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ABSTRACT 

Chronic pain affects many millions of people worldwide, with significant social and 

economic costs. Existing treatments for chronic pain have side effects, such as 

dependency and adaptation, that undermine their effectiveness in patients. New 

treatments with novel mechanisms of action are therefore required. The voltage-gated 

sodium channel Nav1.7 has recently been discovered to play an important role in the 

sensation of pain, and inhibitors of this protein are urgently sought as potential drug leads. 

However, a major challenge in designing inhibitory drugs for Nav1.7 is off-target effects 

arising from concurrent inhibition of homologous voltage-gated sodium channel subtypes. 

Potential drug leads must therefore be both potent and also highly specific for Nav1.7.  

The peptide Protoxin-II is isolated from the venom of the Peruvian Green Velvet 

Tarantula, and has attracted interest as a potent (0.3 nM) and specific (100-fold) inhibitor 

of Nav1.7 over other subtypes. This peptide, and others from its class of disulfide-rich 

peptides (the inhibitor cystine knot peptides) are promising leads in the treatment of 

chronic pain. However, exactly how Protoxin-II is able to achieve such potency and 

specificity remains poorly understood.  

This thesis demonstrates the chemical synthesis of correctly-folded Protoxin-II and 

investigates the conditions under which it forms its three disulfide bonds. The three-

dimensional structure of the peptide is investigated by X-ray crystallography, NMR, and 

ion-mobility mass spectrometry, and its inhibitory potency against Nav1.7 is investigated 

by patch-clamp electrophysiology. The structure of Nav1.7 was not available until very 

recently, and so homology modelling of the protein was created in order to investigate 

possible peptide-protein interactions by computational docking. Analogues of Protoxin-II 

containing functionalised handles have also been synthesised and tested for activity 

against Nav1.7. Finally, the Protoxin-II/Nav1.7 complex is studied by in vivo crosslinking 

mass spectrometry. 
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IMPACT STATEMENT 

The research presented in this thesis has the potential for impact in several forms. As 

part of a broader effort to understand the biological underpinnings of nociception, this 

research contributes to the anticipated medical impacts of new analgesics. Since pain, 

and especially chronic pain, is linked to poor mental health in patients, and existing 

treatments for pain can lead to dependency and overdose, the introduction of new 

analgesics could also have beneficial social impacts. These studies into the properties of 

a peptide derived from the venom of a spider further reinforce the importance of 

maintaining biodiversity: drugs derived from natural products provide a medical and 

economic rationale for conservation, with potential impacts on the work policymakers in 

this field. 

Protoxin-II has been the subject of a considerable amount of research due to its status as 

a lead compound in drug discovery projects targeting Nav1.7. The research presented 

here on its folding pathway will be of interest to researchers looking to develop synthetic 

routes to Protoxin-II (and related compounds) for drug discovery purposes. Another key 

use for Protoxin-II is as a tool compound for the study of voltage-gated ion channels. The 

development of a Protoxin-II analogue bearing an orthogonally-reactive alkyne group will 

assist these researchers by allowing a wider range of chemical biology experiments to be 

performed on these ion channels. 

This thesis further supports the use of ion-mobility mass spectrometry as a key analytical 

tool in the synthesis of disulfide-rich peptides. It is hoped that the data presented here will 

encourage widespread adoption of this methodology in laboratories that produce 

disulfide-rich peptides. On the theme of mass spectrometry, this thesis also presents the 

first attempt (to our knowledge) of crosslinking mass spectrometry carried out on an ion 

channel in vivo. The crosslinks identified by this method also represent the first available 

structural data on the cytoplasmic loop regions of Nav1.7, which have so far evaded 

characterisation by standard structural methods. It is anticipated that this technique will 

be extended and improved, and lead to a new understanding of the structure and function 

of these challenging proteins. 

Some of the research in this thesis has already had demonstrable impact. For example, 

the work on the X-ray crystal structure of Protoxin-II has been made available to the wider 

research community through deposition in the Protein Data Bank, and has subsequently 

been used in structural biology research in the pharmaceutical industry. We have sought 

to increase the impact of this work by publication of the results in journals: 
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FASP  filter-aided sample preparation 

FBS  fetal bovine serum 

FDR  false discovery rate 
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FT  Fourier transform 
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Amino acids are referenced throughout by their standard one-letter and three-letter 

codes: 

Name Three-letter code One-letter code 

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic acid Asp D 

Cysteine Cys C 

Glutamic acid Glu E 

Glutamine Gln Q 
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Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 
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CHAPTER 1 
 

INTRODUCTION 

1.1 Pain 

Pain is defined as “an unpleasant sensory and emotional experience associated with 
actual or potential tissue damage, or described in terms of such damage”.1 As a symptom, 

pain can be broadly classified into acute pain, which resolves over short periods; and 
chronic pain, which persists for more than three months. Acute pain is important for 
survival and enables a fast response to stimuli, and is therefore a common symptom of a 

wide variety of medical conditions. Chronic pain, however, does not always have an 
apparent cause or physiological benefit, yet is extremely widespread: estimates for 

prevalence range from between 10.1%-55.2%,2 and studies consistently report higher 
prevalence in females than males. 

A large number of treatments are available for pain, with a medical history stretching back 

to ancient times.3 Modern pain-relieving drugs usually fall into one of two classes: opioids 
and non-opioids. Mild acute pain can often be treated through the use of non-opioids such 

as paracetamol or non-steroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen or 
aspirin. However, long-term use of these drugs is known to increase the risk of 

hypertension and gastro-intestinal disorders, which make them less suitable for the 
treatment of chronic pain.4–6  

Opioid drugs interact with opioid receptors, a family of G protein-coupled receptors 

(GPCRs) with important roles in cell signalling and the release of neurotransmitters.7–9 
They are generally stronger than non-opioid drugs, which makes them more suitable for 

the treatment of moderate and severe pain.10 The prototypical opioid drug is morphine, 
which was first isolated from the opium poppy in the early 19th Century (although the 

analgesic properties of the poppy extract opium had been known since antiquity).11 
Research has since discovered other naturally-occurring opioids (such as the weak opioid 

analgesic codeine), and produced many hundreds of variants by semisynthesis (such as 
diamorphine, also known as heroin) or by designed synthesis (such as fentanyl, which is 

50-80 times more potent than morphine).12 
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Opioid drugs have found widespread use in the treatment of pain, and are especially 
useful for the treatment of moderate to severe acute pain (such as in post-operative 

surgery). However, the use of opioids in the treatment of chronic pain has some notable 
drawbacks. Long-term treatment with opioid medication can give rise to tolerance: a 

physiological process by which the body adapts to the medication over time, and reduces 
its effects.13 This results in a patient requiring ever-increasing doses of the drug to remain 

pain-free. This adaptation can also produce physical dependence, a condition whereby 
sudden removal of the drug creates withdrawal symptoms such as nausea, sweating and 

cravings.14 Another problem associated with long-term opioid use is opioid-induced 
hyperalgesia, which causes patients to become increasingly sensitive to pain-causing 

stimuli.15 This combination of effects means that patients requiring long-term analgesia 
for chronic pain can become trapped in a vicious cycle: they become dependent on 

escalating doses of opioids while becoming more sensitive to new causes of pain.  

In addition to the medical risks to patients, the euphoric properties of opioid drugs mean 
they are frequently used recreationally.16,17 This is illegal in many jurisdictions due to the 

high risk of addiction and overdose, and so widespread opioid use (and abuse) risks 
burdensome knock-on social effects.18,19 As a result of these problems, the American 

Academy of Neurology no longer recommends prescribing opioid drugs for the treatment 
of several chronic pain conditions, including headache, fibromyalgia, and low back pain.20 

Patients with chronic pain are therefore poorly served by existing treatments. In one study 

of 15 European countries and Israel, 40% of respondents with chronic pain reported 
inadequate management of their pain.21 Other studies have reported high economic costs 

of chronic pain, resulting from expensive and long-term treatments, high levels of 
absenteeism from work, and loss of productivity while at work.22  Chronic pain is also 
associated with higher levels of mental health conditions such as anxiety and 

depression.23  

With a high social and economic burden, new treatments for chronic pain are urgently 
needed. 

1.2 New targets for the treatment of chronic pain 

A considerable amount of research has been performed to uncover the mechanisms of 
different types of pain in order to discover new targets for analgesic drugs.24 A particularly 

useful resource for pain researchers are people that possess congenital insensitivity to 
pain (CIP) disorders. These conditions possess three core characteristics: the inability to 

feel pain is present from birth; the entire body is affected; and all other sensory abilities 
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are largely unaffected.25,26 Genetic profiling of individuals possessing these phenotypes 
allows identification of proteins involved in the processing of pain, which may be suitable 

targets for analgesics. This approach has identified the enzymes fatty-acid amine 
hydrolase (FAAH)27 and GTP cyclohydrolase,28,29 and the transcriptional regulator protein 

PRDM12 as proteins of interest in patients presenting with CIP.30 

The most notable example of this approach came in 2006, when a case study was 
reported documenting a group of families in Pakistan possessing CIP with seemingly no 

other ill effects on their health.31 Analysis traced the source of this phenotype to one of 
three missense mutations on the SCN9A gene, which encodes the voltage-gated sodium 

channel subtype Nav1.7. When tested in HEK293 cells, these three nonsense mutations 
(S459X, I767X and W897X) were sufficient to cause complete inactivation of the channel 

in response to cell currents. A second study of a North American patient with CIP found 
a further missense mutation (C1719R) in the same protein.32  

While the role of Nav1.7 in pain channelopathies, such as primary erythermalgia and 

paroxysmal extreme pain disorder, was already known,33,34 these studies pinpointed 
Nav1.7 as a potential target for analgesics and considerable research efforts have since 

been directed towards discovering drugs capable of replicating the insensitivity to pain 
found in these patients. 

1.3 Voltage-gated sodium channels 
1.3.1 Subtypes and localisation 

Sodium channels are a class of integral membrane proteins responsible for selective 
transport of sodium ions across the cell membrane. Sodium channels can be classified 

according to the stimulus that causes channel opening: voltage-gated sodium channels 
open in response to cell depolarisation, whereas ligand-gated sodium channels permit a 

flow of ions only after binding of a ligand (such as acetylcholine in the AChR channel).35 

Sodium channels are found in both eukaryotic and prokaryotic domains of life, although 
there are important differences in their structures and functions. There are nine voltage-

gated sodium channel subtypes found in humans, designated Nav1.x; these channels 
have very high sequence homology, but nevertheless have important differences in their 

electrophysiological properties and locations in the body (Figure 1.1).36 
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Figure 1.1: Diagram showing the principal localisations of different Nav1.X subtypes in humans. Figure 
adapted from de Lera Ruiz and Kraus.37 

1.3.2 Function and dynamics 

Voltage-gated sodium channels have an important role in the generation and propagation 

of action potentials in neurons.38 At the resting potential of the cell, the voltage-gated 
sodium channels are closed, and the intracellular concentration of sodium ions is low 

compared with the extracellular concentration, giving the cell a negative resting potential. 
The exact value will vary considerably between cells but is typically between -75 mV and 

-65 mV. An action potential cycle begins with a small change in the membrane potential 
initiated by a stimulus, such as ligand-gated sodium channels opening in response to 

binding of a neurotransmitter, or the opening of acid-sensing ion channels (ASICs) due 
to a change in extracellular pH. Once the membrane potential reaches a threshold value 

(≈ -50 mV), the voltage-gated sodium channels open and allow a large increase in the 
rate of flow of sodium ions into the cell. This causes the cell potential to ‘depolarise’ and 
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rise to positive potentials (≈ +40 mV), whereupon the flow of sodium ions into the cell is 
blocked by the ‘inactivation motif’, formed by a flexible intracellular loop that blocks the 

channel pore from underneath. This step is known as ‘fast inactivation’. In this 
conformation, the pore is still open but ion currents are blocked by the inactivation motif. 

The high local membrane potential causes other nearby voltage-gated sodium channels 
to depolarise, and the action potential is propagated along the neuron.38  

Figure 1.2: Annotated graph showing the changes in cell potential over the course of an action potential. 
Actual values for the resting potential, threshold voltage and peak action potential will vary according to 
the cells in question. A bar indicating the corresponding conformation of the voltage-gated sodium 
channels in the cell is overlaid. 

In response to the high cell potential, voltage-gated potassium channels open and cause 

the efflux of potassium ions from the cell. Simultaneously, Na+/K+ pumps remove sodium 
ions from the cell against the concentration gradient. This combined action causes the 

cell potential to ‘repolarise’ and fall back to negative potentials. During this repolarisation 
phase, the voltage-gated sodium channels return to their resting conformation, with a 
closed pore and unbound inactivation loop. Repolarisation also causes the membrane 

potential to fall below the resting potential temporarily (a hyperpolarised state), giving rise 
to a refractory period in which further stimuli cannot trigger channel opening. This ensures 

that the action potential propagates through the neuron in only one direction. The changes 
in cell potential during a typical depolarisation/repolarisation event are shown in 

Figure 1.2. 

1.3.3 Studying cell currents with patch-clamp electrophysiology 

The study of the gating properties of ion channels has been made possible through the 

development of patch-clamp electrophysiology methods. Patch-clamping was introduced 
by Neher and Sakmann39 (who would later receive a Nobel Prize for their research on ion 
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channel currents) building on earlier work on giant squid axons.40,41 In the patch-clamp 
technique, a fine glass pipette containing a recording electrode is positioned immediately 

above the membrane of the cell to be tested. A short burst of suction tightly seals the 
membrane against the pipette aperture, and isolates a patch of the membrane 

underneath. In Neher and Sakmann’s original experiment, this permitted single-channel 
recordings of ion currents arising from opening and closing of the acetylcholine receptor.  

A variation of this method that is more widely used for ion channel inhibition assays is 

whole-cell patch-clamp electrophysiology; in this experiment, a second burst of suction is 
applied to the pipette after formation of the seal, which causes the rupturing of the cell 

membrane under the pipette. When performed carefully, this maintains the tight seal 
(>1 GΩ) around the pipette but allows electrical contact between the recording electrode 

and the cytoplasm of the cell. The pipette is filled with an intracellular solution that mimics 
the cytoplasm as closely as possible to minimize interference from liquid junction 

potentials.42 Ion currents across the entire cell membrane can be measured in this 
configuration, which therefore gives a much larger signal than the single-channel 

recording method. 

To measure the response of voltage-gated ion channels to changes in membrane 
potential, a hyperpolarising holding voltage is applied to the cell by the electrical circuit. 

Short pulses of higher voltages are then applied, and the currents arising from the opening 
of voltage-gated channels are measured. Careful corrections must be made that account 

for the resistance of the pipette and electrode and the capacitance of the cell.43 Many 
variations on these techniques have since been developed to allow recordings of 

channels with a wide variety of functions, and in different types of cells and tissues.  

1.3.4 Structural studies of voltage-gated sodium channels 

The fundamentals of voltage-gated sodium channel structure were first investigated by 
Catterall and coworkers, using co-purification with saxitoxin and scorpion venom peptide 

covalent labelling methods.44,45 These experiments revealed the presence of a principal 
α-subunit (MW ≈ 250 kDa) together with a smaller component, called the β-subunit. 

No X-ray crystal structure of a eukaryotic voltage-gated sodium channel has yet been 

solved, largely owing to difficulties in purification and the handling of delicate membrane 
proteins outside of the cellular membrane environment. Structural studies on prokaryotic 

sodium channels have, however, been more fruitful, as these proteins can be more readily 
overexpressed and purified. X-ray crystal structures of bacterial proteins NavMs,46 

NavRh,47 and NavAb48,49 have been determined in open, inactive, and closed 
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conformations, and provided the first insights into the domain architecture and gating 
properties of the channels. The structure of another bacterial sodium channel, NavCt, was 

determined by electron crystallography.50 

These bacterial channel structures also provided a scaffold for the structural 

determination of prokaryotic-eukaryotic chimera proteins. A crystal structure of a hybrid 
protein, consisting of a (prokaryotic) NavAb scaffold onto which an equivalent human 
Nav1.7 sequence had been grafted, in complex with sulfonamide inhibitors was published 

in 2015.51 A similar principle was employed in a second Nav1.7-NavAb chimera: the 
structure of its complex with the tarantula venom peptide Protoxin-II was solved by both 

X-ray crystallography and cryo-electron microscopy (cryoEM) in 2019.52 

The advent of cryoEM has transformed the ability of structural biologists to study the more 
complex eukaryotic voltage-gated sodium channels. The first structure of a eukaryotic 

voltage-gated sodium channel α-subunit (NavPaS from the American cockroach 
(Periplaneta americana)) was determined in 2017 by Yan and coworkers at an overall 

resolution of 3.8 Å.53 Building on this success, a Nav1.7-NavPaS chimera protein was 
used for cryoEM studies of the binding of the scorpion venom peptide AaH2.54  

Several other cryoEM structures of eukaryotic voltage-gated sodium channels have since 

been determined.  The structure of the α-subunit of a voltage-gated sodium channel from 
the electric eel (Electrophorus electricus) in complex with a β1 subunit was determined 

by cryoEM at an overall resolution of 4 Å.55 The first human sodium channel structure was 
published in 2018: a high resolution (3.2 Å) cryoEM structure of human Nav1.4 in a 

complex with β1.56 Subsequent work has determined the structure of human Nav1.2 in 
complex with β2 and the pore-blocking conotoxin KIIIA; the resolution of the pore domain 

in this map was an unprecedented 2.9 Å.57 The structure of human Nav1.7 was finally 
determined in 2019; this study additionally solved the structure of Nav1.7 in complex with 

small molecule inhibitors, β1 and partial β2 subunits, and venom peptide toxins Protoxin-
II and Huwentoxin-IV.58 Most recently, the structure of the rat cardiac voltage-gated 
sodium channel Nav1.5 was determined at high resolution.59  

A consistent feature of all these studies is that only the transmembrane and extracellular 
regions can be resolved in the density maps: the N-terminal and C-terminal domains are 

only rarely resolved, and the cytoplasmic loops are never seen, likely due to 
conformational flexibility under the experimental conditions. Despite the rapid increase in 
the number of available voltage-gated sodium channel structures since 2017, much 

remains to be determined about these cytoplasmic regions.  
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1.3.5 Structural features of voltage-gated sodium channels 

The structural studies described above have allowed many aspects of the structure and 

dynamics of voltage-gated sodium channels to be established. Both the prokaryotic and 
eukaryotic sodium channel α-subunits consist of four domains (labelled DI-DIV), each 

comprising six transmembrane helices (S1-S6).60 The main difference between 
prokaryotic and eukaryotic sodium channels is that the prokaryotic channels are formed 
of a tetramer of identical domains, while the eukaryotic channels are formed from a single, 

continuous polypeptide chain in which the pseudohomologous domains are linked by long 
intracellular loops (Figure 1.3).61 The prokaryotic channels have a long C-terminal helix 

instead of the intracellular loops.62 

Of the six transmembrane helices, two from each domain (S5 and S6) combine to form 
the pore domain, which contains the channel down which ions can flow. The remaining 

four helices (S1-S4) form voltage-sensing domains, which detect the changes in cell 
membrane potential and trigger the conformational shift that causes channel opening.63 

 

Figure 1.3: Representation of the domain architecture and folded structures of human and prokaryotic 
voltage-gated sodium channels. Figure drawn by Dr Jennifer Booker, reproduced by permission. 

As well as providing a channel for ion transport, the pore domain is responsible for 

identifying and transporting only sodium ions from the extracellular fluid. This is achieved 
by the selectivity filter, which is a ring of four highly-conserved residues (in eukaryotes) 

known as ‘DEKA’, after the one-letter codes of the relevant amino acids.64 The selectivity 
filter is the narrowest part of the pore, with a diameter (approximately 4 Å)65,66 that 
corresponds closely to the diameter of a hydrated sodium ion (3.58 Å).67 This allows 

selectivity for Na+ ions over the larger K+ ions. It is thought that the aspartate and 
glutamate sidechains of DEKA bind to Na+, while the large lysine residue constricts the 

pore and reduces the overall negative charge of the selectivity filter, which improves 
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selectivity for Na+ over Ca2+.68 In addition to the DEKA residues that form the filter, 
selectivity is aided by a ring of negatively-charged glutamic acid residues lining the 

aperture to the pore; these assist in attracting sodium ions while simultaneously repelling 
anions (such as Cl- or F-).69 

Unlike the pore domain, which is highly conserved across all eukaryotic sodium channel 
subtypes, the voltage sensing domains (VSDs) show greater differentiation. The 
variations in these regions give the sodium channel subtypes different gating properties, 

enabling them to perform different functions in their respective tissues.  

The four helices that make up the VSD form a small helical bundle, with short loop regions 
between the S1-S2 and S3-S4 helices protruding above the cell membrane. The VSD is 

connected to the pore domain by a short cytoplasmic S4-S5 linker. A highly-conserved 
feature of VSDs (across different domains and species) is the presence of a series of 

positively-charged arginine and lysine residues positioned at every third residue on S4. 
These residues are orientated towards the centre of the VSD bundle. When triggered by 

membrane depolarisation, it is thought that these residue sidechains shift upwards and 
cause the S4 helix to move towards the outside of the cell membrane. In this ‘sliding-helix’ 

model, this shift causes a corresponding movement in the S4-S5 linker, which promotes 
movement of the S5 helix in the pore domain, and opening of the channel pore.63,70 

Repolarisation of the membrane reverses this movement, allowing the channel to return 
to a resting state. 

The four VSDs are highly homologous, but the small differences in their sequences have 

been shown to influence their gating properties.71,72 Most notably, the threshold potential 
at which the VSD shifts to the activated conformation has been shown to be noticeably 

higher for DIV than for DI-DIII; the order of activation is DIII > DI ≈ DII >> DIV.73 DIV has 
been shown to have an important role in the fast inactivation of voltage-gated sodium 

channels; this evidence suggests that the more depolarised voltage-dependent 
movement in DIV serves to trigger fast inactivation.74  

Fast inactivation serves to block further passage of sodium ions into the cell, and allow 

repolarisation to begin. The work of West and coworkers demonstrated that three highly-
conserved hydrophobic residues on the DIII-DIV cytoplasmic linker (the ‘IFM motif’) were 

crucial for fast inactivation, and that mutation of any one of them for glutamine significantly 
slowed (or completely abolished) fast inactivation of the channel.75 The same researchers 
suggested a ball-and-chain model of fast inactivation, whereby the IFM motif directly 

inserts into the bottom of the pore and blocks the flow of ions.76 This movement is likely 
triggered by the shift in the DIV S4 helix discussed above. This model was challenged by 
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a recent study of the voltage-gated sodium channel from the electric eel, which found 
binding of the IFM motif to a site at the base of DIII S4-S5 and DIV S6 helices, away from 

the pore itself and suggestive of an allosteric inactivation mechanism.55 However, it was 
not possible to fully determine the functional state of the channel in this structure and so 

further research will be required to understand the dynamics of this crucial motif. 

Although the voltage-gated sodium channel α-subunits discussed so far are functional on 
their own, they usually associate with one or more β-subunits, all of which have a 

molecular weight of 30-40 kDa. The human genome encodes four genes (SCN1B-
SCN4B) that encode five β-subunits (β1-β4, and the splice variant β1B). With the 

exception of β1B, all of the β-subunits share similar structural features: an extracellular 
immunoglobulin domain, a single transmembrane helix and a short cytoplasmic C-

terminal loop. They associate with the α-subunit through the immunoglobulin domain, 
either through non-covalent interactions (as found for β1 and β3) or through a disulfide 

bond (for β2 and β4).77,78 β-subunits are known to influence the rate of current decay on 
inactivation of the α-subunit, and are also thought to have roles in regulating the 

trafficking, cell surface expression, and glycosylation of the α-subunit.79,80 Mice that had 
been engineered to lack SCN1B show an increased risk of seizures and pronounced 

deficiencies in movement and coordination,81 while an SCN2B knockout showed a 50 % 
reduction in expression of the α-subunit in hippocampal neurons.82 Despite these 
important effects and their proposed roles in neurological diseases,83 much remains to be 

determined concerning the mechanisms by which the β-subunits influence the properties 
of voltage-gated sodium channels. 

Voltage-gated sodium channels undergo several post-translational modifications that 
affect their function. The most notable of these is glycosylation, which is heterogenous 
and extensive: glycans can make up to 30 % of the observed mass of the α-subunit.84,85 

Glycosylation is N-linked through asparagine residues on the extracellular surface of the 
protein, and consists primarily of  N-acetylglucosamine (GlcNAc) and negatively-charged 

polysialic acid.86 Electrophysiology experiments have shown that desialylation shifts the 
activation threshold potential by ≈ +10 mV; one explanation for this observation suggests 

that the negatively-charged polysialic acid chains alter the local electric field around the 
extracellular surface of the channel, and provide a mechanism for fine-tuning its voltage-

gating properties.87 Glycosylation is also known to influence protein folding and trafficking 
(an especially important consideration for integral membrane proteins), as well as cell 

signalling and adhesion.88 In voltage-gated sodium channels, it has been demonstrated 
that the glycosylation state of the α-subunit is partly dependent on the identity of the 

associated β-subunits,79 which suggests a set of complex regulatory mechanisms for 
voltage-gated ion channels that are yet to be fully understood. 
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Proteomics experiments have also revealed extensive phosphorylation of voltage-gated 
sodium channel α-subunits, primarily of serine residues on the long DI-DII cytoplasmic 

linker.89,90 A study of Nav1.7 expressed in Xenopus oocytes showed that the peak currents 
were reduced when activated by the phosphorylation enzyme protein kinase A (PKA), 

without otherwise changing the gating properties.91 Conversely, activation by protein 
kinase C (PKC) was shown to increase resurgent ion currents (currents that can be 

elicited during the repolarisation phase of the action potential)92; this effect was abolished 
by PKC antagonists and by mutation of a serine residue on the DIII-DIV linker (S1479).93 

Taken together, these results suggest that phosphorylation forms another regulatory 
mechanism for voltage-gated sodium channels. It has also been demonstrated that 

voltage-gated sodium channel α-subunits undergo palmitoylation and sulfonation.84 

1.4 Sodium channel modifiers 

Due to the extensive roles for sodium channels in pain disorders, sodium channel 
modifiers have been extensively investigated as potential analgesic drugs. A large 

number of such modifiers are now known – primarily small molecule toxins or synthetic 
drugs, or peptidic toxins (Figure 1.4 and Figure 1.5). 

1.4.1 Small molecule natural products 

Potent inhibition of voltage-gated sodium channels can lead to paralysis and, eventually, 
death. A large number of natural products capable of interacting with voltage-gated 
sodium channels have therefore been evolved by various venomous species as an 

offensive or defensive mechanism (Figure 1.5). 

Among the most well-known of these natural product toxins is tetrodotoxin (TTX, 1), which 

is found in a wide variety of aquatic species including the puffer fish (order 
Tetraodontidae, after which the toxin is named).94 Despite its name, tetrodotoxin is 
actually produced by bacteria found in the host animals. Tetrodotoxin is highly toxic, with 

an oral LD50 of 334 µg kg-1 in mice,95 though its potency is highly variable against different 
sodium channel subtypes; it has a binding affinity of < 10 nM for Nav subtypes 1.1, 1.2, 

1.3, 1.4, 1.6, and 1.7, while the remaining subtypes are inhibited with only micromolar 
potency.37 Sodium channels are frequently categorised as either ‘TTX-sensitive’ and 

‘TTX-resistant’ on this basis.  

Saxitoxin 2 is produced in certain forms of algae but occasionally enters the human food 
chain through accumulation in shellfish, where it causes a few cases of poisoning every 

year. It has a similar activity profile to TTX across different sodium channel subtypes, 
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though a recent experiment showed considerably lower potency for saxitoxin against 
Nav1.7 compared with TTX.96 Both TTX and saxitoxin have similar mechanisms of 

inhibition; the guanidinium groups interact with the ring of negatively-charged residues 
surrounding the outer pore domain (known as ‘Site 1’, see Figure 1.4) and directly block 

flow of sodium ions through the channel pore.58 This interaction has also been 
computationally modelled.96 

 

Figure 1.4: (A) Topology of a human voltage-gated sodium channel, with binding sites for small molecule 
and peptide interactors shown. These binding sites are also depicted on (B) top-down and (C) side-on 
views of the channel. Figure taken from de Lera Ruiz and Kraus.37 

The ‘ladder-frame polyether’ class of sodium channel activators contains the brevetoxins 
and ciguatoxins (such as ciguatoxin 3). These large, complex molecules are produced by 

microalgae and cause widespread poisoning of fish and bird populations during their 
blooms; accumulation in the food chain occasionally presents problems for humans too.37 
Unlike other toxins, which primarily act by inhibiting the opening of the channel pore, these 

toxins activate the channel causing a permanent flow of sodium ions into the cell. Their 
binding site is known as ‘Site 5’, and is located in the pore region near DIV-S5.97 
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Figure 1.5: The structures of Nav1.7-interacting small molecules tetrodotoxin (TTX, 1), saxitoxin 2, 
brevetoxin B 3, ciguatoxin 4, batrachotoxin 5, and veratridine 6. 

A third class of Nav-interacting small molecules are the steroidal alkaloids; this class 

includes batrachotoxin 5 and veratridine 6, which despite their structural similarities have 
very different origins. Batrachotoxin is isolated from the skin of certain frog species in 

South and Central America,98 while veratridine is found in the seeds of the sabadilla lily.99  

These compounds show a complex array of effects on voltage-gated sodium channels, 
including lowering the activation threshold potential and blocking inactivation of the 

channel at the peak cell potential. Their binding site is known as ‘Site 2’, and is located 
deep in the channel pore between DI-S1 and DIV-S6, an interaction which has been 

studied using NMR titration experiments.100 
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1.4.2 Synthetic small molecule inhibitors 

The importance of voltage-gated sodium channels in pain and other conditions, and the 

synthetic complexity of many of the described natural products, has led to intense interest 
in the design of small molecule drugs that modulate channel function. These drugs 

generally fall into one of two classes: local anaesthetic drugs that have binding sites in 
the channel pore domain, and subtype-selective drug candidates that generally interact 
with the VSDs.101 

Many well-known local anaesthetic drugs (such as lidocaine 7 and benzocaine 8, 
Figure 1.6) derive their analgesic properties from inhibition of voltage-gated sodium 
channels, although their development predated this understanding of their mechanism. 

Mutagenesis studies have shown that lidocaine and benzocaine bind to the inner pore 
domain, and interact particularly strongly with a phenylalanine residue on DIV S6 to block 

ion currents through the pore (the so-called local anaesthetic (LA) binding site; see 
Figure 1.4).71,102–104  

A similar pore-blocking mechanism was identified for the brominated drug candidate PI1 

9; this proposal was supported by an X-ray crystal structure showing the drug bound to a 
pore-only NavMs construct.105 The voltage-gated sodium channel pore domain is also 

suggested as the binding site for the volatile general anaesthetic sevoflurane 10; MD 
simulations with the bacterial protein NaChBac proposed four different binding sites for 

the drug, depending on the voltage-dependent conformation of the channel.106 Unlike the 
other anaesthetics, none of these sites directly block the pore, and the mechanism by 

which they achieve their analgesia is still to be understood.  

The high level of sequence conservation in the pore domain across voltage-gated sodium 
channel subtypes means that pore-binding molecules usually show subtype promiscuity; 

the need for a Nav1.7-selective inhibitor has therefore driven research into small molecule 
drugs that can bind to the VSDs, which show greater sequence variation. A very large 

number of such molecules have been proposed, the highest proportion of which feature 
the aryl sulfonamide scaffold.107–111 A structural justification for the popularity of this 

functional group was provided by Ahuja and coworkers,51 who presented an X-ray crystal 
structure showing insertion of their aryl sulfonamide drug (GX-936, 11) into the cleft 

between the S1-S2 and S3-S4 loops on a Nav1.7 DIV-NavAb chimera. The sulfonamide 
interacts with two of the charge-gating arginines on the S4 helix and inhibits helix shifting 
during activation, while the trifluoromethyl group and benzonitrile ring insert into a 

hydrophobic pocket and assist with subtype selectivity. 
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Figure 1.6: Structures of synthetic small molecules that interact with voltage-gated sodium channels. 
Pore-binding anaesthetics lidocaine (7), benzocaine (8), PI1 (9) and sevoflurane (10), and VSD-binding 
drug candidates GX-936 (Genentech, 11), PF-05089771 (Pfizer, 12), Funapide (Teva/Xenon, 13), and 
Vixotrigine (Biogen, 14). 

Many of these drug candidates report high levels of potency and selectivity against 

Nav1.7, but none have yet received approval for clinical use.112 Three compounds (Figure 
1.6 12-14) were advanced to Phase II clinical trials, but further development on all three 

was discontinued after failure to meet endpoints.113–115 

1.4.3 Peptide inhibitors 

A wide variety of organisms have evolved neurotoxic peptides to assist in their offensive 
or defensive survival strategies. Peptides that target Nav1.7 have been discovered in the 

venom of spiders, scorpions, cone snails, sea anemones, and centipedes.37 Of the 
Nav1.7-targeting peptides known, most come from spiders, scorpions or cone snails; 

however, this may reflect a bias in the species studied as comparatively little is known of 
sea anemone and centipede venoms. The current range of known Nav1.7-targeting 

peptides is likely to represent only a small fraction of the chemical space: the more than 
40,000 known species of spiders is thought to be only a quarter of the total number,116 

and as each spider venom may include up to 1,000 different peptides37 the total number 
of spider venom peptides is likely to be many times larger than the number characterised 

to date. 
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A notable feature of many venom peptides that target ion channels is the relatively high 
number of disulfide bonds they possess. This is especially true of peptides found in the 

venom of snakes, scorpions, spiders, and cone snails. Apamin, an inhibitor of Ca2+-
activated K+ channels derived from bee venom, is just 18 residues long but contains two 

disulfide bonds,117,118 while Magi 3, a peptide from the venom of the spider Macrothele 

gigas, has five disulfide bonds in only 46 residues.119 This compares with an estimated 

cysteine abundance in eukaryotic proteomes of just 1.76 %.120 The number and 
connectivities of the disulfide bonds provide a useful framework for classifying venom 

peptides, as they are often the most highly conserved structural feature.121 

Unlike many of the small molecule natural products and local anaesthetics, which bind in 
the highly-conserved channel pore regions and consequently show promiscuity across 

sodium channel subtypes, venom toxins can act as gating modifiers by binding to the 
voltage-sensing domains of the channel. These regions are comparably less conserved 

between sodium channel subtypes, and consequently many peptide toxins are able to 
show subtype selectivity. 

Another attractive feature of venom peptides in drug design is their relative ease of 

synthesis compared to the complex natural product toxins; most venom peptides are 
between 25 and 60 residues long, and are therefore amenable to synthesis by well-

developed solid-phase peptide synthesis methods. Parallel peptide synthesis allows large 
libraries to be prepared in a high-throughput manner, which can then be screened for 

bioactivity. Gating-modifier peptides have therefore become a subject of interest to 
researchers, both as drug leads in themselves and as inspiration for synthetic small 

molecules with VSD-binding properties. 

1.5 Inhibitor Cystine Knot (ICK) peptides 

As a result of evolutionary divergence, venom peptides often show characteristic folds 
and disulfide bond connectivities depending on the species of origin. Examples are the 

‘three-finger’ fold that is commonly found in peptides isolated from snake venom,116,122 or 
the scorpion peptide α/β-fold.123,124  Another such distinctive fold is the Inhibitor Cystine 

Knot (ICK) motif, sometimes referred to as a ‘knottin’ fold. Several hundred examples are 
known from spider venoms, although ICK peptides have also been found in the venom of 

cone snails, scorpions, and centipedes, making this motif a notable example of 
convergent evolution.116 
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1.5.1 Features of ICK peptides 

The ICK fold is characterised by the presence of six cysteine residues that are oxidised 

to form three disulfide bonds in a C1-C4, C2-C5, C3-C6 bridging pattern. The C1-C4 and 
C2-C5 disulfide bonds, together with the peptide backbone, present a loop which is 

penetrated by the C3-C6 disulfide bond; this forms the knotted topology that gives this 
class of peptides its name (Figure 1.7). ICK peptides also commonly (although not 
always) show a small two- or three-stranded β-sheet region near the C-terminus. A further 

stipulation for an ICK peptide is that C3 and C4 are consecutive in the amino acid 
sequence (i.e. a C-C-CC-C-C pattern),121 although this requirement is inconsistently 

applied.125 

 

Figure 1.7: (Left) General topology of an ICK peptide. The peptide backbone is shown in black, with 
beta-strand region indicated by arrows. Red lines indicate disulfide bonds; the numbering reflects the 
order in which the cysteine residue occurs in the sequence. (Right) Structure of an ICK peptide (Protoxin-
II, PDB: 5O0U)126 showing the penetration of the C3-C6 disulfide bond (red) through a loop formed by 
the backbone atoms and the C2-C5 disulfide bond (blue) where it interacts with the C-terminal domain 
(green). Sidechain atoms other than disulfide bonds are hidden, for clarity. The solution of this structure 
is further discussed in Chapter 2. 

The three disulfide bonds and close-knit topology make ICK peptides notably resistant to 
degradation by heat, proteases, and changes in pH, which lends them considerable 
stability in vivo.127,128 This stability, provided by the rigid disulfide bonding network, allows 

considerable variation in the amino acid sequence of the loop regions without 
compromising the fold of the peptide, which in turn allows exquisite honing of the peptides 

by evolution for potency against their targets. It also makes ICK peptides an attractive 
scaffold for rational drug design. These features have already been applied successfully 

in drug discovery: the ICK peptide ziconotide, derived from the Magic cone snail Conus 

magus, has received regulatory approval as a treatment for severe chronic pain.129 

As well as spiders and cone snails, plants are a source of cystine knot peptides with 

similar folds and disulfide bond connectivity (though these peptides do not generally have 
consecutive cysteines in their sequences).  Such peptides can be categorised by the 
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presence or absence of backbone cyclisation: members of the trypsin inhibitor class (such 
as EETI-II or MCoTI-III) do not have a cyclised backbone, while the cyclotide family of 

peptides (exemplified by Kalata B1) is cyclised head-to-tail.130 This cyclisation lends 
cyclotide peptides improved stability in vivo, and they are under investigation as leads in 

the development of new pesticides and pharmaceuticals.131,132 

1.5.2 Structural characterisation of ICK peptides 

Structural characterisation of the peptides to date has primarily been performed by NMR 

spectroscopy, owing to their low molecular weight. The first ICK peptide to have its 
structure solved by NMR was ω-Conotoxin GVIA, a voltage-gated calcium channel 
inhibitor from the venom of the cone snail Conus Geographus, which was published in 

1993.133 Since then, dozens of other structures have been published, and solving the 
solution-state structure has become a routine part of new peptide discovery. Notable 

examples of Nav1.7 inhibitor peptides which have been studied in this way include 
tarantula venom peptides Huwentoxin-IV (HwTx-IV)134 and Hainantoxin-IV,135 GpTx-I,136 

and, unusually, the centipede venom peptide Pn3a.137 

Examples of ICK peptide structures solved using X-ray crystallography are few in 
comparison, and it has been asserted that they are challenging to crystalise.138 Crystals 

of the related cystine knot peptide EETI-II were reported in 1989 but the structure was not 
solved,139 and a further study in 2005 was seemingly the first to solve the structure of this 

peptide.140 The first structure of a venom-derived ICK peptide was of the tarantula venom 
peptide Ceratotoxin-I (CcoTx-I), which was co-crystallised with a designed Fab 

fragment.138 Mutagenesis experiment results, when overlaid on the resulting structure, 
indicated that the most important residues for interaction with Nav1.7 were all positioned 

on one face of the peptide. The X-ray crystal structure of the tarantula venom peptide 
Protoxin-II (not bound to any scaffold proteins) was published in 2017,126 and is discussed 

further in Chapter 2 of this thesis. A team of researchers at Amgen, Inc. have since 
reported the X-ray crystal structure of another tarantula venom peptide, Jingzhaotoxin-V 
(JzTx-V).141 Crystals of the peptide were obtained by the unusual method of racemic 

crystallography, which has also been successfully applied to non-ICK disulfide-rich 
peptides.142 

1.5.3 Synthesis and in vitro folding  

While isolation of the components of crude animal venom has proved to be an effective 
means of discovering bioactive peptides, the difficulty of obtaining sufficient quantities of 

venom and the time-consuming nature of the purification means that alternative means 
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of synthesising venom peptides are preferred. While it is possible to express some venom 
peptides in recombinant systems,143 the intricate disulfide bonding patterns are not 

always easy to reproduce in these expression systems and so solid-phase peptide 
synthesis has emerged as the predominant production method. 

Obtaining the correct disulfide bond connectivity of ICK peptides represents a synthetic 
challenge. Approaches based on orthogonal cysteine protecting group strategies have 
been successful,144 but require considerable optimisation and no one-size-fits-all 

approach has yet been developed. Most synthetic ICK peptides are instead synthesised 
as the linear peptide (using an acid-cleavable cysteine protecting group such as trityl) and 

then subjected to an oxidative folding step to install the disulfide bonds. This oxidative 
folding is usually carried out in mildly alkaline buffer with a small amount of a disulfide-

bonded redox reagent (such as glutathione or cystine), which promotes disulfide-bond 
formation and shuffling until the thermodynamic product is produced.145 It is a fortunate 

feature of many ICK peptides that the disulfide-bond connectivity of the principal product 
at thermodynamic equilibrium is also that of the desired native peptide. 

The complex topology of ICK peptides, the predominance of an in vitro oxidative folding 

step in their synthesis, and their importance as drug leads has prompted interest in their 
mechanism of folding. The oxidative folding of disulfide-rich peptides beyond the ICK 

framework has been extensively studied, and has led to the classification of peptide 
folding mechanisms into ‘BPTI-like’ or ‘hirudin-like’ pathways.146 The BPTI-like folding 

mechanism (named after its exemplar, bovine pancreatic trypsin inhibitor) consists of 
stepwise formation of the disulfide bonds until the three-disulfide product is reached, with 

all intermediates possessing exclusively disulfide bonds found in the final product.147 By 
contrast, the hirudin-like pathway consists of a complex series of one- and two-disulfide 
intermediates with connectivities not found in the native product.148 This pathway 

culminates in the formation of fully-oxidised peptides with non-native disulfide 
connectivities (so-called ‘X-isomers’), which slowly rearrange, by disulfide shuffling, to 

form the wild-type product. 

Studies of the folding of cystine knot peptides to date have provided evidence in support 
of both pathways. An analysis of the folding intermediates of the squash trypsin inhibitor 

peptide EETI-II showed that a two-disulfide precursor possessing two native disulfide 
bonds (C2-C5 and C3-C6) was formed prior to oxidation to the native peptide, suggesting 

a BPTI-like folding mechanism.149 However, similar studies on the Amaranthus α-amylase 
inhibitor (AAI) peptide showed exclusively three-disulfide intermediates, all of which had 

non-native disulfide connectivities.150,151 Several of these intermediates possessed an 
unusual vicinal disulfide bond between the consecutive cysteines (C3 and C4) in the AAI 
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sequence. This evidence is consistent with a hirudin-like folding pathway for ICK peptides. 
Given the opposing results of these two studies, further work will be required to 

understand how these peptides achieve their complex disulfide bond connectivities. 

1.6 Protoxin-II 

Among the most studied ICK peptide is Protoxin-II (15, also referred to as ProTx-II and 

β/ω-theraphotoxin-Tp2a, Figure 1.8). Protoxin-II is a 30-amino acid peptide isolated from 
the venom of the Peruvian green velvet tarantula, Thrixopelma puriens.152 Protoxin-II 

shows remarkable potency in its inhibition of Nav1.7 (IC50 = 0.3 nM), and crucially it is also 
subtype-selective – at least 100-fold over the next most potent target and by a factor of 
several hundred over most other subtypes.153 It has therefore attracted considerable 

research interest as a potential lead in the development of drugs targeting Nav1.7. 

 

Figure 1.8: Amino acid sequence and disulfide bond connectivity of Protoxin-II. 

Electrophysiological studies of the effects of Protoxin-II on Nav1.7 indicated that the toxin 
increased the activation threshold potential by +31.1 mV, thereby stabilising the resting 

conformation and inhibiting channel opening.154,155 This contrasts with the family of Nav-
binding scorpion toxin peptides which shift the threshold voltage to more hyperpolarised 

(i.e. more negative) potentials, causing repeated firing of action potentials. 

