSSG and

5.0 mM GSH). Refolding reactions were stirred for 16 h at room temperature, with

timepoints taken at 0, 2, 4, 8 and 16 h. Timepoint fractions were quenched with formic acid

(10% volume).

3.7 On-column refolding

Refolding of the peptide while still incorporated in the fusion construct was trialled,

based on the method of Chang et al.32 Cell pellets were thawed and resuspended in Tris

buffer (50 mM Tris-HCl, pH 8.0, with 250 mM NaCl and 10 mM imidazole). Cells were

lysed by sonication on ice (10 x 30 s bursts) and centrifuged for 30 min at 18,000 rpm prior

to being filtered through a sterile 0.2 μm membrane. An equal volume of solubilisation 

buffer (20 mM Tris-HCl, pH 8.0, with 250 mM NaCl, 10 mM imidazole, 7 M guanidine-

HCl and 2 mM DTT) was added. Activated Ni-NTA resin was added to the mixture and

left to mix on a roller for 2 h. Slurry was added to a wide-bore gravity-driven purification

column and drained. A series of buffers with decreasing amounts of denaturants was

applied to the column in sequence (20 mM Tris-HCl, pH 8.0, 250 mM NaCl, 10 mM

imidazole, with 6 M urea/1 mM DTT; 5 M urea/0.8 mM DTT; 4 M urea/0.6 mM DTT; 3 M

urea/0.4 mM DTT; 2 M urea/0.2 mM DTT; 1 M urea/0.1 mM DTT; 0 M urea/0 mM DTT).
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Flowthrough was collected. Resin was eluted with 50 mM Tris-HCl, pH 8.0, with 250 mM

NaCl and 1 M imidazole.

3.8 Purification

 Samples were routinely purified by RP-HPLC on an Altima 5 μm C8 (250 x 22 mm) 

column with a linear or segmented gradient reaching 100% Buffer B over a variable time

period (Buffer A: 0.1% TFA in MilliQ H2O; Buffer B: 0.1% TFA in 80% acetonitrile).

4 Results

4.1 Fusion construct expression

Initial expression trials of BL21(DE3) cells transformed with the fusion construct using

1 L LB cultures resulted in ~2.5 g cell pellet yield per litre of culture. Halving the volume

of culture to 500 mL increased the yield to ~5 g/L. This improvement was attributed to

improved aeration of the media. To further increase the yield, the use of 4% glucose in

expression media was trialled (media was exchanged after initial growth; induction

occurred in the absence of glucose). In one case, use of 4% glucose resulted in a further

improvement of yield to 14 g/L, but in other preparations this had little effect. The routine

growth of expression culture was carried out in volumes of 500 mL without added glucose.

4.2 Cell lysis and purification of fusion construct

A polyhistidine tag was included in the fusion construct for use in Ni2+ affinity

chromatography in the post-lysis purification step. Early attempts using gravity-driven

Ni-NTA affinity columns were inconsistent with regard to the concentration of imidazole

required to elute protein from the resin. This was improved by using an automated FPLC

system with a HisTrap column. Typical yields of pure fusion protein were 47 mg per gram

of cell pellet for H_Vc7.1 and 1.2 mg per gram of cell pellet for H_Vc7.2.

4.3 Peptide sequence verification

A digested sample of H_Vc7.1 was analysed by LC-MS to determine if the recombinant

product conformed to the expected sequence. Results are presented in Figure 5; both of the

two closely eluting peaks in the chromatogram (indicated by arrows in Figure 5A) were

found to contain ions diagnostic for the presence of full-length oxidised H_Vc7.1. This

confirmed that the construct encoded the correct peptide, while simultaneously indicating
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that multiple disulfide isomers had been formed. A separate refolding step was therefore

necessary in the workflow and trials were set up to establish the conditions required.

Figure 5. Analysis of cleaved and oxidised H_Vc7.1 by LC-MS. (A) Chromatogram trace;
Buffer A: 0.05% TFA in MilliQ; Buffer B: 0.05% TFA in acetonitrile. Sample was run on
a C8(2) column with a linear gradient of 0–60% B over 10 min. Peaks containing H_Vc7.1
are indicated by arrows. (B) Ions present in first peak (red arrow); diagnostic ions for
H_Vc7.1 are labelled. (C) Ions present in second peak (blue arrow).

4.4 Detection of multiple folding isomers

To establish a baseline for the upcoming refolding trials, small samples of Trx-H_Vc7.1

and Trx-H_Vc7.2 were digested with TEV protease and run on analytical HPLC using a

C18 column with a segmented linear gradient. In the absence of a dedicated refolding

procedure a number of isomers were detected, presumed to be caused by various

permutations of connections in the three disulfide bridges (Figure 6). Two dominant peaks

were observed, along with multiple smaller contaminating peaks. The goal of the refolding

step was to drive the majority of the product into a single peak, corresponding to the native

fold.
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Figure 6. UV absorbance at 214 nm from analytical RP-HPLC of cleaved H_Vc7.1,
showing multiple disulfide isomers present in a minimally processed sample. Sample was
run on a C18 column at 5 mL/min. Buffer A: 0.1% TFA in MilliQ; Buffer B: 0.1% TFA in
80% acetonitrile, gradient: 5–60% B over 20 min.

4.5 Glutathione cleavage/refolding trials

A pilot cleavage trial was set up using mixtures of oxidised and reduced glutathione to

determine the amount of reducing power required for TEV protease to cleave the fusion

construct, with DTT as a positive control. The intent was to accomplish the liberation of

the toxin from the fusion construct and the folding of the toxin simultaneously. Results for

H_Vc7.1 are presented in Figure 7. The mass of H_Vc7.1 was 3.4 kDa, too small to be

directly visualised on a SDS-PAGE gel. However, comparison of the bands for the fusion

and the cleavage mixture in Figure 7A was consistent with a mass drop from 20 kDa to

17 kDa, as would be expected when liberating the toxin from the fusion. Samples subjected

to overnight incubation showed evidence of degradation products; by contrast the results

for 4 h incubation were clear and cleavage appeared to be complete. At high concentrations

of glutathione analytical RP-HPLC revealed a number of peaks eluting close together,

suggestive of a number of folding isomers. The trace for the lowest glutathione

concentration tested showed a single peak dominating, albeit with minor peaks close by. A

similar trial was conducted on H_Vc7.2; results in Figure 8. Cleavage of H_Vc7.2 was not

complete, even after overnight incubation. The analytical RP-HPLC traces were cleaner

than those from the trials on H_Vc7.1 and showed fewer peaks, although the best results

were still obtained with the lowest concentration of glutathione.
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Figure 7. (A) SDS-PAGE analysis of cleavage efficiency for Trx-H_Vc7.1. (B) Analytical
RP-HPLC of reaction products. Buffer A: 0.1% TFA in MilliQ H2O; Buffer B: 0.1% TFA
in 80% acetonitrile, gradient: 0–100% B over 20 min. T: thioredoxin, C: conotoxin. ON
samples incubated 16 h.
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Figure 8. (A) SDS-PAGE analysis of cleavage efficiency for Trx-H_Vc7.2. (B) Analytical
RP-HPLC of reaction products. Buffer A: 0.1% TFA in MilliQ H2O; Buffer B: 0.1% TFA
in 80% acetonitrile, gradient: 0–100% B over 20 min. T: thioredoxin, C: conotoxin. ON
samples incubated 16 h.
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4.6 Cleavage comparison trial

From the glutathione cleavage trial data, it appeared that Trx-H_Vc7.2 was cleaved with

lower efficiency that Trx-H_Vc7.1. To ascertain whether this was indeed the case or an

artefact of the previous experimental setup, a trial was performed in which both constructs

were simultaneously cleaved under identical conditions (1:50 TEV protease:substrate,

1 mM reduced/0.1 mM oxidised glutathione, 4 h incubation at 37 °C).

Figure 9. SDS-PAGE analysis of cleavage efficiency comparison for thioredoxin fusions
of H-superfamily conotoxins H_Vc7.1 and H_Vc7.2.

As shown in Figure 9, the bands corresponding to H_Vc7.1 indicate that the fusion

construct is completely digested and that the thioredoxin fusion partner is retained on the

affinity resin by the polyhistidine tag. Meanwhile, the results for H_Vc7.2 clearly

demonstrate that cleavage is incomplete and approximately 50% of the fusion construct

remains resistant to the effect of the protease after 4 h. Thus, it is apparent that the

thioredoxin fusion of H_Vc7.1 is cleaved more efficiently than that of H_Vc7.2.

4.7 Purification by RP-HPLC

Trial cleavage/refolding had identified conditions that drove the peptides towards a

major conformation, although misfolded peaks were also present. The refolding mixtures

were purified by RP-HPLC. However, fractions from these runs did not yield samples of

sufficient purity (>95%) for NMR study (Figure 10). Gradients were modified to be

shallower over the elution point of the peptide, but despite taking a very narrow cut of the

peak the required purity was not achieved. The closely eluting impurities were disulfide

shuffled analogues, misfolded isomers. Such similar species exhibit a very similar

hydrophobicity profile and hence elute from the RP-HPLC column under almost the same

conditions, resulting in very little separation from the desired product.
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Figure 10. RP-HPLC traces of cleaved H_Vc7.1 samples run with differing gradients.
Buffer A: 0.1% TFA in MilliQ H2O; Buffer B: 0.1% TFA in 80% acetonitrile. Shallower
gradients reveal the underlying complexity of the sample, but do not aid separation
sufficiently to collect pure samples.

4.8 Refolding strategies

A common refolding strategy is to incubate the linear form of a peptide in a buffer

solution with a certain amount of oxidant, such as glutathione. For the H-superfamily

toxins, ammonium bicarbonate and HEPES buffer were trialled. As a preparatory step,

cleaved peptide was treated with 100 mM TCEP to reduce any disulfide bonds that may

have formed and ensure a homogenous starting material for refolding trials. Solutions of
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50 mM ammonium bicarbonate and 50 mM HEPES were tested, both at pH 7.0 with 5 mM

reduced / 0.5 mM oxidised glutathione. Peptides were incubated for 16 h (Figure 11).

Figure 11. Results of refolding trial of H_Vc7.1. (A) Incubation in 50 mM ammonium
bicarbonate, pH 7.0. (B) Incubation in 50 mM HEPES, pH 7.0.

Refolding was most efficient in ammonium bicarbonate, with the oxidised product first

appearing after 2 h incubation and persisting for the length of the experiment. HEPES did

not perform as well as ammonium bicarbonate, taking the full 16 h to begin forming a major

oxidised product and retaining significant contaminating peaks. A change in retention time

was observed, with oxidised product eluting from the column earlier than linear material.

This is expected, as the folding process should bury hydrophobic moieties and shield them

from solvent, reducing the hydrophobicity of the molecule and therefore its tendency to

associate with the stationary phase.

4.9 On-column refolding

In another trial, the refolding strategy established for the peptide toxin ShK32 was tested,

to determine if it could be of use in the study of the H-superfamily conotoxins. In this

approach, the fusion protein recovered from bacterial lysis is bound to nickel affinity resin

in a gravity column and washed with a series of buffers containing diminishing amounts of

reductant, starting at 6 M urea/1 mM DTT and working down. This gradually reduces the
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denaturing power of the buffer and allows the peptide to adopt ever more energetically

favourable conformations, slowly causing it to fold. The folded fusion is eluted from the

resin with 1 M imidazole and dialysed into TEV cleavage buffer for liberation of the toxin.