1.6.1 Structure-activity studies 

Due to its status as a drug lead, Protoxin-II has been the subject of several studies 
examining its structure-activity relationship. An alanine/glutamine scan of the full toxin 

(except cysteine residues) and activity profiling against Nav1.5 was performed by Smith 
and coworkers.154 They found several residues that appeared to be key for activity 

clustered around the C-terminus of the peptide (notably M6A, V20A, R22A, and K27Q). 
Mutagenesis studies on Protoxin-II by Park and coworkers also highlighted the 

importance of the C-terminal region in effective binding; altering the C-terminal carboxylic 
acid to an amide, methylamide, or methyl ester increased the potency of the peptide 

against Nav1.7, although selectivity over Nav1.2 was considerably reduced.156 This study 
also found that mutation of just two residues (M19Y and R22E) completely abolished 

activity against both channels. Flinspach and coworkers extended the mutagenesis 
concept to its fullest extent, and produced a library of over 1500 variants of Protoxin-II by 
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systematically replacing every non-cysteine residue in the sequence with every other 
amino acid (other than cysteine and methionine). This led to the discovery of 

JNJ63955918, a peptide that has improved selectivity for Nav1.7 over the wild-type, 
despite only minor differences in the sequence.157 

Other structure-activity studies have focused on the membrane-binding ability of Protoxin-
II. The ability of gating-modifier peptides to bind to membranes was first demonstrated by 
Lee and MacKinnon for the spider venom peptide VsTx-I,158 and subsequent studies have 

shown this to be a common, though not universal, property of this class of 
biomolecules.159–161 The ability of Protoxin-II to bind to membranes has been shown to 

correlate with its affinity for Nav1.7, suggesting that modifications to regions of the peptide 
other than the residues directly involved in the Protoxin-II/Nav1.7 complex can still affect 

the potency.162 Like many ICK peptides, Protoxin-II has a net positive charge, and the 
same study demonstrated that mutations designed to increase the net charge (e.g. E17K) 

increased the potency of the peptide against Nav1.7.  

These results are explained by the presence of a ‘hydrophobic patch’ on ICK peptides, a 
feature described in the original paper by Lee and MacKinnon.158 In Protoxin-II, this patch 

is formed principally by W5, M6, and W7, with contributions from K4, W24, and W30. 
Molecular dynamics simulations and tryptophan fluorescence quenching experiments 

have shown that the hydrophobic patch orientates the peptide in the membrane and 
positions the C-terminal loop for optimal binding to Nav1.7.162 These results explain the 

otherwise anomalous finding by Smith and coworkers that the M6A mutation considerably 
reduces the inhibitory potency of Protoxin-II. 

While the factors affecting the potency of the inhibition of Protoxin-II on Nav1.7 have been 

thoroughly studied in these experiments, the mechanisms underpinning its selectivity for 
this subtype are less well understood: most variants were screened only against Nav1.7 

(or just one other channel) and not the full range of human voltage-gated sodium 
channels, likely due to the considerable increase in resources this requires. Structural 
studies of the Protoxin-II/Nav1.7 interaction are therefore required to fully understand the 

mechanism of Protoxin-II’s remarkable selectivity. 

1.6.2 Structural studies of Protoxin-II and Nav1.7 binding 

The first attempt at structural characterisation of Protoxin-II was carried out by Blumenthal 

and coworkers, who constructed a homology model based on the existing structure of 
spider venom toxin HpTx-II.154,163 A structural model of Protoxin-II derived from NMR 

experiments was published by Park and coworkers in 2014; this model showed the 
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expected disulfide bond connectivity and short β-strand region expected of an ICK 
peptide.156 However, the atomic coordinates of the model were not deposited and so 

could not be independently examined. A second NMR structure was solved in 2016 by 
Henriques and coworkers (PDB: 2N9T).162 This structure shows the disulfide bond 

connectivity of an ICK peptide, but no β-strand was identified. A discussion of this NMR 
structure, and work towards an X-ray crystal structure of Protoxin-II is discussed in 

Chapter 2 of this thesis. 

The gating-modifier properties of Protoxin-II and mutagenesis studies of the channel have 
indicated that the binding site between Protoxin-II and Nav1.7 lies in the DII voltage-

sensing domain of the channel, especially the S1-S2 and S3-S4 extracellular loop 
regions, known as ‘Site 4’.152,153 Further evidence for binding to DII comes from a 

Nav1.7/NavAb chimera which showed binding to Protoxin-II, albeit with lower potency.164 
However, this result is contradicted by another study of binding to Nav1.5, which 

suggested a novel binding site for Protoxin-II.154 Other studies have also posited 
interactions with the DI and DIV voltage-sensing domains, and that binding to these sites 

might give a role to Protoxin-II in inhibiting fast inactivation of the channel.72,155 Deuis and 
coworkers investigated the binding of the ICK peptide Pn3a to Kv2.1/Nav1.7 chimeras and 

found binding occurred to both DII and DIV.165  

The discovery of the membrane-binding properties of Protoxin-II and related peptides led 
to suggestions of a ‘trimolecular complex’ comprising the peptide, the channel, and the 

membrane.166 However, a second binding mode for ICK gating-modifier toxins has also 
been proposed which does not require partition into the membrane; it is therefore possible 

that such peptides could dissociate from the membrane on binding to the channel VSD.167 

Recent advances in structural biology methods have improved the understanding of the 
structure of the Protoxin-II/Nav1.7 complex. A structure of human Nav1.7 in complex with 

Protoxin-II and tetrodotoxin was published in 2019 by Yan and coworkers; the cryoEM 
map was able to show poorly-resolved electron density over both the DII VSD and the 
DIV VSD, which the authors assigned to Protoxin-II, even though tracing of the structure 

through the map was not possible.58  

A more comprehensive understanding of the structural basis of inhibition was provided 

by Xu and coworkers at Genentech, who solved structures of Protoxin-II in complex with 
a Nav1.7 DII-NavAb chimera protein by X-ray crystallography and cryoEM.52 The crystal 
structure shows that Protoxin-II W24 partitions into a hydrophobic cleft formed by A776 

and L770 on the DII S2 helix, and L812 on the S3 helix, which the authors describe as a 
‘hydrophobic anchor’ that stabilises Protoxin-II for engagement with the channel. Further 
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van der Waals interactions are identified for Protoxin-II W5 and M6 with DII F813; this 
residue has been identified as a key determinant of selectivity for Nav1.7, as other human 

voltage-gated sodium channel subtypes have a glycine at this position. Finally, two basic 
residues are oriented directly into the centre of the VSD. R22 is shown to form an 

interaction with D816, where it disrupts the pairing of this residue with its counterpart 
arginine on the S4 helix, and K26 forms a salt bridge with E811 on S3. Protoxin-II 

therefore inhibits Nav1.7 channel opening by disrupting the shift of the DII S4 helix on 
activation. 

The paper also describes two structures of this complex solved by cryoEM: one in which 

the VSD is in the activated conformation (the same as the crystal structure), and a second 
structure (solved from a minority of the identified particles) in which the channel is in the 

resting conformation. The authors suggest that the identification of channel particles in 
the resting configuration is made possible through the strong stabilising effect of Protoxin-

II. The structures show a movement in the S4 helix of nearly 10 Å, further supporting the 
charge-shift model of channel gating. 

The recent successes in structural characterisation of the Protoxin-II/Nav1.7 complex are 

the result of decades of work, and have considerably improved our understanding of the 
mechanism of gating-modification by venom peptides. However, the key structural work 

has been carried out on chimera proteins that do not fully replicate all the properties of 
wild-type channels. The structure of Protoxin-II bound to human Nav1.7 was unable to 

trace the position of the peptide on either DII or DIV, and so the interactions have not 
been fully characterised. The authors attribute the poor map density in this region to 

‘intrinsic flexibility in the absence of a lipid bilayer’ and recommend repeating the studies 
using more native-like environments.58 

1.6.3 In vivo studies 

In vivo studies designed to test the pain-relieving properties of Protoxin-II have cast doubt 

on a simple relationship between inhibition of Nav1.7 and analgesia. In one such 
experiment, Protoxin-II failed to elicit an analgesic response in a mouse model,153 a result 

which was attributed to an inability of the peptide to cross the peripheral nerve sheath. 
However, a second study did show analgesic properties for Protoxin-II, albeit within an 

extremely narrow therapeutic window,157 and a third mouse study on diabetes-induced 
pain showed a small beneficial effect for Protoxin-II.168  

Emerging evidence suggests that Nav1.7 may play a role in pain beyond the propagation 

of action potentials: a recent study showed that Nav1.7-null mice have upregulated 
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production of met-enkephalin in sensory neurons.169 Enkephalins are short peptides that 
interact with the opioid receptors and are known to suppress the pain response. The 

insensitivity to pain shown by the Nav1.7-null mice could be reversed by application of the 
opioid receptor antagonist naloxone, suggesting that regulation of enkephalins could be 

a key role of Nav1.7 that cannot not suppressed by blocking with inhibitors alone. In this 
complex, picture much remains to be understood about the role of Nav1.7 in analgesia 

and how inhibition by toxin peptides can play a role in drug discovery. 

1.7 Crosslinking mass spectrometry 
1.7.1 Key principles 

Studying the structures and interactions of membrane proteins is challenging. Most 

conventional techniques for studying protein structure (such as biomolecular NMR 
spectroscopy, X-ray crystallography, or cryoEM) are averaging methods, and require the 

protein of interest to be purified from the expression system of choice. Purification of 
membrane proteins is notoriously challenging due to their hydrophobicity, which can 

cause aggregation and denaturing in aqueous solutions. Detergents are often employed 
to stabilise such proteins, but the resulting micelles are poor mimics for the native 

membrane environment and may not necessarily preserve the native structure. This can 
be especially problematic when it comes to studying membrane protein complexes, where 

the cell membrane can play an important role in maintaining the integrity of the complex. 
Recent innovations such as the use of lipid nanodiscs, amphipols, or styrene-maleic acid 

lipid particles (SMALPs) have reduced but not solved the difficulties associated with 
detergents. 

As well as the requirement that the protein sample be purified prior to analysis, 

conventional structural biology methods have restrictions on the type of proteins that can 
be studied by each method. X-ray crystallography requires that the protein be able to form 

a well-ordered crystal lattice, which it is not always possible to obtain even with extensive 
screening of conditions. NMR spectroscopy requires isotopic labelling of the protein of 
interest, and analysis of proteins with molecular weights greater than approximately 50 

kDa can be prohibitively difficult.170 CryoEM has the opposite problem; it is not usually 
possible to obtain structures on proteins with molecular weights below 50 kDa, and very 

challenging on proteins below 100 kDa.171 

These problems are especially acute in the study of voltage-gated ion channel complexes 
such as the Protoxin-II/Nav1.7 complex. As has been described, voltage-gated ion 

channels exist in different conformations, depending on the membrane potential of the 
cell. When the cells are lysed to extract the proteins, the membrane potential is lost (or 
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rather, set to 0 mV), and so the other conformations cannot easily be studied. Trapping 
the channels in other conformations by disulfide locking experiments49 or incubation with 

VSD-trapping compounds is possible, but it has not been demonstrated that these 
methods can be universally applied to all voltage-gated ion channels.  

A eukaryotic voltage-gated sodium channel such as Nav1.7 has a molecular weight of 
220-300 kDa (depending on the glycosylation), which is far above the upper mass limit 
for NMR, and years of crystallisation trials have not been successful in producing a 

diffraction-quality crystal. CryoEM has therefore been the most suitable method for the 
study of these channels since the publication of the first structure in 2017; however, many 

of these structures are incomplete and questions remain over their conformations (see 
1.3.4, and Chapter 4). 

Structural mass spectrometry of proteins is a rapidly-advancing field of research that can 

complement existing structural methods and help overcome these problems. Biological 
mass spectrometry experiments can be broadly separated into two categories: ‘top-down’ 

and ‘bottom-up’ approaches.172 Top-down mass spectrometry experiments attempt to 
preserve the structure of the protein in a native (or native-like) state as it is transferred to 

the gas phase. These experiments allow calculation of the stoichiometries of protein 
complexes or the binding of lipids or small molecules.173 Ion-mobility mass spectrometry 

experiments, in which ions are separated according to differences in collision cross-
section, allow different conformational states of the protein to be explored.174 

By contrast, bottom-up experiments use protease digestion to fragment the intact protein 

into peptides, which can be analysed by LC-MS/MS.175 Information about the entire 
protein can then be inferred by piecing together the peptide fragments. Examples of 

bottom-up mass spectrometry experiments include proteomic studies of cells and tissues; 
hydrogen-deuterium exchange176 and covalent labelling,177 which identify solvent-

exposed regions of the protein; and chemical crosslinking experiments, which allow 
regions of the protein (or proteins in a complex) nearby in space to be identified.176,178 
The remainder of this introduction will focus on crosslinking mass spectrometry (also 

known as XL-MS). 

Crosslinking mass spectrometry experiments are used to identify structural information 

about a protein or protein complex. A workflow for a typical XL-MS experiment is shown 
in Figure 1.9. The fundamental step in XL-MS is the formation of covalent crosslinks by 
addition of a crosslinking reagent to a protein complex, after which the protein is isolated, 

digested, and subjected to LC-MS/MS (as for all bottom-up mass spectrometry 
experiments). Identification of the crosslinked peptides is carried out by a combination of 
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database searching and specialist crosslinking analytical tools; this allows generation of 
distance restraints for structural modelling or validation. 

 

Figure 1.9: Workflow in a typical XL-MS experiment. Figure taken from Yu et al.179 

Crosslinking mass spectrometry has certain advantages over other means of determining 

structure, such as NMR, X-ray crystallography, and cryoEM. Unlike these other methods, 
XL-MS can be performed in vivo, and capture structural information on proteins in their 

native state or on protein complexes not amenable to isolation and purification.180 
Additionally, the crosslinks create a ‘snapshot’ of the protein interaction over a very short 

timescale, allowing transient or unstable protein complexes to be characterised. There 
are no upper or lower bounds on the size of the complex that may be studied. 

Despite these advantages, crosslinking mass spectrometry is rarely able to collect 

sufficient structural information on its own to allow complete, atomic-level resolution 
models of protein structure; it is consequently used most often as a complementary 

partner with other structural techniques, or computational modelling methods. 

1.7.2 Crosslinking reagents 

The information that is collected by a crosslinking mass spectrometry experiment is highly 
dependent on the type of chemical crosslinking reagent used. A very large number of 

crosslinkers are reported in the literature, with various combinations and compositions of 
reactive functional groups, spacer arms, affinity tags, cleavable sites, and solubility. 

However, almost all crosslinking reagents can be categorised according to a small 
number of criteria. 
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1.7.2.1 Number of reactive sites 

Chemical crosslinking reagents usually contain two reactive functional groups; in an ideal 

case, one end of the crosslinker will react with a site on the first protein of interest, while 
the second reactive group will react with a site on its interaction partner. This creates the 

crosslink between the two proteins which is then detected in the mass spectrometer. The 
reactive groups in question may be the same, and designed to target similar functionalities 
on the proteins; these crosslinkers are called homobifunctional. However, crosslinkers 

may have reactive sites targeting different functional groups, and these are known as 
heterobifunctional. Between them, these two classes encompass almost all of the most 

popular crosslinking reagents.  

Less commonly, trifunctional crosslinking reagents may be used. The additional reactive 
site on these reagents may help to increase crosslinking yield in certain scenarios,181 or 

to carry a different reactive group and so broaden the specificity of the reagent. However, 
the third functional group may also be used to attach a tag for affinity purification (such 

as biotin, or a phosphate group182) or an alkyne group for later functionalisation using 
click chemistry.183,184 

Crosslinking groups can also be incorporated directly into one of the proteins in question, 

creating a monofunctional crosslinking side chain, though care must be taken that the 
labelled protein is handled only under conditions which do not react with the reactive 

group. This approach is most commonly used with genetically-encoded photoreactive 
amino acids.185 

1.7.2.2 Reactive functional group 

Chemical crosslinking reagents contain one or more reactive functional groups which are 
designed to react rapidly with the target protein, with varying degrees of selectivity. The 
reagents published to date usually belong to one of four classes: amine-reactive, 

sulfhydryl-reactive, carboxyl-reactive, and photoreactive. 

Amine-reactive groups react with primary amine groups found on lysine sidechains and 
N-termini. Examples include N-hydroxysuccinimide (NHS) esters,186,187 imidoesters,188 

and pentafluorobenzyl esters (Figure 1.10).189 NHS esters are sometimes functionalised 
with a sulfonate group to adjust the solubility of the ester. 
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Figure 1.10: Common reactive groups which form crosslinks with primary amines include (left) (sulfo)-
NHS esters, (centre) imidoesters, and (right) pentafluorobenzyl esters. 

The mechanism of action of these reagents (Scheme 1.1) involves attack of the primary 

amine on the activated carbonyl group of the ester, followed by loss of the leaving group 
to produce an amide bond (or amidine bond in the case of the imidoester). 

 

Scheme 1.1: Representative mechanism for the reaction of protein-bound amine groups with reactive 
esters. 

Sulfhydryl-reactive reagents react with the sulfhydryl group in the sidechain of cysteine; 

in proteins it is found as both the free -SH group and oxidised into disulfide bonds. 
Crosslinking reagents which react with cysteine usually require the free sulfhydryl group 

for successful crosslinking, and so any disulfide bonds in the proteins of interest are 
reduced by addition of DTT or TCEP prior to crosslinking. 

Sulfhydryl-reactive groups used in crosslinking include maleimides,190 iodoacetyl 

groups,191 and pyridyl disulfides (Scheme 1.2).192 In each case, the mechanism involves 
nucleophilic attack of the sulfur atom on an electrophile in the crosslinker. Coupling with 

maleimide and iodoacetyl reagents is optimal at physiological pH or slightly higher; pyridyl 
disulfides react fastest at pH 4-5 but reaction is still possible at basic pH.193 

Pyridyl disulfides generate a disulfide-bonded crosslink, which can later be cleaved by 

reducing agents if needed. Additionally, this reaction produces pyridine-2-thione as a side 
product, which absorbs strongly in the UV wavelength range and allows the progress of 

the crosslinking reaction to be monitored in real time. 
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Scheme 1.2: Common sulfhydryl-reactive functional groups in chemical crosslinkers and representative 
mechanisms of crosslink formation. 

Carboxyl-reactive reagents can react with the sidechains of aspartic acid and glutamic 
acid residues, and at the C-terminus of the protein. They have a special role in 

crosslinking chemistry, as they are used in the formation of ‘zero-length crosslinks’, i.e. 
crosslinks where there is no spacer between the two crosslinked groups.194 

These crosslinks are formed by reaction of the carboxylic acid with a reagent which 

generates an activated ester; this activated ester is then subject to nucleophilic attack by 
a primary amine on the interacting protein. Subsequent loss of the activating group leaves 

an amide bond formed from the target carboxylic acid and proximal amine – a zero-length 
crosslink. The activating reagent most commonly used for this application is 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl, 16) (Scheme 1.3).195  
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Scheme 1.3: The structure of EDC·HCl 16 (top) and representative reaction mechanism under basic 
conditions to form a zero-length crosslink. 

Unlike the three main classes of reactive group already discussed, photoreactive 
crosslinking reagents are not designed to react specifically with one or two functional 
groups. Instead, these groups remain inert until activated by irradiation with ultraviolet 

light, which generates highly reactive nitrene, carbene, or radical species. These reactive 
intermediates react rapidly and unspecifically with any functional groups nearby – 

including otherwise inert groups such as C-H bonds. Examples of reagents used for this 
purpose include aryl azides,196 diazirines,197 and benzophenone derivatives 

(Scheme 1.4).198 

This unspecific reactivity is highly beneficial when studying crosslinking in protein regions 
without large numbers of lysine, cysteine, or acidic residues. However, it can make 

subsequent data analysis considerably more complicated, and it is not always possible 
to precisely identify the crosslinking site if subsequent peptide fragmentation is poor. A 

second drawback is that the lifetime of the reactive intermediate is very short, and 
uninformative reactions with solvent or buffer components are common.  
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Scheme 1.4: Examples of photoactive phenylazide, diazirine, and benzophenone groups used in 
chemical crosslinking, and representative mechanisms for generating reactive intermediates on 
irradiation with UV light. 

1.7.2.3 Spacer type 

A crucial parameter in crosslinking reagents is the length of the spacer between reactive 
functional groups. Aside from the zero-length crosslinkers, which have a spacer length of 

0 Å, the range of spacers available varies considerably (Figure 1.11). 

 

Figure 1.11: Examples of crosslinking reagents with different lengths of spacers. The most commonly-
used spacers (such as DSS, above right) have lengths of approximately 10-15 Å.193 

The length of the spacer has considerable influence over the nature of the data collected 

in the experiment. Long spacer arms tend to create more crosslinks as there is a greater 
number of viable residues within crosslinking distance; however, these crosslinks are less 
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useful for modelling as the resulting constraints are correspondingly loose. By contrast, 
short (and zero-length) crosslinks tend to produce considerably fewer crosslinks in any 

given target system. However, these crosslinks produce tight constraints and fewer are 
required to calculate high-quality models. 

The composition of the spacer also has an important influence on the properties of the 
crosslinking reagent. Spacers may comprise aliphatic carbon chains, aryl groups, or PEG 
chains, each of which will vary the solubility and membrane permeability of the 

crosslinker. Spacers may also contain cleavable groups such as disulfide bonds, which 
can later be broken by addition of a reducing agent (Figure 1.12).199 Post-crosslinking 

cleavage is often beneficial in analysis of the resulting mass spectrometry data, as 
crosslinked peptides often fragment poorly compared with their linear equivalents. 

Comparison of the mass spectra before and after fragmentation can help identify the sites 
of crosslinking, and a number of peptide spacers which are cleavable in the gas phase or 

under irradiation by UV light have also been developed.200,201 

 

Figure 1.12: Examples of crosslinking reagents with different spacer compositions. 

1.7.3 Heavy and light crosslinkers 

One of the more challenging aspects of XL-MS is identification of crosslinked peptides 
from the complex mixture produced after digestion. The task is made more difficult by the 

considerable excess of non-crosslinked peptides in the sample.  

To make it easier to identify crosslinked species, experiments are often conducted with 
equimolar mixtures of isotopically-labelled (heavy) and native (light) crosslinking 

reagents. After crosslinking, enzymatic digestion, and LC-MS, the crosslinked peptides 
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are distinguished from the background ions by their appearance as an equal-intensity 
doublet with a known mass difference (Figure 1.13).202 

 

Figure 1.13: Using an equimolar mixture of heavy and light crosslinking reagents assists identification 
of crosslinked species in the resultant mass spectra. A characteristic doublet (highlighted in green) 
appears in the mass spectrum for species containing the crosslinking reagent. 

1.7.4 Other crosslinkers 

The categories of crosslinking reagents already discussed encompass a huge number 
and variety of different reagents, and most crosslinking applications will be well served by 
at least one of this range. Nonetheless, the number of crosslinkers used for structural 

studies of proteins continues to grow, especially for applications not well served by 
canonical reagents. 

Many proteins lack appropriate sites for crosslinking in areas which are of scientific 
interest – such as transmembrane regions of membrane proteins and hydrophobic 
patches, which are often sites for protein-protein interactions. Reagents have therefore 

been developed which broaden the number of amino acids capable of forming crosslinks. 
An example is the diglyoxal reagents developed for specific crosslinking with arginine 

residues.203 These reagents have been used to examine arginine-arginine crosslinks in 
the PyrR complex, where attempts with lysine crosslinkers were unsuccessful. Lysine-

arginine crosslinking has also been studied in model systems.204 

Carboxylic acid reactive groups have also been developed beyond the zero-length 
crosslinker EDC, with the publication of hydrazide and hydroxylamine crosslinking 

reagents. A tetrazole-based crosslinker has also been developed which forms a carboxyl-
reactive intermediate upon irradiation with UV light.205 

A more unusual crosslinking system uses reactive oxygen species generated in situ (such 

as 1O2 and peroxyl radicals) to crosslink the reactive aromatic sidechains of tyrosine and 
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tryptophan. These crosslinks were successfully mapped onto the X-ray crystal structure 
of glucose-6-phosphate dehydrogenase.206 

Formaldehyde has also been used as a crosslinking reagent. With a spacer length of just 
2.4 Å it is among the shortest crosslinkers which is not zero-length, which has restricted 

its use to date. However, unlike many crosslinking reagents, formaldehyde can form 
crosslinks with a wide variety of functional groups, including the sidechains of cysteine, 
tyrosine, tryptophan, asparagine, glutamine, arginine, histidine, and lysine. This 

promiscuity is more suitable for some applications than for others.207 Formaldehyde 
crosslinking is often reversible, and this can produce heterogeneous crosslinked products 

and correspondingly complex mass spectra. Despite these drawbacks, formaldehyde has 
established itself as a useful reagent in protein crosslinking experiments. 

MS-cleavable crosslinkers have also been developed to overcome difficulties in the 

analysis of complex mass spectra. In these cases, the crosslink spacer fragments to 
produce two peptides which can be analysed separately; the additional mass from the 

spacer fragments can be used to determine the type of crosslink formed (Figure 1.14). 
MS-cleavable groups include sulfoxides, ureas, and diazo reagents.200  

 

Figure 1.14: (Top) The structure of MS-cleavable crosslinking reagent disuccinimidyl sulfoxide (DSSO, 
17), with cleavage sites indicated, and (bottom) the mass spectrum signatures produced by different 
types of crosslink. 
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In the case of the MS-cleavable crosslink disuccinimidyl sulfoxide (DSSO), the 
fragmentation occurs on one side of the sulfoxide or the other. For dead-end (or, ‘type 0’ 

crosslinks) this leads to a double peak in the mass spectrum, with a mass difference of 
48 Da; for intramolecular crosslinks, only a single peak is seen as the cleavage site does 

not affect the ion mass. For intermolecular crosslinks, four peaks are found (assuming 
that the mass of the two crosslinked peptides are different). These patterns assist in 

identifying the information-rich intermolecular crosslinks in the complex spectra. 

1.7.5 Crosslinking mass spectrometry in structural biology 

Crosslinking mass spectrometry is now widely used for the study of soluble proteins,178 
and has contributed to our understanding of, for example, translation initiation 

complexes,208 DNA damage repair mechanisms,209 and the structures of challenging 
proteins such as the intrinsically-disordered amyloidogenic protein Tau.210 There are 

fewer examples of its application to the study of membrane proteins; this is not 
unexpected as the transmembrane regions of such proteins usually lack suitable residues 

for crosslinking, and are less accessible to solvents and crosslinking reagents. 
Crosslinking studies of transmembrane proteins are therefore most common on proteins 

with extensive regions outside the membrane.211  

An example of this approach is a combined XL-MS and cryoEM study of the voltage-
gated calcium channel Cav1.1.212 In this case, crosslinking mass spectrometry was used 

to confirm correct placement of the subunits in the cryoEM density map. A study of a G 
protein-coupled receptor (GPCR) in complex with a β-arrestin protein used formaldehyde 

crosslinking to stabilise the interaction prior to analysis by mass spectroscopy, hydrogen-
deuterium exchange, and cryoEM.213 A rare example of in vivo crosslinking of a 

transmembrane protein complex is provided by Bruce and coworkers, who investigated 
the interactions of the outer membrane protein OmpA in live bacteria.214 This study found 

crosslinks solely in the cytosolic C-terminal domain, and not in the transmembrane β-
barrel. 

To overcome the difficulties associated with low numbers of crosslink-compatible 

residues and poor solvent accessibility, several studies have instead employed 
photocrosslinking methods. Photocrosslinking groups can be incorporated into proteins 

by addition of the appropriate amino acid to the culture medium, or site-selectively by, for 
example, amber codon suppression. Chemical synthesis can be used to install 
photoreactive groups into interacting ligands or peptides. This approach has the 

advantage that the site of interaction need not be solvent accessible as no additional 
crosslinking reagent is added. A second benefit for studies of transmembrane proteins is 
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the promiscuity of photocrosslinking groups: they do not require a nearby lysine, cysteine 
or acidic residue to form the crosslink. 

Photocrosslinking has a long history of application to interaction studies, but only recently 
has this method been combined with mass spectrometry. An early example of the 

application of this method to ion channels was a study of the interaction between a 
labelled neurotoxic peptide from snake venom and the nicotinic acetylcholine receptor 
(AChR), using matrix-assisted laser desorption ionisation (MALDI) mass spectrometry to 

identify the crosslinking site.215 Another photocrosslinking study featuring an ion channel 
examined the interaction of the photolabelled small molecule anaesthetic sevoflurane with 

the voltage-gated potassium channel Kv1.2. This revealed an interaction with the S4-S5 
linker, which would not have been accessible to conventional crosslinking reagents.216 A 

benzophenone-labelled Neuropeptide Y analogue was used to study the interaction with 
its GPCR receptor in an integrated study combining mass spectrometry, NMR and X-ray 

crystallography.217  

The most relevant recent example of this method used a photolabelled analogue of the 
spider venom peptide Huwentoxin-IV to study its interaction with a Nav1.7-NavAb chimera 

protein.218 This work identified a binding site for the peptide on the extracellular S1-S2 
loop on the Nav1.7 portion of the chimera, consistent with the proposed ‘site 2’ binding 

site for gating-modifier peptides. This work is especially relevant for studies with Protoxin-
II given the high sequence and structural similarity between these two peptides, and the 

overlap of their proposed binding sites on Nav1.7.134,155,219 

1.8 Recent work in the Tabor group 

Previous work on Protoxin-II in the Tabor group investigated the effect of replacing each 
disulfide bond with a thioether bridge, with the aim of increasing the stability of Protoxin-

II towards reduction and degradation in vivo. As detailed in the doctoral thesis of Dr Zoë 
Wright,220 these peptides were synthesised and tested for activity against Nav1.7 with a 

sample of the wild-type peptide (prepared in our laboratory) as a positive control. None 
of the peptides, including the sample of wild-type peptide, showed any inhibition of 

Nav1.7.  

To provide positive controls for the inhibition assay, samples of Protoxin-II were obtained 
from two commercial suppliers (Sigma-Aldrich and Smartox Biotechnology) and tested as 

before. Surprisingly, only one of these samples (supplied by Smartox) showed any 
inhibitory activity.126,220 As it was clear that the synthetic scheme employed by Dr Wright 

to synthesise Protoxin-II did not produce the correct, active peptide, and that this was also 



 63 

true of commercial laboratories, it was decided to investigate the differences in the 
samples further. 

1.8.1 Analytical HPLC of commercial Protoxin-II samples 

Analytical HPLC (performed by Dr Rachael Dickman) was used to confirm the purity of 
the peptide samples. The two commercial samples (supplied by Sigma-Aldrich and 

Smartox) showed a single major peak in their chromatograms, but with different retention 
times (Figure 1.15). This data suggested that the peptide in the Sigma-Aldrich sample 

was different to the peptide in the Smartox sample, and this was verified by coinjection of 
the two peptides. 

 

Figure 1.15: Comparative analytical HPLC traces for commercially-sourced samples of Protoxin-II (left), 
showing the different retention times for the two samples. The peptides were also tested for inhibitory 
activity against Nav1.7 by patch-clamp electrophysiology (right). The Smartox sample showed almost 
complete inhibition of Nav1.7 ion currents, but the Sigma-Aldrich sample failed to show any inhibition. 

1.8.2 Ion-mobility mass spectrometry 

To understand what might be causing the observed differences in the properties of the 

two samples, ion-mobility mass spectrometry was used. An ion-mobility mass 
spectrometry instrument comprises a drift tube coupled to a mass detector (such as a 
QTof).221 Analytes are ionised by one of the many conventional means of ionisation and 

passed towards the drift tube, where they are directed by the electric field to travel down 
the drift tube against the flow of an inert buffer gas (such as helium, nitrogen, or argon).222 

Ions with a large collision cross-section experience proportionally more collisions with the 
drift gas, and consequently take longer to reach the end of the drift tube than more 

compact ions. The components of the analyte are separated according to their arrival time 
at the mass detector, and may be analysed separately. When combined with conventional 

liquid chromatography, it provides a second dimension of analyte separation 
(Figure 1.16). 
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Figure 1.16: The underlying principles of ion-mobility mass spectrometry. An ion pulse containing a 
mixture of species is injected into a drift cell (blue box), where it experiences a friction force Ffriction 
(dependent on the pressure, P, of the buffer gas) in opposition to the force on the ion, Fel due to the 
electric field E. The more compact species (red) experiences a lower Ffriction, and so passes down the 
drift tube more quickly than the more extended species of equal mass (blue). This difference is described 
in the arrival time distribution (yellow box). Figure provided by Mike Bowers, and reproduced by 
permission. 

 

Figure 1.17: Arrival time distributions (ATDs) for the Smartox (A) and Sigma-Aldrich (B) samples of 
Protoxin-II, and extracted mass spectra (C-F).126  

This analysis was carried out by Prof Konstantinos Thalassinos (UCL) on the two 
commercial samples of Protoxin-II using a Waters G2 Synapt QToF instrument 

(Figure 1.17). The Smartox sample appeared as a single peak in the arrival time 
distribution, which indicated that it consisted of a single peptide component. Analysis of 
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these ions by the QToF mass detector showed that the peptide had the expected mass 
for fully-folded Protoxin-II, with all three disulfide bonds.126  

By contrast, the Sigma-Aldrich sample (which appeared as a single major peak in the 
analytical HPLC trace) was revealed to consist of a mixture of peptides, partially-

separable by their different collision cross-sections. The extracted mass spectra showed 
that the peptides were not fully-oxidised, and had masses corresponding to between two 
and zero disulfide bonds. The peptides with fewer disulfide bonds also showed later 

arrival times; this indicated that without the disulfide bonds to constrain the fold of the 
peptides, the peptides can adopt more extended conformations which produced a 

corresponding increase in collision cross-section. Correct formation of the disulfide bonds 
is crucial for the activity of the peptides, so this data justifies the results of the 

electrophysiology assay. 

1.9 Aims of this thesis 

The urgent need for new analgesics has prompted interest in developing inhibitors of the 
voltage-gated sodium channel Nav1.7. The tarantula venom peptide Protoxin-II has 

attracted attention in this regard due to its potency and selectivity of Nav1.7 inhibition, but 
the structural basis for these properties was poorly-understood. At the time this work was 

begun, conventional attempts to determine the nature of the interaction between Protoxin-
II and Nav1.7 was hampered by the lack of a high-resolution structure of any eukaryotic 

voltage-gated sodium channel. 

We therefore decided to attempt to use in vivo crosslinking mass spectrometry, combined 
with computational modelling and docking approaches, to improve our understanding of 

the Protoxin-II/Nav1.7 complex. 

In order to achieve this aim, it was first necessary to develop the work of Dr Wright by 
establishing a reliable synthetic route to Protoxin-II and confirming its structure and 

bioactivity. In vivo crosslinking mass spectrometry experiments are improved when the 
biomolecule of interest can be selectively enriched, and so we aimed to synthesise a 

derivative of Protoxin-II featuring an affinity tag, without compromising its inhibitory 
properties. Finally, a structural model of Nav1.7 was required for the computational 

docking experiments and final modelling of the Protoxin-II/Nav1.7 complex. 
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CHAPTER 2 

 

SYNTHESIS AND CHARACTERISATION OF PROTOXIN-II 

2.1 The X-ray crystal structure of Protoxin-II 

2.1.1 Introduction 

Dr Wright performed high-resolution LC-MS experiments on trypsin-digested fragments 
of Protoxin-II to attempt to determine the disulfide bonding patterns of the peptides in her 

samples. As a result of these experiments, it was suggested that the disulfide bond 
connectivity of Protoxin-II could have been mis-assigned. Instead of the usual connectivity 

for an ICK peptide (C1-C4, C2-C5, C3-C6), she suggested that the fold might be that of 
the disulfide-directed β-hairpin (DDH) class of peptides.1 These peptides show a C1-C3, 

C2-C5, C4-C6 disulfide connectivity pattern, and this fold has been suggested as an 
ancestor to the ICK fold.2,3 

To investigate this suggestion we decided to solve the structure of Protoxin-II by 

crystallographic methods, which allow unambiguous determination of the disulfide 
connectivity. Owing to their small molecular weight (usually <10 kDa) and accessibility to 

synthesis, structural analysis of disulfide-rich peptides is usually carried out by NMR: of 
the 1,196 proteins with 3-4 disulfide bonds, a molecular weight <10 kDa, and a deposited 

structure in the PDB, 926 (77.4 %) were determined by solution NMR, with only 262 
(21.9 %) solved by X-ray crystallography. 

The structure of Protoxin-II has been determined twice by NMR,4,5 albeit with only one set 

of deposited coordinates (PDB: 2N9T), and never by crystallography: the structures of 
only a few venom peptides have been successfully solved by X-ray crystallography (see 

Introduction), and it has been suggested that the small size of the peptides makes it 
especially challenging to grow crystals of a suitable size and quality for diffraction.6  

We therefore chose to investigate the structure of Protoxin-II in collaboration with Prof 

Tamir Gonen (Howard Hughes Medical Institute, Janelia Research Campus) by an 
emerging crystallographic method called microcrystal electron diffraction (MicroED). 
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2.1.2 MicroED 

The principles of structure determination using MicroED are identical to those of 

conventional X-ray crystallography: diffraction data is collected from a well-ordered crystal 
of the molecule of interest, and the angles and intensities of the diffracted incident beam 

are used (together with an estimate of the phase) to calculate a density map, and hence 
the structure.7 

The crucial difference with MicroED is that the incident X-rays are replaced with a low-

intensity beam of electrons, and the experiment is carried out in the environment of an 
electron microscope.8 Electrons carry a permanent negative charge so they interact with 

the electronic environment of the crystal by coulombic repulsion, which is stronger than 
the elastic scattering of photons in X-ray beams and produces proportionally fewer 

damaging inelastic scattering events.9 This means that sufficient diffraction data can be 
collected from considerably smaller crystals than would be possible in X-ray diffraction – 
in some cases, a millionth of the size.  

This principle has been applied to biomolecular structure determination, as 2D electron 
crystallography, for decades,10 but MicroED has extended it to 3D microcrystals.11 Such 

microcrystals are much easier to grow than the large crystals needed for X-ray 
crystallography, which often require painstaking optimisation of the crystal growing 
conditions. Smaller crystal sizes also improve the odds of obtaining a well-ordered crystal; 

large crystals are more prone to defects such as vacancies in the lattice or twinning, which 
lowers the data quality. MicroED therefore has the potential to allow biomolecular 

structures to be determined where X-ray crystallography has failed, and to reduce the 
time needed to screen crystal growing conditions for novel targets.  

This potential is starting to be realised, and MicroED has been used to solve the structures 

of several proteins,12–14 peptides,15,16 and small molecules.17,18 Since ICK peptides are 
challenging targets for X-ray crystallography due to the difficulties in growing suitably 

large crystals, it was hypothesised that MicroED might be a more appropriate structure 
determination technique; we therefore attempted to grow microcrystals of Protoxin-II for 

electron diffraction. 

2.1.3 Crystal growth and data collection 

Crystallisation conditions for the Smartox Protoxin-II sample were screened by the 
hanging-drop vapour diffusion method.19 Several drops produced precipitates which 

would ordinarily be considered failed attempts in X-ray crystallography, but often contain 
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microcrystals suitable for MicroED. To our surprise, one particular condition (2 M Li2SO4, 

100 mM Tris-HCl, pH 8.5 and 2% v/v PEG 400) produced a single moderately-sized, well-
defined crystal. UV fluorescence20 and second-order nonlinear optical imaging21 

suggested that the crystal contained tryptophan and chiral centres, respectively, which 
indicated that it was likely a crystal of Protoxin-II.  

 

Figure 2.1: X-ray diffraction image from an initial hit in the crystallisation screen of Protoxin-II. The crystal 
shows doubled spots (red arrows) indicative of layering in the crystal. A diffraction series (orange line) 
was used to index one of the unit cell dimensions (inset) and confirm the identity of the crystal. 

The crystal was already too large for MicroED experiments, so growth was continued over 
several days until it was a suitable size for X-ray diffraction, after which it was removed 

from the drop and subjected to X-ray diffraction on the home X-ray diffractometer at HHMI 
Janelia Research Campus. All diffraction data in this chapter was collected by Dr Francis 

Reyes of HHMI Janelia.  
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While the crystal did diffract the X-ray beam, the diffraction images (Figure 2.1) showed 

a characteristic doubling of spots (examples highlighted by red arrows) which indicates 
that the crystal was layered (not of uniform thickness). This prevented further structural 

analysis with this crystal. However, indexing of a set of diffraction spots (indicated by an 
orange line with intensity plot inset) showed a crystallographic unit cell dimension of 
approximately 35 Å, confirming that it was a peptide crystal. 

 

Figure 2.2: (Left) A diffraction image from a well-ordered Protoxin-II crystal, showing diffracted spots to 
high resolution. (Above right) Optical microscope image of the crystallisation drop, showing large 
triangular crystals of Protoxin-II (example indicated by red arrow). (Below right) Image of one such crystal 
mounted on the goniometer prior to collection of diffraction data. The goniometer loop is 100 μm 
diameter. This crystal diffracted to 1.65 Å resolution. 

Crystal trials were repeated on a larger scale using this promising condition, and these 
drops produced several well-defined triangular plates (with a side length of approximately 

150 μm but just 20 μm thick) in just a couple of days (Figure 2.2). Diffraction data from 
one such crystal was collected on the home source at HHMI Janelia, and this crystal 

produced excellent diffraction data with a high resolution limit of 1.65 Å (diffraction data 
statistics are provided in Materials and Methods). An attempt was made to crystallise a 

sample of inactive Protoxin-II supplied by Sigma-Aldrich under the same conditions; while 
this did produce some seemingly crystalline material, the crystals were irregular in shape 

and they did not diffract the X-ray beam. This is consistent with the ion-mobility mass 
spectrometry data (see Introduction)22 that showed multiple disulfide-bond isomers 

present in the sample. 
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A heavy atom derivative crystal was prepared by soaking a crystal from the same drop in 

a solution of potassium iodide, and diffraction data was collected as before. A third native 
crystal was sent to be analysed on a synchrotron radiation source, where the brighter and 

more collinear beam allowed better-quality diffraction data (with a high-resolution limit of 
0.995 Å) to be collected. The diffraction data were indexed and all crystals were assigned 
the H 32 space group.  

2.1.4 Phasing and refinement 

Calculation of an electron density map requires both the magnitude and the phase of the 
structure factors to be known.23 While the magnitude of the structure factors can be 

determined experimentally from the spot intensities, the phase information is lost in the 
diffraction experiment; phases must therefore be determined or estimated separately. 

Accurate calculation of phases is vital, as phase errors can have a dramatic effect on the 
final map.24 

Name of method Requirements 

Molecular replacement 
An approximately-correct starting model of the 
protein (experimentally, or by homology or ab initio 
modelling) 

Anomalous dispersion 
Protein must contain a scattering atom (e.g. sulphur 
or selenium). Multiple datasets collected at different 
wavelengths or a high multiplicity single dataset. 

Isomorphous replacement 

Diffraction data from an isomorphous crystal with 
heavy atoms ordered in the lattice. Either several 
different crystals or additional anomalous scattering 
required. 

Direct methods 
Atomic resolution data meeting “Sheldrick’s Rule” 
(<1.2 Å)25,26 and limited protein size (generally fewer 
than 2000 non-H atoms). 

Table 2.1: Data requirements for phasing of macromolecular diffraction data. 

Phasing in biomolecular crystallography is performed using one of three general methods, 
each of which have certain requirements in order to be successful (Table 2.1).24  

In the case of Protoxin-II, the previously-deposited NMR ensemble (PDB: 2N9T)4 

provided an excellent starting point for molecular replacement. The iodide ions in the 
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derivative crystal provide heavy atoms for single isomorphous replacement and also act 

as anomalous scatterers, allowing the hybrid method single isomorphous replacement 
with anomalous signal (SIRAS) to be used. Finally, the atomic-resolution dataset 

collected at the synchrotron, combined with the low molecular weight of Protoxin-II, allows 
direct methods to be attempted.  

 

Figure 2.3: An example uninterpretable electron density map, calculated using the molecular 
replacement algorithm MolRep27 using the deposited NMR structure of Protoxin-II (PDB: 2N9T)4 as the 
search model. The map is contoured at 2!. 

Molecular replacement was attempted using the algorithms MolRep27 and Phaser28; the 

input model was the ensemble of Protoxin-II structures solved by NMR (collectively and 
individually). Surprisingly, none of these input models provided acceptable solutions to 

the phases, resulting in uninterpretable electron density maps (Figure 2.3). Homology 
models of Protoxin-II produced using MODELLER29 also failed; as did search models 
truncated to just the β-strand and models with sidechains removed. 