In the first instance, this procedure was followed using desalted TEV protease. However,

this resulted in a lack of cleavage, so a second trial added 0.6 mM reduced

glutathione/0.4 mM oxidised glutathione to the cleavage mixture. This did result in

cleavage, but the fractions taken from RP-HPLC were no more pure than those generated

by the ammonium bicarbonate refolding (Figure 12).

Figure 12. Comparison of fractions taken from refolding experiments on H_Vc7.1.
Analytical HPLC traces run on C18 column at 0.4 mL/min. Buffer A: 0.1% TFA in MilliQ
H2O; Buffer B: 0.1% TFA in acetonitrile, gradient: 5–100% B over 9 min. (A) On-column
gradient refolding with glutathione. (B) Ammonium bicarbonate buffer refolding. (C)
HEPES buffer refolding.

In the end, no conditions could be found that adequately directed the recombinant toxins

to the correct folded state. The complexity of the molecules, each with three disulfide

bonds, frustrated attempts to gain a sample of sufficient purity for NMR analysis.
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5 Discussion

5.1 Production of H-superfamily toxins

Researchers wishing to study peptide toxins have many decisions to make before they

can start work. The primary decision considered in this chapter is which process to use to

access the peptide sample required, but this decision is informed by many others. In the

case of this project, it had already been decided that the H-superfamily conotoxins H_Vc7.1

and H_Vc7.2 would be studied by NMR spectroscopy, with the goal of determining their

solution structures. This selection of analysis technique influenced the selection of

production technique, as heavy isotope labelling was desired to facilitate acquisition of

high-quality carbon and nitrogen chemical shift data in minimal time. Such labelling would

be impossible when isolating toxins from the venom and expensive for samples produced

by SPPS, but relatively straightforward for recombinant expression in E. coli. Regarding

the selection of host cell, bacterial cells have the advantage of being easy to maintain. Their

primary drawback – the lack of post-translational modification machinery – was not

applicable, as the target sequences were devoid of such modifications. Thus recombinant

expression in E. coli was selected as the method of production for the H-superfamily toxins.

Although cheaper by recombinant expression than by any other method, double-

labelling of peptides still requires expensive reagents, namely the 13C-glucose and

15N-ammonium chloride used to supplement the minimal bacterial growth media. To avoid

wasting resources, processes were trialled using unlabelled material to establish a

production pipeline in the first instance. The recombinant bacterial host cells consistently

produced the correct polypeptide chain, but not in a form that was correctly folded. The

diversity of folding isomers present in each sample (caused by the incorrect connection of

the six Cys residues in the peptide) presented a challenging purification problem. A series

of attempts were made to reduce the complexity of the sample by adding a refolding step

to the production pipeline, in the hope of driving the majority of the peptide to the native

folded state.

5.2 Refolding of H-superfamily toxins

Several methods were tested in the quest for pure fractions of the H-superfamily toxins.

These included refolding procedures performed before cleavage, concurrently with

cleavage and after cleavage from the fusion construct. In each case, misfolded isomers were

present as contaminating species in even the narrowest cut of the final RP-HPLC peak. The
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initial trial involved cleaving the construct and folding the peptide at the same time. If

successful, this would have been a substantial improvement in efficiency, eliminating an

extra step from the production pipeline. However, the competing needs for an oxidising

environment (to encourage the formation of disulfide bonds in the folding) and a reducing

agent (to maintain the activity of TEV protease for the cleavage) made this impractical. The

on-column gradient refolding method, in which the construct is kept intact until after

folding, has been used to great effect in our laboratory for the sea anemone toxin ShK, but

proved ineffective in a trial with H_Vc7.1. It is possible that there are kinetic traps on the

energy landscape of the folding for the H-superfamily peptide; if there are conformations

with incorrect disulfide connectivity that also possess energies near the minimum value of

the native fold, there would be little opportunity to shuffle those incorrect bonds and arrive

at the true minimum energy conformation with the correct disulfides. The buffer refolding

in ammonium bicarbonate, performed after cleavage from the construct, was perhaps the

most promising regime tested. Certainly the results were better than the equivalent

procedure in HEPES buffer (Figures 11, 12). A more extensive buffer screen may have

found an even better formulation that could drive more of the material into the native fold,

reducing the appearance of disulfide isoforms and enabling purification to the level

required for NMR studies (>95%).

As it is, each refolding condition trialled resulted in formation of a major peak, but with

contaminating species that differed only in the connections between cysteine residues. Such

disulfide isomers were very similar to the desired product and the changes in

hydrophobicity that followed from the different disulfide connectivity were too small to

sufficiently alter the elution time of the peptides in RP-HPLC, resulting in a lack of

separation between the species and leading ultimately to impure fractions. While there are

other chromatographic techniques that separate molecules based on other properties (such

as size, charge and affinity binding), none of these properties was likely to be sufficiently

different between the native fold and the disulfide isomers to effectively separate the

species present in the refolding reactions.