One possible explanation for this result was that the structure of Protoxin-II in the crystal 
differed significantly from the structures solved by NMR; to investigate this possibility we 

performed phasing by SIRAS, using the high-resolution synchrotron dataset and the 
heavy atom derivative dataset. The iodide atoms in the heavy-atom derivative crystal 
gave strong peaks in the Patterson map (Figure 2.4), and allowed calculation of initial 

phases. The anomalous signal, while weak, was sufficient to allow a fully-traceable 
electron density map to be calculated. 
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Figure 2.4: (Above left) Initial electron density map calculated using SIRAS phasing, and (above right) 
a partial model of Protoxin-II traced through the map. Both maps are contoured at 1!. (Below left) 
Isomorphous and (below right) anomalous Patterson maps used to calculate the phase. 

While experimental phases are free of the model bias that can affect phase estimations 
by molecular replacement, they are not free of experimental errors (such as errors in 
intensity measurement) or errors introduced by small changes in the crystal (which make 

them non-isomorphous). It is therefore valuable to check the phases for errors by 
calculating them with a second, independent method. In our case, the atomic-resolution 

dataset collected at the synchrotron was of sufficiently high resolution that phasing by 
direct methods could be attempted. 

Direct calculation of the phases was implemented in SHELXC/D/E,30 and immediately 

gave high-scoring solutions to the phases that allowed excellent-quality electron density 
maps to be created (Figure 2.5). 

Comparison of this map with the map determined by experimental phases showed that 

they were almost identical, which increases confidence in the solution. Protoxin-II was 
traced through this map to create an initial model that was taken forward for refinement. 

Despite the high resolution of the data, some flexible sidechains (K26 and K27) could not 
be clearly resolved in the electron density map and were truncated in the model. 
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Figure 2.5: (Left) Electron density map calculated using direct methods phasing in SHELXC/D/E, and 
(right) model of Protoxin-II traced through the map. Both maps are contoured at 1!. 

Refinement of crystal structures is important to ensure that the final model best fits the 

available diffraction data. Major real-space adjustments to the initial model (such as 
sidechain rotamers and the placement of solvent) were made manually in Coot31 and 
refined using Refmac.32 Polishing of the model was performed using SHELXL33,34 as this 

software is more able to handle refinement methods relevant to high-resolution structures 
(such as anisotropic refinement of B-factors, variable occupancies, and alternative 

conformations of sidechains). Two conformations of the Y1 sidechain were visible in the 
electron density and both were modelled with occupancies fixed at 0.5. 

The model was checked for errors in geometry using the validation tools provided by 

MolProbity,35 and the final structure was assessed for quality by the PDB validation 
tools.36 The final model was then deposited to the PDB with accession code 5O0U.22 The 

full PDB validation report for this structure is provided as an Appendix to this thesis. 

2.1.5 The structure of Protoxin-II 

The crystal structure of Protoxin-II (shown in Figure 2.6) contains the expected three 

disulfide bonds with the connectivity C1-C4, C2-C5, C3-C6. This is the expected 
connectivity for an ICK peptide, and there is no evidence for other connectivities in the 
electron density (Figure 2.6). The disulfide bonds are highlighted in the model, showing 

clearly that the C3-C6 disulfide bond passes through the loop formed by the C2-C5 
disulfide bond and the peptide backbone. 



 

 85 

 

Figure 2.6: (A) Close-up view of the C1-C4 disulfide bond in the X-ray crystal structure of Protoxin-II. 
The electron density map is contoured at 2! to show the unambiguous assignment of the disulfide bond 
connectivity. (B) Side (above) and top (below) views of the X-ray crystal structure of Protoxin-II. 
Sidechains are depicted as wires, except for the disulfide bonds which are depicted as sticks for clarity. 
The N-terminus is  coloured blue and the C-terminus is coloured red. 

Protoxin-II is mostly free of secondary structure with the exception of a single β-hairpin 
found near the C-terminus of the peptide (M19-C21 and C25-K27). This β-hairpin defines 
one of the two loops which comprise the main secondary structural feature of Protoxin-II. 

The second loop is formed by W7 to C16, and the two loops are bound together and 
stabilised by two of the disulfide bonds (C2-C5 and C3-C6). Hydrogen bonding 

interactions between backbone atoms of C9-L23, W7-C25, and M6-C25 also help to 
stabilise this double-loop structure. The N-terminus is tied to this second loop through the 

C1-C4 disulfide bond. 

A key feature of the structures of ICK peptides is the ‘hydrophobic patch’, a region of 
solvent-exposed hydrophobic residues on one face of the peptide. The work of Henriques 

and co-workers4,37 has demonstrated that this region has an important role in the inhibition 
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of ion channels. In the crystal structure, this region is clearly visible and is formed from 

residues W5-W7 and L23-W24, as shown in the hydrophobicity surface map (Figure 2.7). 

 

Figure 2.7: Hydrophobicity surface (calculated by Chimera)38 for the crystal structure of Protoxin-II. 
Hydrophilic regions are depicted in blue; hydrophobic regions are shown in red. 

Figure 2.8: Comparison of the existing NMR ensemble of Protoxin-II (above left) with the X-ray crystal 
structure of Protoxin-II (below left) showing the similarity in the overall fold. (Right) Structures of the ICK 
peptides HwTx-IV,39 JzTx-V,40 ProTx-III,41 and CcoTx-I42 for comparison, showing the conservation of 
the β-hairpin in this family of peptides. 
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Comparison with the previously-published NMR structure shows that while the overall fold 

of the peptide is broadly similar (mean Cα RMSD = 1.522 Å), there are some key 
differences. NMR experiments are carried out in solution at close to room temperature, a 

much more physiological environment than a crystal under cryogenic conditions. 
Differences between crystal and NMR structures are therefore often attributed to crystal 
packing effects, which distort the protein structure, or to effects of temperature, which 

change the dynamics of the protein in ways that do not necessarily reflect its behaviour 
in physiological environments.43 Structures derived from NMR experiments are therefore 

usually considered a more accurate representation of the structures of biomolecules in 
native environments. 

The most notable difference between the crystal structure and the published NMR 

structure is the formal β-hairpin, which is missing in the NMR model.4 Despite the 
considerations listed above, it is more likely in this case that the β-hairpin in the crystal 

structure is present in the peptide under native conditions. Park et al5 published a 
structure of Protoxin-II by NMR but did not deposit the atomic coordinates for inspection; 

nonetheless, their structure clearly shows the presence of a formal β-strand in the C-
terminal loop. A number of ICK peptides have had their structures solved, and a C-

terminal β-hairpin is clearly found across the peptide family (Figure 2.8). We are therefore 
confident that the β-hairpin found in the crystal structure is not an artefact of the crystal 

lattice.  

The NMR structure shows greatest conformational flexibility around the C-terminus 
(Figure 2.8). This is in agreement with the crystal structure, which shows an increase in 

the backbone B-factors in this region, indicative of greater displacement in the crystal. 

The overall similarity in the fold between the NMR structure ensemble and the X-ray 
crystal structure raises the question of why it was not possible to determine good-quality 

phase estimations by molecular replacement. Molecular replacement is usually 
successful when the Cα RMSD is less than 2 Å and the overall sequence identity between 

the search model and the true structure is greater than 50 %.44 Both of these conditions 
are met for the case in question.  

As a test, the X-ray crystal structure coordinates file was stripped of all non-peptide atoms 

and submitted as the search model in MolRep. A solution with a high translation function 
contrast score was immediately produced (suggesting that phasing has been successful). 

Automated model building followed by five cycles of refinement with Refmac produce a 
solution with Rwork/Rfree = 0.275/0.277 and a clearly-traceable electron density map. This 

test case suggests that, despite apparently meeting the usual criteria for success, the 
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reason for the failure of molecular replacement is due to a lack of sufficient similarity 

between the NMR ensemble and the true solution. Protoxin-II has a considerably lower 
molecular weight than most proteins studied by X-ray crystallography, and it can be 

hypothesised that a lower RMSD between the search model and the solution is required 
for molecular replacement to work on smaller proteins: what would be small structural 
differences on a 40 kDa protein are much larger on a 4 kDa peptide. 

In conclusion, despite the evidence of Wright,1 this atomic-resolution structure confirms 
that the disulfide bond connectivity of Protoxin-II is as expected for an ICK peptide. The 
structure also provides evidence of secondary structure and hydrogen bonding not seen 

in previously-published structures. Finally, this study demonstrates that large, high-quality 
crystals of ICK peptides can be grown, and investigating ICK peptide structures by X-ray 

crystallography is feasible.   

2.1.6 MicroED of Protoxin-II 

While the determination of the structure of Protoxin-II by X-ray crystallography was 

successful, the original intention of the project was to investigate the structure using 
MicroED. We therefore decided to attempt to use the crystals of Protoxin-II produced 

during the X-ray crystallography studies for MicroED. 

The crystals grown for X-ray diffraction were far too thick for electron diffraction, and 
needed to be broken up into microcrystalline fragments before they could be used. 

Research in the Gonen group has shown that brief sonication of protein crystals, or even 
just rapid pipetting, is sufficient to produce a suitable sample.45  

The Protoxin-II crystals were sonicated, and the microcrystalline solution was applied to 

holey-carbon cryoEM grids. The grids were blotted to remove excess solution, then 
plunged into liquid ethane. This has the effect of vitrifying the water on the grid so that 

crystalline ice does not form and obscure the sample.46 The grids were examined under 
an electron microscope in imaging mode for objects that could be microcrystals of 
Protoxin-II.  

Unfortunately, most of the grids examined were either almost completely empty of 
material or mostly obscured by thick layers of amorphous solids, such as buffer 

components or precipitates (Figure 2.9). Only a few diffracting objects could be found, 
and many of these had widely-dispersed diffraction spots indicative of small-molecule 
salts. Only one possible microcrystal could be found that appeared to give a peptide-like 

diffraction pattern (Figure 2.10), but the diffraction data was poor quality and could not 
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be indexed. We were not able to make any further progress with MicroED on Protoxin-II 

in the time available. Further optimisation of the sample preparation will be required to 
produce clean grids with discernible microcrystals. 

 

Figure 2.9: Electron microscopy images of (left) a mostly empty grid and (right) a 'thick' grid largely 
obscured by an excess of material. 

 

Figure 2.10: (Left) Electron microscopy image showing a possible microcrystal of Protoxin-II (centre of 
image). (Right) Electron diffraction image of this object, showing poor diffraction quality. 

2.2 Synthesis of Protoxin-II 

2.2.1 Synthesis of the linear peptide 

The synthesis of the linear sequence of Protoxin-II was achieved through standard Fmoc 
SPPS methods. Some optimisation of this synthesis has previously been carried out in 

our laboratory by Wright,1 and this optimisation was extended.  
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In particular, recent reports have noted the tendency of cysteine and histidine residues to 

racemise during the coupling step, which can be suppressed by replacement of DIPEA 
with 2,4,6-collidine as the base.47,48 While in our case replacement of DIPEA with 2,4,6-

collidine did not produce a discernible improvement in the crude yield, the higher solubility 
of 2,4,6-collidine in DMF made it the preferred option for larger-scale syntheses. A switch 
from single coupling to double coupling of amino acids did produce an increase in the 

crude purity of Protoxin-II, and so double coupling was adopted as standard. 

Wright observed that using a NovaSyn-TGT resin as the solid phase resulted in the 
highest yields of Protoxin-II,1 and so this resin was used for all syntheses. A new peptide 

synthesiser equipped with microwave heating allowed us to test the effect of heat on the 
reaction yields. Increasing the coupling temperature to 70°C (except for cysteine, which 

was limited to 50°C to suppress racemisation) and shortening the reaction time to 15 mins 
(per manufacturer protocols) seemed to reduce the crude yield of Protoxin-II 

considerably, and increased the amount of side products. A longer coupling reaction time 
at room temperature was therefore used for subsequent syntheses. 

In addition to automated synthesis, the peptide was synthesised manually using the 

double-coupling procedure. Manual synthesis allows for preactivation of the coupling 
reagents before addition to the resin, which is not possible with automated synthesis 

instruments available in our laboratory. The manual synthesis did produce linear Protoxin-
II with good crude purity, but the synthesis was time-consuming and the improvement in 

yield did not justify the increased preparation time. Automated synthesis was therefore 
used in the standard protocol. 

2.2.2 Oxidative folding of Protoxin-II 

Oxidative folding is the oxidation of free sulfhydryl groups on cysteine sidechains into 

disulfide bonds, with simultaneous folding of the peptide into its native three-dimensional 
structure.  

In the case of Protoxin-II, two methods were used to perform this step. The first was the 

oxidation method employed by Wright (Table 2.2, Entry 1);1,49 this involves dissolving the 
purified linear peptide at high dilution in pure water with aerial oxidation occurring over 7 

days at 4°C. 

The second method used a redox buffer employed by Park and co-workers (Table 2.2, 
Entry 2).5 This buffer contains a mild denaturant (2 M urea), a buffering agent (100 mM 

Tris-HCl) at mildly basic conditions (pH 8), and low concentrations of oxidised and 
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reduced glutathione. The purified linear peptide is dissolved at low concentration. Park et 

al report that the folding reaction is complete after 24 hrs at room temperature.5 The use 
of this buffer was attempted by Wright but did not lead to folded products or recoverable 

starting material. In our hands the successful use of this buffer proved to be dependent 
on the order of addition of reagents and careful control of pH. Attempts to dissolve the 
lyophilised peptide directly in the oxidation buffer produced large amounts of insoluble 

aggregates and almost complete loss of sample. Instead, the linear peptide must first be 
dissolved in a small volume of pure water before dropwise addition to the oxidation buffer 

at natural pH (approximately pH 4.5). The pH is then raised by slow addition of aqueous 
sodium hydroxide with mixing; any high local pH causes precipitation of the peptide as 

white filaments which persist and grow even if the pH is subsequently lowered and cause 
considerable sample loss. 

Entry Conditions [Peptide] Reaction time Temp. 

1 Water 0.1 mg/mL 7 days 4°C 

2 2 M urea, 0.1 M Tris-HCl (pH 8)    
0.3 mM GSSG, 0.15 mM GSH 0.1 mg/mL 24 hrs rt 

Table 2.22: Conditions used for the oxidative folding of linear Protoxin-II. 

The products of these two oxidation conditions were compared by analytical HPLC. 

Oxidised disulfide-rich peptides tend to have shorter retention times than their reduced 
linear precursors, due in part to burial of hydrophobic regions of the peptide, and can 

therefore be distinguished by HPLC.50 

The chromatogram for the Buffer/24hr conditions (Figure 2.11) shows a single major 
product, with a retention time (34 mins) considerably shorter than the linear peptide (38 

mins). By contrast, the products of the Water/7d cyclisation conditions show several 
peaks in the HPLC chromatogram, with two major product peaks and some unreacted 

starting material (even after seven days of folding). Neither of the two major product peaks 
have the same retention time as the product in the Buffer/24hr conditions.  

The major products were isolated and the folding examined using high-resolution mass 

spectrometry. The products of folding under the Water/7d condition were shown to consist 
of a mixture of one- and two-disulfide peptides (see Section 2.4) while the principal 

Buffer/24hr product had the expected three disulfide bonds (see Figure 2.15). 
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Figure 2.11: Analytical HPLC traces for the products of Protoxin-II folded by either the Water/7d method 
(red) or the Buffer/24hr method (blue). Peaks corresponding to the linear peptide are marked *. 

These results can be explained by considering the nature of the disulfide bond formation 
in these two conditions. Under the buffered conditions, the pH is close to the pKa of the 

cysteine sidechain sulfhydryl group (pKa = 8.3), and so approximately half of the 
sidechains will be deprotonated. These thiolates are therefore able to attack existing 

disulfide bonds via an SN2 mechanism, leading to the formation of a new disulfide bond 
with a different connectivity. This disulfide shuffling is promoted by the addition of oxidised 

glutathione to the buffer, which acts as a source of disulfide bonds and therefore does not 
require direct aerial oxidation. The disulfide-forming steps are therefore reversible, and 

the reaction products are determined by the thermodynamic properties of the peptides 
(i.e. the final product is the peptide with the lowest-energy conformation).  

By contrast, under the Water/7d conditions, the peptide solution is slightly acidic due to 

TFA counterions on the peptide, which is rich in lysine and arginine residues and therefore 
carries a net positive charge. This maintains the cysteine sidechains as protonated 

sulfhydryls, and suppresses disulfide shuffling.51 As there is no external source of 
disulfides or thiols, all the disulfide-bond forming steps occur through direct aerial 

oxidation of the sulfhydryl groups on the peptide. The oxidation is therefore irreversible 
under these conditions, and the reaction produces kinetic products (i.e. the peptides that 
form fastest). It was therefore suggested that in the case of the Water/7d folding reaction, 

initial misconnections in the disulfide connectivity could not be ‘corrected’ by disulfide 
shuffling, and the peptide is then trapped and unable to fold or oxidise further.  

The conditions under which Sigma-Aldrich and Smartox manufacture their samples of 
Protoxin-II are unknown to us. However, there are certain similarities between the 
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peptides formed by Water/7d method and the Sigma-Aldrich sample: both consist of a 

mixture of several peptides and both contain peptides with an incomplete number of 
disulfide bonds. Based on these similar properties, is suggested that the Sigma-Aldrich 

sample of Protoxin-II was also subjected to kinetic, rather than thermodynamic, oxidative 
folding conditions.  

2.3 Characterisation of folded Protoxin-II products 

The peptides formed under the two different oxidative folding conditions were subjected 

to further structural and functional characterisation. 

2.3.1 Patch-clamp electrophysiology 

Patch-clamp electrophysiological assays are the gold standard for assessing the 
inhibitory properties of ICK peptides against ion channels.52,53 As the potency and 

selectivity of the peptides are exquisitely sensitive to changes in structure, a positive result 
in an inhibition assay is an important indication that the peptide is correctly folded and 

oxidised. The Protoxin-II samples were submitted to collaborators at B’SYS GmbH, who 
tested the inhibitory activity of the peptides against Nav1.7 stably-expressed in CHO cells. 

Further details of the patch-clamp recording protocol are provided in Wright et al.22 The 
sample of Protoxin-II oxidised with the redox buffer shows almost complete inhibition 

(96.04 ± 1.20 %) of the ion current at 100 nM concentration (Figure 2.12).  

 

Figure 2.12: Whole-cell patch-clamp electrophysiology traces determined by the Nav1.7 inhibition assay. 
The Water/7d product (left, green trace) shows no inhibition of Nav1.7, but the Buffer/24hr product shows 
almost complete inhibition of Nav1.7 ion currents (at 100 nM concentration). The assay was performed 
and the traces produced by B’SYS GmbH. 

Control 100	nM peptide

Water/7d Buffer/24hr
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By contrast, the sample of Protoxin-II oxidised by the Water/7d method showed no 

inhibition of the channel current at 100 nM concentration. These results confirm that the 
redox buffer is necessary for the correct folding and activity of Protoxin-II. 

2.3.2 NMR spectroscopy 

Henriques and co-workers reported that a simple 1D 1H-NMR experiment could 

distinguish between correctly-folded and unfolded Protoxin-II.4 This is an attractive 
characterisation technique as NMR is a non-destructive method (unlike mass 

spectrometry), it does not require unusual equipment and expertise (such as ion-mobility 
drift tubes), the experiment is relatively fast, and no assignment of the proton peaks is 

necessary to determine folding.  

Figure 2.13: 1D 1H-NMR spectra (amide region only) of (top) unfolded and (bottom) correctly-folded) 
Protoxin-II. 

In our case, correctly-folded Protoxin-II could be identified by widely-dispersed, sharp 
signals in the amide region of 1D 1H-NMR spectrum (Figure 2.13), and was consistent 

with the data presented in Henriques et al.4 By contrast, incorrectly-folded Protoxin-II 
produces overlapping peaks in a comparatively narrow chemical shift range. 
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2.3.3 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy measures the difference in absorbance of right-

handed and left-handed circularly-polarised light by a substance. CD spectroscopy of 
proteins is typically carried out with radiation in the UV range (170-300 nm), where 

absorption by amide bonds and aromatic sidechains occurs. These chromophores are 
symmetric, but in asymmetric environments (such as secondary structure elements) their 

absorption of the different directions of circularly-polarised light will differ. CD 
spectroscopy can therefore give an indication of the folding of peptides and proteins, and 
of any secondary structure elements present. 

The CD spectrum of Protoxin-II cyclised in the Park buffer was collected by Dr Altin Sula 
(Birkbeck College) and is shown in Figure 2.14, and is consistent with reported CD 

spectra for correctly-folded Protoxin-II.54 The minimum at 199 nm suggests that most of 
the residues exist as a random coil, with a small contribution from β-strands; this is 
consistent with the X-ray crystal structure. The origin of the region of positive ellipticity at 

220-230 nm is unclear, but may arise either from the disulfide bonding55 or from a 
conformationally-restricted aromatic residue.56,57 

 

Figure 2.14: (Left) Circular dichroism spectrum of folded Protoxin-II collected by Dr Altin Sula, where θ 
represents ellipticity and λ represents wavelength. (Right) Literature circular dichroism spectrum of 
Protoxin-II (pink) together with corresponding spectra for Huwentoxin-IV and analogues. Data taken from 
Revell et al.54 

2.3.4 Ion-mobility mass spectrometry 

The experiments by Dr Konstantinos Thalassinos on the commercial samples of Protoxin-
II showed that ion-mobility mass spectrometry was an effective tool in assessing the 

folding of the peptide, and distinguishing misfolded species. The sample of Protoxin-II 
folded in the buffer was therefore tested by native ion-mobility mass spectrometry to see 
if multiple peaks could be distinguished in the ion arrival time distribution.  
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The arrival time distribution for the entire sample (all charge states) is shown in Figure 

2.15 A together with the complete mass spectrum. Each major peak in the arrival time 
distribution corresponds to a charge state of the peptide. In native mass spectrometry the 

sample is directly sprayed into the instrument in a mildly basic solution (50 mM ammonium 
bicarbonate) without prior LC; consequently the dominant charge states (+3 and +4) are 
lower than those observed in conventional LC-MS. 

Examining only the +4 charge state as before (mass range 956.8 - 958.8 m/z), we see a 
single symmetrical peak in the arrival time distribution (Figure 2.15 B). This implies that 
the sample consists of a single Protoxin-II peptide, which is confirmed by the mass 

spectrum (Figure 2.15 D/E) to contain three disulfide bonds.  

This result is also seen for the +3 charge state (the dominant charge state in this mass 

spectrum), though this peak is broadened by diffusion in the drift tube which produces a 
flatter peak (Figure 2.15 C). 

 

Figure 2.15: (A) Arrival time distribution for all charge states of Protoxin-II. (B) Arrival time distribution 
for Protoxin-II [M+4H]4+ ions. (C) Arrival time distribution for Protoxin-II [M+3H]3+ ions. (D) Full native 
mass spectrum for the ions in this sample. Peaks are labelled with the corresponding charge state. (E) 
Expanded region of the mass spectrum in (D) to show the +4 charge peak, with major isotopic peaks 
labelled. 

2.4 Examination of misfolding in water by mass spectrometry 

Oxidative folding of Protoxin-II using the Water/7d method did not produce fully-folded 

peptide, likely due to the formation of incorrect disulfide bonds which are trapped under 
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the kinetic conditions of the reaction. While this therefore makes folding in pure water 

inappropriate as a synthetic route to correctly-folded ICK peptides, the misfolded peptides 
produced can nonetheless provide useful insights into the initial folding pathways of the 

peptide. Identifying the structures and disulfide bonding patterns of these misfolded 
peptides would allow a better understanding of the complex ICK peptide folding pathway, 
and perhaps lead to the development of improved methods to fold these peptides. 

The first step in the experiment was to study the folding of linear Protoxin-II over time to 
see the appearance of the folded peptides. The linear Protoxin-II used for this experiment 
was synthesised by Jenna Robinson, a master’s student in our laboratory. Aliquots were 

collected each day over the 7 days of the experiment and HPLC was used to analyse the 
folding products (Figure 2.16). Oxidised peptides (with lower retention times) appear over 

the timescale of the experiment, with a corresponding reduction in the intensity of the 
linear peptide peak. All the product peaks seem to show a consistent rate of  increase in 

their intensity; this suggests that all of the peaks correspond to trapped, misfolded 
peptides and are not transient intermediates, as is to be expected under non-redox 

conditions. 

 

Figure 2.16:: Analytical HPLC chromatograms showing (top) the oxidative folding of Protoxin-II in water 
over time, and (bottom) the products after 7 days of oxidative folding. The peaks are coloured by the 
number of disulfide bonds present (determined by mass spectrometry). 

After the oxidation had proceeded for 7 days, the resulting mixture of peptides was 

analysed by mass spectrometry to identify the number of disulfide bonds. As with our 
previous experiments, no peptides with three disulfide bonds could be identified. Only one 
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t = 7 days 

t = 7 days 
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product peak consisted of a peptide with two disulfide bonds; all other peaks 

corresponded to peptides with just one disulfide bond. Some early-eluting product peaks 
had masses consistent with oxidised methionine, and some remaining linear peptide was 

also identifiable. 

Two approaches were used to identify the disulfide bonds in the peptides, both centred 
around mass spectrometry (Figure 2.17). The first was analysis of the intact peptides 

using LC-MS: the mixture was separated using a long chromatography gradient and the 
eluted peaks injected directly into the mass spectrometer. Tandem MS was used to 
fragment the peptide precursor ions, and the resulting fragment ions were used to identify 

the sites of the disulfide bond. This method has the benefit that all the peptides can be 
analysed in a single experiment, with no further HPLC or reaction steps required. 

However, data analysis can be challenging due to the relatively high molecular weight of 
Protoxin-II for tandem MS, the absence of fragment ions encompassed by the disulfide 

bond, and the relatively small mass shift (-2.0655 Da) of the disulfide bond. 

 

Figure 2.17: Methods to determine the reaction products from the Water/7d method. (Top) Intact peptide 
analysis: the reaction products (1) are separated by a long chromatography gradient (2) and the eluting 
peaks examined directly by mass spectrometry (3). (Bottom) Disulfide mapping: HPLC is used to isolate 
the peptide products (2). The free cysteine sidechains are alkylated (3),  the disulfide bonds are reduced 
(4), and the resulting peptides are analysed by mass spectrometry (5). 

The second method was a more conventional disulfide mapping experiment, involving 
isolation of the peptides by HPLC, capping of the free sulfhydryl groups with an alkylating 

reagent, then reduction of the disulfide bonds.58 The peptides were then analysed by 
tandem mass spectrometry, and the pattern of modified and unmodified cysteines was 
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used to deduce the disulfide bonding pattern. This method should produce more complete 

fragmentation data owing to the reduction of disulfide bonds, but the additional sample 
preparation steps can lead to side reactions (such as methionine oxidation) and sample 

loss that complicate the analysis.  

The chromatogram for the peptide mixture analysed using LC-MS has a similar profile to 
that from the analytical HPLC (Figure 2.18). Peptide precursor ions were subjected to 

higher-energy collisional dissociation (HCD) fragmentation followed by detection of the 
resulting fragments in the Orbitrap mass analyser, which has excellent sensitivity and 
resolution (especially at low m/z). The HCD collision energy was optimised using a 

sample of linear Protoxin-II and comparing the fragmentation spectra. At low collision 
energies, only partial fragmentation of the peptide precursor ion could be seen, but at 

higher collision energies ion series consistent with multiple fragmentation started to 
appear. A stepped collision energy was therefore used to achieve a balance between the 

two factors. Precursor ions appeared in the MS1 spectrum with charge states between 
+7 and +4; more highly-charged precursor ions require less energy for fragmentation,59 

so acquiring MS2 spectra for all the different charge states allowed more complete 
assignment of the fragment ions. 

 

Figure 2.18: Base peak intensity (BPI) LC-MS chromatogram for the products of the Water/7d oxidative 
folding. The peak marked * corresponds to linear Protoxin-II. Peaks corresponding to oxidised peptides 
that could be identified by their fragmentation spectra are marked a and b.  
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Figure 2.19: Example MS2 spectra (using the +6 charge state as the precursor ion) for two one-disulfide 
peptides identified by LC-MS. (Top) A peptide with a vicinal disulfide bond, identified from peak a in 
Figure 2.18 and (bottom) a peptide with a C5-C6 disulfide bond, identified from peak b in Figure 2.18. 
For clarity, peaks arising from multiple fragmentation events and neutral losses are not labelled. 
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Despite the sensitivity of the instrument, incomplete fragmentation (especially in the b-ion 

series) made confident identification of several peptides impossible. However, two 
peptides, each with one disulfide bond, could be identified from the MS2 fragment spectra 

(Figure 2.19). 

One peptide contains a vicinal disulfide bond (C3-C4) while the other contains a disulfide 
bond between the two C-terminal cysteines (C5-C6). Vicinal disulfide bonds are rare in 

stably-folded peptides as they impose tight conformational restrictions on the peptide 
backbone immediately surrounding the disulfide.60 However, they have been described 
before in a stable naturally-occurring venom peptide,2 and a C3-C4 vicinal disulfide bond 

was identified in folding intermediates for the related ICK Amaranthus α-amylase inhibitor 
(AAI) peptide (see Introduction).61,62 Two consecutive cysteines benefit from a high local 

concentration which makes the formation of a disulfide between them much more likely. 
Vicinal disulfide bonds tend to be more reactive to disulfide shuffling or reduction,63 but 

especially under kinetic (irreversible) conditions this does not occur and the bond can 
persist. Additionally, the peptide backbone is unstructured in unfolded peptides, which 

makes the conformational requirements of a vicinal disulfide much less onerous. It is likely 
that this same conformational restriction prevents further folding of the peptide, and so 

further disulfides cannot be formed. 

The presence of a peptide containing the disulfide bond between the two C-terminal 
cysteines suggests that these two residues are brought into close proximity during folding; 

this is plausible as the Cα-Cα distance in the crystal structure of the fully-folded peptide is 
just 4.613 Å. A C5-C6 disulfide bond was also found in the most abundant folding 

intermediate of the AAI peptide, suggesting that this feature is not restricted to Protoxin-
II. The presence of this bond suggests an important role for the C-terminus in the folding 

of Protoxin-II. Further evidence to support this hypothesis comes from the mass spectra 
of the other peptides in the sample: while the complete disulfide bond connectivity could 
not be assigned for every peptide, the fragmentation was always sufficient to confirm that 

the N-terminal cysteine residues (C1 and C2) in all peptides were not involved in disulfide 
bonding. This is partly consistent with the findings of Castro and coworkers for the related 

peptide EETI-II,64 and extended by Craik.65 

Both C5 and C6 are found in the region of the Protoxin-II containing the β-hairpin. Since 
the β-hairpin appears to be a highly-conserved feature of ICK peptides, it can be 

suggested that the formation of this turn is a key initial step in the folding of Protoxin-II. 
Based on this observation, a model for the initial folding of Protoxin-II can be proposed 

(Figure 2.20). 
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Figure 2.20 A proposed model for the oxidative folding pathway of Protoxin-II. Disulfide bonds are 
indicated by red lines, and relevant hydrogen bonds are indicated by green dashed lines. 

In this model, the C-terminal β-hairpin is the first region of the peptide to fold. C5 and C6 
are brought into proximity on the same face of the β-hairpin, and a disulfide-trapped 

peptide with this C5-C6 connectivity was identified by mass spectrometry. It is likely that 
the formation of this β-hairpin allows further hydrogen bonds to form between the 

backbone atoms of L23 and C25 and residues M6, W7, and C9 (Figure 2.21), green 
dashed lines); in some ICK peptide structures (such as Guangxitoxin-I and Hainantoxin-

I) this region of the peptide forms a third strand in a formal β-sheet.66,67 A flexible G18 
residue at the base of the β-hairpin, and a hydrogen bond between C16 and G18 (Figure 

2.21), orange dashed line) assists in the formation of this second loop.  

 

Figure 2.21: Hydrogen bonds present in the X-ray crystal structure of Protoxin-II with a proposed 
influence on its folding pathway. For clarity, sidechains are omitted, except for disulfide bonds. The β-
strand is shown in magenta, and the N- and C-termini are labelled. Cysteine residues are additionally 
labelled by their residue number. 

In this conformation, C2, C3, C5, and C6 are well-positioned to form native disulfide 
bonds, and under redox conditions any non-native disulfide bonds that have formed can 

be reshuffled into the native conformation. From this conformation, it can be hypothesised 
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that the N-terminus is looped around, supported by the formation of hydrogen bonds 

between the backbone of Q3 and K14, and also between K4 and W7. The final disulfide 
bond (C1-C4) is then able to form, either by oxidation of the cysteine sidechain sulfhydryl 

groups, or by disulfide shuffling. 

In the reversible oxidation environment of the redox buffer, a large number of peptides 
will be present with many different combinations of disulfide connectivities, and so it is 

likely that there is no single ‘folding pathway’ for the peptide. Nonetheless, the scheme 
set out above is plausible based on the available experimental evidence. As the key 
elements of the hypothesis (the final disulfide connectivity, the presence of the β-hairpin, 

and the backbone hydrogen-bonding interactions) are conserved across many ICK 
peptides, it can be suggested that this folding scheme may also apply to other ICK 

peptides and not just Protoxin-II. 

To extend the number of peptides that could be identified from this experiment, the 
peptide mapping protocol was attempted. The peptide products were isolated by HPLC 

then subjected to alkylation to cap the free sulfhydryl cysteine sidechains and prevent any 
further oxidation. Initial attempts to alkylate the cysteine sidechains with iodoacetamide 

(IAA) were unsuccessful: low concentrations of IAA did not sufficiently alkylate all the 
cysteine residues, while high concentrations produced unspecific overalkylation. This 

reactivity of IAA towards other residues (and especially lysine) has been previously 
reported,68 and for this reason, other alkylating reagents are gaining interest.  

N-ethylmaleimide (NEM) is reported to be a highly specific alkylating reagent for cysteine 

across a wide pH range,69,70 and in our hands substituting the IAA for NEM produced 
complete, specifically S-alkylated Protoxin-II. Reduction of the remaining disulfides was 

achieved by incubating the peptides with a low concentration of TCEP, followed by LC-
MS/MS. 

Two fractions contained peptides with one disulfide bond (based on the precursor ion 

mass). Unfortunately, the fragmentation of these peptides in the MS2 spectra was not 
sufficiently complete to fully assign the alkylation pattern (see Appendix). In both cases 

C1 and C2 were alkylated, and there was a further alkylation on C3 or C4, and C5 or C6, 
leading to four possible isomers (C3-C5, C3-C6, C4-C5, C4-C6). While this experiment 

confirmed that C1 and C2 take no part in the disulfide bonding of these peptides, no 
further information could be gained about the connectivity. Of these four possible isomers, 

just one (C3-C6) is a native disulfide connectivity, so at least one of the peptides must be 
misfolded.  
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2.5 On-resin folding experiment 

The use of a redox buffer for oxidative folding is a well-established method in the 

synthesis of disulfide-rich peptides, but it is not without its drawbacks.71 The different 
buffer components must be screened to establish conditions that fold the peptide 

correctly, which is currently a time-consuming trial-and-error process. Even for optimised 
redox buffers, the yield of the peptide can be very low (sometimes less than 1 %) due to 

the formation of side products and losses to aggregation.50,72–76 Peptides must be 
dissolved at high dilution (usually 0.1 mg/mL or lower)49 and so synthesis on even 
moderate scales requires large volumes of oxidation buffer. This can produce difficulties 

in downstream purification, requiring multiple, time-consuming, and expensive HPLC runs 
to isolate the peptide. These factors make the synthesis of disulfide-rich peptides more 

challenging (especially on an industrial scale), and are a barrier to their potential use as 
drugs.77 

Folding the peptides on the solid phase is an attractive alternative to folding in solution. 

Immobilised peptides cannot form aggregates during folding, and are straightforwardly 
isolated from solution by filtration of the resin.  

On-resin oxidation typically employs orthogonal protecting groups for each pair of 
cysteines in order to control the connectivity of the disulfide bonds.78–80 While this method 
has been employed with success,81 it requires multiple deprotection/oxidation steps that 

can reduce the overall yield. In addition, the experimenter must optimise the choice of 
protecting groups and the order of disulfide bond formation, which is time-consuming. 

An ideal system would be for peptides to be folded under the thermodynamic conditions 
of an oxidation buffer while immobilised on the solid phase, then released from the resin 
as the fully-folded peptide. Such a strategy would require just a single oxidative folding 

step, while avoiding the problems of aggregation and purification found in solution-phase 
folding methods (Figure 2.22).  

This method requires the immobilised peptide environment to resemble, as closely as 

possible, the conditions of solution phase so as not to disrupt the folding. The resin must 
be therefore compatible with aqueous solvents, and the peptide must be fully sidechain-

deprotected while still bound to the resin. 
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Figure 2.22: Comparison of different synthetic routes to correctly-folded Protoxin-II. Acid-cleavable 
groups are shown in red; cysteine sidechain protecting groups are represented by coloured circles. The 
orthogonally-cleavable linker group is represented by a purple oblong. In Route 2, separate deprotection 
and oxidation steps are represented as a single step for clarity. 

Fmoc solid-phase peptide synthesis is carried out in dry organic solvents (usually DMF, 

but DCM and NMP are also widely used), and peptide resins are commonly manufactured 
from compatible hydrophobic polymers such as polystyrene.82 While these resins are 

effective in organic solvents, they have poor swelling properties in water. More recently, 
resin supports made from polyethylene glycol have become available (marketed as 

ChemMatrix® or NovaPEG resins); these resins show excellent swelling in water (in some 
cases comparable to DMF).83 

Resin linkers are designed to provide a stable site for peptide chain extension during 

synthesis, then to cleave efficiently from the finished peptide at the final step. Almost all 
resin linkers used in Fmoc SPPS are designed to cleave the peptide under acidic 

conditions; this allows simultaneous cleavage of sidechain protecting groups in a single 
step. There are few resin linkers designed to be stable under the highly acidic conditions 

employed for sidechain deprotection (typically >90 % TFA).84 

One such linker is based on 4-hydroxymethylbenzoic acid (HMBA).85,86 This linker is 
stable to neat TFA and piperidine, but labile in the presence of nucleophilic bases. The 

choice of nucleophile determines the functional group at the C-terminus of the cleaved 
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peptide: hydroxide will produce a carboxylic acid, amines will produce an amide, and 

alcohols will produce an ester (Figure 2.23).87 

 

Figure 2.23: Cleavage products of resin-bound HMBA-linked peptides with different nucleophiles. 

An on-resin folding strategy therefore requires the synthesis of an HMBA-NovaPEG resin, 

followed by conventional Fmoc SPPS to synthesise protected Protoxin-II. Treatment with 
TFA causes global sidechain deprotection, but the peptide remains bound to the resin. 

Oxidative folding is carried out by addition of the redox buffer to the resin, followed by 
filtration of the resin and cleavage of the product with dilute aqueous sodium hydroxide 

(Figure 2.24).  

A commercially-available amine-functionalised NovaPEG resin 18 was coupled to the 
carboxylic acid of HMBA using HATU and DIPEA to produce 19, then the C-terminal 

Fmoc-Trp(Boc)-OH was coupled to the resin-bound free hydroxyl group as the symmetric 
anhydride to yield 20. An Fmoc loading test showed that these couplings occurred in high 

yield (94 % over two steps). Removal of the Fmoc group by piperidine in DMF produced 
free amine resin 21. The resin was then loaded into the peptide synthesiser and the linear 

sequence of Protoxin-II (22) was synthesised by conventional automated SPPS. 

Deprotection of the peptide sidechains was performed using the standard cleavage 
cocktail (see Materials and Methods). Sidechain protecting groups are designed such that 

they are removed under the same reaction conditions as resin linkers, allowing both 
reactions to occur in a convenient single step. However, this introduces a difficulty in 

optimising reaction times: if the reaction time is too short, the experimenter risks isolating 
cleaved peptides without full deprotection of the sidechains. But if the cleavage reaction 

is too long, side reactions can occur (such as alkylation of cysteine, methionine, or 
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tryptophan sidechains by reactive cations, or oxidation of methionine to methionine oxide) 

which reduce the yield.  

 

Figure 2.24: Proposed synthetic route to correctly-folded Protoxin-II via an on-resin cyclisation method. 

 

Figure 2.25: Analytical HPLC chromatogram (left) and mass spectrum (right) of the crude Protoxin-II 
synthesised by the HMBA-NovaPEG resin, prior to purification. Linear Protoxin-II is indicated by * on the 
HPLC chromatogram. 

The use of the HMBA-linked resin allows these two normally-simultaneous steps to be 
separated: deprotection of the peptide sidechains was performed efficiently by repeated 
short treatments of the cleavage cocktail without risking incomplete reaction. A test 

cleavage of the peptides with aqueous sodium hydroxide was performed by the method 
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of Hansen and coworkers,87 and analysis of the products by HPLC and mass 

spectrometry showed an excellent yield of Protoxin-II in the crude peptide mixture (Figure 

2.25).This high yield is especially notable as the resin loading is approximately double the 

loading of the NovaSyn TGT resin used for previous syntheses. 

The deprotected peptide resin 23 was then suspended in the standard Park oxidation 
buffer (see Table 2.2) to try and oxidise and fold the peptide on the resin (24). In an initial 

attempt, a significant drop in the buffer pH was seen after addition to the resin, which was 
attributed to residual TFA trapped in the resin matrix from the sidechain deprotection step. 
Repeated washing and drying of the resin to remove this TFA was unsuccessful, so 

instead a larger volume of oxidation buffer was used and the pH adjusted carefully to pH 
8 after addition. After 24 hrs in the oxidation buffer, the resin was filtered and washed with 

water, and peptides eluted with dilute aqueous sodium hydroxide as before.  

The yield of peptides after the folding step was low, in contrast to the high yield obtained 
by cleavage prior to the folding step. Analytical HPLC (Figure 2.26) of the peptide 

products showed peaks corresponding to folded Protoxin-II products, but the 
chromatogram was complex and the product purity was very low. LC-MS of the products 

showed an equally complex mass spectrum; ions corresponding to partially-folded 
Protoxin-II could be identified but many other products were present. 

 

Figure 2.26: Analytical HPLC chromatogram (left) and mass spectrum (right) of the crude products of 
on-resin cyclisation. Peaks corresponding to Protoxin-II species are highlighted with red annotations. 

The low yield of peptide means that this strategy is not a good replacement for the 
solution-phase folding used to date, and it was not carried forward. An explanation for the 

low yield is that the mildly basic (pH 8) conditions of the oxidation buffer are sufficient to 
partially cleave peptides from the resin over 24 hrs. Folding in buffers with a pH 

significantly below the pKa of the cysteine sidechain (pKa = 8.3) is not viable, so simply 
reducing the buffer pH to prevent premature cleavage will not solve the problem. Instead 



 

 109 

of using the base-labile linker HMBA, using an acid- and base-stable orthogonal linker 

might improve the yield. Palladium(0)-labile88 and photolabile linkers89,90 have been 
developed which might allow for more controlled release of folded peptide products from 

the solid phase.  

A second effect might be that the resin itself can affect the folding of the peptide. Since 
the mass spectrometry data suggest an important role for the C-terminus in initiating 

peptide folding, it is possible that the resin and linker (which are directly bonded to the C-
terminus) might disrupt the folding and prevent formation of the wild-type peptide. 

2.6 Conclusions 

This work has shown that the oxidative folding conditions for Protoxin-II are crucial to the 

successful synthesis of the peptide. Folding under reversible conditions allows the 
peptide disulfide bonds to shuffle into the thermodynamic minimum structure, which 

happens to be the native disulfide bond connectivity for an ICK peptide; by contrast, 
folding under irreversible conditions leads to misfolded species which are trapped and 

cannot progress further with oxidation. The activity of these products against Nav1.7 was 
tested by patch-clamp electrophysiology, and only the Buffer/24hr product showed 

effective inhibition of ion currents. NMR, CD, and ion-mobility mass spectrometry 
experiments were used to further characterise the synthesised Protoxin-II. 

Despite reports that ICK peptides were challenging targets for structure determination by 

X-ray crystallography, the crystal structure was determined at atomic resolution. The 
resulting structure shows the expected fold for an ICK peptide, with the expected disulfide 

bond connectivity. The model also shows some secondary structure features not 
described in an earlier NMR model, but which are conserved in other ICK peptides. 

While the use of redox buffers has been shown to be an effective route to the synthesis 

of disulfide-rich peptides, they nonetheless have many drawbacks. Attempts to 
synthesise fully-folded Protoxin-II on an HMBA-NovaPEG resin without the use of 
orthogonal protecting groups produced mixed results. The resin produced the linear 

peptide in excellent yield, but the folding step was very low yielding. Use of a truly 
orthogonal linker in place of the base-labile HMBA might improve the yields of this 

protocol and lead to a new method for the synthesis of complex disulfide-rich peptides. 

Finally, the misfolded peptides produced in water were analysed by mass spectrometry 
for insights into the misfolding pathways of Protoxin-II. This revealed two peptides with 

just a single, non-native disulfide bond, and showed that initial disulfide bond formation is 
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focused on the C-terminus of the peptide. Based on these results and existing data on 

ICK peptide folding, we propose a model for the folding of Protoxin-II centred around the 
formation of the C-terminal β-hairpin. This model may also apply to other homologous 

ICK peptides.  

This hypothesis suggests ways to direct the folding of Protoxin-II away from the misfolding 
trap and towards native disulfide bond connectivity, and has been tested in our laboratory 

through the work of Jenna Robinson.91 Her work involved incorporating the unnatural 
amino acid penicillamine into Protoxin-II in place of certain cysteine residues. 
Penicillamine has been shown to disfavour the formation of disulfide bonds to other 

penicillamine residues in mixed penicillamine/cysteine peptides, allowing control over 
disulfide bond formation.92,93 Penicillamine substitution at the three N-terminal cysteine 

residues (C1, C2, and C3) had little effect on the folding of the peptide in water. However, 
substituting the three C-terminal cysteine residues for penicillamine (C4, C5, and C6) 

produced a considerably larger number of peptides with two disulfide bonds, and even a 
single peptide with three disulfide bonds. This work confirms the importance of the C-

terminus to the folding of Protoxin-II, and suggests that disrupting misfolding in this might 
improve folding yields.  
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CHAPTER 3 

 

SYNTHESIS OF PROTOXIN-II ANALOGUES 

This chapter discusses the synthesis and biological activity of Protoxin-II derivatives 

containing unnatural amino acids and affinity tags, for use in crosslinking mass 
spectrometry experiments. 

3.1 Purpose and design of analogues 

A central goal of chemical biology is the modification of biological molecules by chemical 

methods to serve as experimental tools. For example, proteins may be labelled with 
chemical dyes for fluorescence microscopy experiments,1,2 or for protein-protein or 

protein-ligand interaction studies using FRET.3,4 Spin labels may be used for EPR 
proximity experiments5–7 or for localisation of binding sites by paramagnetic relaxation 

enhancement NMR experiments.8 Photoreactive crosslinking groups are used for 
covalent attachment of ligands to their targets,9,10 and affinity handles such as biotin allow 

isolation and detection of the molecule of interest.11 

Protoxin-II is already widely used in electrophysiology and neuroscience as a tool 
compound for the study of voltage-gated sodium channels. Its highly-selective inhibition 

of Nav1.7 is used to examine the gating properties of Nav1.7 under different conditions, 
and its potency allows the gating of other ion channels to be studied while Nav1.7 is 

blocked (for example, in neurons where many ion channels other than Nav1.7 are 
present).12 Chemical modification with the above functional groups would therefore 

greatly expand the number and range of experiments that can be performed, and lead to 
new insights into the properties of Nav1.7. 

For in-cell crosslinking mass spectrometry, modification of one or more of the 

biomolecules of interest with affinity handles is advantageous as it allows pulldown and 
enrichment of the protein.13,14 Where both proteins in the complex have orthogonal affinity 

handles, a double affinity step can be used which, in theory, isolates only crosslinked 
proteins and greatly enriches the complex of interest from the (vastly more numerous) 
cell contents. This makes subsequent identification of relevant crosslinked peptides by 

mass spectrometry easier. 
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A large number of affinity handles for biomolecules have been developed. For 
recombinant proteins, these tags largely consist of short amino acid sequences or fusion 

proteins that can be appended to the protein of interest. Examples are shown in 
Table 3.1. 

Entry Name Binding partner Elution method 

1 FLAG-tag anti-FLAG antibody FLAG peptide 

2 Glutathione S-transferase 
(GST-tag) 

Immobilised GSH GSH 

3 Histidine affinity (HAT-tag) Metal cation (e.g. Ni2+) Imidazole 

4 His6-tag Metal cation (e.g. Ni2+) Imidazole 

5 Maltose-binding protein 
(MBP-tag) 

Amylose Maltose 

6 Polyarginine (Arg-tag) Ion exchange resin pH/salt gradient 

7 Strep-tag Streptavidin Biotin 

Table 3.1: Tags commonly used in the affinity purification of proteins from cell lysates. 

While these approaches have found widespread use in proteins where they can be 

straightforwardly synthesised by the molecular machinery of the cell, they are usually 
inappropriate for small molecule and peptide probes. This is due to their large size, which 

can cause steric block and reduce the ability of the probe to access the binding site, and 
also makes them challenging to synthesise by chemical methods. 

Instead, small molecule probes almost universally make use of biotin (25) as an affinity 

handle: biotin has a molecular weight of just 244.31 Da, so modification is less likely to 
affect the function of the probe. Biotin forms a very strong complex (≈ 10-15 M) with avidin15 

(and the related proteins streptavidin and neutravidin)16, and so resins with these proteins 
immobilised on the surface can be used to isolate the biotinylated molecules from 

complex samples (Figure 3.1).  

Thanks to these properties, and the easy availability of the necessary reagents, 
biotinylation was the modification of choice for Protoxin-II. Biotin modifications often make 

use of a short linker between the biomolecule and the biotin group; this helps ensure that 
the binding of the biotin to avidin/streptavidin is not adversely affected by the large 

biomolecule to which it is attached.17 
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Figure 3.1: Structure (left) of biotin (25) and (centre and right) of the biotin-streptavidin complex (PDB: 
3RY2).18 Streptavidin is shown as a ribbon representation, with only key amino acid sidechains involved 
in the interaction shown. For clarity, biotin carbon atoms are coloured pink. Key interactions between 
biotin and streptavidin sidechains are depicted as green dashed lines. 

The site of biomolecular biotinylation must be chosen with care; placing the biotin at or 

near a position crucial for biological activity can cause undesirable effects on the 
behaviour of the probe. In the case of Protoxin-II, the C-terminal region has been identified 
as an important site for interaction with Nav1.7,19,20 so a derivative with biotin placed at 

the N-terminus was chosen. Placing the biotin at the N-terminus also has the advantage 
that the amino acid sequence of Protoxin-II is unchanged, so there will be minimal 

disturbance to the overall structure of the toxin. Protoxin-II can be biotinylated either 
before or after the oxidative folding step of the synthesis, and both options have 

advantages and disadvantages (Figure 3.2).  

 

Figure 3.2: Diagram showing the two possible synthetic routes to N-terminally biotinylated Protoxin-II, 
starting from sidechain-protected Protoxin-II on the resin. The first route involves cleavage of the peptide 
from the resin (a) followed by oxidative folding (b), then biotinylation of the N-terminus with amine-
reactive biotin derivative reagents (c). The other route  introduces the biotin group on the resin by solid-
phase peptide synthesis (d), followed by peptide cleavage and sidechain deprotection (e). The 
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biotinylated peptide is then subjected to oxidative folding (f) to produce the target peptide. Cysteine is 
represented by yellow circles, and biotin by green circles. Disulfide bonds are represented by red lines. 

Biotinylation of Protoxin-II after folding is possible using commercially-available amine-
reactive biotin-NHS ester reagents. This method has the advantage that a route to fully-

folded Protoxin-II has already been established (Chapter 2), and the biotinylation takes 
place after the sensitive oxidative folding step. However, Protoxin-II also contains several 

lysine residues with amine-bearing sidechains that can react with NHS-esters; this 
creates the possibility of unselective and multiple addition to the peptide, giving 

heterogeneous products. 

This problem can be circumvented by performing the synthesis on the solid phase. Biotin 
and linkers can be added to the peptide N-terminus by conventional solid-phase peptide 

synthesis, then the peptide can be cleaved from the resin and purified using standard 
HPLC methods. Oxidative folding of the peptide then completes the synthesis. This route 

has the advantage of using specific, high-yielding reactions to add the biotin and linker 
groups, but runs the risk of interfering with the oxidative folding of the peptide. For the 

purposes of comparison, both methods were used for this synthesis. 

3.2 Biotinylation of folded Protoxin-II 

A supply of Biotin-Ahx-NHS ester 26 was already available in the laboratory, so this was 
chosen to test the biotinylation of folded Protoxin-II 15 (Scheme 3.1A). This reagent has 

a short six-carbon aliphatic linker between the NHS-ester and the biotin, giving a total 
spacer length of 22.4 Å. The intended product of the reaction is biotin-Ahx-Protoxin-II 27. 

As previously noted, the five lysine residues on Protoxin-II can compete with the N-

terminus for biotinylation. However, it has been demonstrated that careful control of pH 
(pH 6.5) and reagent excess (peptide:biotin 1:5) can allow selective modification of the 

N-terminus over lysine,21 and so this method was attempted (Scheme 3.1B). However, 
analysis of the reaction products by analytical HPLC and MALDI mass spectrometry 

showed clear evidence of multiple unspecific addition products (Figure 3.3). 
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Scheme 3.1: (A) Structure of biotinylation reagent biotin-Ahx-NHS 26 (B) Proposed synthesis of biotin-
Ahx-Protoxin-II 27, showing selective modification at the N-terminus. 

 

Figure 3.3:  (Left) MALDI mass spectrum and (right) analytical HPLC trace showing the multiple addition 
products of the reaction depicted in Scheme 3.1. The number of biotin-Ahx groups added to the peptide 
is indicated in blue above each peak in the mass spectrum, and the unmodified starting material 15 is 
indicated by a red star. 

Since there was little evidence of selectivity in this experiment, it was decided not to 

continue with this strategy for modifying Protoxin-II. 

3.3 Biotinylation on the solid phase 

An initial attempt at biotinylation on the solid phase was made using the same Biotin-Ahx-
NHS reagent 26 used above. The linear amino acid sequence for Protoxin-II was 

assembled by standard SPPS methods, and the terminal Fmoc group removed, followed 
by addition of 26 in DMF overnight. Cleavage of the modified peptide was carried out by 

the standard procedure.  
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Analytical HPLC of the crude peptide products revealed some conversion to biotin-Ahx-
Protoxin-II 27, but only in low yield (Figure 3.4). 

Figure 3.4: Analytical HPLC chromatogram showing the crude peptide products from the synthesis and 
on-resin biotinylation of Protoxin-II with 26. The N-terminal biotin product 27 is marked with a red star, 
while the predominant unmodified peptide is marked with a black star. 

 

Scheme 3.2: Synthetic scheme for the synthesis of biotin-Ahx-Protoxin-II 27 and biotin-Protoxin-II 31. 
The synthesis of 27 begins by coupling Fmoc-Ahx-OH (29) to the free N-terminal amine of the resin-
bound Protoxin-II 28 by standard SPPS methods. The Fmoc group is removed, and biotin (25) is then 
coupled to the N-terminus by the same method to yield 30. Cleavage of the peptide from the resin 
completes the synthesis of 27. Biotin-Protoxin-II 31 is synthesised by the same method as 27, but 
omitting the coupling of 29. 
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Since this step was comparatively low-yielding, and 26 is expensive, a different synthetic 
strategy was adopted (Scheme 3.2). In this method, the carboxylic acid group of biotin is 

incorporated onto resin-bound linear Protoxin-II 28 in a standard SPPS amide-bond 
forming reaction with HBTU and DIPEA. The linker is formed using commercially-

available and inexpensive Fmoc-aminohexanoic acid (Fmoc-Ahx-OH, 29) under similar 
conditions. These coupling reactions proceeded in nearly quantitative yield and produced 

the required resin-bound biotin-Ahx-Protoxin-II 30. The peptide was cleaved from the 
resin and purified using existing protocols to produce the  modified linear peptide 27, to 

be taken forward for oxidative folding. 

3.3.1 Folding experiments 

Oxidative folding of the linear biotin-Ahx-Protoxin-II 27 was attempted by the same 
method as for the wild-type peptide, but on every occasion aggregates were observed 

shortly after adjustment of the pH leading to complete precipitation of the peptide from 
the buffer (Table 3.2). A positive control using the same buffer on wild-type linear 

Protoxin-II resulted in the expected folding of the peptide (Entry 1). Modifications to the 
standard procedure were made, including dissolving the peptide at higher dilution (Entry 

4), reducing the final pH of the buffer (Entries 7 and 8), and addition of organic cosolvents 
(Entries 9 and 10), but peptide aggregation was still observed in every case. The 

glutathione buffer components were removed in each case to confirm that the formation 
of aggregates was not due to insolubility of folding intermediates. The results of these 

experiments are summarised in Table 3.2. 

 Peptide [peptide] 
(mg/mL) 

Solvent pH GSSG Precipitate Folded 

1 WT 0.1 Water 7.5 Y N Y 
2 27 0.1 Water 7.5 Y Y - 
3 27 0.1 Water 7.5 N Y - 
4 27 0.01 Water 7.5 Y Y - 
5 27 0.1 Water 5.7 Y N N 
6 27 0.1 Water 5.7 N N N 
7 27 0.1 Water 6.5 Y Y (slowly) - 
8 27 0.1 Water 6.5 N Y (slowly) - 
9 27 0.1 30 % IPA 7.8 Y Y (slowly) - 

10 27 0.1 10 % DMSO 7.8 Y Y - 

Table 3.2: Summary of conditions attempted for the oxidative folding of biotin-Ahx-Protoxin-II 27. 

Any attempt to raise the pH of the peptide buffer solution above even mildly acid 

conditions caused precipitation of the peptide. As has been observed with similarly 
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aggregated disulfide-rich peptides, attempts to recover the linear peptide from these 
aggregates by addition of acids, reducing agents or organic solvents were 

unsuccessful.22,23 The pH of the buffer is an important factor in its ability to fold the peptide 
correctly, with a basic pH important to ensure disulfide bond shuffling. Lowering the buffer 

pH to improve solubility would therefore compromise the folding of the peptide, and so 
conditions that could fold the biotin-Ahx-Protoxin-II peptide could not be found. 

A possible reason for this dramatic shift in the solubility of the peptide is the hydrophobicity 

of biotin and the spacer, which is formed from a six-carbon aliphatic chain. To see if 
removal of the hydrophobic spacer could improve the solubility of the peptide, biotin was 

directly added to the N-terminus of resin-bound Protoxin-II without prior coupling of Fmoc-
Ahx-OH (Scheme 3.2) to produce biotin-Protoxin-II 31. Biotin-Protoxin-II 31 was cleaved 

from the resin and purified by the standard method. Oxidative folding was attempted using 
the same buffer, but again, precipitated peptide appeared soon after adjustment of the 

pH. However, while the vast majority of the peptide was lost to precipitation, some peptide 
could be detected in solution after 24 hrs and analysis of the products by LC-MS 

suggested that some disulfide bond formation had occurred. 

While the removal of the linker seemed to cause a marginal improvement in solubility, the 
overall yield of the oxidative folding was negligible (estimated at <1 %), and so synthesis 

of biotinylated Protoxin-II by this route was not viable for future experiments.  

3.4 Analogues incorporating azide and alkyne groups 

Despite the removal of the linker, the addition of the biotin group directly to the N-terminus 
of the peptide still caused a considerable reduction in the solubility of the modified peptide. 

An explanation for this effect is that the N-terminal amine in the wild-type peptide provides 
a site for protonation that can improve aqueous solubility, which is removed when the 

amine is coupled to the biotin via an amide bond. 

A new synthetic strategy was therefore developed that would allow the peptide to retain 
a free N-terminal amine, with the intention of improving the solubility of the linear peptide. 

This method used unnatural amino acids bearing azide and alkyne groups, to allow post-
folding conjugation to biotin using the copper-catalysed azide-alkyne cycloaddition 

(CuAAC) reaction. In the CuAAC reaction, an alkyne and an azide react (via a Cu(I) 
catalyst) to produce a 1,4-triazole (Scheme 3.3). 
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Scheme 3.3: A generalised copper-catalysed azide-alkyne cycloaddition (CuAAC) reaction. In the 
presence of a Cu(I) catalyst, terminal alkynes and azides react to produce exclusively 1,4-triazole 
products. The Cu(I) catalyst may be stabilised by the use of a ligand (see text). 

This reaction belongs to a small category of bond-forming reactions called ‘click 
chemistry’, a concept which was first introduced by Sharpless and coworkers.24 Sharpless 

described these reactions as modular, with high yields, a wide reaction scope, regio- and 
stereoselectivity, and insensitivity to reaction conditions.25 As well as the CuAAC reaction, 

the Staudinger ligation26 and the thiol-ene reaction27 are widely-considered click 
reactions. These reactions have found widespread use in chemical biology, due to their 

high yields, compatibility with biological media, and the bioorthogonality of their starting 
materials.28–30 

Incorporating azide- or alkyne-bearing amino acids into Protoxin-II would allow the 

peptide to retain the free N-terminal amine that appears to be important for successful 
oxidative folding. The amino acid sidechains are also less hydrophobic and less bulky 

than biotin, which may also aid solubility. The corresponding functionalised azide or 
alkyne can then be coupled to the folded peptide by CuAAC (Scheme 3.4). 

 

Scheme 0.1: (Top) Structures of Fmoc-azidoalanine (Fmoc-Ala(N3)-OH, 32) and Fmoc-propargylamine 
(Fmoc-Pra-OH, 33) (Bottom) Synthetic scheme for the incorporation and functionalisation of clickable 
amino acids on Protoxin-II, exemplified by Fmoc-Pra-OH 33. Starting from resin-bound Protoxin-II 28, 
the clickable amino acid is incorporated onto the free N-terminus by standard SPPS methods. After 
removal of Fmoc, the peptide is cleaved from the resin and purified by HPLC to yield 34. The alkyne 
group can then be functionalised by any azide of choice using CuAAC conditions, either before or after 
oxidative folding.. X represents any group. 
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Since the change in solubility of the modified peptide could partly be ascribed to the 
hydrophobic nature of the aliphatic chains in biotin and the linker, the azide- and alkyne-

bearing amino acids were designed to have as few aliphatic carbons in the sidechains as 
possible; Fmoc-azidoalanine 32 and Fmoc-propargylglycine 33 were therefore chosen as 

the azide- and alkyne-bearing amino acid, respectively (Scheme 3.4). These amino acids 
do not require sidechain protecting groups under the standard conditions of solid-phase 

peptide synthesis.31 

While 33 is commercially available, 32 is not, and so a short chemical synthesis (by the 

method of Lau and Spring)32 was undertaken to produce this amino acid from N-α-Fmoc-

protected asparagine 35 (Scheme 3.5). 

 

Scheme 3.5: (Top) Synthetic scheme for the synthesis of Fmoc-azidoalanine 32 from Fmoc-asparagine 
35, and (bottom) synthetic scheme for the synthesis of azide transfer reagent imidazole-1-sulfonyl azide 
hydrogen sulfate 38. Reagents and conditions: (a) [Bis(trifluoroacetoxy)iodo]benzene (1.5 eq.) in 
DMF/H2O (2:1), 15 mins, rt, then pyridine (2.1 eq.), 16 hrs, rt (b) 38 (3.1 eq.), CuSO4 (0.006 eq.) in 
MeOH/DCM/H2O (6:5:3), sat. K2CO3, 16 hrs, rt (c) EtOAc, 16 hrs, 0°C to rt (d) Imidazole (1.9 eq.), 3 hrs, 
0°C, then sat. NaHCO3 followed by H2SO4 (1 eq.). 

The synthesis began with transformation of the asparagine sidechain from an amide to 
an amine (36) via Hofmann rearrangement with a hypervalent iodine compound. The 

amine 36 was then converted into 32 by copper-catalysed azide transfer. Lau and Spring 
perform this step using imidazole-1-sulfonyl azide hydrochloride 37, a reagent that has 

since been reported (by Stiersdorfer and co-workers) to be liable to detonation.33 
Stiersdorfer instead recommends the use of the more stable imidazole-1-sulfonyl azide 

hydrogen sulfate 38, and so this reagent was chosen for the azide transfer step, which 
occurred in good yield. 38 was successfully synthesised on a gram scale, using an 

updated procedure which does not require isolation of the hydrochloride salt as an 
intermediate.34 This synthesis forms the product from sulfonyl chloride, imidazole and 
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sodium azide in a one-pot reaction, with later addition of sulfuric acid to provide the 
desired counterion. 

The isolated 32 was incorporated into Protoxin-II at the N-terminus by standard SPPS 
methods, and the linear peptide 39 was cleaved from the resin and purified by HPLC. 33 

was similarly coupled to Protoxin-II on the resin, and the linear peptide 34 isolated by the 
same methods. 

 

Scheme 3.6: Structures of azide- and alkyne-functionalised Protoxin-II derivatives described in this 
chapter. 

The linear peptides 39 and 34 (Scheme 3.6) were subjected to oxidative folding under 

the standard buffer conditions in order to produce folded azide-Protoxin-II 40 and alkyne-
Protoxin-II 41, respectively. Precipitation was observed for both peptides under these 

conditions. Most of the azide-Protoxin-II (approximately� 95 %) precipitated from the 
folding buffer; this very low overall yield meant that further purification and 

characterisation of this peptide was not pursued. 

By contrast, only a relatively small amount (approximately�20 %) of the alkyne-modified 
Protoxin-II 34 precipitated, making this the highest-yielding synthesis of the four 

analogues. The analytical HPLC profile of the crude folding reaction products (Figure 3.5) 
is similar to that of the wild-type Protoxin-II, and mass spectrometry of the major folded 

product confirmed that 41 had the required three disulfide bonds.  
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Figure 0.1: (Left) Analytical HPLC chromatogram showing the products of folding linear alkyne-Protoxin-
II 34 in the redox buffer. The main folding product 41 (indicated with a star) was isolated. (Right) Mass 
spectrum of the main folding product 41, indicating that it has the expected three disulfide bonds; an 
expanded view of the +5 charge state peak is inset. 

Just as with the folding of wild-type Protoxin-II (Chapter 2), 41 was analysed using ion-

mobility mass spectrometry to confirm that only a single folded product had formed. The 
results of this experiment are shown in (Figure 3.6). Similar to the folded wild-type 

peptide, the extracted ion arrival time distributions for the principal +4 and +3 charge 
states show only single, well-shaped peaks. 

 

Figure 3.6: (A) Arrival time distribution for all charge states of 41 (B) Extracted arrival time distribution 
for the +4 charge state ions of 41 (C) Extracted arrival time distribution for the +3 charge state ion of 41 
(D) Full native mass spectrum for the ions in this sample (E) Expanded region of the mass spectrum in 
(D) to show the +4 charge peak, with major isotopic peaks labelled. 

This analysis confirms that the additional propargylglycine residue in 41 has not disrupted 

the folding of this peptide compared to the wild-type Protoxin-II. 
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3.5 Inhibition of Nav1.7 by alkyne-Protoxin-II 

To see if the modification affected the ability of 41 to inhibit Nav1.7 ion currents, the 

peptide was tested by whole-cell patch-clamp electrophysiology. The electrophysiology 
assays for the wild-type peptide (Chapter 2) were carried out by an external company; 

however, for the modified peptides, the electrophysiology was performed in-house with 
the permission of Prof John Wood (UCL Neuroscience). Since the peptide was designed 
to be used for in-cell crosslinking studies, it was important that its potency was tested 

against the same cell line to be used for the crosslinking experiments. 

Figure 3.7: Diagram showing key aspects of the experimental setup in a whole-cell patch-clamp 
electrophysiology experiment (A) The cells are plated on a cover slip and viewed through an inverted 
microscope. A micropipette connected to the recording electrode (red) is mounted on a movable 
headstage. Data from the electrodes is passed to an amplifier, and digitised prior to analysis by the 
experimenter (B) For inhibition experiments the cover slip is placed in a gravity-fed perfusion chamber, 
which allows fresh bath solution to be washed over the cell during recordings.  

A

B
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The cell line in question is the TAP1.7 cell line developed in the Wood laboratory;35 this 
consists of HEK293 cells stably-expressing Nav1.7 with a C-terminal tandem affinity 

purification (TAP) tag (further details are given in Chapter 5). Previous work has shown 
that the TAP-tag on Nav1.7 in this cell line does not affect its gating properties compared 

to wild-type Nav1.7.36 HEK293 cells are a preferred expression system for 
electrophysiological studies as endogenous ion channels are typically expressed at low 

levels,37 which reduces background currents and the need for selective channel inhibitors 
in the extracellular buffer solution. The cells were plated at low density on a cover slip 

and placed into a gravity-fed perfusion chamber, which allows different solutions to be 
washed over the cells during patch-clamp recordings (Figure 3.7).  

In whole-cell configuration, a Nav1.7 activation protocol was used in which the cells were 

held at -100 mV, then channel currents were measured during pulses of -70 mV to +40 
mV, applied in 5 mV increments for 50 ms. Typical ion current plots for a TAP1.7 cell are 

shown in Figure 3.8. 

 

Figure 3.8: (Left) Full and (right) expanded plots of inward current over time for a TAP1.7 cell, measured 
by patch-clamp electrophysiology by the sodium channel activation pulse protocol (-70 mV to +40 mV). 
The sharp peaks at the start and end of the applied voltage arise from the capacitance of the cell. 

Inhibition of Nav1.7 by alkyne-Protoxin-II 41 was assessed by applying a known 
concentration of the peptide in extracellular buffer across such a cell, and measuring the 

change in the ion currents before and after application of the peptide. Washout of the 
peptide after recording was attempted by switching the perfusion solution back to blank 

extracellular buffer, but in all cases this did not restore the cell current; this effect has 
previously been seen for Protoxin-II and has been attributed to the strong affinity of 

Protoxin-II for cell membranes.38,39 Depolarising the cell has been reported to help with 
washout in some cases,40 but, in our hands, attempts to depolarise the cell by applying a 

brief holding current of +50 mV led to a loss of integrity of the pipette seal, and no further 
data could be recorded. 
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Figure 3.9: Normalised current-voltage plots showing the effect of (left) 1 μM wild-type Protoxin-II 15 
and (right) 4 μM 41 on ion currents in TAP1.7 cells. Error bars are plotted as both the standard deviation 
(light grey) and the standard error of the mean (dark grey). Data is the mean of n = 2-8 observations. 

The inhibitory effects of 41 were initially tested at the relatively high concentration of 4 μM, 
in order to ensure that ion current block could be seen even if the alkyne group caused 

significant loss of potency. As a positive control, a sample of wild-type Protoxin-II 
synthesised in Chapter 2 and verified in electrophysiological assays performed by 

external contractors was also tested. Both peptides showed almost completed block of 
TAP1.7 ion currents (Figure 3.9). Wild-type Protoxin-II is extremely potent against Nav1.7 

(IC50 = 0.3 nM), so the assays of 41 were repeated at lower concentrations (Figure 3.10). 

 

Figure 3.10: Normalised current-voltage plots showing the effect of (top left) 1 nM (top right) 4 nM 
(bottom left) 10 nM 41  on ion currents in the TAP1.7 cell line. Error bars are plotted as both the standard 
deviation (light grey) and the standard error of the mean (dark grey). (Bottom right) Current-concentration 
plot for all data points collected for 41, with fitted Boltzmann curve in red. 
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Although no significant block of the channel currents could be seen at 1 nM 41 significant 
inhibition was seen at higher concentrations. Fitting these observations to a Boltzmann 

sigmoid-type curve gives a calculated IC50 of 3.4 nM for alkyne-Protoxin-II 41 

(Figure 3.10). This confirms that the addition of the alkyne group to Protoxin-II has only 

a small effect on the potency of its inhibition of Nav1.7, consistent with other studies 
showing that N-terminal modifications do not significantly affect the potency of Protoxin-

II and related ICK peptides.10,20,40–42 This result also confirms that the modification has 
not significantly affected the oxidative folding of the peptide. 

3.6 Alkyne-Protoxin-II synthesis side products 

Analytical HPLC of the crude folded alkyne-Protoxin-II 41 shows a major product peak, 

which was isolated and analysed by LC-MS and whole-cell patch-clamp 
electrophysiology. However, also present in the chromatogram were two smaller peaks 

with a later retention time than the main product peak; these peaks were also present 
(albeit with a lower relative intensity) in the HPLC chromatograms of crude folded wild-

type Protoxin-II (Figure 3.11), peaks are marked a and b). Another feature of interest was 
that they seemed to have an intensity ratio similar to the equivalent peaks seen in the 

folding of wild-type peptide: the first peak is approximately twice the intensity of the 
second peak. This apparent consistency suggested that the appearance of these 

products was intrinsic to the oxidative folding pathway of the peptide under these 
conditions. A short investigation into these products was made to characterise these 

products and see if they offered insight into the peptide folding. 

 

Figure 3.11: Analytical HPLC chromatograms showing the folding products for (left) wild-type Protoxin-
II and (right) alkyne-Protoxin-II 34. The principal folding product for each peptide is indicated by a black 
star. The two side-product peaks that were investigated further are marked a and b. 

The two peaks were isolated by HPLC and submitted for analysis by mass spectrometry. 

Retention times correlate negatively with the number of disulfide bonds (see Chapter 2), 
and so it was expected that these two peptide side products would be incompletely 
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oxidised. To our surprise, however, the mass spectra revealed that both peptides had 
three disulfide bonds.  

 

Figure 3.12: Mass spectra of (left) unknown peptide from the folding of alkyne-Protoxin-II 34, peak a 
and (right) unknown peptide from the folding of alkyne-Protoxin-II 34 peak b. Expanded views of the +5 
charge state peak are inset, which confirm that both peptides have three disulfide bonds. 

There are two explanations for the appearance of these peptides, which are designated 
42a and 42b. The first is that the disulfide connectivity is not that of the native product (1-

4, 2-5, 3-6), suggesting that Protoxin-II can form stable fully-oxidised folding isomers 
similar to the related Amaranthus α-amylase inhibitor peptide (see also Chapter 2).43,44 
The second is that there is a modification to the peptide that causes a change in retention 

time of the folded peptide without a change in mass, such as racemisation (to which 
cysteine is especially vulnerable)45,46 or aspartimide formation.47  

To distinguish between these two possible explanations, it was decided to attempt to 
solve the structure by X-ray crystallography. A crystallisation trial was set up under the 
same conditions that successfully crystallised wild-type Protoxin-II (see Chapter 2), but 

none of the drops produced well-shaped crystals suitable for diffraction and it was not 
possible to set up a full crystallisation screen owing to lack of material. It was therefore 

not possible to determine the structures of the peptides by this method. 

To investigate whether these peptide side products show similar inhibition of Nav1.7 to 
the wild-type Protoxin-II, their biological activity against the TAP1.7 cell line was 

investigated by whole-cell patch-clamp electrophysiology. Due to limited amounts of 
sample, only a single concentration (10 nM) was investigated. The major alkyne-Protoxin-

II product 41 (to which we ascribe the same disulfide-bond connectivity as the bioactive 
wild-type Protoxin-II) showed nearly 90 % ion current block at this concentration 

(Figure 3.13), so this should be sufficient to indicate if the peptide side products show 
similar inhibitory potency.  
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Figure 3.13: Normalised current-voltage plots showing the effect of (left) 10 nM 42a and (right) 10 nM 
42b on ion currents in the TAP1.7 cell line. Error bars are plotted as both the standard deviation (lighter 
colour) and the standard error of the mean (darker colour). Data shown is the mean of n = 3-5 
observations. 

The current-voltage traces for the two peptides show dramatically different levels of 
inhibition compared with the major alkyne-Protoxin-II product. Peptide 42a shows no 

significant change in currents compared to the blank, while 42b shows a comparatively 
mild 20 % block of sodium currents and an unexpected -10 mV shift in the maximum 

activation voltage. These peptides are therefore considerably less potent than the major 
folding product, 41. While it was not possible to determine the structural basis for this 

difference, these results nonetheless demonstrate the importance of testing synthesised 
ICK peptides in functional assays: a correct mass in a mass spectrometry experiment 

does not necessarily confirm the identity of the peptide. 

3.7 Click reactions of alkyne-Protoxin-II 

In order for the alkyne-Protoxin-II 41 to be useful for experiments, CuAAC reaction 
conditions must be found that allow attachment of functional handles. Biotinylation of the 

peptide was established as an important modification for the crosslinking mass 
spectrometry experiment, and so an azide-conjugated biotin reagent was required for 

CuAAC coupling reactions. 

The central importance of both the CuAAC reaction and biotinylation in chemical biology 
means that several azide-bearing biotin derivatives are commercially-available. Many of 

these reagents incorporate PEG or aliphatic linkers between the biotin and the azide to 
facilitate downstream binding to streptavidin, and to regulate the solubility of the reagents 

and derivatives. 

An additional feature of some biotin-azide reagents is the inclusion of a cleavage site 
between the biotin moiety and the azide. Elution of bound biotin from streptavidin requires 

harsh conditions (such as boiling in denaturing buffers) owing to the extreme potency of 

Control
10 nM 42a

Control
10 nM 42b
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the interaction; such harsh conditions can be incompatible with the desired downstream 
analysis, such as mass spectrometry.48 Functional groups that cleave under mild 

conditions (such as irradiation by UV light, or reaction with reducing agents or dilute acids) 
allow the biomolecule of interest to be eluted from the immobilised streptavidin without 

compromising its integrity.49 The biotin component remains bound to the streptavidin. 

One such reagent is dialkoxydiphenylsilane-biotin-azide (DADPS-N3, 43), which contains 
both a short PEG4 linker and a silane cleavage site.50 Under mildly acidic conditions (such 

as 5 % formic acid over 30 mins), this silane group will cleave on the azide side, 
separating the biotin from the azide (Scheme 3.7). This reagent was chosen as the biotin 

source for the click reactions, as it was hoped that the PEG linker would improve the 
aqueous solubility of the product while the mild cleavage conditions would allow easy 

elution of the peptide from streptavidin beads. 

 

Scheme 3.7: Structure and cleavage reaction of DADPS-N3 (43). The biotin component is highlighted 
in purple, the PEG spacer in green, the cleavage site in blue and the reactive azide component in red. 

CuAAC click reactions proceed in the presence of a Cu(I) catalyst, but Cu(I) is unstable 
to disproportionation and it is also readily oxidised to Cu(II).51 The presence of Cu(II) ions 

in CuAAC reactions is disadvantageous as they can catalyse unwanted alkyne-alkyne 
Glaser-type couplings that reduce the yield of the reaction.52 It is therefore usually 

beneficial to generate Cu(I) in situ, by addition of a Cu(II) salt (such as copper (II) sulfate) 
together with a reducing agent (such as sodium ascorbate).53 The oxidation of Cu(0) in 

the form of metal turnings is sometimes used to produce Cu(I) under mild conditions.54,55 

A Cu(I)-chelating ligand is often added to the reaction mixture to prolong the lifetime of 
Cu(I) ions in solution; triazole ligands such as TBTA (44),56 or the water-soluble THPTA 

(45)57 and BTTAA (46)58 are among the most commonly-used for this purpose 
(Figure 3.14). For experiments which involve in vivo CuAAC conjugation, these ligands 
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serve the additional purpose of preventing oxidative damage to the cell by an excess of 
free Cu(I) ions.59  

 

Figure 3.14: Structures of common Cu(I)-chelating ligands used to promote CuAAC reactions. 

A very large number of conditions for performing CuAAC reactions have been presented 

in the literature.60,61 In choosing initial conditions for investigation, methods were 
considered that used peptide-compatible solvent systems, did not require high 

temperatures (which may cause degradation of the peptide), and used a peptide as at 
least one of the component reagents. As a starting point for investigation, the conditions 

of Loh and coworkers62 were attempted (Entry 1, Table 3.3). 

 Alkyne Azide 
(Eq.) 

Cu (II) 
Eq. 

NaAsc 
Eq. 

TBTA 
Eq.     Solvent 

T 
(°C) 

Result 

1 41 43 (1.2) 0.4 2.5 1 DMF/H2O rt N 

2 41 43 (2) 0.4 2.5 1 DMF/H2O/ 
MeCN rt N 

3 41 43 (2) 0.4 2.5 1 DMF/H2O/ 
MeCN 50 N 

4 41 43 (2) 0.4 2.5 1 
DMF/MeCN/

0.1M 
NH4HCO3 

rt N 

5 33 32 (2) 2 20 10 DMF/H2O rt Y 

Table 3.3: Reaction conditions attempted for CuAAC reaction between alkyne-Protoxin-II 41 and 
DADPS-N3 43. Equivalents are calculated relative to the alkyne. All reaction times are 1 hr. 

In our hands, however, these conditions did not produce a triazole product, and only 
starting material was recovered. TBTA is insoluble in water and so DMF was used as an 

organic cosolvent to improve solubility, but under these conditions the ligand was seen to 
precipitate, which could have contributed to the failure of the reaction. Addition of 

acetonitrile as a second cosolvent ensured complete dissolution of TBTA, but this did not 
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affect the outcome of the reaction (Entry 2). CuAAC reactions have been shown to benefit 

from heating,63 but warming the reaction to 50°C was also unsuccessful (Entry 3). 

A final attempt based on these conditions was made using 0.1 M ammonium bicarbonate 

instead of water in the solvent system (Entry 4). Peptides carrying a net positive charge 
(such as alkyne-Protoxin-II) that have been purified using HPLC buffers with TFA 

additives usually exist as the TFA salt after lyophilisation; this causes aqueous solutions 
of these peptides to be acidic. A key step in the CuAAC reaction is deprotonation of the 

alkyne to form a copper acetylide intermediate,64 and although the reaction has been 
observed to proceed at a wide variety of pH values, it was hypothesised that the acidic 
reaction conditions used thus far might have inhibited the formation of the copper 

acetylide. However, addition of basic 0.1 M ammonium bicarbonate solution to the solvent 
system did not lead to product formation.  

Due to the lack of success with these conditions and the precious nature of both the 
alkyne-Protoxin-II and DADPS-N3 reagents, test reactions were instead performed using 
the Fmoc-protected azide- and alkyne-containing amino acids 32 and 33 used in the 

synthesis of the clickable peptides (Entry 5). The amount of copper in the reaction was 
increased to 2 eq., relative to the alkyne reagent, and the quantities of reducing agent 

and ligand were also increased significantly. These changes were designed to ensure 
that there was plentiful Cu(I) available for the reaction to take place, and these conditions 

did lead to the successful formation of the triazole product, as determined by LC-MS. 

To see if these modified conditions would be effective in CuAAC reactions with alkyne-
Protoxin-II 41, an attempt was made to conjugate this peptide to an azide-bearing dye, 

Alexa Fluor® 488 azide (47, Figure 3.15). Alexa Fluor® 488 azide is widely used in 
fluorescence experiments due to its brightness and photostability,65 and conjugation to 

Protoxin-II could allow the Protoxin-II/Nav1.7 complex to be investigated using these 
methods. A similar conjugation strategy was employed for the potassium-channel binding 

tarantula venom peptide guangxitoxin-1E.66 For the purposes of testing the CuAAC 
reaction conditions, it preserves the precious biotinylation reagent 43 and also has the 

benefit that conjugation can be detected easily by the change in colour of the peptide. 
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Figure 3.15: Structures of azide-functionalised dyes Alexa Fluor® 488 azide (47) and Cy3 azide (48) 
X+ represents the triethylammonium counterion. 

The conditions of the reaction are shown in Table 3.4, Entry 1. To see if the TBTA ligand 

was necessary for the reaction, it was initially left out and the reaction was instead 

warmed to 60°C. Alexa Fluor® 488 azide 47 was added to the reaction as a stock solution 

in DMSO. Under these conditions, the Alexa Fluor® 488/Protoxin-II conjugate 49 slowly 

precipitated out of the reaction mixture and could be isolated by centrifugation as a red 
solid, and no starting material could be identified in either the precipitate or the 
supernatant. Mass spectrometry analysis showed that all three disulfide bonds in the 

peptide were preserved in the conjugated product; however, impurities were identified 
with masses corresponding to oxidation (+15.999 Da), possibly of the two methionine 

residues in Protoxin-II.  

There are several reasons that methionine oxidation could occur in this reaction. Reactive 
Cu(I) species can readily cause oxidation, especially if there is dissolved oxygen in the 

solvent. It is possible that the small excess of copper used in these conditions, combined 
with the removal of the ligand, creates a large number of free Cu(I) ions that causes these 

undesirable side reactions. DMSO, which is present in the reaction as a cosolvent, has 
been known to oxidise methionine.67,68 To minimise the formation of this side product, 

alterations were made to the reacting conditions (Entry 2). All the stock solutions were 
made using water that had been degassed by bubbling argon through it. The Alexa 

Fluor® 488 azide stock solution was lyophilised to remove DMSO, and redissolved in 
degassed water. The reaction was blanketed with argon and sealed to ensure minimal 

exposure to atmospheric oxygen. Finally, DL-methionine (10 eq.) was added to the 
reaction as a sacrificial reagent. However, despite these precautions, the level of 

methionine oxidation seemed to be unchanged. Reports on the use of CuAAC click 
reactions on methionine-containing peptides have similarly reported oxidation of 
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methionine as a notable side reaction,57,69 and some studies even replace the methionine 
residues in the peptide with nonreactive amino acids to avoid complications arising from 

oxidation,66,70 suggesting that this side reaction is unavoidable under CuAAC conditions. 

 Alkyne Azide Eq. Cu (II) 
Eq. 

NaAsc 
Eq. 

Met 
Eq. Solvent 

T 
(°C) 

Result 

1 41 47 2 2 20 - DMSO/H2O 60 Y 

2 41 47 2 2 20 10 H2O 60 Y 

3 41 48 2 2 20 10 DMF/H2O 60 Y 

4 41 43 2 2 20 10 DMF/H2O 60 N 

Table 3.4: Further reaction conditions attempted for CuAAC reaction between alkyne-Protoxin-II 41 and 
functionalised azides. Equivalents are calculated relative to the alkyne. All reaction times are 1 hr. 

A further difficulty in handling the Alexa Fluor® 488/Protoxin-II conjugate was poor 

aqueous solubility. The peptide appeared to be soluble only in DMSO or under highly 
basic (pH >11) conditions, neither of which is conducive to peptide stability, and made 

analysis and purification by HPLC impossible. Of further concern were the safety 
implications of handling a potentially-toxic venom peptide derivative in DMSO, as this 
solvent can permit transmission of dissolved compounds through the skin.71 

A possible reason for this poor solubility is the hydrophobic nature of Alexa Fluor® 488 
(and the aliphatic linker), combined with its two sulfonate groups; these negatively-

charged groups are intended to improve the aqueous solubility of Alexa Fluor® 488, but 
when conjugated to a peptide with a net positive charge the overall charge of the 
conjugate is reduced at neutral pH.  

To address the solubility concerns, the conjugation reaction was repeated with Cy3 azide 
48 as the dye in place of Alexa Fluor® 488 azide. Cy3 has a long history of use in 
fluorescence experiments,72 though it has now mostly been replaced with the more 

photostable Alexa Fluor® 555. Cy3 is a cyanine dye and therefore carries a permanent 
positive charge on nitrogen (Figure 3.15); it was hoped that this positive charge would 

increase the net charge on the resulting conjugate, and improve its aqueous solubility. 

Coupling of 48 to alkyne-Protoxin-II 41 by the improved reaction conditions led to 
formation of the triazole product, with no starting material detected in the reaction mixture 

after 1 hr (Entry 3). No precipitate formed during the reaction and the Cy3/Protoxin-II 
conjugate 50 was noticeably more soluble in water than the Alexa Fluor® 488/Protoxin-II 

conjugate. Peptides were isolated by HPLC of the crude reaction mixture, and the product 
mass was confirmed by LC-MS. The conjugated peptide was made available for use in 
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fluorescence experiments by collaborators in UCL Neuroscience; due to time restraints it 
was not possible to perform electrophysiology assays to determine the inhibitory potency 

of either conjugate against Nav1.7. 

Finally, the revised CuAAC reaction conditions were applied to DADPS-N3 and alkyne-

Protoxin-II (Entry 4). These conditions unexpectedly produced a single product with a 
mass of 4068.67 ± 0.90 Da, which corresponds to the mass of alkyne-Protoxin-II 41 plus 
the residual mass of the cleaved fragment of DADPS-N3 (Scheme 3.7). This suggests 

that the silane group has cleaved under the reaction or analysis conditions. To test this 
suggestion, a sample of the DADPS-N3 starting material was analysed by LC-MS, and 

approximately 50 % was found to have decomposed; this suggests that the DADPS-N3 

was either supplied impure, or cleaved readily under the conditions of the LC-MS analysis. 

Since DADPS-N3 has been shown to cleave with a yield of >95 %  in under 30 mins in 
5 % formic acid,50 it is not inconceivable that a significant proportion of the reagent might 

cleave in the 0.1 % formic acid solutions used for LC-MS. Regardless of the cause of the 
decomposition, it would appear that a DADPS/Protoxin-II conjugate would not be stable 

to purification by HPLC, which under the standard conditions uses mobile phases 
containing 0.1 % TFA. 