5.3 Periplasmic expression

Rather than attempting to separate the correctly folded isoform from a mixture, it would

be advantageous to reduce or eliminate the appearance of incorrect disulfide isomers in the

first place, yielding the correct product from the outset. One strategy that has been of use

in the production of disulfide-bonded peptides in E. coli cells is localisation of the
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expressed fusion proteins to the cellular compartment known as the periplasm. The cytosol

of the bacterial cell, where ribosomal translation takes place, is a reducing environment due

to the action of the enzymes thioredoxin reductase and glutathione oxido-reductase.46 These

enzymes inhibit the formation of disulfide bonds, which is not ideal for the proper folding

of a disulfide-bonded peptide. By contrast, the periplasm is an oxidising environment and

is the location of the endogenous disulfide bond formation machinery of the Dsb family.28

DsbA is a strong thiol oxidant and is maintained in its oxidised form by the integral

membrane protein DsbB. This pair of proteins work in tandem to form disulfide bonds in a

peptide substrate. However, in multiply-disulfide-bonded peptides incorrect bonds may be

formed by this system. A proofreading and repair function is provided by the other two

proteins in the Dsb family, with the isomerase DsbC shuffling incorrect bonds while the

integral membrane protein DsbD maintains its partner in the active conformation.47

Recombinant proteins directed to the periplasm can take advantage of this oxidation

machinery and potentially form the native disulfide bond network prior to cell lysis,

removing the necessity for a separate refolding step.48 To accomplish the targeting of a

peptide to the periplasm, an N-terminal periplasmic signal sequence is required on the

peptide, which is cleaved off after transport. Therefore, to take advantage of this system in

the production of the H-superfamily toxins H_Vc7.1 and H_Vc7.2, it would have been

necessary to re-engineer the expression plasmids used to transform the bacterial cells.

6 Conclusion

Difficulties with folding the triple-disulfide-bonded H-superfamily toxins resulted in

samples of insufficient purity for the proposed biochemical investigation. Thus the

structure was unable to be determined and no clues as to the function were gained. Focus

turned to the single-disulfide toxin contryphan-Vc2, in the hopes that the simpler disulfide

network may make this molecule more amenable to production. Work on this peptide is

reported in the next chapter.
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1 Introduction

Production of the H-superfamily peptides from the Conus victoriae venom duct

transcriptome proved intractable, with both peptides failing to fold to the native

conformation following recombinant expression and purification (Chapter 2: Accessing

peptide toxin samples). Focus therefore turned to another peptide selected from the venom

duct transcriptome, contryphan-Vc2. This peptide was successfully produced by solid-

phase peptide synthesis and subjected to biochemical characterisation, which included

determination of the three-dimensional structure by nuclear magnetic resonance (NMR)

spectroscopy. The results of this analysis are described in the following publication,

Structure and activity of contryphan-Vc2: Importance of the D-amino acid residue. The

production of the peptide is detailed below, following a brief discussion of the

underpinnings of NMR spectroscopy and its use in the determination of structures of

biological macromolecules.

1.1 Nuclear magnetic resonance (NMR) spectroscopy

NMR spectroscopy is a technique for probing the chemical environment of a

magnetically active nucleus, using the phenomenon of nuclear magnetic resonance. Atomic

nuclei possess both the quantum property known as ‘spin’ and an electrical charge, which

together result in the generation of a magnetic moment.1 When an atomic nucleus of non-

zero spin is placed in an external magnetic field, the spin aligns itself with the applied field

in a parallel or anti-parallel fashion, with the parallel arrangement being a lower-energy

state.1 The spin does not completely align with the applied field; rather it displays

precessional motion around the axis of the applied field, with the frequency of precession

being termed the Larmor frequency.2 When a precessing nucleus is excited by a photon

with a frequency equal to the Larmor frequency of that nucleus (which is typically in the

radio-wave portion of the electromagnetic spectrum), the nucleus absorbs that energy and

flips to the other state.3 This resonance absorption can be measured and forms the basis of

NMR spectroscopy.

Many details of the magnetically active nucleus can be determined by NMR

spectroscopy, but all results report on the overall average of the sample. Care must therefore

be taken when multiple conformations are present in a sample.
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1.1.1 Resonant frequency and electronic shielding

The frequency at which a nucleus resonates depends on a few factors, such as the

composition of the nucleus (that is, the element and isotope) and the strength of the external

magnetic field. If these were the only factors that affected the resonant frequency, the

phenomenon would be of limited analytical use – all 1H nuclei would resonate at the same

frequency in a given instrument. Fortunately this is not the case, as the applied external

magnetic field is not identical to the magnetic field experienced by the nucleus. Electrons

around a nucleus also generate magnetic fields, which can ‘shield’ the nucleus from the full

strength of the applied external magnetic field.4 Chemical phenomena such as bonds and

proximal electron-withdrawing groups affect the electron cloud and the degree of shielding

afforded to each particular nucleus. This changes the strength of the magnetic field

experienced by that nucleus and consequently alters the resonant frequency.5 Thus NMR

spectroscopy is sensitive to the chemical environment surrounding each resonating nucleus.

1.1.2 Chemical shift and referencing

NMR spectrometers come in a variety of different field strengths. As resonant frequency

is dependent on field strength, measuring the same sample at different field strengths will

yield different values for the resonant frequency. To address this issue and allow

comparison of data between instruments, NMR results are reported as normalised resonant

frequencies referred to as chemical shifts.

The chemical shift of a resonance is calculated by comparing the frequency of that

resonance to the resonant frequency of a reference compound. This removes the field

strength dependence of the measurement, converting the frequency (measured in Hz) to a

chemical shift (usually presented in ppm).3 The standard reference compound for 1H nuclei

is tetramethylsilane (TMS),6 but this compound is insoluble in aqueous solution and

therefore cannot be used directly for measuring chemical shifts in samples of proteins and

peptides. Such samples make use of alternative referencing compounds such as

2,2-dimethyl-2-silapentane-5-sulfonate (DSS), 3-(trimethylsilyl)-propionate (TSP), or

1,4-dioxane for measurement purposes.