The challenges in synthesising and purifying this product, combined with time restraints 

and the recent commercial availability of a biotin-conjugated Protoxin-II (supplied by 
Smartox), meant that the synthesis of the DADPS/Protoxin-II conjugate was discontinued. 

3.8 Conclusions 

This chapter addressed the design and synthesis of biotinylated Protoxin-II analogues for 

use in crosslinking mass spectrometry. 

The initial attempt to selectively biotinylate Protoxin-II at the N-terminus by the use of a 
biotin-Ahx-NHS reagent on folded Protoxin-II produced unspecific addition to lysine and 

heterogeneous products. This method was not pursued further, but might have been 
improved by using an orthogonal protecting group on lysine during the solid-phase 

synthesis, such as allyloxycarbonyl (Alloc). This could allow the peptide to be folded, and 
selectively biotinylated at the N-terminus, followed by protecting group removal by 

Pd(0).73 However, since lysine often plays an important role in peptide and protein folding, 
this route risks the formation of unwanted products in the sensitive oxidative folding step. 

The challenge presented by oxidative folding of disulfide-rich peptides was illustrated by 

the N-terminally biotinylated derivatives of Protoxin-II synthesised on the solid phase. The 
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extremely high loss of peptide to aggregation in the subsequent oxidative folding step 
highlights the sensitivity of these peptides to modification. It is possible that successful 

synthesis of folded, biotinylated Protoxin-II is only achievable through an otherwise 
undesirable orthogonal cysteine protecting group strategy. 

The poor outcomes from direct biotinylation of Protoxin-II led us to adopt a strategy based 
on the copper-catalysed alkyne-azide cycloaddition to attach the biotin. This route 
maintains a free N-terminus during the oxidative folding, and it was hypothesised that the 

smaller, less hydrophobic azide and alkyne sidechains would reduce formation of 
aggregates. To install an azide group, Fmoc-Ala(N3)-OH 32 was synthesised in good yield 

by a literature method.32 Aggregation still occurred during the folding of these peptides 39 
and 34, albeit to a lesser extent than for the biotinylated peptides, partially validating our 

hypothesis. The degree of aggregation was severe for azide-modified peptide 39, which 
was perhaps surprising as the permanent charges on the azide group were expected to 

improve the aqueous solubility to a greater extent than the aliphatic alkyne group. This 
result was especially disappointing as this meant that conjugation methods based on 

copper-free strain-promoted alkyne-azide cycloaddition (SPAAC) or Staudinger ligation 
were not possible. The option of using SPAAC methods, in particular, would have been 

especially useful given the problems with methionine oxidation that arose from the 
copper-catalysed cycloaddition conditions. 

Nonetheless, the alkyne-functionalised Protoxin-II analogue 41 could be isolated in 

moderate yield, and a patch-clamp electrophysiology assay demonstrated that the 
addition of the alkyne group had only negligible impact on the potency of the peptide 

towards Nav1.7. This validated the decision to modify the peptide at the N-terminus. Side 
products produced during the oxidative folding step of alkyne-Protoxin-II appear (by mass 
spectrometry) to be fully-folded, with three disulfide bonds. However, they have longer 

HPLC retention times and show considerably reduced potency against Nav1.7, 
suggesting that they have important structural differences that affect their function. An 

attempt to determine their structures by X-ray crystallography was unsuccessful; other 
experiments (such as disulfide mapping by mass spectrometry, or structure determination 

by NMR) will be necessary to uncover the structural basis for these differences. A fuller 
understanding of these side products could help in the design of new oxidative folding 

strategies for disulfide-rich peptides. 

Finally, conditions were developed that efficiently coupled azide-bearing functional 
groups to 41 by CuAAC, demonstrated using the dyes Alexa Fluor® 488 azide 47 and 

Cy3 azide 48, and the cleavable biotin probe DADPS-N3 43 (although this probe appeared 
to cleave under much milder conditions than desired, which prevented successful 
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synthesis). Despite attempts to minimise the oxidation of methionine residues, this 
remains a drawback of these conditions and can be attributed to the reactive Cu(I) ions 

necessary for CuAAC reactions. 

In summary, this work has demonstrated work towards the design and synthesis of a 

versatile, potent, and ‘clickable’ Protoxin-II analogue that allows the full range of chemical 
biology experiments to be applied to the study of the Protoxin-II/Nav1.7 complex. 
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CHAPTER 4 

 

COMPUTATIONAL MODELLING OF NAV1.7  

This chapter describes work towards developing a model of the structure of Nav1.7, for 
use in computational docking experiments. 

4.1 The need for modelling 

At the start of this project, no experimental structure of human Nav1.7 had been published 

despite considerable research effort, and only in 2019 was structure finally solved by 
single-particle cryo-electon microscopy.1 Until the publication of this structure, information 

about the domain architecture, conformations, and ligand interactions of Nav1.7 had to be 
inferred from computational models or from the structures of Nav1.7 chimera proteins.2,3 

In this thesis, computational modelling of Nav1.7 serves two purposes. Firstly, a model 

provides a basis for investigating the Protoxin-II/Nav1.7 complex by computational 
docking methods, whether unconstrained or constrained by experimental data. Secondly, 

models can guide the choice of crosslinking reagents for crosslinking mass spectrometry 
experiments; such experiments can generate distance restraints to refine docking 

models. 

Computational modelling of proteins generally takes one of two different forms. Homology 
modelling (also called comparative modelling) involves identification of a template protein 

of known structure, which is homologous (i.e. possesses an ancestral relationship and 
therefore some sequence similarity) to the target protein (the protein to be modelled).4 

Since structure is more conserved than sequence, it follows that template proteins with 
some identifiable sequence identity to the target are likely to provide reliable information 
about the overall fold of the target protein.5 

The second approach is ab initio protein modelling, which involves estimation of the 
structure using atomic force field calculations and secondary structure predictions alone.6 

While such predictions are rapidly improving in accuracy, and are likely to continue to do 
so with the introduction of new machine learning methods (such as the AlphaFold 
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algorithm),7 the complexity of protein folding means that reliable structure prediction for 
any given protein remains a future goal. 

Homology modelling is therefore preferred for proteins where good-quality structures of 
homologous proteins can be identified.8 For a large protein such as Nav1.7, a complete 

ab initio treatment would be extremely computationally expensive, and the resulting 
model would be likely to contain serious errors. Homology modelling was therefore 
chosen as the modelling method for Nav1.7 in this project. 

The modelling of voltage-gated ion channels such as Nav1.7 is made more challenging 
by the conformational variability of the protein; the three distinct states Nav1.7 can adopt 
(resting, open, inactivated) cannot be represented in a single structure. Homology 

modelling of any particular conformation therefore requires an equivalent conformation in 
the template protein structure. As the number of ion channel proteins with experimentally-

solved structures is low this is not always possible.  

This is especially true of voltage-gated ion channels, whose conformation changes in 
response to changes in the membrane potential. Most techniques in structural biology 

(such as cryo-electron microscopy, X-ray crystallography, and NMR) require purified 
protein removed from the native cellular environment, which as a result is not subject to 

a membrane potential. This makes it extremely difficult to isolate particular voltage-
dependent conformations for structural analysis, and therefore restricts the number of 

possible template structures for homology modelling. 

4.2 Development of the modelling approach 

Homology modelling involves four principal steps (Figure 4.1). First, template proteins 

must be identified by an appropriate search algorithm, and the best template selected. 
Secondly, the sequence of the target protein must be optimally aligned to that of the 
chosen template protein. Thirdly, the output models are calculated using the aligned 

sequences, and finally the models are scored for quality and the best model is selected. 
Different modelling tools require different levels of user input; some ‘pipeline’ approaches 

only require the target sequence, while others allow user to manually identify templates 
and generate sequence alignments. A mixture of approaches was taken in this project.   
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Figure 4.1: Steps in a typical homology modelling workflow. 

4.2.1 Template identification 

The canonical sequence for human Nav1.7 was accessed using the UniProt database9 

(AC Q15858), and submitted to the HHPred algorithm10 to detect homologous proteins. 
In comparison to the earlier BLAST algorithm, HHPred is capable of detecting more 

remote homologues and can also generate sequence alignments between the proteins. 
The search was restricted to proteins with a deposited structure in the PDB to ensure that 

the results could be used for homology modelling. 

HHPred ranks hits by the probability of a homologous relationship and the calculated E-
value, which measures the statistical significance of the result. False positives can be 

identified by biological implausibility (e.g. originating in dissimilar organisms) or having 
very different biological functions. The top result in the output rankings was validated by 

these methods and then taken forward for sequence alignment. 

The number of voltage-gated sodium channel structures deposited in the PDB has 
increased significantly in the three years since this modelling was begun, culminating in 

the publication of the structure of human Nav1.7 by cryo-electron microscopy in 2019.1 
When modelling was first attempted the only protein with significant sequence identity to 

Nav1.7 was the rabbit voltage-gated calcium channel Cav1.1 (PDB: 5GJV) with 30 % 
sequence identity.11 No other proteins were identified above the sequence identity cutoff 

for reliable fold prediction (approximately 20 %). 

Subsequent release of structures with greater similarity to Nav1.7 prompted us to repeat 
the modelling procedure for each new structure. Two further proteins were used as 

templates for modelling: NavPaS from the American cockroach (PDB: 5X0M)12 and 
EeNav1.4 from the electric eel (PDB: 5XSY)13. The structures and their sequence 

identities are summarised in Table 4.1.  

Identify homologous proteins (templates)

Perform a target-template sequence alignment

Build a model of the target protein

Evaluate the model quality
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Name Organism UniProt ID PDB ID EMDB ID Identity to 
Nav1.7 

Cav1.1 Rabbit P07293 5GJV 9513 30 % 

NavPaS American 
cockroach D0E0C2 5X0M 6698 42 % 

EeNav1.4 Electric eel P02719 5XSY 6770 60 % 

Table 4.1: Homologous proteins to Nav1.7 detected by HHPred14 and used for homology modelling in 
this project. 

Each of these structures displays different conformational properties which are, in many 
cases, not consistent with a particular channel state.  

The Cav1.1 (PDB: 5GJV) structure has a closed pore, which indicates a resting or 

inactivated state; however, the charge gating residues in the S4 helices of the voltage-
sensing domains (VSDs) are in the ‘up’ configuration, which is typical of an open 

configuration. The authors suggest that this structure represents the inactivated 
conformation, but the III-IV linker (which interacts with the S6 helix to promote fast 

inactivation in Nav channels) is instead bound to the C-terminal domain (CTD) and not in 
a position to influence channel gating. It is possible, however, that the voltage-gated 

inactivation of calcium channels occurs by a different mechanism to that of sodium 
channels, making the position of the III-IV linker less relevant in classifying the functional 

state of the protein.  

The NavPaS structure (PDB: 5X0M) also has a closed pore, but unlike Cav1.1 the charge 
gating residues in the VSDs are found in a variety of conformations. It is not clear if this 

represents a functional difference between this protein and other ion channels, as the 
properties of NavPaS during action potentials have not been characterised, or a loss of 

structure definition in the absence of a membrane potential. The authors suggest that it 
is unclear whether the structure represents the inactivated state, or an intermediate state 

between the resting and open states.  

The final structure, EeNav1.4 (PDB: 5XSY) also shows features from several different 
channel states. The IFM motif in the III-IV linker is tucked into the bottom of the S6 helix, 

suggesting an inactivated configuration. However, unlike the other two structures, the 
pore in this structure is open: the map shows a region of density that can be seen blocking 
the pore aperture from closing, which the authors tentatively-assign to a ‘digitonin-like’ 

molecule. This therefore is likely to represent an artefact of the experiment rather than a 
true native-like conformation. The VSDs in DIII and DIV are in the ‘up’ configuration; the 

sidechains of the VSDs in DI and DII are not sufficiently well-resolved to determine their 
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conformations. For convenience, these templates will be referred to by their PDB 
identifier. 

 

Figure 4.2: Coverage of protein sequences used for homology modelling by their corresponding 
structural models. Protein sequences are depicted as Circos plots, with cytoplasmic regions in blue and 
transmembrane domains in green. Regions for which structural information is provided in the 
corresponding PDB structure are indicated in red. The plots are annotated to show regions of predicted 
disorder, as determined by the IUPred15 score. Regions with high scores for disorder are more likely to 
be missing from the available structures. For comparison, the recent cryoEM structure of Nav1.7 (PDB: 
6J8J) was used to generate the coverage data for Nav1.7.1 

A further challenge in using these protein structures as templates for modelling is that the 
published structures do not cover the full length of the protein (Figure 4.2). The N- and 

C-termini, and the cytoplasmic loops DI-DII and DII-DIII are frequently missing from the 
published structures owing to a lack of clear density. These regions cannot therefore be 
used for homology modelling. However, since these regions of the protein are 

intracellular, and Protoxin-II is proposed to bind to extracellular regions, these missing 
regions should not affect the ability to model the Nav1.7/Protoxin-II interaction. 

Nav1.7
(6J8J)

EeNav1.7
(5XSY)

NavPaS
(5X0M)

Cav1.1
(5GJV)
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4.2.2 Alignment 

A sequence alignment is an arrangement of the amino acid sequences of two (or more) 

proteins that matches regions of similarity between them. It is essential for accurate 
homology modelling that the alignment between the target and template proteins is of 

good quality.16,17  

Short sequence alignments can be performed manually but the magnitude of the problem 
rapidly increases as the length of the sequences increase and so algorithms are usually 

used for all but the shortest sequences. Amino acids pairings in sequence alignments are 
scored according to their similarity. An exact match (for example, L-L) will receive a high 
score, a match between amino acids with similar properties (L-I, or D-E) will receive a 

slightly lower score, and a match between dissimilar amino acids (L-K) will receive a low 
score. If the sequences are different lengths, gaps will be placed to model insertions and 

deletions. Different alignment algorithms will produce and score their sequence 
alignments in different ways, so it is often beneficial to make several sequence alignments 

using different tools and compare the output. In this way, regions that require additional 
scrutiny from the user can be identified. 

Alignments were made using the canonical Nav1.7 sequence with each of the template 

proteins (5GJV, 50XM, and 5XSY) using the alignment tools Clustal,18 T-Coffee,19 and 
MUSCLE,20 and the results compared. It quickly became clear that generating sequence 

alignments for Nav1.7 was a problem of two halves. The transmembrane regions of the 
protein (and especially the pore region and S4 arginine residues) are very highly 

conserved between the target and the template, which makes sequence alignments in 
these regions straightforward. However, some sections of Nav1.7 have no detectable 

similarity to any of the template sequences – especially in the N-terminus and the 
cytoplasmic loop regions between DI and DII, and DII and DIII. An example multiple 

sequence alignment of Nav1.7 with all three template sequences (produced by the Clustal 
algorithm) is provided in the Appendix. The alignments were compared and manually 
edited where necessary to produce a final sequence alignment that was taken forward 

for modelling. 

It was possible that these cytoplasmic loops might have structural homologues which 

were not detected by HHPred in the initial search due to the presence of the highly-
conserved transmembrane regions. They were therefore resubmitted to HHPred 
separately to see if template proteins could be found that might allow them to be modelled, 

but no homologous proteins with >10% sequence coverage could be found. As these 
regions not only lacked homologues, but also are not visible in the template structures, 
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these regions were not considered for modelling. As they are cytoplasmic and not thought 
to be involved in binding to Protoxin-II, this should not compromise the model for the 

purposes of this project. 

4.2.3 Modelling algorithms 

Four modelling algorithms were used to model Nav1.7: MODELLER,21 Swiss-Model,22 

RaptorX,23 and Phyre2.24 RaptorX and Phyre2 are pipeline modelling algorithms which 
only accept an input sequence from the user. Users cannot submit sequence alignments 

through RaptorX or Phyre2, only the target sequence, and must rely on the in-built tools 
to find template proteins and generate sequence alignments. RaptorX is designed to 
model proteins where only remote homology can be detected, which makes it less 

applicable in this case as templates with high sequence identity are available. However, 
it was nonetheless decided to model Nav1.7 using this pipeline, firstly to see if it would be 

able to produce plausible models for the regions of Nav1.7 without appreciable homology 
to other proteins, and, secondly, for the purposes of comparison with the other tools. 

Swiss-Model is another pipeline modelling tool which can accept simply the target 

sequence as for Phyre2 and RaptorX, but users are also able to define a template model 
and alignment if they wish. In our case, the alignments produced by the above method 

were used as the input. 

The final method makes use of the established homology modelling algorithm 
MODELLER, which requires the target sequence, template structure, and pairwise 

alignment as inputs. In contrast to the pipeline methods above, the user has considerable 
influence over all aspects of the modelling through the use of custom scripts. In the first 

instance, however, the default parameters were used for modelling. 

To Phyre2 and RaptorX, the canonical sequence for Nav1.7 was submitted to the servers 
for modelling; for Swiss-Model and MODELLER, the alignment generated for each of the 

three template proteins was submitted for structure modelling. By default, RaptorX returns 
one model. Phyre2 and Swiss-Model allow the user to select the templates to be used for 

modelling from a list of homologues. For MODELLER, the number of output models can 
be defined by the user and the default is five output models; these models are ranked by 

their zDOPE scores (a measure of statistical potential).25 The top-ranked output from this 
set of five models was taken forward for comparative scoring, as were each of the output 

models from the three other algorithms. This gives a set of eleven structures for 
assessment (Table 4.2). 
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4.2.4 Scoring of models 

Assessing the quality of models produced by computational methods has two purposes. 

Firstly, it helps to identify the most accurate model from a set of output structures. 
Secondly, assessment can identify regions of the models which may contain errors and 

may need further attention from the user. 

However, assessing model quality is more difficult for computational models than for 
experimental models, as there is no experimental data against which the model can be 

compared (such as with Rfree in X-ray crystallography or cross-correlation functions in 
electron microscopy). The ultimate measure of quality for a computational model is the 
similarity to the experimentally-determined structure (this is the method used to assess 

structure prediction tools in the Critical Assessment of Structure Prediction (CASP) 
exercises), but this is by definition unknown. 

Models can therefore only be assessed against criteria developed by analysis of 
hundreds of experimental structures. Such criteria generally fall under one of two 
categories: geometric considerations such as Ramachandran plots or bond 

lengths/angles, or statistical potentials of mean force such as local atomic interactions or 
solvation energies. 

In this study, the geometric properties of the output models were evaluated by the 
MolProbity server.26 MolProbity produces two output scores: a clashscore that assesses 
the number of clashes (significant overlaps) per 1000 atoms, and an overall score that 

incorporates the clashscore together with a score for disfavoured Ramachandran 
residues and bad sidechain rotamers. As well as bond lengths and bond angles, models 

are also assessed for unusual geometries such as cis-Proline residues and twisted 
peptides. MolProbity overall scores are normalised against structures of comparable 

resolution; clashscores are not normalised. 

Evaluation of the statistical potentials is more challenging as scoring algorithms (such as 
QMEAN27 or zDOPE25) tend to be benchmarked against soluble globular proteins, and 

the resulting algorithms do not necessarily model the unusual environment of membrane 
bilayers accurately. Scores for membrane proteins generated by these algorithms 

therefore tend to be a poor reflection of their actual quality. QMEANBrane28 is a model 
quality assessment algorithm developed explicitly to handle membrane proteins. It also 

provides local quality scores (not just a global value) making it useful for identifying 
regions of the model in need of improvement. It was therefore the assessment tool of 

choice for the models produced in this study. QMEANBrane scores are reported as 
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normalised Z-scores (number of standard deviations above or below the mean results of 
a benchmark set of structures). Large negative scores indicate poor-quality models. 

 

Table 4.2: Scoring results (by MolProbity and QMEANBrane) for homology models of Nav1.7 produced 
in this study. The scores for the template proteins alone are shown in the top row. Scores are colour-
coded by their rank relative to the other models, with blue indicating models with comparatively good 
scores, and red indicating models with comparatively poor scores. RaptorX did not select 5GJV as a 
template for modelling of Nav1.7 so no models were produced for scoring. 

The termini and cytoplasmic loop regions were not modelled (see above) and were not 
considered in the assessment. As well as the models of Nav1.7 produced by the different 

modelling algorithms, the template proteins were also assessed for quality by the same 
methods. A summary of the scores for each model is listed in Table 4.2. 

High scores in the Clashscore and large negative Z-scores in the QMEANBrane 

assessment generally indicate poor-quality models. However, these poor scores are also 
seen for the experimental protein structures used as templates for the models. Errors in 

the protein structures used as templates will be translated into the output models; for 
example, the worst-scoring template by all measures (5X0M) also produces the worst-

scoring models for three of the modelling algorithms. The template with the highest 
sequence identity to Nav1.7 (5XSY) produces models with the best scores.  

The Swiss-Model algorithm seems to produce the highest-scoring models regardless of 

the choice of template, which would suggest that these are the most accurate models, 
and the model based on 5XSY scores best of all. However, this interpretation needs 

caution: Swiss-Model uses an energy minimisation step (based on OpenMM29) that will 
act to correct clashes and poor model geometry. However, it’s not certain that such a step 
necessarily produces a more accurate model: the energy minimisation step may not 

accurately reflect the environment of the membrane bilayer, and may lead to errors. 



 154 

Secondly, these scores reflect a narrow view of model quality: a particular helix may have 
excellent bond geometries and statistical potential scores, but if the entire helix is 

positioned incorrectly the model will be inaccurate. Finally, experimental data from the 
template structures ought to take precedence over computational calculations; not all 

unexpected model geometries arise from errors in calculation. 

Notwithstanding the caveats listed above, the Swiss-Model model based on 5XSY has 
the highest overall scores across all models, and so it was chosen as the final model for 

further study.  

4.3 The final homology model 

The resulting homology model of Nav1.7 shows the expected domain architecture of a 

voltage-gated sodium channel. Given the high sequence identity to the template structure, 
the model is expectedly similar to 5XSY, with a Cα RMSD of 1.863 Å. It therefore faithfully 

replicates the open pore and inactivated IFM motif of the template.  

As well as the large cytoplasmic loops and the N- and C-termini, several smaller loops 
were missing in the published structure of 5XSY (notably S3-S4 on all four of the 

domains). These shorter loop regions were modelled by Swiss-Model to produce a more 
complete structure. 

QMEANBrane is capable of assessing local model quality as well as a global quality 

score. The highest quality scores are found in the pore transmembrane region (S5-S6), 
with high scores also found for the rest of the transmembrane region (S1-S4). The lowest 

quality scores are found in the extracellular loops, and especially the S3-S4 loops that 
were modelled without a template. Several factors combine to explain these scores. The 

pore and transmembrane regions are the most conserved regions of the model, so the 
modelling algorithm is able to match the model closely to the template structure. The 
structure of the template protein was determined by electron microscopy, and so the 

resolution of the structure varies: the highest local resolutions are found in the pore and 
transmembrane regions, so these regions have the highest model quality. Another factor 

is the secondary structure elements, which tend to have higher scores due to more well-
defined residue geometry. 



 155 

Figure 4.3: (Left) Best-scoring homology model for Nav1.7, with cytoplasmic regions removed. VSDII 
is highlighted in dark grey, and sidechains are shown for proximal lysine and acidic residues. (Right) 
Close-up view of the S1-S2 and S3-S4 loops of VSDII. 

Protoxin-II is thought to bind to the S1-S2 and S3-S4 loop regions on VSDII. One of the 
purposes of constructing this model was to determine a crosslinking strategy that could 

verify this hypothesis experimentally. The most commonly-used crosslinking reagents 
target the sidechains of the amino acids lysine, cysteine, and aspartic/glutamic acid30 so 

the presence of any of these residues near the extracellular surface of VSDII would inform 
the choice of crosslinking reagent. 

The model (Figure 4.3) shows several lysine residues (K773, K1346, K1423, and K1426) 

within the approximate range (30-35� Å) of common crosslinking reagents and VSDII. 
There are also several acidic residues on the VSDII extracellular loops that could be a 

site for crosslinking (such as E770, E771, D827, and E829). No cysteine residues are 
nearby. The model therefore suggests that crosslinking experiments with reagents 

targeting lysine or acidic sidechains could be successful. 

4.4 Attempted docking of Protoxin-II to Nav1.7 model 

Computational docking methods have proved useful in predicting protein-protein 
interactions that are otherwise challenging to determine experimentally. In the field of 

toxin peptide-ion channel complexes alone, computational docking tools have been used 
to predict binding modes,31,32 to determine properties of the complex such as the free 

energy of binding33 and to inform rational drug design.34,35 

Two different approaches to predicting a protein-protein interaction site are available to 
the experimenter. The first approach is unrestrained docking, in which the structures 

alone are used by the docking algorithm to calculate the best interaction mode without 
any other information about the system provided by the user.  
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The second approach is restrained docking, in which a user provides additional input to 
the algorithm in the form of, for example, distance restraints between atoms in the two (or 

more) structures to be docked. These restraints may be experimentally determined (by 
NMR, EPR, or crosslinking mass spectrometry) or inferred from structure-activity 

relationships (for example, from mutagenesis experiments). 

Restrained docking has considerable advantages when distance restraints can be 
accurately determined, but carries the risk of model bias if an incorrect or inaccurate 

restraint is used. Unrestrained docking algorithms are not subject to user bias or 
experimental errors, but have a much larger conformational space to explore. This gives 

more opportunity for errors in the output (such as local minima) and requires considerably 
more computation time to achieve the same depth of search as a restrained docking 

calculation. Unrestrained docking algorithms such as ZDOCK36 and PatchDock37,38 take 
a rigid-body best-fit approach (in which no adjustments are made to the input model 

structure to account for the interaction), which greatly simplifies the calculation but can 
produce errors. 

At the time of docking, no experimentally-derived restraints were available for the binding 

of Protoxin-II to Nav1.7. A considerable number of experiments exploring the structure-
activity relationship have identified key residues affecting the potency of inhibition. 

However, given the other factors involved in the potency of inhibition (such as the 
importance of binding to the membrane, as determined by Henriques and coworkers39), 

it was not clear that this information can be reliably translated into distance restraints. It 
was therefore decided that an unrestrained docking approach should be used in this 

study. 

ZDOCK and PatchDock were used to generate structures of Protoxin-II bound to the 
homology model of Nav1.7. For unrestrained docking, both ZDOCK and PatchDock 

require only the PDB files of the two interacting proteins for the calculation. The X-ray 
crystal structure solved in Chapter 2 was used as the input structure for Protoxin-II, after 
removal of ligands and water molecules.  

The output of the ZDOCK algorithm is the top ten highest-scoring docking solutions. For 
the Protoxin-II/Nav1.7 complex, the predicted conformations fall into two clear clusters; 

the first cluster (with seven of the ten hits) positions Protoxin-II such that it interacts with 
the pore domain in the cleft between VSDI and VSDII, while the second cluster places 
the peptide in an equivalent position between VSDIII and VSDIV (Figure 4.4). In both 

clusters, Protoxin-II is situated squarely in the transmembrane region; for it to interact with 
Nav1.7 in the orientation predicted by ZDOCK, it would have to fully partition into the cell 
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membrane. While some slight membrane partitioning has been suggested for Protoxin-II, 
full penetration into the membrane bilayer has not been demonstrated.39 

 

Figure 4.4: Side (left) and above (right) views of the top-scoring docking solutions for the complex 
between Nav1.7 (tan) and Protoxin-II (all other colours) as determined by ZDOCK. Regions of the 
homology model that were not modelled are represented by dashed lines. 

Like ZDOCK, PatchDock also produces an output of ten top-scoring docking poses; 

however, its predictions for the structure of the Protoxin-II/Nav1.7 complex differ 
considerably from ZDOCK. PatchDock predicts a much larger range of possible binding 

sites for Protoxin-II (Figure 4.5). The most populated cluster (three of the ten models) 
places Protoxin-II directly above the pore on the extracellular side of the protein; this is a 

known site for the binding of some venom peptides to ion channels,40 but it is not 
suggested for Protoxin-II owing to its known ability to act as a gating-modifier.  

The second cluster (two models) places Protoxin-II directly under VSDIV on the 

cytoplasmic side, where it interacts with the III-IV linker; this would require Protoxin-II to 
fully penetrate the cell membrane, but only partial membrane partitioning has been 

observed.39,41 Three further models are placed in positions analogous to the two clusters 
predicted by ZDOCK (interacting with the pore domain between VSD clefts).  

 

90°
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Figure 4.5: Side (left) and above (right) views of the top-scoring solutions for the complex between 
Nav1.7 (tan) and Protoxin-II (all other colours) as determined by PatchDock. 

One of the remaining solutions (ranked #10) places Protoxin-II directly between the S1-

S2 and S3-S4 loops of VSDIV (Figure 4.6). It has been suggested that Protoxin-II could 
interact with VSDIV due to its ability to inhibit fast inactivation,42 and the recent structure 

of Protoxin-II bound to Nav1.7 solved by cryoEM shows clear electron density 
corresponding to Protoxin-II above VSDIV.1 The resolution of this region was poor (5 Å), 
and Protoxin-II could not be reliably fitted to the density, so the binding mode predicted 

by PatchDock cannot be directly compared with the experimental structure. It is possible 
that PatchDock has correctly predicted one binding mode for Protoxin-II; however, it did 

not predict the interaction with VSDII, the supposedly more potent interaction site. 

 

Figure 4.6: Side (left) and above (right) views of a PatchDock docking solution for Protoxin-II (pink, with 
disulfide bonds highlighted) bound to VSDIV of Nav1.7 (tan). 

90°

90°
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Notwithstanding the possible docking mode predicted for Protoxin with VSDIV of Nav1.7, 
the results of the docking studies were generally poor: most of the returned conformations 

were either biologically implausible due to insertion in the membrane bilayer, or 
inconsistent with known properties of Protoxin-II (such as the docking models showing 

binding to the pore region).  

There are several possible reasons for the poor results of the docking study. The most 
significant reason is that the cell membrane is not accounted for in the calculations, which 

will have two significant effects. Firstly, Protoxin-II is proposed to bind first to the cell 
membrane through a hydrophobic patch of residues, which orientates the peptide before 

binding to Nav1.7; the role of the cell membrane in the inhibition of the channel by 
Protoxin-II is not accounted for in the docking.39 The second is that since Protoxin-II has 

not been shown to partition significantly into cell membranes, transmembrane regions of 
Nav1.7 will not be accessible to the peptide and so cannot be an interaction site. Both 

effects cannot be modelled if the membrane is not defined in the docking calculations. 

A second reason for the lack of success in docking is that the conformations of Protoxin-
II and Nav1.7 supplied to the algorithms may not reflect changes to their conformations 

on binding. Venom peptides are known, in some cases, to change their conformation on 
binding to their target,43 and the NMR ensemble of structures of Protoxin-II show 

significant conformational flexibility around the C-terminus that is not accounted for in the 
supplied X-ray crystal structures.39,44 The homology model of Nav1.7 used for docking 

carries structural features from its template (5XSY), such as an open pore and VSD 
conformations consistent with an ‘open’ channel state. Since the ‘open’ state of Nav1.7 

binds Protoxin-II with significantly lower potency than the ‘resting’ state, for which no 
homologous model was available, it is possible that docking failed because the 
conformation of the VSDII was not correct for Protoxin-II binding. 

The choice of unrestrained docking for this project limited the computational approaches 
that could be taken to rigid-body algorithms that are unable to account for conformational 
flexibility and must cover a very large search space. Restrained docking allows deeper 

conformational searches to be performed using algorithms such as HADDOCK,45 
FlexPepDock,46,47 or ToxDoc,48 which was developed explicitly to model interactions of 

venom peptides with ion channels and GPCRs. Generating distance restraints that would 
allow a restrained docking approach to be used is the focus of Chapter 5 of this thesis. 
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4.5 Comparison to cryoEM structure 

The subsequent publication of a structure of human Nav1.7 by cryoEM (PDB: 6J8J) offers 

the opportunity to examine the success of the homology modelling approach.1 However, 
direct comparison of the model with the structure is hindered by three factors.  

Firstly, the conformation of the protein in 6J8J is not identical to the conformation of the 

protein in 5XSY; 6J8J has a closed pore conformation, while 5XSY has an open pore 
(likely due to blockade by a component of the purification buffer). As well as the α-subunit, 

the Nav1.7 structure in 6J8J also resolves the β1 subunit and the extracellular domain of 
β2, which is bound to the α-subunit by a disulfide bond. The β2 subunit is not present in 
5XSY.  

Finally, 6J8J shows Nav1.7 in complex with both Protoxin-II and tetrodotoxin. The same 
study also solved the structure of Nav1.7 in complex with the spider venom peptide 

Huwentoxin-IV and small molecule inhibitor saxitoxin (PDB: 6J8H), and comparing this 
structure with 6J8J shows small displacements in the crucial DII S3 and S4 helices. Since 
the authors attribute these changes to differences in the binding modes of Protoxin-II and 

Huwentoxin-IV, it would be expected that a homology model derived from a structure 
without bound inhibitors will show deviations in these regions. 

These factors make it challenging to determine if a deviation of the computed model from 
the experimental structure arises from errors or assumptions in the modelling process, or 
from necessary differences in the protein conformations arising from different conditions. 

Nonetheless, comparison of the two structures shows some features of interest. 

Overlaying the two structures immediately shows that some regions of the model match 

the experimental structure more closely than others. Performing a structural alignment 
then calculating a residue-level Cα-Cα RMSD for each pair allow these differences to be 
visualised. As would be expected, the smallest RMSD values are found in the highly-

conserved and well-resolved pore domain, where the sequence identity and template 
structure quality will be highest. Conversely, larger RMSD values are found in 

extracellular and intracellular loop regions.  

A plot of Cα-Cα RMSD against residue number shows clear differences in model quality 
between the transmembrane helices and pore-forming domains, compared with the 

model as a whole: the mean RMSD in these highly-conserved regions (0.927 Å) is lower 
than the mean RMSD in all other regions (1.324 Å). 
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Figure 4.7: RMSD data comparing the selected homology model with the cryoEM structure (PDB: 6J8J). 
(Right) structure of the homology model colour-coded by RMSD to the experimental structure; for clarity, 
the overlaid experimental structure is not shown. A histogram of residue-level RMSD showing the colour 
scale is shown top left. (Bottom left) Plot of Cα-Cα RMSD by residue number; transmembrane helices 
(S1-S6) and pore-forming regions are shown in orange, other regions in blue.  

This plot also shows clusters of amino acids with high RMSD values that indicate 
inaccurate regions of the model (Figure 4.7). One notable cluster is the DII S4 helix 

(residues 831-846) which has an anomalously high RMSD for a transmembrane helix. 
Comparison with the experimental structure immediately shows that this region has a 

positioning error: the helix in the experimental structure is elongated compared to the 
homology model (Figure 4.8). This difference in the models is also found when comparing 

the experimental structure to the template structure (PDB: 5XSY), so it does not arise 
from an error in the modelling. The authors attribute this movement in the helix to the 
presence of Protoxin-II adjacent to the S3-S4 loop.1 The S3-S4 loop adjacent to the S4 

helix could not be modelled in 6J8J owing to a lack of clear density, so the high RMSD in 
the S3-S4 loop region immediately adjacent to this loop is artefactual. Since the DII S3-

S4 loop has been shown to be a binding site for Protoxin-II, the lack of density in this 
region is a barrier to understanding the nature of the interaction.  

Conversely, the overlay also reveals regions of the model which are more accurate than 

might otherwise be predicted. An example is the DIII S5-S6 extracellular loop region 
(residues 1344-1391) which apart from one small region (Q1378-N1379) universally has 

an RMSD <2 Å.  

Overall, the model is largely accurate (most residues have RMSD <2 Å) except in some 
loop regions where the sequence similarity between the model and the template is lowest. 

This result highlights the importance of further structural biology experiments to 
understand the structure and dynamics of these key regions, especially regarding their 

binding to ligands and other proteins. 
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Figure 4.8: Overlay of homology model (coloured blue to red by RMSD) with experimental structure of 
Nav1.7 (grey), showing (left) a well-modelled extracellular loop region and (right) a poorly-modelled 
voltage-sensing domain. 

4.6 Conclusions 

The aim of this Chapter was to generate an accurate homology model of Nav1.7 that 
served two purposes. Firstly, to inform the choice of reagents in crosslinking mass 

spectrometry experiments, and, secondly, to attempt protein-protein docking with 
Protoxin-II to discover the site and mode of inhibition of this peptide. 

Rapid developments in the structural biology of voltage-gated sodium channels over the 

course of the project meant that modelling was repeated using a succession of protein 
templates as they were published. Models were constructed using pipeline methods 

(RaptorX and Phyre2) and with user-generated alignments (Swiss-Model and 
MODELLER), and evaluated for quality using MolProbity and QMEANBrane.  

The best-scoring model (constructed by Swiss-Model using the template 5XSY) was 

compared to the recent experimental structure of Nav1.7 bound to Protoxin-II. The model 
was analysed for suitable crosslinking residues, and taken forward for unrestrained 

docking with Protoxin-II. Most of the docking poses were incompatible with the known 
properties of Protoxin-II and therefore likely represent incorrect solutions, which was 

confirmed by the publication of the structure of Nav1.7 with electron density for Protoxin-
II visible adjacent to VSDII. Only a single docking conformation, which places Protoxin-II 

between the S1-S2 and S3-S4 loops of VSDIV, could be considered plausible.  
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Distance restraints were therefore required to improve the quality of the docking, and 
generating these restraints by crosslinking mass spectrometry is the focus of the next 

Chapter. 
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CHAPTER 5 

 

CROSSLINKING MASS SPECTROMETRY  

This chapter describes chemical crosslinking and mass spectrometry experiments 

performed with the aim of obtaining distance restraints for the Protoxin-II/Nav1.7 complex, 
for use in restrained computational docking studies.  

5.1 In-cell vs. in-solution crosslinking 

Most of the common methods for studying the structures of protein complexes (such as 

cryoEM, X-ray crystallography, NMR or SAXS) require the proteins and ligands to be 
purified before data collection; it is not usually possible (except through specialised 

techniques such as cryo-electron tomography or in vivo NMR)1,2 to solve protein 
structures in cells. By contrast, crosslinking mass spectrometry can be carried out in 

complex environments such as cell lysates, intact cells, or tissues, as well as purified 
protein complexes.3–7 

Studying protein complexes in native-like environments is beneficial as some features of 

the cellular environment (such as membrane bilayers or transient protein-protein 
interactions) can influence the structure of the protein of interest. This is especially true 

for voltage-gated ion channels such as Nav1.7, which are embedded in membrane 
bilayers that are challenging to mimic with detergents. Voltage-gated channel proteins 

are also known to change conformation based on the membrane potential of the cell, a 
feature which cannot be replicated in vitro. 

In-cell crosslinking mass spectrometry is therefore a good approach for the study of 

Nav1.7 and its complex with Protoxin-II. Since the cell membrane is proposed to play an 
important role in the formation of the Protoxin-II/Nav1.7 complex,8 performing the 

crosslinking on intact cells allows structural information to be determined in the most 
native-like conformation possible. At the time of this experiment, it was not known whether 

the Protoxin-II/Nav1.7 complex could form when using purified Nav1.7 in detergent 
micelles. Another benefit of performing the crosslinking on cells is that it allows the study 
of Nav1.7 in its resting state; at the time of the experiments, no experimental structures 

had been published which showed the channel in this conformation.  
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Despite these advantages, there are also drawbacks to performing the crosslinking in-
cell rather than on purified protein in solution. Crosslinking reactions are typically low-

yielding (by some estimates only 1-5 % of eligible peptides will be crosslinked),9 and 
isolating and identifying the information-rich crosslinked peptides from the mixture of 

linear or monolinked peptides is challenging; this task is made considerably more difficult 
when other cell contents (such as other proteins, organelles, or DNA/RNA) are also 

present in the sample. Purification of the crosslinked proteins and protein complexes of 
interest from the cell may also be made more challenging due to the heterogeneity 

inherent to crosslinked protein samples. 

5.2 In-cell crosslinking  
5.2.1 Experimental design 

The key steps in the in-cell crosslinking mass spectrometry workflow are shown in 

Figure 5.1. Important aspects of each stage of the workflow are discussed in separate 
sections below. 

Cell line 

The Nav1.7 source for this experiment was the TAP1.7 cell line used for electrophysiology 
studies in Chapter 3; access was generously granted to us by Prof John Wood (UCL 

Neuroscience). The TAP1.7 cell line stably-expresses Nav1.7 (together with a C-terminal 
Tandem Affinity Purification “TAP” tag) in HEK293 cells.10,11 

The use of a human cell line (rather than an insect or yeast expression system) maximises 

the probability that the expressed Nav1.7 will bear the post-translational modifications 
found on the native protein. It also likely provides a closer mimic of the membrane lipid 

composition found in human neuronal cells; the role of lipids in ion channel regulation is 
still emerging but has been shown in some cases to influence channel properties.12 

The TAP-tag consists of a C-terminal HAT tag, followed by a TEV cleavage site and a 

3 x FLAG tag (Figure 5.2). The 3 x FLAG tag allows pulldown of the tagged protein using 
an immobilised anti-FLAG antibody,13 while the HAT tag binds to Ni2+ and allows the use 
of immobilised metal affinity chromatography (IMAC) to purify the protein.14 The TAP-tag 

does not affect the function of Nav1.7 in patch-clamp electrophysiological assays.10 
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Figure 5.1: Key steps in the workflow for the Nav1.7/Protoxin-II  in vivo crosslinking experiment. 

 

Figure 5.2: Schematic showing the components of the tandem affinity purification (TAP) tag C-terminal 
to Nav1.7 in this construct. 

Peptide 

The alkyne-Protoxin-II synthesised in Chapter 3 was used as the peptide in this study. Its 
inhibitory activity against Nav1.7 was confirmed in this exact cell line by patch-clamp 

electrophysiology, and due to its synthesis in our laboratory it was available in plentiful 
amounts. The alkyne functional group also allowed the possibility of later derivatisation of 
the Protoxin-II/Nav1.7 complex using CuAAC click reactions if desired. 
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Crosslinking reagents 

The choice of crosslinking reagent depends on four attributes: functional group reactivity, 

spacer length, spacer functionality, and solubility.  

Crosslinking reagents will only be effective if there are compatible reactive sites on both 
proteins in the complex. Homology modelling of Nav1.7 in Chapter 4 indicated several 

lysine residues near the proposed interaction site for Protoxin-II. Protoxin-II is also lysine-
rich, especially near the C-terminus, which is thought to be involved in the interaction, so 

a homobifunctional crosslinker targeting lysine residues was predicted to be effective. 
Homobifunctional crosslinking reagents bearing amine-reactive NHS-ester groups are 
well-established in crosslinking studies and are therefore an attractive option for this 

experiment.15 

Homobifunctional NHS-ester crosslinking reagents are also available with a variety of 

spacer lengths, ranging from 3 Å to over 40 Å.16 Striking a balance between short spacers 
(which provide tighter distance restraints for modelling) and long spacers (which increase 
the number of possible crosslinks that can form) is an important factor in deciding on a 

crosslinking reagent. The reagent disuccinimidyl suberate (DSS, 51) has a spacer of six 
aliphatic carbons, corresponding to an intermediate spacer distance of 11.4 Å 

(Figure 5.3). This reagent is appropriate for this experiment as once the lysine sidechains 
are considered this produces a Cα-Cα distance restraint of 30-35 Å;17,18 a recent analysis 

incorporating solvent accessibility considerations proposed a distance cutoff of 33 Å.19 All 
four of the lysine residues identified in the homology model of Nav1.7 are within this 

distance, and should be in a position to be crosslinked to Protoxin-II by this reagent. A 
further advantage of DSS is that it is available as a 1:1 mixture of heavy and light isotopes 

(d12/d0-DSS), which aids identification of crosslinked peptides in the mass spectrometry 
data.20–22 

The final consideration is the solubility and accessibility to the cell. DSS is hydrophobic, 

which allows it to pass through the cell membrane and crosslink proteins inside the cell 
as well as on the cell surface. A water-soluble version of DSS (called BS3, 52) which 

contains sulfonated NHS groups is also available; this reagent cannot penetrate the cell 
membrane and so it is restricted to crosslinking proteins on the cell surface.23 Since the 

binding of Protoxin-II to Nav1.7 is thought to take place in the extracellular regions of 
VSDII,24,25 this reagent is also suitable for studying the Protoxin-II/Nav1.7 complex, and 
so both DSS and BS3 were used for crosslinking. 
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Figure 5.3: Structures of the selected crosslinking reagents DSS (51) and BS3 (52). In ‘light’ reagents, 
X=H; for ‘heavy’ reagents X=D. 