1.1.3 Scalar coupling and dihedral angle restraints

Further magnetic resonance phenomena can be detected by NMR spectroscopy. Scalar

coupling (or J-coupling) is a through-bond interaction that can be observed between two

nuclei of non-zero spin. The spin of one nucleus perturbs the electrons involved in the
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intervening bonds, which in turn perturbs the other coupled nucleus. This manifests as a

‘splitting’ of the resonance in the NMR spectrum. For two spin ½ nuclei, the peaks split

into doublets, with the spacing between the doublet lines corresponding to the coupling

constant.1

Scalar coupling values may be calculated between nuclei separated by varying numbers

of bonds. The nomenclature is nJAB, where n is the number of bonds separating nuclei A

and B. In protein NMR, vicinal 3JHNHα coupling constants can be valuable restraints for

structure calculation, as the magnitude of the coupling constant is related to the φ dihedral 

angle of the peptide bond. This relationship between 3J coupling values and dihedral angle

was described mathematically by Karplus based on experiments on ethylene compounds,7

and has been validated for peptides many times since. Constraining the dihedral angle in

this manner is very valuable for structure determination and can greatly increase the quality

of the final structural ensemble.

1.1.4 Nuclear Overhauser effect (NOE) peaks and distance restraints

As well as revealing information on bonded nuclei, NMR can also report data on nuclei

close in space but separated in sequence. The nuclear Overhauser effect (NOE) arises as a

result of dipolar coupling between nuclei,1 and results in a cross-peak on the recorded

NOESY or ROESY spectra correlated to the chemical shifts of the two proximal nuclei.

The effect lessens in intensity according to r-6, where r is the distance between the

interacting nuclei. Therefore the nuclear Overhauser effect is strictly a short-range

interaction and can yield valuable information on which nuclei are spatially proximate in a

structure. The strength of an NOE interaction is measured by the volume of the relevant

cross-peak; signals are generally classified as strong, medium and weak. Each classification

imposes an upper bound on the distance between the two interacting nuclei, with stronger

peaks enforcing closer proximity.8 As previously stated, NMR signals report on the average

properties of the sample; it is assumed that a weak NOE peak results from a large distance

between two nuclei in a single conformation at full occupancy, rather than a small distance

in a minority conformation with low occupancy.

1.1.5 Structure calculation

To determine the structure of a biological macromolecule, such as a peptide or protein,

NMR data such as the list of observed NOE peaks and 3JHNHα coupling constants are

converted into structural restraints. Structure calculation software is then used to generate
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a series of structures that fulfil the given restraints, from which the ‘best’ structures are

selected to form the structural ensemble. The more restraints that can be extracted from the

data, the closer to reality the eventual model will be. The biggest danger is improperly

assigned restraints, as these will distort the structure to accommodate an interaction that is

actually not present. For this reason, assignments should be made conservatively, to

preserve the integrity of the final structural ensemble.

2 Research rationale

2.1 Production of contryphan-Vc2 from Conus victoriae

Contryphan-Vc2 diverges from the consensus sequence that is a hallmark of the

contryphan family, opening the possibility that the novel sequence may bestow novel

structure or function (see the following publication). A high degree of post-translational

modifications precluded production by recombinant expression and the toxin was not

abundant in the venom, precluding direct isolation. The decision was therefore made to

produce contryphan-Vc2 by solid-phase peptide synthesis (SPPS).

To study the effects of the Trp3 D-amino acid on the properties of the peptide, three

analogues were prepared for testing. [D-Trp3]-contryphan-Vc2 was the native form, with

Trp3 in the D-handed conformation. [L-Trp3]-contryphan-Vc2 was an all-L variant with no

residues in the D-handed conformation. [W3A]-contryphan-Vc2 removed Trp3 entirely,

replacing it with L-Ala.

3 Methods

3.1 Solid-phase peptide synthesis of contryphan-Vc2

Samples of contryphan-Vc2 containing D-Trp, L-Trp or L-Ala in position 3 were

prepared by conventional 9-(fluorenyl)methoxycarbonyl (Fmoc) chemistry on Rink amide

resin, as detailed in Section 2.1 of the following publication.

4 Results

4.1 Solid-phase peptide synthesis

Synthesis of [D-Trp3]-contryphan-Vc2 was carried out at 0.1 mmol scale; the peptide

was lyophilised following cleavage from the resin. LC-MS of the crude peptide confirmed

the presence of full-length reduced peptide ([M+H+] = 863.6 Da, [M+2H+] = 432.6 Da).
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Ion masses were also detected corresponding to a +44 Da contaminating species, thought

to be carboxylation of Trp3 (Figure 1). This contaminant was removed by RP-HPLC and

the desired fractions from this purification re-lyophilised (Figure 2). This lyophilised

material had a mass of 42.3 mg, representing 46% of the theoretical yield.

Figure 1. LC-MS analysis of crude synthetic [D-Trp3]-contryphan-Vc2 prior to
purification and oxidation. (A) Chromatogram trace; Buffer A: 0.05% TFA in MilliQ H2O;
Buffer B: 0.05% TFA in acetonitrile. Sample was run on a C8(2) column with a linear
gradient of 0–60% B over 10 min. Peaks of interest are indicated by arrows. (B) Ions
present in first peak (red arrow); diagnostic ions for full-length reduced [D-Trp3]-
contryphan-Vc2 are labelled. (C) Ions present in second peak (blue arrow); diagnostic ions
for carboxylated [D-Trp3]-contryphan-Vc2 are highlighted.
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Figure 2. LC-MS analysis of crude synthetic [D-Trp3]-contryphan-Vc2 prior to oxidation.
(A) Chromatogram trace; Buffer A: 0.05% TFA in MilliQ; Buffer B: 0.05% TFA in
acetonitrile. Sample was run on a C8(2) column with a linear gradient of 0–60% B over
10 min. (B) Ions present in dominant peak; diagnostic ions for full-length reduced
[D-Trp3]-contryphan-Vc2 are labelled.

4.2 Oxidative folding

The linear peptide was oxidised according to a standard protocol, via overnight

incubation in 50 mM ammonium bicarbonate buffer, pH 8.0. The oxidant was atmospheric

oxygen, with the solution left stirring open to the air. LC-MS analysis of the refolding

mixture after 17 h incubation confirmed the formation of the disulfide bond through an ion

mass loss of 2 Da ([M+H+] = 861.6 Da, [M+2H+] = 431.6 Da) (Figure 3).
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Figure 3. LC-MS analysis of oxidised synthetic [D-Trp3]-contryphan-Vc2. (A)
Chromatogram trace; Buffer A: 0.05% TFA in MilliQ; Buffer B: 0.05% TFA in
acetonitrile. Sample was run on a C8(2) column with a linear gradient of 0–60% B over
10 min. (B) Ions present in dominant peak; diagnostic ions for full-length oxidised
[D-Trp3]-contryphan-Vc2 are labelled.

Preparative RP-HPLC using a C18 column was used to purify the refolding mixture. A

single dominant peak was observed, along with a slight shoulder, the ion masses of which

did not match any potential deletion product. Careful fractionation of this peak excluded

the species creating the shoulder and resulted in a sample of sufficient purity for analysis.

The results of the analyses undertaken are described in the following publication.

4.3 Creation of analogues

A sample of [L-Trp3]-contryphan-Vc2 was also prepared at 0.1 mmol scale, using the

same techniques as for [D-Trp3]-contryphan-Vc2. LC-MS analysis of the crude cleavage

mixture confirmed the presence of full-length reduced peptide ([M+H+] = 863.6 Da,

[M+2H+] = 432.6 Da) and no major contaminating species (Figure 4; A and B). Crude

yield before oxidation was 51.5 mg, 55% of theoretical. Oxidation was performed in the

same manner as for [D-Trp3]-contryphan-Vc2 and produced the expected 2 Da ion mass

loss (Figure 4; C and D). The oxidised material was then purified by RP-HPLC to >95%

purity for analysis (Figure 4; E and F).
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Figure 4. LC-MS analysis of synthetic [L-Trp3]-contryphan-Vc2 throughout production
and purification. Chromatogram traces run with Buffer A: 0.05% TFA in MilliQ; Buffer B:
0.05% TFA in acetonitrile. Samples were run on a C8(2) column with a linear gradient of
0–60% B over 10 min. (A) Chromatogram trace of crude peptide, prior to oxidation. (B)
Ions present in dominant peak of A; diagnostic ions for full-length reduced [L-Trp3]-
contryphan-Vc2 are labelled. (C) Chromatogram trace of oxidation mixture. (D) Ions
present in dominant peak of C; diagnostic ions for full-length oxidised [L-Trp3]-
contryphan-Vc2 are labelled. (E) Chromatogram trace of purified sample. (F) Ions present
in dominant peak of E; diagnostic ions for full-length oxidised [L-Trp3]-contryphan-Vc2
are labelled.

The final analogue prepared was [W3A]-contryphan-Vc2, an Ala mutant that replaced

the enantiomeric Trp. The same synthetic procedure and purification regime was followed

as before, resulting in a sample suitable for testing. Relevant LC-MS traces are presented

as Figure 5.
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Figure 5. LC-MS analysis of synthetic [W3A]-contryphan-Vc2 throughout production and
purification. Chromatogram traces run with Buffer A: 0.05% TFA in MilliQ; Buffer B:
0.05% TFA in acetonitrile. Samples were run on a C8(2) column with a linear gradient of
0–60% B over 10 min. (A) Chromatogram trace of crude peptide, prior to oxidation. (B)
Ions present in dominant peak of A; diagnostic ions for full-length reduced [W3A]-
contryphan-Vc2 are labelled. (C) Chromatogram trace of oxidation mixture. (D) Ions
present in dominant peak of C; diagnostic ions for full-length oxidised [W3A]-
contryphan-Vc2 are labelled. (E) Chromatogram trace of purified sample. (F) Ions present
in dominant peak of E; diagnostic ions for full-length oxidised [W3A]-contryphan-Vc2 are
labelled.

5 Discussion

The SPPS approach was successful in the production of contryphan-Vc2, allowing the

easy production of analogues by substituting a different Fmoc-protected amino acid at the

relevant coupling step. This allowed production of [D-Trp3]-, [L-Trp3]- and [W3A]-

contryphan-Vc2 by varying the amino acid coupled in position 3.

All three analogues were synthesised, oxidised and purified by the same protocol, which

gave consistent results. The crude product for [D-Trp3]-contryphan-Vc2 contained a

+44 Da impurity, which was identified as carboxylation of Trp3. This modification can

arise as a result of the stepwise removal of the protecting group on the indole sidechain.9

The first step in this process involves removal of a tert-butyl component by TFA and

proceeds rapidly. This leaves a carboxyl moiety, which is normally removed by the action

of weak acids at a slower rate. In the case of [D-Trp3]-contryphan-Vc2 this second step did

not proceed to completion, resulting in the impurity. Fractionation by RP-HPLC prior to
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oxidation excluded this impurity and allowed the correct product to be isolated. The

synthesis of [L-Trp3]- and [W3A]-contryphan-Vc2 proceeded without the need for this

extra purification step. Oxidation was carried out in ammonium bicarbonate buffer on a

dilute solution of peptide (0.5 mg/mL) to favour formation of the intramolecular disulfide

bond. If the concentration of peptide was too high in the buffer, the chance of two separate

molecules interacting and dimerising would have increased. Oxidation was complete after

17 h incubation and LC-MS analysis indicated that the correctly cyclised species were

indeed formed (as opposed to dimers). The presence of a single cysteine pair eliminated

the potential for misfolded species – either the correct bond was formed or the peptide

remained linear.