Reagents targeting carboxylic acids are limited to the heterobifunctional zero-length 

crosslinkers, of which 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 
(EDC·HCl 16, see Chapter 1) is the most widely used.26 As a zero-length crosslinker, 

EDC requires the carboxylic acid and the amine to be in very close proximity for 
successful crosslinking. The homology model of Nav1.7 shows many acidic residues 

directly on the S1-S2 and S3-S4 loops of VSDII; if this is indeed the interaction site with 
the lysine-rich C-terminus of Protoxin-II then one or more of these acidic sidechains might 

be in a position to be crosslinked by EDC.  

While this would produce excellent distance restraints for modelling, the ‘traceless’ nature 
of the crosslinker makes identifying zero-length crosslinked peptides from mass spectra 

difficult. It was therefore decided to use EDC as a second crosslinking option in this 
experiment, if crosslinking by DSS and BS3 was successful. 

Crosslinking protocol 

Crosslinking was carried out using the manufacturer’s published experimental protocols 

for DSS and BS3. The buffer used for crosslinking must not contain amines, so DPBS 
pH 7.4 was used; this is also an appropriate osmolarity to minimise cell lysis during the 

experiment. Protoxin-II was first added to the cell suspension at a concentration of 1 µM 
and incubated for 1 hr to ensure complete binding to Nav1.7, then the crosslinking reagent 

was added. Excess crosslinker was quenched by addition of Tris buffer, then the cells 
were isolated by centrifugation and washed with PBS.  

Cell lysis and immunoprecipitation 

It has previously been shown that the cells can be lysed by addition of 1 % CHAPS buffer, 

which also effectively solubilises the membrane proteins,11 and so this buffer was also 
used in this experiment. Enriching the protein of interest from the cell lysate is vital for 

identification of low-abundance crosslinked proteins; in this case, the 3X FLAG-tag on the 
construct allowed immunoprecipitation of Nav1.7 using anti-FLAG magnetic beads. 

Cleavage of the bound protein from the beads was attempted by two methods. Firstly, 
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AcTEV protease was used to cleave Nav1.7 from the C-terminal FLAG tag at the designed 
site;27 however, this method seemed to give poor yields so proteins were instead removed 

from the beads by a short period of heating in a denaturing SDS buffer. 

Protein digestion 

Intact proteins cannot usually be analysed comprehensively at the level of individual 

amino acids due to poor fragmentation in the mass spectrometer, and so proteins are 
digested into peptides using protease enzymes before analysis. Disulfide bonds (whether 

present in the original protein structure, or formed in situ during the digestion step) 
complicate the digestion and mass spectrometry steps. It is therefore usual to break 
disulfide bonds using a reducing agent, followed by capping of the free sulfhydryl groups 

using an alkylating agent, prior to digestion.  

 

Figure 5.4: Schematic showing the key steps in filter-aided sample preparation (FASP). The sample to 
be prepared for mass spectrometry is dissolved in a denaturing buffer (1) and loaded onto a spin filter 
inside an Eppendorf vial (2). The vial is centrifuged (3) allowing buffer components and detergents to 
pass through the filter, while the proteins are retained. A buffer containing a reducing agent is added 
directly to the filter (4) and allowed to react, then removed by centrifugation as before (5). These steps 
are repeated with a buffer containing the alkylating agent (6). After reduction and alkylation, the buffer 
is exchanged to a digestion buffer (7), then a solution of trypsin (or other digestion enzyme) is added 
(8). Protein  digestion occurs on the filter membrane. Following digestion, the peptides are collected by 
centrifugation (9) and carried forward for sample clean-up and characterisation by mass spectrometry. 

1 2 3 4 5 6

7 8 9
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Many different protocols are available for performing these steps. An especially attractive 
protocol is filter-aided sample preparation (FASP), in which the protein sample is loaded 

onto a spin filter with an appropriate molecular weight cutoff (MWCO).28 This allows the 
protein buffer to be exchanged by centrifugation, where necessary, and for excess 

reducing agent solution and alkylating agent to be removed before addition of the 
digestion enzyme (Figure 5.4). Since the protein buffer used in this workflow contains 

detergents such as CHAPS and SDS, which can interfere with mass spectrometry data 
collection and contaminate instruments, FASP was the preferred sample preparation 

method. Reduction of disulfide bonds was performed using dithiothreitol (DTT) as the 
reducing agent, followed by alkylation using iodoacetamide (IAA). 

Trypsin was chosen as the digestion enzyme for the protein. Digestion of membrane 

proteins by trypsin is often challenging as the transmembrane regions often lack the lysine 
and arginine residues that are the sites for trypsin digestion; however, this experiment 

targets the extracellular loop regions that are much richer in these amino acids. A second 
benefit of using trypsin is that high-quality reagents are available that minimise the risk of 

unspecific digestion, which makes identification of peptides considerably more difficult. 

Sample clean-up and fractionation 

Mass spectrometry is extremely sensitive, and small quantities of contaminants can have 
significant detrimental effects on the quality of the data collected. Removal of small 

molecule contaminants such as salts, buffer components, or other reagents is therefore 
an important step in the sample preparation workflow. Samples are typically cleaned by 

passing the crude mixture through a small amount of C18-functionalised silica: small 
molecule contaminants flow through unbound by the solid phase, while peptides are 

retained and then eluted using a solution containing a high percentage of acetonitrile. 

The small quantities typically used in mass spectrometry experiments mean that 
minimising sample loss is important in sample preparation. In the case of sample 

desalting using C18-silica, this has led to the development of the stop-and-go extraction 
tips (Stage-tips).29 Stage-tips are produced using just enough extraction material to fill the 

end of a 100 μL pipette tip, and allow the operation to be performed on microgram 
quantities of peptide sample. Stage-tips can also be produced that allow multiple 

extraction and fractionation methods (such as strong cation exchange or titanium dioxide 
for phosphoproteomics) to be performed in a single step. Our stage-tips were made in-
house to allow simultaneous desalting and SCX fractionation of peptides (see below). 
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Crosslinked peptides are low in abundance compared with linear or monolinked peptides, 
and without an enrichment step they can be challenging to detect among all the other 

species in the sample. Some crosslinkers have been designed with an integral chemical 
handle that allows them to be enriched (such as biotin30 or a phosphate group9), but as 

many crosslinking reagents lack such groups other methods to enrich crosslinked 
peptides have been developed.31,32 

The most widespread method to enrich crosslinked peptides is strong cation exchange 

(SCX). In strong cation exchange, an inert resin is functionalised with negatively-charged 
groups (such as sulfonates) that bind strongly to cationic species. Tryptic crosslinked 

peptides will have two N-termini (and two C-terminal lysine or arginine), which in acidified 
solution will both be positively-charged; they will therefore bind more tightly to the SCX 

resin than a comparable linear peptide. Peptides are eluted from the SCX resin using 
buffers with increasing concentrations of salt to disrupt ionic interactions; crosslinked 

peptides will tend to elute at higher salt concentrations allowing them to be enriched from 
the bulk sample. 

 

Figure 5.5: (A) Workflow for simultaneous desalting and SCX fractionation using an integrated C18-SCX 
Stage-tip. (B) Image of a prepared C18-SCX Stage-tip, made using a 100 μL pipette tip. Image taken 
from Rappsilber et al.29 

SCX fractionation was incorporated into this workflow using a combined C18-SCX stage-

tip, in which the crude sample was first desalted with the C18 silica, then eluted onto the 
SCX material using acetonitrile (Figure 5.5). Peptides were then eluted from the tip by 

washing with solutions of increasing ionic strength, and the fractions taken forward for 
analysis by mass spectrometry. 
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Mass spectrometry 

The mass spectrometer used for peptide analysis was a Synapt G2-Si QToF instrument 

(Waters Corp, Wilmslow). Analysis of crosslinked peptides takes place by tandem mass 
spectrometry. In this experiment, a survey scan (MS1) collects peptide ion mass data 

across the full range of the mass analyser. These precursor ions are then fragmented, 
causing cleavage of internal amide bonds. Fragmentation in this experiment was carried 
out using collision-induced dissociation (CID).33 The masses of the fragment ions are then 

determined by the time-of-flight detector (MS2). Tandem mass spectrometry data can be 
collected for all precursor ions (called data-independent acquisition (DIA)) or just for 

precursor ions which meet predetermined criteria (data-dependent acquisition (DDA)) 
such as mass, charge, or, typically, ion intensity.  

While DIA methods allow fragmentation of more precursor ions, which increases the 

number of peptides that can be identified, the spectral quality is often lower due to the 
reduced number of MS2 scans for any single precursor ion. DIA methods are preferred 

for proteomics and metabolomics experiments where the goal is to identify as many 
peptides and proteins in the sample as possible. In crosslinking mass spectrometry, the 

aim is to selectively identify crosslinked peptides, with good spectral quality and high 
confidence; this means that DDA methods that allow filtering of precursor ions are 

preferred. Crosslinked peptides tend to have a higher mass and be more highly-charged 
than linear peptides,34 and so precursor ions are often filtered based on charge: in this 

experiment, a precursor ion was selected for fragmentation if it had a charge greater than 
+3. All aspects of the DDA acquisition method used in this study (such as the collision 

energy ramp and scan time) were optimised for QToF analysis of DSS/BS3-crosslinked 
peptides by a previous member of the laboratory.35 This optimisation is important so as 
to collect the best quality spectra possible, and to ensure comparability between the data 

acquired using the QToF platform and the more commonly used Orbitrap mass 
spectrometers.  

Data analysis 

Tandem mass spectrometry experiments produce a very large amount of data, and 
manual identification of peptides and crosslinks from such datasets is not feasible. 

Instead, computational tools are used. The use of heavy/light DSS and BS3 for 
crosslinking allows the use of the crosslink identification software xQuest; this algorithm 
compares fragment spectra from the isotopic pairs and identifies the fragment ions that 

contain the crosslinker.36 Putative matched peptides are then scored by the xProphet 
algorithm using a target-decoy approach.37 The use of xQuest to identify crosslinked 
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peptides from QToF data has been examined previously, and the optimised parameters 
were carried forward for this experiment.35,38 

5.2.2 Results of in vivo crosslinking experiment 

The full workflow for the crosslinking experiment was performed as described, but 
analysis of the resulting mass spectrometry dataset by xQuest did not identify crosslinked 

peptides in any of the samples. The chromatogram nonetheless showed clear evidence 
of peptides in the sample, which suggested that poor enrichment of crosslinked peptides 

could be responsible for the lack of identifications.  

To see if improvements to the crosslink enrichment step produced more crosslink 
identifications, the workflow was repeated using a biotinylated crosslinking reagent 4 

(Figure 5.6). This homobifunctional reagent, which will be referred to as Biotin-XL, 
contains a biotin handle covalently linked to the crosslink spacer via a disulfide bond. The 

reactive ends of Biotin-XL are both amine-reactive sulfo-NHS ester groups, and so the 
reagent is membrane-impermeable. Crosslinking was carried out using the same 
conditions as for BS3.  

 

Figure 5.6:  Structure of affinity-tagged crosslinking reagent Biotin-XL (53). The biotin moiety is 
highlighted in blue; the reducible disulfide bond is shown in red; and the lysine-reactive sulfo-NHS ester 
groups are in green. 

A disadvantage of affinity purifications using the strong biotin-streptavidin interaction is 
the harshness of the conditions usually required to elute the biotinylated species; elution 

often requires near-boiling of the complex in a denaturing buffer with excess biotin, which 
can cause problems for many downstream applications.39 Incorporating a disulfide bond 

between the biotin handle and the crosslink spacer of Biotin-XL circumvents this problem, 
and allows bound species to be eluted under mild conditions by treatment with a reducing 

agent. The crosslinked TAP1.7 was isolated using anti-FLAG immunoprecipitation as 
before, then the eluted proteins were added to a suspension of immobilised streptavidin. 

Bound proteins were eluted by treatment of the beads with a buffer containing DTT, and 
the proteins taken forward for digestion and mass spectrometry analysis as before. 
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Biotin-XL has one disadvantage over the DSS and BS3 used in the previous workflow, 
which is that it is not available in heavy and light forms. This means that identification of 

crosslinks using xQuest is not possible, as this algorithm depends on identifying isotopic 
pairs in the MS1 spectra. Instead, the algorithm pLink was used.40 pLink identifies 

crosslinked peptides by treating the crosslinker (and the crosslinked β-peptide) as a 
variable mass modification, and matching the corresponding peptides by searching of 

fragment spectra against a database (analogous to database searching in proteomics 
experiments). Assignments are then scored using an expectation value (E-value) as a 

measure of confidence in the match. This method does not require isotopic pairs, and 
pLink allows users to define custom crosslinkers such as Biotin-XL. The crosslinking data 

from the original DSS/BS3 workflow was also searched using pLink to provide a 
comparison. 

Consistent with xQuest, pLink did not identify any crosslinked peptides from the DSS/BS3 

samples. From the Biotin-XL sample, pLink identified nine putative crosslinked peptides, 
but none of the peptides involved Nav1.7 and all the peptide identifications had poor E-

values (>0.01). This disappointing result suggested systematic problems with the 
experiment design, which were investigated further. 

5.2.3 Examining the crosslinking mass spectrometry workflow 

Since the crosslinking experiment as designed did not find any crosslinks between 

Protoxin-II and Nav1.7, several aspects of the workflow were examined in more detail to 
identify steps that were problematic. 

Crosslinking concentration 

One possibility is that the concentration of crosslinking reagent was insufficient to cause 
effective crosslinking of the Protoxin-II/Nav1.7 complex. The effect of different 
concentrations of the crosslinking reagents was examined by Western blotting, with 

detection of TAP1.7 using an anti-FLAG antibody, and β-actin as a loading control. The 
resulting blots (Figure 5.7A) showed bands corresponding to TAP1.7 clearly visible in all 

lanes; the bands are broadened due to heavy variable glycosylation of TAP1.7. An 
identical SDS-PAGE gel was stained with Coomassie blue to show equal protein loading 

(Figure 5.7B). 

This blot showed an unexpected attenuation in the signal for both TAP1.7 and β-actin 
with higher concentrations of DSS, despite equal loading of cell lysate. This effect is not 

seen for the BS3 or EDC samples. There are two explanations for this result. Firstly, at 
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higher applied concentrations, DSS is able to react to greater extents with the FLAG-tag 
(which is lysine-rich) and β-actin epitope and block the interaction with the primary 

antibodies, leading to lower detection in the western blot. This effect is not seen for BS3 
and EDC because these reagents cannot penetrate into the cell and produce crosslinks 

to cytoplasmic proteins (such as actin) or the intracellular FLAG-tag on TAP1.7. A second 
explanation is that at high concentrations of crosslinking reagent, a very large number of 

crosslinks are formed between the interacting proteins. This causes the formation of very 
high molecular weight protein aggregates, which are not as easily solubilised in the cell 

lysis buffer and consequently cannot contribute to the detected signal in the Western blot.  

Regardless of the mechanism by which this effect is occurring, it suggests that DSS-
crosslinked TAP1.7 will not be as easily enriched by the immunoprecipitation and that 

membrane-impermeable crosslinking reagents are therefore a better choice for this 
experiment. While it was not specifically examined in this experiment, this result suggests 

that similar problems may occur with other membrane-permeable crosslinking reagents 
such as Biotin-XL. 

 

Figure 5.7: (A) Western blots produced using (top) anti-FLAG and (bottom) anti-β-actin primary 
antibodies, showing the effect of different crosslinking reagents and concentrations on the crosslinking 
of TAP1.7 cells. The molecular weight marker is on the left-hand side. (B) SDS-PAGE gel identical to 
that used for the Western blots in (A) stained by Coomassie blue to show equal loading of lanes. 

In-gel digestion of lysate gel bands 

The presence of TAP1.7 in the cell line is confirmed by Western blotting, but this method 

is both extremely sensitive (typically capable of detecting <100 pg of protein) and not 
quantitative. Another possible reason for not detecting crosslinked peptides with TAP1.7 

is that the amount of crosslinked protein produced at the end of the workflow is below the 
detection limit of the mass spectrometer. 
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Gel band analysis is a widely-used method in biomolecular mass spectrometry. In this 
experiment, the components of a protein or lysate sample are separated using an SDS-

PAGE gel, and detected by staining the gel with Coomassie blue or silver stains. The 
identified gel bands are then excised from the gel, and the proteins within them are 

digested and identified by tandem mass spectrometry. This method is capable of 
identifying proteins down to a detection limit of approximately 5-10 ng. 

 

Figure 5.8: SDS-PAGE gel (stained with Coomassie blue) showing whole-cell TAP1.7 lysates in the 
presence and absence of both Protoxin-II and 5 mM DSS. Lanes 1 and 10 contain the molecular weight 
marker. Gel slices that were subjected to in-gel digestion followed by mass spectrometric protein 
identification are highlighted in red. Results are shown in Table 5.1. 

Cells (with and without Protoxin-II added) were crosslinked using 5 mM DSS and the 
resulting lysates (60 μg loading) were separated on an SDS-PAGE gel (non-crosslinked 
cells were also prepared as controls). Proteins were detected by staining with Coomassie 

blue. The resulting gel (Figure 5.8) shows a clear difference between the crosslinked and 
non-crosslinked cells; an intense band at the top of the gel shows the presence of high-

molecular weight protein complexes, and lower intensities are seen for the protein bands 
at lower molecular weights. This confirms that crosslinking of proteins is occurring in the 

samples containing DSS. 

Sections of the gel that could contain TAP1.7 were removed for analysis. The regions 
between 200 kDa and 300 kDa were excised from all lanes (separated into three equal 

bands for the non-crosslinked samples), as were the high-molecular weight bands in the 
crosslinked samples. A region from the edge of the gel was also removed as a negative 

control.  
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Sample Number 
Reagents 

Slice Identified proteins 
Protoxin-II DSS 

1 - - 
A 101 
B 146 
C 409 

2 + - 
A 107 
B 323 
C 305 

3 - + 
A 631 
B 563 

4 + + 
A 639 
B 544 

5 Control - 89 

Table 5.1: Number of proteins identified by in-gel digestion/mass spectrometry from each slice of the 
SDS-PAGE gel shown in Figure 5.8. Sample numbers correspond to the lane numbering. 

The gel slices were prepared for mass spectrometry analysis by in-gel digestion (see 
Materials and Methods), and proteins were identified by comparing the spectra against a 

database containing the human proteome (from UniProt) and Protoxin-II, using 
ProteinLynx Global Server (PLGS). 

This experiment revealed a large number of proteins in all gel bands, which is to be 

expected for analysis of a whole-cell lysate and shows the sensitivity of the detection 
(Table 5.1). The highest number of identified proteins was in the high-molecular weight 

bands from the crosslinked samples, suggesting that the DSS has effectively captured 
protein-protein interactions in the cell. However, despite the large number of proteins 

found in each lane (>600 in samples 3 and 4), Nav1.7 was not identified in any of the 
samples, suggesting that the levels of the protein in the lysate are below the detection 

limit of the method. Intriguingly, Protoxin-II was identified in slice 4A with good confidence, 
but it remains unclear why the peptide was detected in this gel band while Nav1.7 was 

not. 

Crosslinking to biotinylated Protoxin-II  

The SDS-PAGE gel showed clear evidence of protein-protein crosslinking when DSS was 
added to the cell suspension, but it was not evident that crosslinking specifically between 

Protoxin-II and Nav1.7 was occurring. Detecting whether a particular protein has been 
crosslinked to another is typically detected using a Western blot (or an SDS-PAGE gel 

for purified protein samples). Successful protein-protein crosslinking causes the 
corresponding protein band to shift towards higher-molecular weight regions of the gel. 

However, this method could not be used for the Protoxin-II/Nav1.7 complex, as the 
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detected band for Nav1.7 is broad (due to glycosylation) and the change in the molecular 
weight is negligible (4 kDa on an approximately 250 kDa protein). A different approach 

was therefore required. 

Chapter 3 dealt with the attempts to synthesise a biotinylated Protoxin-II analogue in our 

laboratory. These efforts were not successful, but in the intervening time an N-terminally 
biotinylated Protoxin-II became commercially available from Smartox Biotechnology. This 
allowed us to use sensitive biotin detection reagents to determine the crosslinking of 

Protoxin-II under these conditions. 

In this experiment, the biotinylated Protoxin-II was added to aliquots of cell suspensions, 
to which different concentrations of BS3 were then added. After crosslinking and 

quenching, the cells were lysed, and the proteins were separated on an SDS-PAGE gel 
then transferred to a Western blotting membrane. Biotinylated proteins were then 

detected using horseradish peroxidase-conjugated streptavidin. If Protoxin-II is being 
crosslinked to the Nav1.7 in the cells, we would expect a concentration-dependent 

increase in the Western blot signal at the expected molecular weight of the Protoxin-
II/Nav1.7 complex. Lower concentrations of BS3 were used in this experiment to ensure 

that a concentration-dependence could be seen in the signal. Biotinylated bovine serum 
albumin was used as a positive control in the blot, and the Western blot membrane 

stained with Ponceau S shows equal protein loading in the crosslinked lanes (Figure 5.9). 

 

Figure 5.9: (A) Western blot, visualised using Streptavidin-HRP, showing signal response as a function 
of BS3 concentration in the crosslinking of biotinylated Protoxin-II with TAP1.7. The molecular weight 
marker is shown on the left-hand side of the blot, and biotinylated BSA is shown as a positive control 
(Lane 2). (B) Western blot membrane stained with Ponceau S stain prior to incubation with streptavidin-
HRP, showing equal loading of protein across the lanes. 
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The blot shows a large number of bands, likely due to endogenously-biotinylated proteins 
in the cell lysate. Crosslinking is evident at higher BS3 concentrations due to the 

appearance of a high-molecular weight band on the stained membrane and in the 
Western blot.  

The blot does appear to show a slight increase in the signal in the region of the gel 
corresponding to 250 kDa to 300 kDa, which tentatively suggests that crosslinking of 
Protoxin-II to Nav1.7 is indeed occurring in this experiment. However, the intensity of the 

band is low, and comparison to the biotinylated bovine serum albumin positive control 
bands (with a loading of just 2 ng protein) shows that the amount of crosslinked Protoxin-

II/Nav1.7 complex in the sample is below what could be confidently detected using mass 
spectrometry. 

Taken as a whole, these experiments suggest that while the workflow may successfully 

create crosslinks between Protoxin-II and Nav1.7 in the native cellular environment, the 
amount of crosslinked protein is insufficient to be detected by downstream mass 

spectrometry. This is likely to be due, in part, to low levels of expression of TAP1.7 in the 
engineered cell line. This conclusion is supported by evidence from electrophysiology: 

the sodium current response of a neuronal cell expressing Nav1.7 is of the order of several 
nA, but the TAP1.7 cell line used for this experiment typically shows a sodium current of 

around 400-600 pA. The difficulty of isolating the protein of interest after crosslinking 
presents an additional challenge to successful crosslinking analysis. 

5.3 Crosslinking to purified Nav1.7 

At the start of this project it was not evident that Protoxin-II would bind to Nav1.7 when it 

was purified and extracted from the cell membrane. However, the publication of the 
cryoEM structure of Nav1.7 with Protoxin-II bound showed that the complex was stable in 

solution.41 It was therefore decided to purify Nav1.7 from the TAP1.7 cell line and repeat 
the crosslinking on the solution-phase Protoxin-II/Nav1.7 complex. This method ensures 

that sufficient Nav1.7 is present in the sample for downstream mass spectrometry 
detection, reduces the number of intervening steps to minimise sample loss, and 

simplifies the challenge of identifying the peptides in the digested sample. 

5.3.1 Purification of Nav1.7 

The purification of Nav1.7 from the TAP1.7 cell line was attempted using a protocol 
developed by Dr Altin Sula (in the group of Prof Bonnie Wallace, Birkbeck College) and 

Dr Xuelong Zhao (UCL Neuroscience). In this protocol, TAP-tagged Nav1.7 is isolated by 
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two affinity chromatography steps (Figure 5.10). The first uses an anti-FLAG affinity gel 
to capture the 3X FLAG-tagged Nav1.7, followed by elution with 3X FLAG peptide 

solution. The second step used immobilised Ni2+ to bind the HAT-tag on Nav1.7, with 
elution induced by addition of imidazole buffer. The protein sample was dialysed to 

remove imidazole then concentrated in a centrifugal filter.  

 

Figure 5.10: Protocol for the purification of TAP1.7 from HEK293 cells. The cells are cultured on a large 
scale (1), then collected and homogenised. TAP1.7 and other membrane proteins are solublised by 
addition of detergents to the lysis buffer (2). The first affinity chromatography step is performed using 
anti-FLAG agarose beads which bind the FLAG tag on TAP1.7 (3). After removal of non-binding proteins, 
TAP1.7 and nonspecifically-bound proteins are eluted by addition of the competing FLAG peptide. The 
proteins are then loaded onto a second column containing Ni2+ beads, which bind to the HAT tag on 
TAP1.7 (4). Unbound proteins are washed off, and the purified TAP1.7 is eluted by addition of imidazole 
to the buffer. The protein is then dialysed to remove imidazole and concentrated in a centrifugal filter (5). 
It is now ready to be taken forward for mass spectrometric analysis and crosslinking experiments (6). 

The protein purification was monitored using Western blotting (Figure 5.11). Nav1.7 is 

prone to degradation by an unknown mechanism, leading to visible bands at 70 kDa, 
90 kDa, and 180 kDa, but after two affinity purification steps a single dominant band with 

the expected molecular weight could be seen in the blot.  
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Figure 5.11: Western blot (with anti-FLAG as the primary antibody) showing progressive purification of 
TAP1.7. A key to the lane numbering is provided to the right of the blot. Molecular weight markers are 
shown on the left-hand side of the blot. 

To verify that detectable levels of TAP1.7 were present in the protein solution, a sample 
of the purified protein was taken for mass spectrometry analysis (with the sample 
prepared by the in-solution trypsin digestion method). This identified 34 total peptides 

from Nav1.7 with an overall sequence coverage of 16 %. Peptides were identified 
predominantly from the cytoplasmic loop regions, but peptides originating from the 

transmembrane regions were also found (Figure 5.12). 

 

Figure 5.12: Sequence of Nav1.7 (TAP-tag not shown). Peptides identified by mass spectrometry are 
highlighted in blue; the four transmembrane domains are highlighted in yellow. 
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The purified protein sample was then taken forward for in-solution crosslinking with 
Protoxin-II. 

5.3.2 In-solution crosslinking workflow 

Nav1.7 was purified using a buffer solution containing Tris, which must be removed prior 
to crosslinking. The protein was exchanged into a crosslinking buffer containing 20 mM 

HEPES pH 7.4 and a high salt concentration (500 mM NaCl) to discourage the formation 
of aggregates.  

Biotinylated Protoxin-II was used for the crosslinking experiment; an approximately 20-

fold excess over Nav1.7 was added to ensure complete binding. Crosslinks were formed 
by addition of (d0/d12) BS3, which was chosen over DSS for its water solubility, and the 

reaction was quenched by addition of Tris to a final concentration of 50 mM. The 
crosslinked proteins were prepared for mass spectrometry using the in-solution trypsin 

digestion method, then desalted using C18 stage tips. A sample of the digested peptides 
was analysed using the Waters Synapt G2-Si mass spectrometer in MSE (DIA) 
acquisition mode to confirm the presence of crosslinker-modified peptides by the 

appearance of doublets in the MS1 spectrum (Figure 5.13).  

 

Figure 5.13: (A) Section of the base peak intensity (BPI) chromatogram for the sample of TAP1.7 
crosslinked in solution with biotinylated Protoxin-II and BS3. The peak marked * indicates the section of 
the chromatogram that produces the mass spectrum (B) Extracted MS1 mass spectrum showing 
doubled peaks separated by 12 Da, indicating that peptides modified by the (d0/d12) BS3 are present in 
the sample. 

The remaining sample was fractionated by SCX as before, and each fraction was 

analysed using the Waters Synapt G2-Si mass spectrometer in the optimised DDA 
acquisition mode. The data was deisotoped in PLGS, and examined for crosslinks using 
xQuest, as before. The crosslinks suggested by xQuest were merged and scored using 

ValidateXL. 

 

*

A B



 186 

5.3.3 In-solution crosslinking results 

In contrast to the structural validation tools used in cryoEM, X-ray crystallography, or 

NMR, there are relatively few agreed parameters for assessment of putative crosslinked 
peptides from mass spectra. Fragmentation spectra are often checked manually by 

experienced users to correct software errors; this makes identification of false positives a 
somewhat subjective exercise but also a time-consuming one. To address this problem, 
the crosslink validation tool ValidateXL was developed.38 ValidateXL categorises peptide 

matches into three bins on the basis of the number and spectral quality of the identified 
fragments: validated matches, which can immediately be taken forward for computational 

modelling, rejected matches, which ought to be discounted as false positives, and 
matches for manual validation, which require further inspection by the experimenter. 

The results of this analysis are shown in Table 5.2. From the merged dataset, xQuest 

identified 33 putative crosslinked peptides, of which 17 were rejected by ValidateXL, 15 
were selected for manual validation, and one was marked as validated. Most of the 

crosslinks identified were between different regions of Nav1.7; just 3/33 were identified 
between Protoxin-II and Nav1.7, and all of these were marked for manual inspection by 

ValidateXL. 

Prot1 Prot2 Pos1 Pos2 Xcorrx Xcorrb wTIC Score XL α β 

Rejected 

Nav1.7 Nav1.7 512 1968 0.013 0.147 0.008 9.23 1 0.27 0.14 

Nav1.7 Nav1.7 1466 36 0.044 0.139 0.003 10.00 1 0.13 0.17 

Nav1.7 Nav1.7 1479 36 0.061 0.120 0.002 10.55 2 0.13 0.17 

Nav1.7 Nav1.7 1466 39 0.018 0.124 0.001 9.65 0 0.07 0.29 

Nav1.7 Nav1.7 48 709 -0.007 0.066 0.002 5.46 1 0.12 0.15 

Nav1.7 Nav1.7 1874 893 -0.007 0.179 0.007 9.94 1 0.11 0.18 

Nav1.7 Nav1.7 1874 898 -0.002 0.241 0.003 12.86 1 0.16 0.29 

Nav1.7 Nav1.7 1887 1480 0.045 0.214 0.015 15.16 2 0.23 0.29 

Nav1.7 Nav1.7 709 1987 0.073 0.183 0.004 10.77 4 0.08 0.14 

Nav1.7 Nav1.7 494 487 0.018 0.323 0.007 14.05 1 0.23 0.18 

Nav1.7 Nav1.7 1479 36 0.028 0.194 0.012 16.15 3 0.21 0.29 

Nav1.7 Nav1.7 419 33 0.013 0.154 0.003 7.52 0 0.08 0.12 

Nav1.7 Nav1.7 332 1466 -0.014 0.063 0.006 7.22 0 0.08 0.14 

Nav1.7 Nav1.7 898 31 -0.015 0.260 0.003 15.82 0 0.29 0.29 

Nav1.7 Nav1.7 1963 1486 -0.016 0.183 0.003 12.76 0 0.17 0.29 

Nav1.7 Nav1.7 1910 1984 0.007 0.204 0.003 9.15 0 0.06 0.17 
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Nav1.7 Nav1.7 1479 36 0.023 0.190 0.003 15.61 1 0.29 0.29 

Manual 

Nav1.7 Nav1.7 1479 36 -0.013 0.206 0.010 15.71 0 0.27 0.83 

Nav1.7 Nav1.7 419 1033 0.048 0.231 0.003 13.18 1 0.17 0.33 

Nav1.7 Nav1.7 1174 558 0.039 0.166 0.009 11.13 2 0.14 0.33 

ProTxII Nav1.7 26 1019 0.081 0.212 0.005 15.45 3 0.08 0.33 

Nav1.7 Nav1.7 48 527 0.003 0.245 0.005 14.28 1 0.12 0.5 

Nav1.7 Nav1.7 1887 1486 0.009 0.256 0.049 19.13 2 0.23 0.43 

Nav1.7 Nav1.7 494 1486 0.013 0.225 0.005 15.18 0 0.33 0.27 

Nav1.7 Nav1.7 494 1487 0.021 0.302 0.007 16.74 2 0.25 0.36 

Nav1.7 Nav1.7 1479 39 0.125 0.120 0.021 17.98 5 0.21 0.43 

Nav1.7 Nav1.7 1479 39 0.065 0.178 0.001 12.75 0 0.14 0.43 

ProTxII Nav1.7 26 1017 0.115 0.170 0.008 13.37 1 0.15 0.33 

Nav1.7 Nav1.7 1034 474 0.045 0.089 0.003 13.52 2 0.13 0.5 

Nav1.7 Nav1.7 1058 893 0.043 0.188 0.007 14.96 2 0.21 0.38 

ProTxII Nav1.7 26 527 0.032 0.212 0.005 14.77 2 0.23 0.33 

Nav1.7 Nav1.7 1887 1480 0.082 0.069 0.022 20.63 14 0.15 0.43 

Validated 

Nav1.7 Nav1.7 419 471 0.012 0.233 0.0722 20.23 2 0.42 0.57 

 

Table 5.2: Output of the xQuest/ValidateXL data analysis pipeline, showing putative identified crosslinks. 
Crosslinks are categorised into rejected, manual, and validated sections according to their designation 
by ValidateXL. Table headings are as follows: Prot1 is the identity of the protein giving rise to the alpha 
(larger) peptide; Prot2 is the identity of the protein giving rise to the beta (smaller) peptide; Pos1 and 
Pos2 are the residue numbers of the crosslinking site on each protein; Xcorrx, Xcorrb are measures of 
correlation between recorded and theoretical spectra for the crosslinked (Xcorrx) and linear (Xcorrb) 
peptides; wTIC expresses the weighted contribution of both crosslinked peptides to the overall spectrum; 
Intsum is the sum of all matched fragment ion intensities; Score is the overall quality score as calculated 
by xQuest; XL is the number of fragment ions that contain the crosslink; and α and β give the fraction of 
sequence covered by the fragment ions. Entries in green text indicate peptides that met the quality 
criteria for manual validation. 

For the 15 crosslinks forwarded for manual validation, the crosslink was considered 

validated if the xQuest score was greater than 16 and the number of crosslinked 
fragments was greater than zero. This scoring threshold is recommended for analysis of 

proteins digested using trypsin.42 Of the 15 crosslinks, 4 were marked as validated using 
these criteria; none of the validated matches contained a crosslink between Nav1.7 and 

Protoxin-II. Two of the manually-validated peptides are isomeric (i.e. the peptides either 
side of the crosslink are identical, but the residue identified as the site of the crosslinking 

is different).  

Of the Nav1.7 intraprotein crosslinked peptides identified by xQuest (whether validated or 
not), almost all of them involve only the cytoplasmic loop regions between the 
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transmembrane domains (Figure 5.14). No validated crosslinks are observed in the 
transmembrane regions, which is to be expected as the number and accessibility of lysine 

residues in these regions is low. More surprising is that no validated crosslinks were found 
in the extracellular loops of the protein, where lysine residues are abundant and 

presumably more accessible to the crosslinking reagent. 

 

Figure 5.14: Circos plot depicting both validated (blue) and rejected (red) intra-Nav1.7 crosslinks found 
in this experiment. Residue numbers increase clockwise from the top of the plot. The major domains 
and cytoplasmic loop regions of the protein are labelled; for clarity the transmembrane domains are 
coloured light blue, while cytoplasmic regions are coloured green. 

The cytoplasmic regions of Nav1.7 (with the exception of the short DIII-DIV linker) have 
not been structurally characterised, either from the homology modelling or by recent 

experimental structures (see Chapter 4), and so the crosslinks cannot be checked against 
existing structural models for biological plausibility. However, because there is no 

structural information about the cytoplasmic regions, these crosslinking results present 
an opportunity to supplement the existing structural information about Nav1.7. 

Crosslinking mass spectrometry is most likely to succeed on solvent-accessible and 

flexible regions of proteins such as unstructured loops; by contrast, these regions are 
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often the most difficult to model using other structural methods that rely on averaging data 
from many particles (such as cryoEM or NMR). For voltage-gated sodium channels, the 

lack of structural determination of the flexible cytoplasmic loops despite many attempts 
using cryoEM and X-ray crystallography indicates that complementary approaches are 

needed to understand these regions of the protein. 

With just five crosslinks, there is not enough information to model all the cytoplasmic loops 
ab initio. However, two of the crosslinks (K1887-K1480 and K1887-K1486) indicate 

proximity between the C-terminal domain (CTD) and the cytoplasmic DIII-DIV linker. Both 
of these regions of the protein have been implicated in fast inactivation of channel 

currents, and the CTD is thought to be crucial for signalling pathways that remain poorly-
understood.43 A greater understanding of this possible interaction could improve 

understanding of these crucial processes in action potentials. 

The C-terminal domain has not been structurally-characterised for Nav1.7, but parts of 
the structure have been solved for homologous proteins (see 5.3.4). The DIII-DIV linker 

appears in the structure of all the eukaryotic voltage-gated sodium channels solved to 
date, which provides a firm foundation for modelling. It was therefore decided to see if 

this interaction could be modelled and compared with the available crosslinking data. 

5.3.4 Modelling of the C-terminal domain 

A search for homologues of the Nav1.7 CTD was performed using HHPred, as before 
(see Chapter 4).44 This search yielded several proteins with excellent sequence coverage 

and high sequence identity. However, in many of these proteins (such as EeNav1.4 (PDB: 
5XSY),45 Nav1.7 in complex with Protoxin-II (PDB: 6J8J),41 and Nav1.4 (PDB: 6AGF)46) 

the CTD is omitted from the published model and cannot be used for structural modelling. 

Three structures have been published in which some of the CTD could be modelled; these 
are the apo structure of NavPaS from the American cockroach (PDB: 5X0M)47, the 

structure of this same protein bound to the spider toxin peptide Dc1a (PDB: 6A95)48, and 
the Cav1.1 channel (PDB: 6JP8)49. However, none of these structures model the full 

length of the CTD, and the sequence alignments place the proposed crosslinked residue 
in a region of the CTD that is not modelled in these structures. 

An additional problem with is that while these structures of the CTD are comparable for 

most of their length (Figure 5.15), considerable differences can be seen towards the C-
termini of the modelled regions. These differences are especially apparent between 

6A95/5X0M (magenta and blue, respectively) and 6JP8 (brown). In 6JP8 the flexible loop 
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region between the two final helices doubles back on the first helix and positions the 
second helix nearly perpendicular to the first; whereas in 6A95/5X0M the loop forms a 

simple turn than places the second helix nearly parallel. This reorientation of the final helix 
will have a considerable impact on the positioning of the rest of the CTD which is not 

modelled in these structures, making homology modelling of this region of the protein 
challenging. 

 

Figure 5.15: Overlay of C-terminal domains from three published ion-channel structures; 6JP8 (tan), 
5X0M (blue), and 6A95 (magenta). The three protein CTDs show great structural similarity until the final 
helix (right-hand side of the figure) which is repositioned in 6JP8. 

Another issue is the relative position of the DIII-DIV linker and the CTD in the available 
models. The DIII-DIV linker, and particularly the helix region of the linker immediately 

succeeding the key IFM motif, tends to be in an ‘up’ (inactivated) conformation in 
structures without a modelled CTD (such as 6J8J or 5XSY). By contrast, when the 

structure contains the CTD, the DIII-DIV linker helix tends to be placed in a lower 
conformation where it interacts with the CTD, consistent with an open channel state 

(Figure 5.16).  

This restriction means that the CTD can only be modelled with the DIII-DIV linker in one 
conformation, when several conformations have been observed have been observed for 

this region, and it is possible that the CTD is only visible in the electron density (and can 
therefore be modelled) when its conformation is stabilised by interaction with the DIII-DIV 

linker. 

90°
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Figure 5.16: Structural comparison of 5XSY (cyan, with DIII-DIV linker in dark blue) with 6A95 (pink, 
with DIII-DIV in purple and CTD in magenta). For clarity, the boxed region (left) is shown enlarged (right). 

A third class of homologous proteins identified by the database search are structures of 

voltage-gated ion channel CTDs without the rest of the channel present; these structures 
cover much more of the CTD sequence but are usually in a complex with the calcium-

binding protein calmodulin or fibroblast growth factor homologous factors (FHFs). 
Examples are the Nav1.5-CTD/apo-calmodulin (PDB: 4DCK)50 and Nav1.2-CTD/Ca2+-

calmodulin (PDB: 4JPZ)51. These structures show two main domains to the CTD: a 
globular region immediately following DIV, and a C-terminal helix connected to the 

globular region by a short flexible linker. While the globular region shows considerable 
structural similarity between structures (including structures showing the full Nav subunit, 

Figure 5.17), the structures begin to diverge near the end of the globular region where it 
meets the C-terminal linker and helix.  

 

Figure 5.17: Structural comparison of the published standalone Nav CTD structures 4DCK (blue) and 
4JPZ (brown). The CTD of 6A95 (magenta) is shown for comparison. For clarity, the bound calmodulin 
proteins are not shown. 

90°
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A superficial difference between these structures is apparent when comparing just the 
structures, but larger differences appear when the sequence alignments are considered. 

This is best illustrated by comparing a sequence alignment (produced in this case by the 
Clustal algorithm)52 and a structural alignment (produced by the match/align function in 

Chimera)53. A structural alignment finds the best match between two structures (based 
on RMSD), and once this is generated produces an alignment that pairs together the 

matched residues. In an ideal case, where the two homologous regions have structural 
as well as sequence similarity, these alignments will be the same or very similar. 

 

Figure 5.18: Comparison of sequence and structural alignments for the CTDs of 6A95 and 4DCK. 
Regions which show good agreement between the two alignments are highlighted in blue; the 
ESGEMDAL flexible region is highlighted green; regions highlighted in pink are not present in the 
published structure. 

However, comparing the structural alignment and sequence alignments for 6A95 and 

4DCK immediately reveals some key differences. For most of the globular domain, the 
structures and sequences are well-aligned, as can be seen above (Figure 5.18, blue 

highlight). However, towards the end of this domain the relationship between sequence 
and structure breaks down: the ESGEMDAL motif (green), which is aligned with no gap 

regions in the Clustal sequence alignment, is matched in the structural alignment to a 
later part of the sequence, which is visible in the structures as an apparent additional loop 

region on 6A95.  

This implies that the ESGEMDAL region changes conformation significantly between 
these two structures, which could occur for several reasons. Firstly, the CTD in 4DCK is 

in complex with calmodulin, which could affect the placement of the C-terminal helix 
domain and produce a knock-on effect on the end of the globular domain. Secondly, the 

DIII-DIV linker is placed close to this region in 6A95, but is not present in the structure of 
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4DCK. Regardless of the cause, the apparent flexibility of this region makes structural 
modelling of the full CTD challenging. 

 

Figure 5.19: Modelling of the CTD of Nav1.7. (A) Structural comparison of homology model (brown) with 
template structure 4DCK (light blue) (B) Structural comparison of homology model (grey) with template 
structure 6A95 (dark blue) (C) and (D) Overlay of all four structures (CTD and DIII-DIV linker only) 
showing discrepancy between structures in the final helix of the globular domain (E) Overlay of homology 
models of CTDs derived from 4DCK (brown) and 6A95 (grey). The globular domain is shown in more 
detail in (F).  The proposed crosslinked lysine residues are shown, and the  crosslink Cα-Cα distance is 
labelled. 
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This conformational variation also makes it difficult to determine precisely if the proposed 
K1486-K1887 crosslink is viable, but a rough assessment can be made by comparing 

homology models of the CTD. Since 4DCK shows the closest structural similarity to 6A95 
in the globular region, a homology model of the Nav1.7 CTD was constructed by the 

previous method (Chapter 4) using 4DCK as the template (overall sequence identity of 
76 %) and Swiss-Model as the modelling algorithm.54 Homology modelling of full-length 

Nav1.7 was repeated using 6A95 as the template (overall sequence identity of 42 %), 
again using the Swiss-Model as the modelling algorithm. 

Comparing the CTD of the two models to their templates show that they faithfully replicate 

the folds with only small variations, as is to be expected for proteins with high sequence 
identities (Figure 5.19). Structural superposition of the CTD homology models shows the 

same displacement of the helix prior to the C-terminal helix region as in the template 
proteins. In this superposition, the Euclidean K1486-K1887 Cα-Cα distance is 31.5 Å, 

which at the very top end of the conventional 30-35 Å upper bound for BS3 crosslinking. 

 

Figure 5.20: Superpositions of homology models of the Nav1.7 CTD generated using 4DCK (brown) and 
6A95 (grey) as the template protein. The 17.2 Å discrepancy between the supposedly consecutive 
residues V1875 and S1876 is highlighted. 