6 Conclusion

The successful production of samples of contryphan-Vc2 was the necessary first step in

a biochemical investigation of the structure and function of this peptide. The investigation

undertaken is documented in the following publication, Structure and activity of

contryphan-Vc2: Importance of the D-amino acid residue.
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1 Overview

Peptide toxins can be harnessed for a variety of useful purposes, from therapeutic lead

compounds to tools and probes for analysing ion channels to components for protein

engineering. To generalise, these applications are facilitated by the high potency and

exquisite selectivity of many peptide toxins for their target receptors and further aided by

their remarkable stability in solution. Determining which applications a particular toxin

may be useful for requires a detailed study of that toxin, to establish properties such as

activity, structure and molecular target. This thesis investigated the scorpion toxin HsTX1

as well as novel toxins identified from the venom duct transcriptome of the cone snail

Conus victoriae, to determine what utility these peptide toxins may possess.

2 Scorpion toxin HsTX1

The scorpion toxin HsTX1 has utility as a therapeutic lead for autoimmune diseases

owing to its potent inhibition of the Kv1.3 voltage-gated potassium channel.1 In addition,

the molecule demonstrates remarkable stability towards thermal and proteolytic

degradation. This project evaluated HsTX1 on the basis of this stable structure rather than

its potassium channel blocking function, assessing its potential utility as a scaffold for

peptide engineering. In addition to the stability of the toxin, previous work on the structure

showed that it folded readily into the correct three-dimensional conformation following

synthesis.1 These properties are both hallmarks of good scaffold molecules; the other

requirement is the potential to accept a graft, a property of HsTX1 that was heretofore

untested. Validating scaffolds for molecular grafting widens the selection of molecules

available to peptide engineers and increases the likelihood that a suitable scaffold can be

found for their application. The cysteine-stabilised α-helical and β-sheet (CSαβ) fold found 

in HsTX1 has not yet been validated in the same way as the inhibitory cystine knot (ICK),

cyclic cystine knot (CCK) and cyclic cystine ladder (CCL) folds have.

Molecular dynamics (MD) simulations were used to design grafted constructs based on

HsTX1 as a scaffold, using the integrin binding motif RGD and the iNOS-SPSB2

interaction recognition sequence DINNN as grafts. The goal was to identify constructs that

retained the stability of the toxin. Selected constructs were produced by solid-phase peptide

synthesis, but failed to fold to the stable conformation. All of the MD simulations were

based on the assumption that the molecules would attain the folded state and gave no insight

on the folding pathway. The failure to fold was attributed to the increased length of the loop
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chosen as the insertion site; even a seven-residue graft in place of the four-residue native

loop led to a failed folding reaction. Although methods exist that could ensure the correct

fold is adopted, such measures entail extra levels of complication in the production of the

hybrid and make HsTX1 less attractive as a scaffold. In addition, there are no other readily

apparent insertion points for arbitrary graft sequences, although the α-helix and β-sheet 

elements are probably amenable to homology grafting, as has been demonstrated with other

CSαβ toxins. Despite the impressive stability of the native toxin, complexities in folding 

modified forms of HsTX1 make it of marginal utility as a general scaffold.

2.1 Future directions

This investigation suggests that the precise length of the insertion loop is critical for the

stability of HsTX1, perhaps facilitating the bonding of the flanking Cys residues with their

correct partners and proper formation of the disulfide bond network. If more quantitative

data were desired on optimal loop length, a future experiment could be run with several

loop analogues – shortened (by deleting residues), or lengthened (by adding Ala residues).

Refolding each mutant under the conditions optimised for native HsTX1 would then give

an indication of the constraints on loop length consistent with proper folding.

A more extensive investigation could analyse the behaviour of several disulfide-deleted

analogues, in the same manner as Price-Carter et al. investigated the folding of

ω-conotoxins.2-5 Probing the propensity for native and non-native disulfide bonds to form

can shed light on the folding pathway of a molecule. For the conotoxin ω-MVIIA-Gly, 

which folds at about 80% efficiency, it was found that non-native bonds formed just as

readily as native bonds in the one- and two-disulfide stage.5 However, species with any two

native disulfide bonds displayed great cooperativity in forming the third. It would be

interesting to determine the cooperativity of bond formation in HsTX1. Such data would

potentially aid a future attempt to engineer a peptide based on this toxin.

3 H-superfamily toxins

The recent elucidation of the venom duct transcriptome of C. victoriae afforded an

opportunity to study peptide toxins with novel sequence, which carried with it the potential

to uncover novel structures and activities. This knowledge gap was initially addressed by

investigating two members of the H-superfamily identified in the transcriptome.
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Recombinant expression of the toxins H_Vc7.1 and H_Vc7.2 as thioredoxin fusions was

successful and cleavage of the thioredoxin fusion partner allowed the recovery of the linear

peptides. Unsurprisingly, these triple-disulfide-bonded toxins were not correctly folded in

the reducing environment of the recombinant bacterial cytoplasm. Unfortunately, in vitro

refolding trials also failed to find conditions that favoured the formation of a single major

product. As such, no sample could be generated of sufficient purity for investigation. The

structure and activity of the toxins, as well as their potential utility, remain unknown.

3.1 Future directions

An avenue that might prove fruitful for future investigations of these toxins is expression

in the oxidative environment of the bacterial periplasm, which has proved successful for

the production of other multiply-disulfide-bonded peptides in the literature.6 This would

involve re-engineering the expression plasmid used to transform the bacteria, adding a

periplasmic export sequence such as the MalE signal sequence.7 After induction, disrupting

the bacterial outer membrane would allow recovery of the peptides without completely

lysing the cells, which would also minimise the exposure of the peptides to proteases.

If a pure, folded sample could be produced, it would be important to validate that the

conformation produced in the periplasm matches that found in the source venom. One

established method for achieving this is co-elution of the folded sample and crude venom

on RP-HPLC. If the disulfide network of the folded sample differed from that of the venom-

derived peptide, this would manifest as an altered retention time on the reverse-phase

column. Such a result would be an indication that the folded conformations differed, but

unfortunately not give any information on what differences caused the discrepancy.

An alternative to periplasmic expression would be to produce the H-superfamily toxins

by solid-phase peptide synthesis (SPPS). The three pairs of Cys sidechains could be

protected with orthogonal protecting groups, allowing the disulfide bond network to be

constructed by directed folding. This technique requires knowledge of which Cys residues

participate in which disulfide bond, which in this case could probably be inferred from

homology with other framework VI/VII toxins. It would be very important to validate the

conformation by co-elution in this case to confirm the assumed disulfide bonds were indeed

formed and correct.

If a pure sample could be obtained, by these or other methods, the next step would be to

characterise the peptides at the structural and functional level. This would then reveal if the
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peptides possess interesting or novel bioactivity and establish the potential utility of these

molecules.

4 Contryphan-Vc2

Another novel peptide arising from the venom duct transcriptome of C. victoriae was

contryphan-Vc2, which was investigated following production by SPPS. NMR

spectroscopy generated data that revealed the presence of two conformers, differing by

cis/trans isomerism around the Thr4-Pro5 bond. Analysis of nuclear Overhauser effect

(NOE) crosspeaks enabled a three-dimensional structure of the major conformer to be

determined. Interestingly, when this single NMR structure was used as the basis for MD

simulations, the peptide alternated between two different conformations, neither of which

was that determined by NMR. The NMR data identified the Trp3 sidechain as being in

close proximity to both the Arg2 and Pro5 sidechains (based on NOE crosspeaks), a feature

reflected in the structure calculated from these data. Collectively, the poses revealed by

MD also satisfied this requirement. In one pose, the Trp3 sidechain was in close proximity

to the Arg2 sidechain but distant from Pro5. In the other pose, a rotation around the χ1 angle

of Trp3 brought the sidechain into close proximity with the Pro5 sidechain, but distant from

Arg2. In both cases the trans conformation of the Thr4-Pro5 bond was maintained. Thus

the constraints derived from the NMR data were fulfilled, but not by a single conformation

of the peptide. This example highlights that NMR spectroscopy can identify some evidence

of multiple conformations for a peptide in solution (such as cis/trans isomerism), while

complementary techniques or careful analysis may be required to expose others. Sometimes

anomalous NMR signals can give a clue that more than one conformation is present, as in

an investigation of a model helical peptide conducted some years ago which detected the

expected NOEs consistent with a helical structure, but also some non-helical crosspeaks.

The sum total of NOE signals recorded could not be satisfied by a single, static model,

indicating the presence of an ensemble of structures in solution.8 In other cases, new

information can shed light on initially misinterpreted data. A study on the amyloid Aβ21–30

fragment cast doubt on a previously suggested structure for this peptide by virtue of

recording data at a higher field strength (900 MHz vs 500 MHz). Rather than the previously

proposed single ‘bent’ structure, which depended on a sole long-range NOE cross-peak that

turned out to be incorrectly assigned, this study asserted instead that the peptide was largely

disordered and sampled a range of conformations. The authors also made the point that
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calculating structure based on multiple weak medium-range NOE peaks may be

misleading, as the weakness of the peaks could be due to the occupancy rate of the

interaction, rather than the distance between interacting protons.9 NMR spectra recorded

for single conformations (or very similar ensembles) are generally sharp and well-

dispersed, while varied ensembles give rise to broad peaks and overlapped signals, which

can be a warning sign not to attempt to calculate a single structure. The spectra of

contryphan-Vc2 fit in the first category, making the discovery of multiple conformations

surprising.

Bioactivity of contryphan-Vc2 was assessed by intracranial injection in mice and

revealed a depressive phenotype. This result was intriguing, as other members of the

contryphan family tested in this manner have induced a hyperactive phenotype.

Furthermore, the depressive activity of contryphan-Vc2 was evident in analogues with Trp3

in both the D-handed and L-handed forms, while a W3A Ala mutant showed no activity.

This suggests that Trp3 is important for activity, but the chirality of this residue is not. In

turn, this may suggest that the activity of contryphan-Vc2 is not due to an interaction with

a protein receptor. Further experiments and MD simulations provided evidence that the

peptide may rather interact with the membrane and produce its effects in a membrane-

mediated manner. If this is the case for other contryphans, it may help explain why the

identity of the molecular target of this class of peptides has remained elusive.

Whether contryphan-Vc2 has any utility as a tool or lead compound would depend on

the precise effects it exerts on the membrane. The current study merely demonstrated that

it does have an effect; further work is needed to more completely answer this question.

4.1 Future directions

Studies focused on the action of contryphan peptides on membranes, rather than protein

receptors, may elucidate the precise effect these molecules exert on the lipid bilayer.

Studying the secondary effects of this action could then explain how the peptides generate

the distinctive phenotype seen in mice – and perhaps also explain why contryphan-Vc2

differs from other contryphans in this regard.

The dynamic behaviour in the peptide revealed by MD simulations was unexpected and

may suggest that other members of the contryphan family have the ability to adopt multiple

conformations in solution as well. MD simulations based on previously published

structures would go some way to answering the question of whether other contryphan

molecules are similarly dynamic in solution.
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5 Conclusion

Novelty is a prized quality among research subjects, as anything that is currently not

known has the potential to be different from everything that currently is known, opening

the way for new discoveries and new applications. This potential is not always fulfilled –

many novel compounds are eventually determined to be minor variations on already

established themes – but the only way to find out is to perform the investigation.

This thesis attempted to validate a novel scaffold for peptide grafting and also

investigate some of the novel sequences previously discovered in the C. victoriae venom

duct transcriptome. While difficulties with peptide folding frustrated some of these efforts,

the conclusions from this body of work have gone some way to addressing the identified

knowledge gaps, especially with regard to contryphan-Vc2.
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