However, a simple superposition of the models does not account for the conformational 
shift between them. This is illustrated in Figure 5.20 by showing only the residues for the 

4DCK CTD model that are not available for modelling by 6A95; i.e. the 4DCK CTD model 
ought to continue smoothly from where the 6A95 model stops (at V1875). However, there 

is a gap between the supposedly consecutive residues of 17.2 Å, which shows the extent 
of the conformational discrepancy. Speculative attempts were made to fit the two 

structures together by rigid-body translations and rotations of the 4DCK CTD model, or 
by adjustment of torsion angles, but in the absence of further structural data such 
repositioning cannot be corroborated, and the validity of the K1486-K1887 crosslink 

17.2 Å

180°
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cannot be determined. It is notable, however, that only small adjustments (that are 
consistent with the 17.205 Å gap) place K1887 within the 30 Å upper bound for BS3 

crosslinking, and suggest that valid conformations exist for this region that fulfil the 
crosslinker distance requirements. 

The discrepancy between the CTD conformations in structures containing the entire 
voltage-gated channel, and structures examining the CTD alone, suggests that further 
work will be needed to understand the conformational shifts in this region of the protein, 

and its relationship to channel function. 

5.4 Conclusions 

The primary goal of this experiment was to identify validated crosslinks between Protoxin-

II and Nav1.7, with the aim of generating distance restraints to be used in restrained 
computational modelling of the complex. Since no such crosslinks have been identified, 

this goal has not been met.  

However, the experiment has identified crosslinks between cytoplasmic regions of Nav1.7 
that meet the validation criteria. While these crosslinks cannot help in understanding the 

Protoxin-II/Nav1.7 complex, they can contribute valuable structural information. The 
K1483-K1887 crosslink suggests an interaction between the DIII-DIV linker and the CTD; 

the limited existing structural information for these regions suggest considerable 
conformational flexibility that makes modelling challenging, and further experimental data 
(by crosslinking mass spectrometry, cryoEM, or other techniques) will be required for 

comprehensive understanding of the structure and dynamics of these regions. 
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CHAPTER 6 

 

MATERIALS AND METHODS 
 

6.1 General experimental methods 

All reagents were sourced from Sigma-Aldrich unless otherwise specified, and all solvents 
were obtained from Fischer Scientific unless otherwise specified. 

Thin-layer chromatography (TLC) was carried out using Silica gel 60 F254 plates (Millipore) 

and visualized using 254 nm UV light. Infrared spectra were recorded using a Platinum-
ATR (Bruker) and data was analysed using Opus software v7.2 (Bruker).  

1H, 13C, and 2D NMR experiments were carried out using a Bruker AC600 spectrometer. 

Coupling constants (J) are given in Hz, and chemical shifts (δ) are given in ppm, relative 
to the solvent signal. Deuterated chloroform (CDCl3) and DMSO (CD3SOCD3) and water 

(D2O) were obtained from Sigma Aldrich; anhydrous solvents were stored over molecular 
sieves. Abbreviations used in the 1H NMR assignments are: s = singlet, d = doublet, 

t = triplet, br = broad, m = multiplet, dt = doublet of triplets, ddd = doublet of doublet of 
doublets. Data was viewed and processed in ACD/NMR (ACD Labs). 

6.2 General peptide synthesis methods 

All peptides were synthesised with an Fmoc protecting group strategy. N-α-Fmoc-

protected amino acids were purchased from Novabiochem, and used without further 
purification. Protected amino acids were stored at -20°C. Sidechains protecting groups 

were as described in Table 6.1. 

Peptides were synthesised using Fmoc-Trp(Boc)-preloaded NovaSyn TGT resin, or 
amino-NovaPEG resin. All resins were purchased from Novabiochem, and were stored 

at -20°C. Resins were dried overnight in vacuo prior to use.  

Peptides were dried by flash-freezing in liquid nitrogen followed by lyophilisation using a 
VirTis BenchTop Pro (SP Scientific, Warminster, USA).   
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Amino acid Sidechain protecting group 

Cysteine Trt 
Aspartic acid t-Bu 
Glutamic acid t-Bu 
Glycine - 
Lysine Boc 
Leucine - 
Methionine - 
Glutamine Trt 
Arginine Pbf 
Serine t-Bu 
Threonine t-Bu 
Valine - 
Tryptophan Boc 
Tyrosine t-Bu 

 

Table 6.1: Sidechain protecting groups used on N-α-Fmoc-protected amino acids in solid-phase peptide 
synthesis. 

HPLC grade N,N-dimethylformamide (DMF) was used as the solvent in all reaction steps, 
and purchased from Fischer Scientific. Reagent-grade N-methylpyrrolidinone (NMP) was 
used for needle washes and was sourced from Acros Organics. 2-(1H-benzotriazole-1-

yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HBTU) was purchased from 
Novabiochem. Reagent-grade diisopropylethylamine (DIPEA) was sourced from Sigma 

Aldrich. 2,4,6-collidine was purchased from Thermo Fischer. Reagent-grade piperidine 
was obtained from Acros Organics. Reagent-grade trifluoroacetic acid (TFA) and 

ethanedithiol (EDT) were obtained from Sigma Aldrich. Triisoproplysilane (TIPS) was 
purchased from Alfa Aesar. 

6.3 Manual peptide synthesis 

Peptides were synthesized manually using 5 mL or 10 mL syringe syringes (Biotage), and 

agitated during reaction steps with a IKA KS130 basic platform shaker. Reaction mixtures 
were removed from the syringe by application of a vacuum to the syringe outlet. Reagent 

and solvent quantities were determined based on the mass and loading of the resin.  

Fmoc deprotection was achieved by addition of 40% piperidine in DMF for 3 mins, 
followed by 20% piperidine in DMF for 10 mins. The resin was then filtered and washed 

(x 6) with an equivalent volume of DMF. Amino acid coupling was carried out with a 
preactivation step (except for cysteine). The Fmoc-protected amino acid (5 eq.) and 

HBTU (5 eq.) were weighed into a glass vial and dissolved in DMF. DIPEA (10 eq.) or 
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2,4,6-collidine (10 eq.) was added to the reaction. The vial was swirled to mix the reagents 
and left to stand for 30 secs to preactivate the reagents. The reaction mixture was then 

applied to the resin, and shaken at room temperature for 40 mins. The resin was filtered 
and washed (x 4) with DMF. The coupling protocol was repeated with fresh reagents.  

6.4 Automated peptide synthesis 

Automated peptide synthesis was carried out using either a microwave-assisted Biotage 
Initiator+ Alstra or a MultiSynTech Syro Peptide Synthesiser (Model MP-60).  

6.4.1 Syro method 

The Syro synthesizer is equipped with a 24-well reaction block designed to fit 5 mL 

reaction syringes, with evacuation by vacuum pump over 30 secs. Reagent amounts and 
concentrations were calculated based on the quantity and loading of the resin. Total 

reagent volumes were fixed at 1.5 mL. All reactions were carried out at room temperature. 
Reagents were dispensed with a syringe needle attached to a robotic arm, which was 

washed with DMF between steps. 

Fmoc deprotection was achieved by addition of 40% piperidine in DMF (1.5 mL) for 
3 mins, followed by 20% piperidine (1.5 mL, added as 0.75 mL 40% piperidine in DMF 

and 0.75 mL DMF) for 10 mins. Reaction mixtures were agitated for 20 sec every 1 min 
of the reaction time. The deprotection solution was removed and the resin was washed 

(x 6) with 1.5 mL DMF. 

Amino acid coupling steps were performed by addition to the resin of Fmoc-protected 
amino acid solution in DMF (0.6 mL, 5 eq.), followed by HBTU solution in DMF (0.6 mL, 

5 eq.), and DIPEA or 2,4,6-collidine in DMF (0.3 mL, 10 eq.). The reaction was agitated 
for 20 sec every 3 mins at room temperature for 40 mins. The reaction mixture was 

removed and the resin was washed (x 4) with 1.5 mL DMF. 

6.4.2 Biotage method 

The Biotage synthesizer is equipped with a single reaction vessel capable of holding 
5 mL, 10 mL or 30 mL reaction syringes. The syringe capacity was chosen based on the 

scale of the reaction. Amino acid solution concentrations were fixed at 0.2 M in DMF, the 
HBTU solution concentration was fixed at 0.5 M in DMF, and the DIPEA or 2,4,6-collidine 

solution was fixed at 2 M in DMF. Reagents were dispensed with a syringe needle 
attached to a robotic arm, which was washed with NMP between reaction steps. Reagents 

were evacuated from the reaction syringe by application of vacuum for 45 sec. All 
reactions were carried out at room temperature. 
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Fmoc deprotection was achieved by addition of 20% piperidine in DMF (volume equal to 
half the reaction syringe volume) for 5 mins, followed by a fresh addition of an equivalent 

volume of 20% piperidine in DMF for 10 mins. The reactions were mixed at intervals of 
10 secs on, 15 secs off. The resin was washed (x 6) with DMF. 

Amino acid couplings were achieved by addition to the resin of amino acid solution in 
DMF (5 eq.), followed by HBTU solution (5 eq.) and DIPEA or 2,4,6-collidine solution in 
DMF (10 eq.). The coupling reaction proceeded at room temperature over 40 mins. The 

reaction was mixed at intervals of 30 secs on, 1 min off. After removal of the coupling 
mixture, the resin was washed (x 2) with DMF, and the coupling step repeated with fresh 

reagents. After both couplings steps were complete, the resin was washed (x 4) with DMF. 

6.5 Peptide cleavage and work-up 

Prior to cleavage, the peptide resin was washed with DMF (x 6), DCM (x 6), methanol 

(x 4) and diethyl ether (x 4). The resin was dried overnight under vacuum.  

Peptides were cleaved from the resin simultaneously with sidechain deprotection using a 
cleavage cocktail of TFA (94%), TIPS (1%), H2O (2.5%), and EDT (2.5%). The volume of 

cleavage solution used was determined based on the quantity and loading of the resin; 
approximately 1 mL of cleavage solution was used for every 50 mg resin. The cleavage 

solution was added directly to the dried resin, and shaken at room temperature for 
30 mins. The resin was filtered and the cleavage solution added directly to a large (>10-
fold) excess volume of diethyl ether at -20°C to precipitate peptides. Fresh cleavage 

solution was added to the resin, and the reaction was shaken at room temperature for 
45 mins before filtering of the resin and precipitation of peptides, as before. 

Precipitated peptides were isolated by centrifugation (15 mins, 4000g, 4°C) and washed 
(x 3) with a large volume of cold diethyl ether. The pellet was dried in air to remove 
residual diethyl ether then dissolved in acetonitrile/water and lyophilised. 

Peptides were quantified by spectrophotometry using the absorbance at 280 nm. A 
baseline was recorded on a NanoDrop 1000 instrument (Thermo Fisher Scientific) by 
loading 2 μL of HPLC-grade water. The peptide was dissolved in an appropriate amount 

of HPLC-grade water, and 2 μL of this solution was applied to the NanoDrop 1000. The 
absorbance of the sample at 280 nm was recorded in triplicate for two separate drops, 

and averaged. The concentration of the peptide was calculated using MW = 3826 Da and 
ε = 23,865 M-1 cm-1 for oxidised Protoxin-II and MW = 3832 Da and ε = 23,490 M-1 cm-1 

for linear Protoxin-II. 
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6.6 Peptide folding 

Linear peptides were subjected to oxidative folding by one of two methods: water 

oxidation or buffer oxidation. 

For water oxidation, the peptide was dissolved in HPLC-grade water at a concentration 
of 0.1 mg/mL and the solution filtered through a 0.22 μm syringe filter (Millipore Ltd.). 

Folding was carried out over 7 days at 4°C and monitored by analytical HPLC. After this 
time, the solution was lyophilized to yield the products as a white solid. 

Buffer oxidation was carried out following the method of Park and coworkers.1 The 

oxidation buffer consisted of 2 M urea, 100 mM Tris-HCl, 0.30 mM GSSG and 
0.15 mM GSH. The peptide was dissolved in a small amount of HPLC-grade water, then 

added dropwise to this buffer until the peptide concentration was 0.1 mg/mL. The pH was 
adjusted slowly, with mixing, with 2 M NaOH until pH 8. The solution was shaken at room 

temperature for 24 hrs, and folding was monitored by analytical HPLC. The buffer was 
adjusted to pH 3 by the addition of conc. HCl and the products were directly isolated from 
the buffer by HPLC. 

6.7 Mass spectrometry 

6.7.1 Low-resolution LC-MS 

Analysis was carried out using a Acquity UPLC (Waters) equipped with a TUV detector 

and coupled to a Single Quad mass spectrometer (Waters). The cone voltage was set to 
30 V. Analytes were separated using a Hypersil Gold C4 (50 mm x 2.1 mm) column 

(Thermo Scientific) and a 5%-95% gradient of acetonitrile (+0.1% formic acid) in water 
(+0.1% formic acid) over 9 mins. Data were analysed using MassLynx software (Waters). 

6.7.2 High-resolution LC-MS 

High-resolution mass spectrometry analysis of was performed using an Agilent 6510 

QToF coupled to an Agilent 1200 series LC. Samples were separated on an Agilent 
300Extend-C18 column (150 mm x 2.1 mm, 3.5 μm particle). Water (+0.1% formic acid) 

and acetonitrile (+0.1% formic acid) were used as solvents with a gradient elution of 5 % 
to 95 % acetonitrile over 10 mins and flow rate of 0.3 mL/min. Data were analysed using 

Masshunter software (Agilent). 

6.7.3 MALDI mass spectrometry 

MALDI mass spectrometry analysis was performed using a MALDI micro MX instrument 
(Waters). Peptides were dissolved to a concentration of 1 mg/mL in water, and 3 μL of 

this solution was mixed with 3 μL of CHCA matrix solution (5 mg/mL CHCA in 50 % 
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acetonitrile, 0.1 % formic acid). 2 μL of this solution was spotted onto a Micromass target 
plate (Waters) and allowed to dry in air. Peptides were analysed in linear and reflectron 

positive ion mode in the mass range 500-5000 m/z. Calibration was performed by spotting 
a sample of Calibration Mixture 1 (AB Sciex, Ltd., Framlingham, USA), prepared as 

above, on the lock mass plate and manually adjusting the instrument calibration. Data 
were analysed in MassLynx (Waters). 

6.7.4 Ion-mobility mass spectrometry 

Peptides were dissolved at a concentration of approximately 10 μM in 50 mM ammonium 
bicarbonate solution. 4 μL of this solution was pipetted into a gold-coated capillary spray 
needle and mounted onto the inlet of a Synapt G1 QToF mass spectrometer (Waters). 

The spectrometer was operated in positive ion mode. Prior to analysis the spectrometer 
was calibrated in the mass range 300-3000 m/z using a solution of caesium iodide in 

water. The analyte solution was pushed to the end of the needle by a low positive 
pressure of air. Travelling-wave ion-mobility spectrometry was used to separate the 

analytes, with a wave velocity of 260 m/s and a wave height of 5.0 V, before passing the 
ions to the QToF mass analyser. Data were analysed using MassLynx (Waters) and 

Driftscope (Waters).  

6.8 Reverse-phase HPLC methods 

Reverse-phase HPLC was performed on analytical, semi-preparative, and preparative 
scales. Buffer A is 0.1% (v/v) TFA in water; Buffer B is 0.1% (v/v) TFA in acetonitrile. 

6.8.1 Analytical HPLC 

Analytical HPLC was performed on an Agilent 1260 Infinity instrument with a Reprosil 

Gold 200 C8 (5µm, 4.6 mm x 250 mm) column supplied by Dr. Maisch GmbH and 

equipped with a 10mm guard column. Analysis was performed using a gradient of Buffer 
B in Buffer A (5%-75% over 60 min) at 1 mL/min with detection at 214 nm. 

6.8.2 Semi-preparative HPLC 

Semi-preparative HPLC was performed on a Dionex instrument with a PDA-100 

photodiode array detector and a ASI-100 automated sample injector. The column was a 

ZORBAX 300SB-C18 (5µm, 9.4 mm x 250 mm) supplied by Agilent. Detection was at 

214 nm and 280 nm. Peptides were separated using one of two gradients, depending on 
the hydrophobicity of the products. Gradient A: Buffer B in Buffer A (20%-45%) over 

30 mins at 3 mL/min. Gradient B: Buffer B in Buffer A (25%-50%) over 55 mins at 
3 mL/min. 
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6.8.3 Preparative HPLC 

Preparative-scale HPLC was performed on an Agilent 1260 Infinity instrument equipped 

with an Infinity II 1260 FC-PS UV detector and automated fraction collector. Peptides 

were purified on a ZORBAX 300SB-C18 PrepH column (7µm, 21.2 mm x 250 mm), using 

a gradient of Buffer B in Buffer A (25%-55%) over 15 mins at 20 mL/min. Detection was 

at 214 nm and 280 nm. 

6.9 Peptide NMR 

For 1D 1H NMR experiments, the peptide was dissolved in 90% H2O/10% D2O to a 

concentration of 0.4 mM, and spectra were acquired at 600 MHz using a Bruker AC600 
spectrometer. All data were processed and analysed using ACD software (ACD Labs). 

6.10 X-ray crystallography 

6.10.1 Crystallisation 

Crystallisation and diffraction details are as published in Wright et al.2 Briefly, a sample of 
ProTx-II was obtained from Smartox Biotechnology (570 rue de la chimie, 38400 Saint 

Martin d’Hères, France). The sample was dissolved in water to a concentration of 
11 mg/mL, and the solution was passed by centrifuge down a pre-washed desalting 

column (Spin-OUT GT100, 2 min, 3750 rpm). Hanging-drop vapour-diffusion 
crystallisation trials were performed using 96-well plates with a well volume of 100 μL and 

drop volume of 100 nL. Trays were made using a Labtech Mosquito nanodrop robot, and 
incubated at room temperature in a Rock Imager (Formulatrix Inc). Crystal growth was 

monitored daily using Rock Maker software (Formulatrix Inc). Hits were scaled up in 24-
well plates with a well volume of 500 μL and drop volume of 2 μL. Crystals were grown in 
a buffer containing 2 M Li2SO4, 100 mM Tris-HCl (pH 8.5), and 2% v/v PEG 400.  

6.10.2 Diffraction 

Crystals were flash cooled in liquid nitrogen without additional cryoprotection. A heavy 
atom derivative crystal was prepared by adding 2 μL of 100 mM potassium iodide to the 

crystallization drop and incubating at room temperature for 30 minutes. The native crystal 
was obtained from the same drop prior to heavy atom derivatization. Crystals were 

mounted using Dual-Thickness MicroLoops (100 μm diameter) from MiTeGen (Ithaca, 
NY, USA). Both datasets were collected by Dr Francis Reyes (HHMI Janelia) using a 
Rigaku Micromax-007HF source equipped with Varimax HF optics, a Saturn 944 HG CCD 

detector, and a 4-circle AFC11 goniometer. High-resolution diffraction data on a native 
crystal was collected by Dr Francis Reyes (HHMI Janelia) at beamline 5.0.2. at the 

Advanced Light Source (Berkeley, CA, USA).  
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6.10.3 Processing and experimental phasing 

All diffraction data was indexed, integrated, merged and scaled by Dr Francis Reyes 

(HHMI Janelia) using autoPROC.3 Key statistics are listed in Table 6.2. 

 
Native 

(synchrotron) 

Native 

(home source) 

Derivative 

(home source) 

Data collection 

Space group H 3 2 H 3 2 H 3 2 

Cell dimensions 

a, b, c (Å) a = b = 37.67,  
c = 103.94 

a = b = 37.60,  
c = 104.05 

a = b = 37.70,  
c = 103.84 

α,β,γ (°) α = β = 90.00, 
γ = 120.00 

α = β = 90.00, 
γ = 120.00 

α = β = 90.00, 
γ = 120.00 

Resolution (Å) 34.65-0.992  
(1.010-0.992)* 

34.69-1.651  
(1.710-1.651) 

34.62-1.088  
(1.130-1.088) 

Rmerge, Rmeas, and Rpim 
0.062 (0.496) 
0.046 (0.222) 
0.020 (0.361) 

0.034 (0.462) 
0.048 (0.653) 
0.034 (0.462) 

0.023 (0.258) 
0.033 (0.365) 
0.023 (0.258) 

I/σ(I) 25.0 (2.1) 15.5 (0.7) 19.9 (2.6) 

CC1/2 0.999 (0.700) 0.998 (0.179) 0.999 (0.679) 

Completeness (%) 92.2 (54.1) 89.0 (21.7) 98.0 (99.5) 

Redundancy 8.7 (1.7) 1.9 (1.2) 2.0 (2.0) 

Refinement 

Resolution (Å) 0.992   

No. reflections 14960   

Rwork / Rfree 0.133 / 0.151   

Total atoms 329   

Protein 265   

Ligand/ion 10   

Water 54   

Bond length RMS (Å) 0.0174   

Bond angle RMS (°) 2.189   

B factors 

Protein 9.98   

Ligand/ion 28.67   

Water 40.03   

Table 6.2: Key diffraction and refinement statistics for the three datasets studied in this thesis. 
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Molecular replacement was attempted using a variety of homology models constructed 
during laboratory rotations prior to this thesis work, models from the NMR-derived 

ensemble (PDB: 2N9T),4 and the software Phaser5 and MOLREP.6 Poly-alanine models 
of the toxin were created by CHAINSAW.7 

Initial phases were solved by autoSHARP8 using single isomorphous replacement with 
anomalous signal (SIRAS) using the native dataset collected on the synchrotron and the 
derivative dataset collected on the home source, followed by solvent flattening and 

electron density modification. 

Direct methods were implemented using SHELX C/D/E available through the CCP4i2 
package.9,10 Sulphur was designated as the heavy atom, and Patterson seeding with eight 

sulphur atoms was used to search for three disulfide bonds (and two methionine 
residues). The resulting electron density maps were visualized using Coot.11 

Initial model building was performed using BUCCANEER12 and corrected manually in 
Coot. Refinement of the structure was performed using SHELXL13 (implemented via the 
graphical user interface SHELXLe)14 and REFMAC.15 X-ray/stereochemistry weight was 

optimised manually in REFMAC where necessary. Solvent molecules were initially placed 
using the Find Waters tool in Phenix16 and manually adjusted in Coot. Manual 

adjustments to the structure were made in Coot during the refinement. Inspection of the 
electron density maps allowed some alternative sidechain conformations to be modelled. 

Some sidechain conformations could not be determined from the electron density maps 
and were truncated in the final model.  

6.10.4 Assessment of structure quality 

Structure geometry was assessed using MolProbity17 and validation tools provided by the 
CCP4i2 software package and the PDB.18 Structures were visualized using Chimera and 
PyMOL.19,20  

6.11 MicroED 

MicroED experiments were conducted with 2 μL crystallization drops produced by the 
methods earlier described for X-ray crystallography. Optical microscopy was used to 

confirm the presence of peptide crystals. To produce microcrystal solutions suitable for 
MicroED, the drop was removed from the glass slide by pipette and placed in an 

Eppendorf tube, which was then sonicated for 2 s to break up the crystals. The 
microcrystal solution was diluted by the addition of 2 μL well buffer. 2 μL of this solution 
was then applied to a glow-discharged Quantifoil® holey-carbon copper R 2/2 grids (2 μm 

diameter circular pores, supplied by Quantifoil Micro Tools Gmbh, Großlöbichau, 
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Germany). A further 1 μL of the solution was applied to a second grid prepared in the 
same way. 

Grids were blotted using a Vitrobot Mark IV (FEI). The grids were blotted with a blot time 
of 10 s and blot force set to 15, then immediately plunged into a chamber of liquid ethane. 

Frozen grids were stored in liquid nitrogen prior to analysis. 

Sample grids for analysis were loaded onto a Gatan 626 cryo-holder. Electron microscopy 
was carried out using a FEI Tecnai F20 transmission electron microscope with a field-

emission electron source and operating voltage of 200 kV. Diffraction patterns were 
collected using a 4k × 4k TVIPS F416 CMOS camera (15.6 μm pixel size) operating in an 
exposure mode with a dose of 0.01 e- Å-2 s-1. Tilt series data was collected with the 

camera in rolling shutter mode and the grid stage under continuous rotation at a rate of 
0.09° s-1, with a start angle of - 30° and finishing at +30°. Data from the tilt series was 

converted from TVIPS into SMV format for processing using in-house algorithms. 

Attempted indexing of the collected diffraction data was carried out using iMosflm.21,22 

6.12 On-resin folding experiment 

6.12.1 Synthesis of HMBA-NovaPEG resin (19) 

 

NovaPEG-amino resin (0.300g, 0.53 mmol/g loading) was swollen in dry DMF for 30 mins, 
then washed (x 1) with dry DMF. HMBA (96.8 mg, 0.636 mmol, 4 eq.) and HATU 

(241.8 mg, 0.636 mmol, 4 eq.) were weighed into a glass vial and dissolved in 3 mL dry 
DMF. DIPEA (166.2 μL, 0.954 mmol, 6 eq.) was added to this solution and shaken for 

10 mins, during which time a yellow colour appeared. This solution was added to the resin 
and shaken for 2 hrs. After this time the resin was filtered and washed with 3 mL DMF 

(x 6), DCM (x 4), MeOH (x 4) and Et2O (x 4). The resin was dried in vacuo overnight. The 
resin gave a negative result to a ninhydrin test (starting material gave a positive result). 

6.12.2 Synthesis of Fmoc-Trp(Boc)-HMBA-NovaPEG resin (20) 
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All flasks were oven-dried overnight before use. Fmoc-Trp(Boc)-OH (837.3 mg, 
1.59 mmol, 10 eq.) was dissolved in a minimum of dry DCM under argon, then cooled to 

0°C in an ice-water bath. N,N-disopropylcarbodiimide (DIC) (123.1 μL, 0.795 mmol, 5 eq.) 
was dissolved in 1 mL dry DCM under argon, and added by syringe to the Fmoc-Trp(Boc)-

OH solution. The reaction was stirred at 0°C for 30 mins. The HMBA-NovaPEG resin 
(0.365 g, 0.159 mmol, 1 eq.) was swelled in sufficient dry DMF for 30 mins, then washed 

(x 1) with dry DMF. The solvent was removed from the Fmoc-Trp(Boc)-OH/DIC reaction 
mixture under vacuum to leave a white waxy residue. This residue was dissolved in a 

minimum of dry DMF under argon, and a solution of 4-dimethylaminopyridine (DMAP) 
(1.95 mg, 0.016 mmol, 0.1 eq.) in a minimum of dry DMF was added. The whole reaction 

mixture was added to the resin under argon, and allowed to stand for 90 mins at room 
temperature with occasional shaking. The resin was filtered and washed with DMF (x 6), 

DCM (x 6), methanol (x 6), and diethyl ether (x 6), and dried under vacuum. Loading was 
calculated using an Fmoc loading test as described, and determined to be 0.51 mmol/g. 
The resin was stored at -20°C. 

6.12.3 Ninhydrin test 

A small amount of the resin to be tested (typically enough to coat the tip of a spatula) was 
placed in a 1 mL glass vial. A second identical vial was prepared using an equivalent 

amount of NovaPEG-amino resin. Approximately 200 μL of ninhydrin solution (1.5% (w/v) 
ninhydrin in 3% acetic acid in n-butanol) was added to each vial, and the vials were placed 

in a 100°C oven for 5 mins. A positive ninhydrin test is recorded when the pale yellow 
resin beads turn a dark blue-purple colour; no change in the colour is observed for a 

negative result. 

6.12.4 Fmoc loading test 

5 mg of the resin to be tested was weighed into a 15 mL Falcon tube, and an equivalent 
mass of a resin of known loading was weighed into a second 15 mL Falcon tube. 2 mL of 

2% (v/v) DBU in DMF was added to each resin, and the reaction mixtures were shaken 
at room temperature for 30 mins. A reference containing only 2 mL of 2% (v/v) DBU in 

DMF was also prepared. After this time, 8 mL acetonitrile was added to each tube. 2 mL 
of each diluted solution was removed into 50 mL Falcon tubes, and further diluted with 

23 mL acetonitrile. 2 mL of each solution was transferred to 1.5 mL disposable cuvettes 
(BRAND GmbH), and the absorbance recorded at 304 nm using a Lambda 365 UV/Vis 
spectrometer (Perkin Elmer). The reference solution was used as a blank. Loading was 

calculated using: 

!"#$%&'	(**"+/') =	
/01234 	× 	16.4

*#11	":	;<1%&	(*')
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Results were checked using the results for the resin of known loading. 

6.12.5 Synthesis of linear Protoxin-II on Fmoc-Trp(Boc)-HMBA-NovaPEG resin (22) 

Automated solid phase peptide synthesis was performed according to the standard 

method on a 0.100 mmol scale (200 mg resin). 10 mg (5 μmol) of resin was taken forward 
for sidechain deprotection. 500 μL of TFA/TIPS/H2O/EDT (94:1:2.5:2.5 v/v) deprotection 

solution was added to the resin and shaken at room temperature for 15 mins, after which 
the resin was filtered. Further additions of 500 μL deprotection solution were performed 

with reaction times of 15 mins (x 1), then 30 mins (x 2) and finally 1 hr. The resin was 
washed (x 1) with 500 μL deprotection solution, then washed with DCM (x 4), diethyl ether 
(x 4), DCM (x 4), and finally diethyl ether (x 4). The resin was dried under vacuum 

overnight. 

The dried resin was swelled in sufficient HPLC-grade water for 1 hr then washed (x 1) 

with water. 500 μL of 0.1 M NaOH solution was added to the resin and shaken at room 
temperature for 15 mins before filtering the resin. The eluate was removed directly into 
an equivalent volume of 0.1 M HCl solution. Further additions of 500 μL 0.1 M NaOH 

solution were used to cleave peptides, with reaction times of 15 mins (x 3), then 30 mins 
(x 1) and finally 90 mins (x 1). All eluates were neutralized with 0.1 M HCl solution as 

before. Cleavage of the peptide was monitored by spotting eluates on a TLC plate and 
staining with ninhydrin solution (1.5% (w/v) ninhydrin in 3% acetic acid in n-butanol). 

Eluates were combined and lyophilized overnight. 

The products were analysed using HPLC and LC-MS methods as described. Spectra are 
provided in Chapter 2 of this thesis.  

6.12.6 On-resin folding of Protoxin-II 

A 10 mg portion of the HMBA-NovaPEG resin-bound Protoxin-II prepared as described 
was sidechain deprotected according to the previous method. The dried resin was 

washed (x 1) with HPLC-grade water, swelled for 1 hr in sufficient water, then washed 
(x 1) with water. The resin was transferred to a 30 mL syringe vessel. An oxidation buffer 
was prepared consisting of 2 M urea, 0.1 M Tris-HCl pH 8, 0.3 mM GSSG and 0.15 mM 

GSH, and 20 mL of this buffer was added to the resin. The reaction mixture was shaken 
overnight at room temperature.  

The resin was filtered and washed (x 6) with HPLC-grade water. 1 mL of 0.1 M NaOH 
solution was added and shaken for 20 mins, then the resin filtered and the basic eluate 
neutralized by addition of 2 M HCl solution. The cleavage step was repeated, and the 

eluates were combined and lyophilized.  
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The crude reaction products were analysed using HPLC and LC-MS as described. No 
further purification was performed. Spectra are provided in Chapter 2 of this thesis. 

6.13 Protoxin-II trapping experiment 

Linear Protoxin-II was synthesized and purified as described by Jenna Robinson.23 The 
peptide (4 mg) was folded under the water conditions as described, and allowed to fold 

for 7 days at 4°C. Aliquots (400 μg) were collected on each day of the experiment and 
lyophilized. Folding was monitored by analytical HPLC as described. 

6.13.1 Direct LC-MS 

Peptides were analysed on a ThermoFischer Q Exactive Hybrid Quadrupole-Orbitrap 

mass spectrometer connected to a Vanquish pump and autosampler (Thermo Fischer). 
Peptides were separated using a TR-5MS (30 mm x 0.25 mm) column using a gradient 

of 5%-55% acetonitrile (0.1% formic acid) in water (0.1% formic acid) over 90 mins. 

MS1 scans (200-2000 m/z) were set to a resolution of 70,000 and AGC target of 3e6. The 
maximum IT was set to 100 ms. MS2 scans were triggered by an ion intensity exceeding 

1e3, and the top 5 peaks meeting this criterion were isolated (isolation width 4 m/z). Ions 
with charge states <4 were not considered for MS2. Peptide matching was set to preferred 

and isotope exclusion was set to on. Dynamic exclusion was turned off. Peptides were 
fragmented in HCD mode with a stepped NCE of 25-30-35. MS2 scans (200-4000 m/z) 

were set to a resolution of 17,500 and AGC target of 1e5. The maximum IT was 50 ms. 
Data were analysed using XCalibur (Thermo Fischer), and peptide fragment ions 

assigned manually. Fragment ions were considered a match if the charge state 
assignment was correct and the mass error was <10 ppm. 

6.13.2 Disulfide mapping by alkylation and reduction 

The Day 7 aliquot from the folding experiment was fractionated using the analytical HPLC 

method as described. Fractions were collected and lyophilised. 

Each fraction was dissolved in 200 μL water, and 50 μL of the solution was removed to a 
fresh tube and lyophilised. The dry peptides were dissolved in 20 μL water, and 20 μL of 

N-ethylmaleimide buffer (40 mM N-ethylmaleimide, 50 mM ammonium formate (adjusted 
to pH 3.5 with formic acid) was added. The reaction was shaken at room temperature for 

20 mins. The reaction mixture was diluted with 200 μL of 0.1% TFA in water, and peptides 
were desalted on C18 Sep Pak cartridges (Waters), washing with 5% MeCN/0.1% TFA 

(2 x 400 μL) and eluting with 80% MeCN/0.1% TFA (1x 200 μL). The eluted fractions were 
lyophilised. 
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To each lyophilised fraction, 10 μL of 5 mM TCEP solution was added and the tubes were 
vortexed. The reaction was shaken at room temperature for 3 hrs to fully reduce disulfide 

bonds. The reaction mixture was diluted by addition of 30 μL 0.1 % formic acid in water, 
and analysed directly by mass spectrometry. 

Peptides were analysed on a ThermoFischer Q Exactive Hybrid Quadrupole-Orbitrap 
mass spectrometer connected to a Vanquish pump and autosampler (Thermo Fischer). 
Peptides were separated using a TR-5MS (30 mm x 0.25 mm) column using a gradient 

of 5%-45% acetonitrile (0.1% formic acid) in water (0.1% formic acid) over 5 mins. 

Mass spectrometry data acquisition was performed by the same method as for 6.13.1. 

6.14 Small molecule synthesis 

6.14.1 Fmoc-Dap-OH (36) 

 

Fmoc-Dap-OH was synthesized according to a literature procedure.24 
[Bis(trifluoroacetoxy)iodo]benzene (6.05 g, 14.10 mmol, 1.5 eq.) was dissolved in 2:1 

DMF:H2O (66 mL), and the flask was flushed with argon. Fmoc-Asn-OH (3.30 g, 
9.31 mmol, 1 eq.) was added to form a suspension, which became waxy after 15 min 
vigorous stirring. Pyridine (1.60 mL, 19.9 mmol, 2.1 eq.) was added, the flask flushed 

again with argon and the reaction mixture was stirred at room temperature for 16 hrs, 
during which time the precipitate disappeared and a yellow solution formed. The solvent 

was removed in vacuo to yield a yellow oil. H2O (50 mL) was added followed by dropwise 
addition of conc. HCl (1 mL). The aqueous phase was washed with Et2O (x 4), then 2 M 

NaOH was added until the solution reached pH 6, at which point a precipitate formed. 
The precipitate was filtered and washed with H2O (x 5), ice-cold EtOH (x 2) and Et2O 

(x 5), then dried under vacuum to yield 2.10 g (6.43 mmol, 69 %) of Fmoc-Dap-OH as a 
pale solid.  

Calculated m/z for [C18H19N2O4]+ = 327.1339, found 327.1344. 

1H NMR (400 MHz, DMSO-d6):  δ = 7.88 (2H, d, J = 7.5 Hz, C2-H), 7.70 (2H, br, C5-H), 

7.41 (2H, t, J = 7.4, C3-H), 7.33 (2H, m, C4-H), 6.85 (1H, s, -NH), 4.35-4.20 (3H, m, C7-
H & C8-H), 3.74 (1H, s, α-CH), 3.01 (1H, br, β-CH2), 2.82 (1H, br, β-CH2). Observed data 

match literature values.24 
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Figure 6.1:  Mass spectrum of Fmoc-Dap-OH 

 

Figure 6.2: 1H-NMR spectrum of Fmoc-Dap-OH 

6.14.2 Imidazole-1-sulfonyl azide sulfate (38) 

 

Imidazole-1-sulfonyl azide sulfate was synthesized according to a literature procedure.25 
To a flame-dried 500 mL three-neck flask was added NaN3 (7.50 g, 115.5 mmol, 1 eq.), 
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and the flask was flushed with argon. Dry EtOAc (115 mL) was added to the flask and the 
suspension was cooled to 0°C in an ice-water bath. SO2Cl2 (9.35 mL, 115.5 mmol, 1 eq.) 

was added dropwise, with stirring, and the suspension turned yellow. The flask was stirred 
for 18 hrs under argon, and allowed to warm to room temperature, after which the 

suspension turned white. The flask was cooled again to 0°C and imidazole (14.95 g, 
219.5 mmol, 1.9 eq) was added slowly, causing the suspension to turn yellow. The flask 

was stirred at 0°C for 3 hrs, after which sat. NaHCO3 (100 mL) was added, and the 
biphasic mixture turned a deep red colour. The organic layer was isolated and washed 

with H2O (x 3), then dried over MgSO4 and filtered. The solution was cooled to 0°C in a 
three-neck flask and flushed with argon. Conc. H2SO4 (6.15 mL, 165 mmol, 1.4 eq.) was 

added slowly, causing a white precipitate to form. The suspension was stirred for 1 hr, 
then allowed to warm to room temperature. The solid was filtered and washed (x 3) with 

ice-cold EtOAc. The white crystals were dried under vacuum to yield 9.852 g (36.32 mmol, 
31 %) of product.  

Calculated m/z for [C3H4N5O2S]+ = 174.1575, found 174.1737. Calculated m/z for 

[C3H4N5O2S+CH3CN]+ = 215.2105, found 215.2388.  

FTIR: 2176 cm-1 (-N3), 1300 cm-1 (asymmetric S=O), 1124 cm-1 (symmetric S=O).  

1H NMR (600 MHz, D2O):  δ = 9.50 (1H, s, C1-H), 8.08 (1H, s, C2-H), 7.67 (1H, s, C3-H). 
13C NMR (150 MHz, D2O): δ = 138.4 (C1), 123.7 (C2), 120.8 (C3).  

13C NMR (150 MHz, DMSO-d6): δ = 137.8 (C1), 130.6 (C2), 119.4 (C3). Imidazole-1-

sulfonyl azide sulfate is unstable in DMSO, and peaks corresponding to known 
decomposition products are seen at 13C δ = 134.5, 118.9. Observed data match literature 

values.25 

 

Figure 6.3: Mass spectrum of imidazole-1-sulfonyl azide sulfate 
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Figure 6.4: 1H-NMR spectrum of imidazole-1-sulfonyl azide sulfate 

 

Figure 6.5: 13C-NMR spectrum of imidazole-1-sulfonyl azide sulfate 
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Figure 6.6: FTIR spectrum of imidazole-1-sulfonyl azide sulfate 

6.14.3 Fmoc-Ala(N3)-OH (32) 

 

Fmoc-Ala(N3)-OH was synthesized according to an adapted literature procedure.24 To a 

250 mL flask was added dichloromethane (25 mL), MeOH (30 mL), and H2O (15 mL). 
Fmoc-Dap-OH (1.01 g, 3.11 mmol, 1 eq.) was added and stirred to dissolve. The flask 

was flushed with argon, and CuSO4.5H2O (0.005 g, 0.02 mmol, 0.006 eq.) was added, 
followed by imidazole-1-sulfonyl azide sulfate (2.61 g, 9.62 mmol, 3.1 eq.) to form a pale 

yellow suspension. Sat. aq. K2CO3 was added dropwise until the solution was pH 9; the 
yellow colour darkened then turned a brown colour. The flask was stirred overnight at 
room temperature. Dichloromethane (30 mL) was added and the organic layer was 

washed with sat. NaHCO3 (2 x 50 mL). The aqueous phases were combined and washed 
with Et2O (2 x 50 mL), then conc. HCl was added dropwise until the solution reached pH 

2. The precipitate was extracted using Et2O (3 x 50 mL) and the organic phase was dried 
over MgSO4. The solvent was removed in vacuo to yield a yellow oil, which was dried 

under high vacuum and became solid. NMR of this solid showed the presence of an 
impurity which could not be separated by TLC, so the solid was dissolved again in Et2O 
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and extracted with sat. NaHCO3 (3 x 50 mL) as before. Addition of conc. HCl caused a 
precipitate to form, which was filtered and dried under vacuum to yield 0.424 g 

(1.20 mmol, 39 %) of pale solid.  

Calculated m/z for [C18H17N4O4]+ = 353.1244, found 353.1240 (35 %). Calculated m/z for 

[C18H16N4O4Na]+ = 375.1064, found 375.1057 (100%).  

FTIR: 2014 cm-1 (-N3).  

1H NMR (400 MHz, CDCl3):  δ = 7.76 (2H, d, J = 7.5 Hz, C2-H), 7.59 (2H, d, J = 6.8 Hz, 
C5-H), 7.41 (2H, t, J = 7.5 Hz, C3-H), 7.32 (2H, dt, J = 7.5 Hz, J = 1.0 Hz, C4-H), 5.62 

(1H, d, J = 7.0 Hz, -NH), 4.59 (1H, m, J = 3.5 Hz, α-CH), 4.43 (2H, m, C8-H2), 4.24 (1H, 
t, J = 6.8 Hz, C7-H), 3.82 (2H, ddd, J = 3.3 Hz, J = 12.3 Hz, J = 19.1 Hz, β-CH2).  

13C NMR (150 MHz, CDCl3): δ = 172.9 (C11), 155.9 (C9), 143.6 (C6), 141.4 (C1), 127.9 

(C3), 127.3 (C2), 125.2 (C4), 120.2 (C5), 67.6 (C8), 53.7 (C10), 52.4 (C12), 47.2 (C7). 
Observed data match literature values. 

 

Figure 6.7: Mass spectrum of Fmoc-Ala(N3)-OH 
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Figure 6.8: 1H-NMR spectrum of Fmoc-Ala(N3)-OH 

 

 

Figure 6.9: 13C-NMR spectrum of Fmoc-Ala(N3)-OH 
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Figure 6.10:  FTIR spectrum of Fmoc-Ala(N3)-OH 

6.15 Synthesis of Protoxin-II and biotinylated analogues 

6.15.1 Synthesis of Protoxin-II (15) 

 

Protoxin-II was synthesized by standard Fmoc solid-phase peptide synthesis, cleaved 

from the resin and purified by the standard method. The linear peptide was characterised 
by analytical HPLC and by mass spectrometry.  

Calculated m/z for [C168H262N46O41S8]6+ = 639.2927, found 639.2984. 
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Figure 6.11: Analytical HPLC chromatogram of linear Protoxin-II 

 

 

Figure 6.12:  Mass spectrum of linear Protoxin-II 
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Figure 6.13: Expanded mass spectrum of linear Protoxin-II to highlight the +6 charge state 

Linear Protoxin-II was then subjected to oxidative folding by the standard buffer method, 
and purified by the standard semi-preparative HPLC method. The folded Protoxin-II was 

characterised by analytical HPLC and by mass spectrometry. The folded peptide was 
additionally characterised by ion-mobility mass spectrometry. Ion-mobility mass spectra 

of folded Protoxin-II are shown in Chapter 2 of this thesis.  

Calculated m/z for [C168H255N46O41S8]5+ = 765.7404, found 765.5903. 

 

Figure 6.14:  Analytical HPLC chromatogram for oxidatively-folded Protoxin-II 
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Figure 6.15: Mass spectrum of oxidatively-folded Protoxin-II 

6.15.2 Biotinylation of native Protoxin-II 

This reaction was attempted following the general protocol outlined in Thermo Scientific 

Tech Tip #46.26 Native Protoxin-II (500 µg, 0.131 µmol) was dissolved in 500 µL of 50 mM 
phosphate buffer at pH 6.5. A 10 mM stock solution of Biotin-LC-NHS in DMF was 
prepared, and 66 µL (5 eq. biotin) of this solution was added to the peptide solution. The 

reaction was incubated at 4°C for 24 hrs, then the products were analysed directly by 
analytical HPLC and MALDI spectrometry. The chromatogram and mass spectrum are 

provided in Chapter 3 of this thesis. 

6.15.3 Synthesis of linear biotin-Ahx-Protoxin-II (27) using biotin-Ahx-NHS 

Standard Fmoc-SPPS protocols were followed to synthesize linear Protoxin-II on resin. 

The N-terminus was Fmoc-deprotected in the final step to provide a site for biotinylation. 
The resin was washed with DMF (x 4), dichloromethane (x 4), MeOH (x 4), and Et2O (x 4), 
and dried overnight under high vacuum prior to use. Dried resin mass = 197.4 mg; 

124.4 mg of resin was taken forward for biotinylation. The resin was swelled in DMF for 
30 min and washed with DMF (x 2) before use. Biotin-Ahx-NHS ester (16.4 mg, 3 eq.) 

was dissolved in DMF (1.24 mL) and added to the swelled resin. The suspension was 
shaken for 24 hrs. After this time the resin was filtered from the solution, and washed and 

dried as before. Cleavage from the resin was effected following the usual protocols, and 
the resulting white solid was submitted for analytical HPLC. The chromatogram is shown 

in Chapter 3 of this thesis. 
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6.15.4 Synthesis of linear biotin-Ahx-Protoxin-II (27) 

 

Fmoc-Ahx-Protoxin-II was synthesized on a 0.2 mmol scale using Fmoc-Trp(Boc)-TGT 
resin (0.21 mmol/g) and the standard Biotage automated peptide synthesis protocol with 

the following modifications: 2,4,6-collidine was used as the base in coupling steps, which 
were carried out at 70°C using the microwave reactor (except for cysteine, which was 
coupled at 40°C). Fmoc-aminohexanoic acid (Fmoc-Ahx-OH, Novabiochem) was used to 

install the Ahx linker. Fmoc deprotection was carried out manually using the standard 
method, and biotin was manually-coupled to the free N-terminus by the standard method. 

The resin was extensively washed with DMF to remove unbound reagents and then 
washed and dried using the standard method. Peptides were cleaved from the resin and 

isolated by the standard method. 

Crude linear biotin-Ahx-Protoxin-II was purified using the standard preparative-scale 
HPLC method. The linear peptide was characterised by analytical HPLC and mass 

spectrometry. For analytical HPLC, the peptide was first dissolved in a small volume of 
DMSO to aid solubility. 

Calculated m/z for [C184H287N49O44S9]6+ = 696.15; found 696.34. 

 

Figure 6.16: Analytical HPLC chromatogram of linear biotin-Ahx-Protoxin-II 
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Figure 6.17: Mass spectrum of linear biotin-Ahx-Protoxin-II 

6.15.5 Synthesis of linear biotin-Protoxin-II (31) 

 

Linear biotin-Protoxin-II was synthesized as for biotin-Ahx-Protoxin-II, but the Fmoc-Ahx-

OH coupling step was omitted. 

Calculated m/z for [C178H275N48O43S8]5+ = 812.57; found 812.96. 

 

Figure 6.18: Analytical HPLC chromatogram for linear biotin-Protoxin-II 
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Figure 6.19: Mass spectrum of linear biotin-Protoxin-II 

6.16 Synthesis of Protoxin-II with click handles 

6.16.1 Synthesis of linear azide-Protoxin-II (39) and oxidative folding 

 

Protoxin-II-bound resin (404.6 mg, 0.067 mmol, 1 eq.), prepared by the standard method, 

was swelled in DMF and washed (x 2) with DMF. Fmoc-Ala(N3)-OH (125.0 mg, 
0.333 mmol, 5 eq.) and HBTU (126.3 mg, 0.333 mmol, 5 eq.) were dissolved in 1.5 mL 
DMF. DIPEA (116.1 μL, 0.666 mmol, 10 eq.) was added and swirled to mix. The reaction 

mixture was added directly to the resin, and shaken for 40 mins at room temperature. 
After this time, the resin was filtered, and the coupling step repeated with fresh reagents. 

The resin was washed (x 4) with DMF.  

The N-terminal Fmoc protecting group was removed according to the standard method, 
and the washed resin was dried overnight under vacuum. Sidechain deprotection and 

resin cleavage was carried out by the standard method, and the crude peptide was 
purified by semi-preparative HPLC. Peptides were characterised by analytical HPLC and 

LC-MS.  

Calculated m/z for [C171H265N50O42S8]5+ = 789.95; found 790.56. 
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Figure 6.20: Analytical HPLC chromatogram of linear azide-Protoxin-II 

 

Figure 6.21:  Mass spectrum of linear azide-Protoxin-II 

Oxidative folding of the peptide was performed according to the standard method in 
buffer. A precipitate formed which was removed by centrifugation (15 mins, 4000g).  The 

supernatant was analysed by LC-MS and analytical HPLC. No peaks could be detected 
in the analytical HPLC chromatogram. 

Calculated m/z for [C171H258N50O42S8]4+ = 985.68; found 986.57. 
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Figure 6.22: Mass spectrum of oxidatively-folded azide-Protoxin-II 

6.16.2 Synthesis of alkyne-Protoxin-II (41) 

 

Synthesis of alkyne-Protoxin-II was carried out using the same scale, reagents and 

procedure as for azide-Protoxin-II, except that Fmoc-Propargylglycine-OH (111.8 mg, 
0.333 mmol, 5 eq., Novabiochem) was used as the amino acid in the coupling steps. The 

linear peptide was characterised by analytical HPLC and mass spectrometry. 

Calculated m/z for [C173H266N47O42S8]5+ = 786.36; found 786.85. 
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Figure 6.23: Analytical HPLC chromatogram of linear alkyne-Protoxin-II 

 

Figure 6.24: Mass spectrum of linear alkyne-Protoxin-II 

Oxidative folding of the linear peptide was carried out by the standard buffer method, 

followed by purification by HPLC. The folded peptide was characterised by analytical 
HPLC and mass spectrometry. The peptide was first dissolved in a small volume of DMF 
to improve solubility. The peak corresponding to * on the HPLC chromatogram is a small 

column contaminant. 

Calculated m/z for [C173H261N47O42S8]5+ = 784.7478; found 784.7539. 
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Figure 6.25: Analytical HPLC chromatogram of oxidatively-folded alkyne-Protoxin-II 

 

Figure 6.26: Mass spectrum of oxidatively-folded alkyne-Protoxin-II 

 

Figure 6.27: Expanded mass spectrum of oxidatively-folded alkyne-Protoxin-II to highlight the +5 charge 
state 
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6.17 Click chemistry of alkyne-Protoxin-II 

All aqueous solutions were made using HPLC-grade water that had been degassed by 

bubbling with argon. 

6.17.1 Synthesis of Alexa Fluor® 488/Protoxin-II conjugate (49) 

 

A 50 μg (0.013 μmol, 1 eq.) aliquot of alkyne-Protoxin-II was dissolved in 50 μL water. 
Alexa Fluor® 488 5-carboxamido-(6-azidohexanyl) bis(triethylammonium) salt (“Alexa 
Fluor® 488”, Thermo Fischer) (2.2 μL of a 10 μg/μL stock solution in DMSO, 0.026 μmol, 

2 eq.) was lyophilized to dryness to remove DMSO then dissolved in 10 μL water and 
added to the alkyne-Protoxin-II solution. Copper sulfate pentahydrate (BDH Laboratory 

Supplies) was dissolved to 1 μg/μL in water, and 6.4 μL of this solution (0.026 μmol, 2 eq.) 
was added to the reaction mixture. Sodium ascorbate was dissolved to a concentration 

of 44 μg/μL in water, and 1.15 μL (50.5 μg, 0.26 μmol, 20 eq.) was added to the reaction 
mixture. DL-Methionine was dissolved in water to a concentration of 10 μg/μL in water, 

and 1.9 μL (0.13 μmol, 10 eq.) was added to the reaction mixture. The reaction tube was 
vortexed briefly to mix, and placed in a water bath at 60°C for 1 hr, during which time a 

red precipitate formed. The precipitate was isolated by centrifugation (10 mins, 13000g) 
and washed (x 2) with 200 μL water, then suspended in a further 200 μL water and 

lyophilized.  

The peptide was insoluble in water and could not be purified or analysed further by HPLC. 
Characterisation was carried out by mass spectrometry.  

Calculated m/z for [C200H286N53O52S10]5+ = 916.3709; found 916.3693. 
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Figure 6.28: Mass spectrum of AlexaFluor488-Protoxin-II 

 

 

Figure 6.29: Expanded mass spectrum of AlexaFluor488-Protoxin-II to highlight the +5 charge state 

6.17.2 Synthesis of Cy3/Protoxin-II conjugate (50) 

 

Synthesis of Cy3/Protoxin-II was carried out with the same scale, reagents and conditions 
as for Alexa Fluor® 488/Protoxin-II, except Cy3-azide (14.7 μg, 0.026 μmol, 2 eq., from a 
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33 μg/μL stock in DMF), supplied by Lumiprobe GmbH, was added in place of Alexa 
Fluor® 488 azide. No visible precipitate appeared during the synthesis, so the reaction 

mixture was centrifuged (10 mins, 13000g) and the supernatant diluted into 2 mL water. 
The products were purified directly by HPLC and the fractions lyophilized. The peptide 

was characterised by analytical HPLC and mass spectrometry. 

Calculated m/z for [C206H301N53O43S8]4+ = 1115.2685; found 1115.2699. 

 

Figure 6.30: Analytical HPLC chromatogram of Cy3-Protoxin-II (with expanded region inset) 

 

 

Figure 6.31:: Mass spectrum of Cy3-Protoxin-II 
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Figure 6.32: Expanded mass spectrum of Cy3-Protoxin-II to highlight the +4 charge state 

6.17.3 Attempted synthesis of DADPS/Protoxin-II conjugate 

 

The attempted synthesis of DADPS/Protoxin-II was carried out with the same scale, 
reagents and conditions as for Alexa Fluor® 488/Protoxin-II, except for addition of 22.6 μg 

(0.026 μmol, 2 eq., from a 10 μg/μL stock in DMF) DADPS azide (Click Chemistry Tools) 
in place of AlexaFluor™-488 azide. DADPS-azide appeared to be insoluble under the 
reaction conditions so 2 μL DMF was added to dissolve it. No visible precipitate was 

produced so the reaction mixture was centrifuged (10 mins, 13000g) and the supernatant 
was analysed by LC-MS. DADPS-azide decomposed under the reaction conditions. 

6.18 Circular dichroism spectroscopy 

All aspects of the circular dichroism spectroscopy data collection and processing were 
performed by Dr Altin Sula (with the supervision of Prof Bonnie Wallace, Birkbeck 

College), using an adapted literature method.27 The peptide was dissolved to a 
concentration of approximately 1 mg/mL in a buffer containing 20 mM Tris (pH 7.5) and 

100 mM NaCl. CD data was collected on an Aviv 430 instrument, using a Suprasil (Hellma 
Ltd.) quartz bottle cell with a path length of 0.093 mm. CDTool28 was used to process the 
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raw data. Sample scans were scaled and averaged, and background was subtracted from 
the averaged spectrum. The spectrum was smoothed (using the Savitsky–Golay 

algorithm), with the region between 263 and 270 nm used as the zero reference. 

6.19 Mammalian cell culture 

Prof John Wood (UCL Neuroscience) generously granted us access to a HEK293 cell line 

stably expressing Nav1.7 with a C-terminal TAP-tag (described as ‘TAP1.7’), generated 
as described in Kanellopoulos et al.29 Cells were grown in Dulbecco’s Modified Eagle 

Medium (Gibco) supplemented with 10 % Fetal bovine serum (FBS; Invitrogen), 1 % 
Pen/strep (Sigma Aldrich), and 0.2 mg/mL Geneticin. HEK293A cells without an altered 
expression profile were used as negative controls in some experiments. These cells were 

grown in Dulbecco’s Modified Eagle Medium (Gibco) supplemented with 10 % Fetal 
bovine serum (Invitrogen), 1 % Pen/strep (Sigma Aldrich).  

All cell lines were maintained in an incubator at 37°C with a 5 % CO2 atmosphere. Cells 
were plated and grown in sterile tissue culture treated Falcon T25, T75, or T150 flasks 
(Corning Inc., Corning, USA). Larger scale cultures were grown in sterile Nunc non-

treated 500 cm2 square culture dishes (Thermo Fisher, Waltham, USA). 

6.19.1 Cell splitting 

Cells were passaged when they reached 90-100 % confluency. Sterile conditions were 

maintained at all times during the handling of cells. The culture medium was aspirated 
and the adherent cells washed twice with DPBS (Gibco). An appropriate volume of 0.05 % 

trypsin-EDTA solution (Gibco) was added, and the flasks were incubated for 2-3 minutes 
at 37°C to detach cells from the flask. Suspended cells were harvested by pipetting, and 

isolated by centrifugation (5 mins, 800g). Cells were resuspended in a small volume of 
the appropriate medium, and the cells were split into fresh culturing flasks containing an 
appropriate volume of medium. Cells were seeded at 10 % confluency to propagate the 

cell line. The growth and morphology of the cells was monitored by optical microscopy. 

6.20 Electrophysiology 

6.20.1 Equipment and cell preparation 

Cells were split the day prior to electrophysiological experiments by the above protocol 
into either 35 mm diameter treated dishes or 9 mm diameter treated cover slips at a 

confluency of approximately 5 %.  

Micropipettes for electrophysiological experiments were pulled in-house from GC150F-
10 borosilicate glass capillaries (Harvard Apparatus) using an Intracel Model PC-10 
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micropipette puller (Narishige, Japan), and were fire-polished using a MF-830 microforge 
(Narishige, Japan). 

The extracellular solution contained 140 mM NaCl, 1 mM MgCl2, 3 mM KCl, 1 mM CaCl2 

and 10 mM HEPES, and was adjusted to pH 7.3. Osmolarity was measured using an 

Advanced Micro-Osmometer 3MO Plus instrument (Advanced Instruments) calibrated 
against external standards and adjusted to 295-300 Osm using 1 M sucrose solution 
where necessary. The intracellular solution contained 107 mM CsF, 10 mM EGTA, 10 mM 

TEA·Cl, 2 mM MgCl2, 10 mM HEPES, 10 mM NaCl, and 1 mM CaCl2, and the pH was 
adjusted to 7.3 by the addition of 1 M CsOH solution. Osmolarity was determined as 

above, and adjusted to 285-295 Osm where necessary by addition of 1 M sucrose 
solution. 

Electrophysiological current recordings were carried out at room temperature using an 

air-table-mounted electrophysiology rig consisting of a CV203BU headstage (Axon 
Instruments), an Axopatch 200B amplifier (Axon Instruments), and a Digidata 1322A 16-

bit data acquisition system (Axon Instruments). Aspiration on gravity-fed perfusion 
experiments was provide by a Dymax5 vacuum pump (Charles Austen Pumps). All 

components of the rig were grounded to reduce interference.  

6.20.2 Recording protocol 

Immediately before recording, cells were removed from the incubator and washed twice 
with extracellular solution, before being placed on the microscope stage. A micropipette 

was filled with intracellular solution and placed in contact with a freshly-chlorided silver 
reference electrode. The circuit was completed by touching the tip of the micropipette into 

the bath extracellular solution in which the complementary electrode was immersed. 
Micropipettes with bath resistances greater than 5 MΩ or less than 2 MΩ were discarded, 

and the amplifier’s offset potential was zeroed. 

A gigaseal (>1 GΩ resistance) was obtained by applying small amounts of negative 
pressure to a micropipette in close proximity to the surface of a cell. After the gigaseal 

was obtained, the holding voltage was set to -40 mV and whole-cell patch clamp 
configuration was established by short bursts of suction. Cells showing seal resistances 

of less than 1 GΩ, axis resistances greater than twice the micropipette resistance, or hold 
currents greater than 100 pA, were discarded and not used for analysis. 

Residual series resistances and capacitance were compensated for using the amplifier, 

and errors in the series resistance were compensated for by 65-70 %. Cells were held at 
-100 mV prior to the start of current recordings. 
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Currents were elicited by applying 50 ms pulses from -70 mV to +40 mV in increments of 
5 mV. Cells with low current responses (<400 pA) or anomalously large leak currents 

were discarded. The data collection rate was 20 kHz, and no filtering was applied at the 
point of data collection. Several recordings were taken per cell. Compounds for testing 

were dissolved at a known concentration in extracellular solution, and applied to the cells 
via a gravity-driven perfusion system. Compounds were allowed to wash over the cells 

for 1 min prior to the start of data collection. A solution of 1 μM TTX was used as a positive 
control. Washout was attempted by passing extracellular solution over the cells and 

holding the cells at +50 mV for 5 mins to depolarize the membranes. 

6.20.2 Data analysis 

Electrophysiological data were analysed using Clampfit software (Molecular Devices). 
Data were low-pass filtered at 1 kHz to remove noise. Current-Voltage plots were 

produced by measuring the peak current at different applied step voltages; these data 
were fitted to a Boltzmann curve of the form: 

= = >/2 +
/1 − /2

1 + exp E
(FG − H)

I
J
K · (H − FMNO) 

where A1 is the maximal amplitude, A2 is the minimal amplitude, k is the slope constant, 

Vh is the potential of half-maximal activation, and Vrev is the reversal voltage. Curve fitting 
was performed in MATLAB (MathWorks Inc.). 

6.21 Biochemistry 

6.21.1 Cell lysis 

Cells were grown to confluency. The growth medium was aspirated, and the cells washed 

twice with PBS. A small amount of PBS was then added to the flask, and the cells were 
scraped using a cell scraper (Corning). The suspended cells were collected in a Falcon 

tube by pipette, and pelleted by centrifugation (5 min, 800g). The pelleted cells were 
washed with a further quantity of PBS, then pelleted again as before. A small quantity of 
ice-cold CHAPS buffer (30 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% CHAPS, 1 complete 

EDTA-free Protease inhibitor cocktail (Roche) per 50 mL buffer) was added to the cell 
pellet and the cells were suspended by pipetting.  

The cells were lysed by rotation at 4°C for 10-15 min. The cell lysate was clarified by 

centrifugation (10 min, 13000g, 4°C) and the supernatant isolated. Clarified cell lysates 
were stored at -80°C. 
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6.21.2 Protein concentration assay 

Protein concentrations were determined by Bradford assay. A protein standard solution 

at 2 mg/mL concentration (Sigma Aldrich) was used to prepare standard solutions at 0.2, 
0.4, 0.6, 0.8, and 1 mg/mL in the lysis buffer. Serial dilution was used to prepare 10x and 

20x dilutions of the sample of interest. 5 μL of each solution was pipetted into a 96-well 
plate (standards in duplicate, samples in triplicate). 100 μL of Quick Start Bradford 1X 
Dye Reagent (BioRad Laboratories) was then added to each well and shaken to mix for 

10 min. The absorbance of each well at 595 nm was recorded using a Multiskan FC plate 
reader (Thermo Scientific). A calibration curve was prepared using the standards and the 

concentration of the samples calculated from the observed absorbance values. Only 
absorbance values in the linear range were used for quantification of protein 

concentration. 

6.21.3 SDS-PAGE electrophoresis 

Protein and lysate samples were prepared for electrophoresis by the addition of 4X 
Laemmli sample buffer (277.8 mM Tris-HCl pH 6.8, 44.4% (v/v) glycerol, 4.4% LDS, 

0.02% bromophenol blue and 41 mM DTT, supplied by BioRad Laboratories) and mixed 
by gentle pipetting. Samples were heated to 70°C for 10 mins to denature proteins, then 

set aside to cool to room temperature. 

Samples were loaded into 10-well 4-15 % Mini-PROTEAN™ TGX Stain-Free™ Protein 
Gels, 50 μL/well (BioRad Laboratories). 10 μL Spectra Multicolor High Range Protein 

Ladder (Thermo Scientific) was loaded as a molecular weight marker. Separations were 
performed in a 1X Tris-glycine running buffer (25 mM Tris, 190 mM glycine, 0.1% w/v 

SDS, pH 8.3) in a Bio-Rad Mini-PROTEAN Vertical Electrophoresis Cell System (BioRad 
Laboratories) for 10 min at 90 V followed by a further 1 hr at 110 V. 

6.21.4 Staining 

Gels were analysed using either Coomassie blue or silver staining. 

For Coomassie staining, the gels were removed from their cassettes and washed (x 3) in 
100 mL deionized water. The water was then removed and the gels were suspended in 

an appropriate volume of InstantBlue™ stain (Expedeon) with gentle rocking for 1 hr, or 
until bands had stopped appearing. The stained gel was removed from the solution and 

washed (x 3) with further large volumes of deionized water. The gels were stored at 4°C 
in water overnight if necessary to complete destaining of the background. 

Silver staining of gels was performed using the reagents and methods of the 

SilverQuest™ Silver Staining Kit (Thermo Scientific). The gels were removed from their 
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cassettes and washed with deionized water. Gels were immersed in a fixative solution 
(40 mL ethanol, 10 mL acetic acid, 50 mL deionized water) for 10 mins with gentle rocking, 

then the solution was decanted and the gels washed in 100 mL 30% ethanol solution for 
10 mins. The ethanol solution was removed and the gels submerged in sensitizing 

solution (30 mL ethanol, 10 mL kit sensitizer, 60 mL deionized water) for 10 mins with 
gentle rocking.  

After sensitization, the gels were washed in 100 mL 30% ethanol solution for 10 mins, 

followed by a further wash in 100 mL deionized water for 10 mins. The gels were then 
immersed in the staining solution (1 mL kit staining reagent, 99 mL deionized water) for 

15 mins with gentle rocking, then washed in 100 mL deionized water for exactly 1 min. 
The gels were then incubated in the developing solution (10 mL kit developing reagent, 

90 mL deionized water, 1 drop kit developer enhancer) for approximately 5 min, during 
which time dark bands appeared and darkened during the reaction. The reaction was 

terminated by addition of 10 mL kit stopper reagent, and the whole solution was gently 
rocked for a further 10 mins. The gel was removed from the reaction mixture and washed 

thoroughly with deionized water to remove background staining. Stained gels were stored 
under water at 4°C overnight where necessary. 

6.21.5 Western blotting 

Proteins were separated by 1D SDS-PAGE electrophoresis as previously described. The 

gels were removed from their cassettes and washed (x 3) in deionized water, then 
immersed in a small amount of 1X transfer buffer (300 mM Tris, 10 mM CAPS, 0.1% w/v 

SDS in 20% methanol) in readiness for semi-dry transfer. A section of Immobilon®-P 
PVDF transfer membrane (Merck Millipore) was cut to approximately the same size as 

the gel and soaked in methanol for 5 mins, then washed (x 3) with deionized water and 
soaked in 1X transfer buffer. Two extra thick blot papers (BioRad Laboratories) were cut 

to size and soaked in 1X transfer buffer. The Trans-blot SD transfer cell (BioRad 
Laboratories) was assembled and proteins were transferred to the membrane over 1 hr 
at 15 V. After this time, the membrane was checked visually for transfer, using the 

coloured ladder proteins as an indicator. 

After transfer was complete, the membranes were removed and washed in PBST buffer 

(PBS supplemented with 0.1 % v/v Tween® 20) for 5 mins. The washing buffer was 
removed and the membranes were immersed in Ponceau S solution (0.1% w/v in 5 % 
acetic acid, supplied by Sigma-Aldrich) for 15 mins with gently rocking to stain the 

proteins. Once the bands could be seen, the membranes were washed (x 5) in deionized 
water for 5 mins to destain, and washed (x 1) with PBST. Membranes were placed in 
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50 mL Falcon tubes, then 20 mL blocking buffer (5 % w/v skim milk powder (Sigma 
Aldrich) in PBST) was added. The tubes were rotated at room temperature for 90 mins. 

Primary antibody solutions were prepared by appropriate dilution of the antibodies into 
10 mL blocking buffer. After the blocking was completed, the membranes were washed 

(x 1) with PBST, then placed in the appropriate antibody solution and incubated by 
rotation overnight at 4°C. Details of primary antibodies used in this thesis are provided in 
Table 6.3. 

After primary antibody incubation, the membranes were removed from the solution and 
washed (x 6) in PBST for 10 mins with gently rocking. Secondary antibody solutions were 
prepared by appropriate dilution of the antibodies into 10 mL blocking buffer. Membranes 

were placed in the appropriate secondary antibody solution and rotated for 90 mins at 
room temperature. Following secondary antibody incubation, membranes were washed 

(x 5) with PBST for 10 mins with gently rocking, then washed (x 1) in PBS until ready for 
analysis. Details of secondary antibodies used in this thesis are provided in Table 6.4. 

Bands were visualized using reagents and protocols from the Pierce ECL Western 

Blotting Substrate kit (Thermo Scientific). Luminescence solution was prepared by mixing 
together the supplied luminol and peroxide reagents in a 1:1 ratio; 2 mL of solution was 

required per membrane. The solution was applied to the membranes and allowed to react 
for 3 mins, then excess reagent was removed and the luminescence detected using 

Amersham Hyperfilm™ ECL film (GE Healthcare). Exposure times were varied to ensure 
complete detection of all luminescent bands on the membrane.  

Name Details Dilution 

FLAG Sigma Aldrich, F1804, mouse 1:500 

HAT LSBio, LS-C51508, rabbit 1:1000 

β-actin Abcam, ab8226, mouse 1:1000 

Streptavidin-HRP Invitrogen, SA10001 1:5000 
Table 6.3: Primary antibodies and reagents used in Western blotting 

Name Details Dilution 

Mouse Amersham ECL Mouse IgG, 
HRP-linked (from sheep) 1:5000 

Rabbit Amersham ECL Rabbit IgG, 
HRP-linked (from donkey) 1:5000 

Table 6.4: Secondary antibodies used in Western blotting 

 

 



 240 

6.21.6 Immunoprecipitation 

Immunoprecipitation of FLAG-tagged proteins was carried out using Anti-FLAG M2 

magnetic beads (Sigma Aldrich) and their associated protocol. Beads were resuspended 
by rotation of the container at room temperature until a homogenous solution was formed. 

150 μL of this solution was removed to an Eppendorf tube by pipette and washed (x 3) 
with TBS buffer (30 mM Tris-HCl pH 7.4, 150 mM NaCl). The beads were partitioned into 
three equal parts. To two of the bead samples was added 200 μL of TAP1.7 cell lysate 

prepared as described. To the third bead sample was added 200 μL of HEK293 cell lysate 
prepared as described, as a negative control. 800 μL of TBS buffer was added to each of 

the three samples to dilute the CHAPS. Binding of FLAG-tagged proteins was carried out 
overnight at 4°C with end-over-end shaking. 

The beads were isolated using a magnetic rack and the supernatant was removed. The 

beads were washed (x3) in 1% CHAPS lysis buffer. To the HEK293 control beads and 
one of the TAP1.7 beads was added 100 μL of 1X Laemmli sample buffer (BioRad 

Laboratories). Proteins were eluted from the beads by heating to 70°C for 10 mins, then 
the solution was allowed to cool to room temperature. 

The remaining portion of TAP1.7 beads was washed (x 1) with 150 μL AcTEV protease 

cleavage buffer (50 mM Tris-HCl pH 8, 0.5 mM EDTA, 1 mM DTT), then suspended in a 
further 150 μL AcTEV protease cleavage buffer. 2 μL AcTEV™ protease (Invitrogen) was 

added, and the suspended beads were incubated at 30°C for 2 hrs. The supernatant was 
isolated and 75 μL 4X Laemmli sample buffer was added and mixed by gentle pipetting. 

This solution was heated to 70°C for 10 mins then allowed to cool to room temperature. 

These samples were subjected to SDS-PAGE electrophoresis and Western blotting using 
the described methods. 

6.22 Purification of TAP1.7 

TAP-tagged Nav1.7 (“TAP1.7”) was purified using a protocol developed by Dr Altin Sula 
in the group of Prof Bonnie Wallace (Birkbeck College) and Dr Xuelong Zhao in the group 
of Prof John Wood (University College London). 

TAP1.7 cells were grown to confluency as previously described, in thirty 245 mm square 
assay dishes. Each plate was washed (x 2) with 10 mL ice-cold PBS, then 5 mL ice-cold 

PBS containing protease inhibitors (1 complete EDTA-free Protease inhibitor cocktail 
(Roche) per 50 mL buffer) was added and the cells scraped on ice using a cell scraper 
(Corning) into 50 mL Falcon tubes. The cells were pelleted by centrifugation (10 mins, 

800g) and washed (x 2) with ice-cold PBS. 
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The cell pellet was washed (x 2) in Buffer M (20 mM Tris pH 7.4, 100 mM NaCl, 0.001% 
SDS, 1 complete EDTA-free Protease inhibitor cocktail (Roche) per 50 mL buffer), then 

suspended in 15 mL ice-cold Buffer M. Cells were homogenized with 15 strokes of a 
Dounce homogenizer on ice, then transferred to a 50 mL Falcon tube. Stock solutions of 

10% w/v DDM in Buffer M and 2% w/v CHS in Buffer M were made, and these were 
added to the cell lysate suspension to final concentrations of 1% DDM and 0.2% CHS. 

The lysate suspension was rotated at 4°C for 3 hrs. Large particles were pelleted by 
centrifugation (15 mins, 4000g, 4°C) and the supernatant was clarified by further 

centrifugation (2 hrs, 16400g, 4°C). 

Anti-FLAG affinity agarose gel (Sigma) was prepared by rotating at room temperature 
until a homogenous suspension was obtained. 2 mL of this suspension was removed by 

pipette into a 15 mL Falcon tube. The gel was pelleted by centrifugation (5 mins, 2000g) 
and washed (x 3) with TBS buffer (20 mM Tris pH 7.4, 100 mM NaCl, 1 complete EDTA-

free Protease inhibitor cocktail (Roche) per 50 mL buffer), then washed (x 3) with 100 mM 
glycine solution pH 3.5, then washed (x 3) with TBS, then washed (x 2) with Buffer M. 

The washed gel was transferred to a 50 mL Falcon tube, and the clarified lysate was 
added. Binding of FLAG-tagged proteins to the gel was effected by rotation overnight at 

4°C. 

The lysate-gel mixture was transferred to a column (BioRad Laboratories) in the cold room 
at 4°C. The flow-through fraction was collected. The gel was washed (x 5) with 10 packed 

bed volumes of Buffer W (20 mM Tris pH 7.4, 100 mM NaCl, 0.06% GDN, 0.01% SDS). 
The washes were collected and stored at -80°C until further analysis. 

Proteins were eluted from the affinity gel by incubation with 1 mL 3 X FLAG peptide 

solution (1 mg/mL 3 X FLAG peptide (Sigma Aldrich) in Buffer W) for 1 hr at 4°C with 
occasional shaking. The elute was collected. Further elutions were carried out with 

1.35 mL diluted 3 X FLAG peptide solution (0.2 mg/mL 3 X FLAG peptide in Buffer W), 
incubated for 10 mins at 4°C. The gels were then washed (x 5) by addition of 1 mL 
Buffer W. Eluted fractions and washes were combined. 

Ni Sepharose 6 Fast Flow beads (GE Life Sciences) were homogenized by rotation at 
4°C until a uniform suspension was obtained. 1 mL of this suspension was transferred to 

a 15 mL Falcon tube and washed (x 1) with 5 mL Buffer A (20 mM Tris pH 7.4, 100 mM 
NaCl, 0.06% GDN), then washed (x 1) with 5 mL Buffer C (20 mM Tris pH 7.4, 100 mM 
NaCl, 0.06% GDN, 25 mM imidazole). The combined elutes and washes were added to 

the washed Ni beads, and 220 μL Buffer B (0.5 M imidazole in Buffer A) was added for a 
final imidazole concentration of 20 mM. The suspension was rotated at 4°C overnight to 

allow binding of proteins to the beads. 
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A fresh column was washed (x 1) with Buffer A at 4°C in the cold room. The protein-bound 
bead suspension was added to the column and the flow-through fraction collected. The 

beads were washed (x 1) by addition of 2 mL Buffer C, then washed (x 2) with 7 mL Buffer 
C. Washes were collected and combined. Proteins were eluted from the beads by 

incubation with 2 mL Buffer B for 1 hr at 4°C. Further elutions (x 2) were carried out with 
4 mL Buffer B and an incubation time of 15 mins. The eluted fractions were combined. 

Two Amicon 15 Ultra 100k spin filters were prepared by washing through with 10 mL 

Buffer A (3 mins, 4000g). The eluted protein solution was loaded onto the filters and 

centrifuged (3 mins, 2000g, 4°C) to concentrate the solution to ∼1 mL. Further 

centrifugation (1 min, 2000g, 4°C) concentrated the sample to ∼400 μL.  

Buffer exchange was carried out through dialysis to remove imidazole. A Maxi GeBAflex-
tube (GeBA, Yavne, Israel) was washed (x 1) with deionized water, then the concentrated 

protein solution was added. The tube was suspended in 50 mL ice-cold Buffer A and 
incubated on a shaker plate for 2 hrs. After this time the sample was extracted by pipette. 

Protein samples were analysed by Western blot as described, and the rest of the sample 
was stored at -80°C. 

6.23 Sample preparation for mass spectrometry 

6.23.1 Desalting and fractionation 

Desalting of samples was achieved through the use of Stop-and-go extraction tips (stage-
tips), manufactured in-house from Empore™ Octadecyl C18 47 mm exctraction disks 

(Supelco) immobilized in a 200 μL pipette tip. C18 stage tips were conditioned by passing 
20 μL methanol through the tip, followed by 20 μL Buffer 1 (0.5% acetic acid in LC-MS-

grade water), 20 μL Buffer 2 (0.5% acetic acid in 80% LC-MS-grade acetonitrile), then 
20 μL Buffer 1. The sample was dissolved in an appropriate volume of Buffer A, then 

passed through the conditioned stage tip. The solid phase was washed with an equivalent 
volume of Buffer 1. Peptides were eluted from the stage tip by addition of 20 μL Buffer 2, 

then evaporated to dryness in a SpeedVac (Savant DNA120 SpeedVac Concentrator 
supplied by Thermo Scientific). Dry peptide samples were stored at -20°C until required 

for analysis. 

Crosslinked peptide samples were fractionated using C18-SCX stage tips. These were 
similarly manufactured in-house from Empore™ Octadecyl C18 47 mm extraction disks 

(Supelco) and Empore™ Cation 47 mm extraction disks (Supelco). The C18-SCX stage 
tips were conditioned by passing 50 μL methanol through the tip, followed by 50 μL 

Buffer 2, 50 μL Buffer 1, 50 μL Buffer 6 (0.5% acetic acid, 20% acetonitrile, 500 mM 
ammonium acetate), then finally 50 μL Buffer 1. The sample was dissolved in appropriate 
volume of Buffer 1 and loaded onto the tip. The flow-through fraction was collected and 
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passed through the tip two more times to ensure complete binding. The tips were washed 
with 50 μL Buffer 1, and the wash fraction was added to the flow-through fraction. 

Peptides were eluted from the C18 phase onto the SCX phase by addition of 30 μL Buffer 
2. Peptides were fractionated by sequential addition of 20 μL of the following buffers to 

the tip: Buffer 3 (0.5% acetic acid, 20% acetonitrile, 20 mM ammonium acetate), Buffer 4 
(0.5% acetic acid, 20% acetonitrile, 50 mM ammonium acetate), Buffer 5 (0.5% acetic 

acid, 20% acetonitrile, 100 mM ammonium acetate), then Buffer 6. The tip was washed 
with 20 μL Buffer 1 to ensure complete elution. All fractions were evaporated to dryness 

in the SpeedVac. 

6.23.2 In-solution digestion 

Samples in a Lo-bind Eppendorf tube (Waters) were denatured by addition of an 
appropriate quantity of urea buffer (50 mM ammonium bicarbonate in 8 M urea), then 

heated to 40°C with shaking for 10 mins. The samples were briefly centrifuged (1 min, 
10000g) to collect the condensation. Disulfide bonds were reduced by addition of DTT 

from a stock solution (100 mM DTT in 50 mM ammonium bicarbonate) to a final DTT 
concentration of 10 mM. Samples were heated to 56°C for 30 minutes to ensure complete 

reduction, then cooled to room temperature. Alkylation was performed by addition of 
iodoacetamide from a stock solution (200 mM iodoacetamide in 50 mM ammonium 

bicarbonate) to a final iodoacetamide concentration of 20 mM. The solutions were 
incubated in the dark for 30 mins at room temperature. The sample was then diluted by 

addition of 50 mM ammonium bicarbonate solution until the urea concentration was <1 M. 
A trypsin stock solution was made by addition of 2 mL of 50 mM ammonium bicarbonate 

solution to a 20 μg aliquot of sequencing-grade trypsin (Promega Corp., Madison, USA). 
The final concentration of trypsin was 10 ng/μL. Trypsin was added to the sample at a 
1:50 w/w ratio. Proteins were digested overnight at 37°C, then evaporated to dryness in 

the SpeedVac. Dry peptide samples were stored at -20°C. 

6.23.3 In-gel digestion 

Gels were prepared and stained as described. Bands of interest from the gel were excised 

using a clean scalpel on a washed glass cutting board, and further cut into cubes of 
approximately 1 mm3. The gel pieces were placed into a Lo-bind Eppendorf tube, and 

washed (x 3) with 500 μL wash buffer (30 mM ammonium bicarbonate in 40% acetonitrile) 
for 15 mins to remove stain. The gel pieces were then shrunk by addition of 500 μL 
acetonitrile. Once the gel was fully opaque the acetonitrile was discarded and the pieces 

dried by opening the tube to the air. Reduction was performed by addition of 100 μL of 
DTT solution (10 mM DTT in 50 mM ammonium bicarbonate) for 30 mins at 56°C. 

Alkylation was achieved by addition of 100 μL iodoacetamide solution (55 mM 
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iodoacetamide in 50 mM ammonium bicarbonate), incubated for 20 mins at room 
temperature in the dark. The solutions were removed by pipette and washed (x 1) with 

1 mL of 50 mM ammonium bicarbonate. The pieces were dehydrated again by addition 
of 500 μL acetonitrile, then swollen in 300 μL 50 mM ammonium bicarbonate solution. 

This cycle of swelling and shrinking was repeated, then the acetonitrile was removed and 
the pieces were air dried as before. A stock solution of 10 ng/μL trypsin in 50 mM 

ammonium bicarbonate was prepared as described. A volume of this stock solution was 
added that was just sufficient to cover the shrunken gel pieces. The gel pieces were kept 

at 4°C for 30 mins or until the gel pieces had fully swollen in the trypsin solution, after 
which further trypsin solution was added such that the gel pieces were fully covered. The 

tube was shaken at 37°C overnight to digest proteins. A volume of extraction solution 
(1 % formic acid, 2 % acetonitrile in deionized water) equivalent to the volume of trypsin 

solution used was added to the suspended gel pieces, and vortexed for 15 mins to mix. 
The supernatant was removed by pipette into a fresh Lo-bind Eppendorf. Any remaining 
peptides were extracted by addition of 100 μL acetonitrile to the gel pieces and vortexing 

for 15 mins, then combining the supernatants. Peptides were evaporated to dryness using 
the SpeedVac, and stored at -20°C. 

6.23.4 Filter-aided sample preparation (FASP) 

A Microcon 30K filter unit (Merk Millipore) was wetted by addition of 200 μL of Tris-urea 
buffer (100 mM Tris-HCl pH 8.5 in 8 M urea) and centrifugation (20 mins, 10000g). 

Centrifugation was paused after 1 min to check the integrity of the filter unit. The sample 
to be digested was denatured and reduced by addition of Tris-urea buffer containing DTT 

(100 mM Tris-HCl pH 8.5, 8 M urea, 50 mM DTT, 10x the sample volume) and pipetted 
onto the filter unit. The solution was incubated at room temperature for 30 mins, then 
centrifuged (20 mins, 10000g) to remove the reducing buffer. The sample was further 

washed (x 2) with 200 μL Tris-urea buffer by centrifugation (10 mins, 10000g). The 
reduced sample was alkylated by addition of 100 μL Tris-urea buffer containing 

iodoacetamide (100 mM Tris-HCl pH 8.5, 8 M urea, 50 mM iodoacetamide), and 
incubated at room temperature for 20 mins in the dark. Iodoacetamide was removed by 

centrifugation (10 mins, 10000g) and the sample washed (x 2) with 100 μL Tris-urea 
buffer (10 mins, 10000g). The sample buffer was exchanged by washing (x 2) with 200 μL 

of 50 mM ammonium bicarbonate solution, and the filter unit moved to a fresh collection 
tube. Trypsin solution (10 ng/μL in 50 mM ammonium bicarbonate) was added to the filter 

at a 1:50 w/w ratio, and 50 mM ammonium bicarbonate solution added to increase the 
total volume to >50 μL where required. The filter unit was incubated at 37°C overnight to 

digest proteins. Peptides were recovered by centrifugation (10 mins, 10000g), and the 
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filter unit was washed (x 1) with a further 50 μL of 50 mM ammonium bicarbonate solution. 
Recovered peptides were evaporated to dryness with a SpeedVac, and stored at -20°C. 

6.23.5 Streptavidin pulldown 

Crosslinked samples were prepared as described, and FLAG-tagged proteins were 
enriched by immunoprecipitation as described. 1 mL Pierce™ Streptavidin Magnetic 

Beads (Thermo Scientific) were homogenized by rotation at room temperature until a 
uniform suspension was obtained. 50 μL of this suspension was removed by pipette into 

an Eppendorf tube. The beads were isolated using a Dynamag-2 magnetic rack (Thermo 
Fischer) washed (x 3) in Tris-buffered saline Tween® (TBST) buffer (50 mM Tris-HCl 
pH 7.4, 150 mM NaCl, 0.1% Tween® 20), then washed (x 1) with TBS buffer (50 mM Tris-

HCl pH 7.4, 150 mM NaCl). 150 μL of sample was diluted by the addition of 850 μL TBS 
buffer. A small amount of insoluble material was observed so the sample was centrifuged 

(10 mins, 4000g, 4°C) to remove particulates. The clarified samples were added to the 
washed beads, and gently pipetted to mix. The beads were rotated overnight at 4°C using 

an end-over-end shaker. The beads were again isolated using the magnetic rack, and the 
supernatant was collected. The beads were washed (x 3) with 500 μL TBS buffer at 4°C. 

Bound biotinylated proteins were eluted from the beads using 500 μL TBS buffer 
containing 50 mM DTT. Samples were rotated for 2 hrs at room temperature, then the 

beads isolated on the magnetic rack, and the supernatants collected. 

6.24 Mass spectrometry in data-independent acquisition mode 

6.24.1 Mass spectrometry 

Protein samples were prepared for mass spectrometry by alkylation, reduction, digestion, 

and desalting as previously described. The dry samples were reconstituted in 6 μL of 
water/acetonitrile/formic acid (97:3:0.1 by volume) and shaken for 15 mins at room 

temperature to dissolve peptides. Particles were removed by centrifugation (13000g, 
10 mins) and the supernatants were removed into glass 12 mm x 32 mm Total Recovery 

1 mL sample vials with PTFE/silicone septum caps (Waters).  

Samples were introduced to the mass spectrometer through an ultra-high performance 
liquid chromatography (UPLC) system (nanoACQUITY, Waters). The mobile phases 

were Buffer A (LC-MS grade water + 0.1 % (v/v) formic acid) and Buffer B (LC-MS grade 
acetonitrile + 0.1 % (v/v) formic acid). Samples were first desalted using a reversed-phase 

Symmetry C18 trap column (180μm x 20 mm, 5μm particle size, Waters) for 3 min using 
99% Buffer A at a flow rate of 8 μL/min. The sample was then subjected to nanoflow liquid 

chromatography using a BEH130 C18 nanocolumn (75μm x 400 mm, 1.7μm particle size, 
Waters) and a gradient  of 3−40 % buffer B over 90 min (0.3 μL/min flow rate at 35°C). 

Eluted peptides were passed directly to the spray needle for ionization. 
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Mass spectrometry data acquisition was carried out on a Synapt G2-Si QToF (Waters). 
Prior to use, the ToF mass analyser was externally calibrated in the mass range 150-

1500 m/z using the fragmentation spectrum of [Glu1]-fibrinopeptide B. The lock spray line 
was equipped with a mixture of [Glu1]-fibrinopeptide B (785.8426 m/z) and leucine 

enkephalin (556.2772 m/z) for internal calibration throughout the data acquisition. The 
mass spectrometer was operated in HDMSE (DIA) mode. 

6.24.2 Data analysis 

Raw data was analysed using ProteinLynx Global Server (Waters) using the ESI-MSE 
workflow. The lock mass value was set to 785.8426 m/z and the tolerance was 0.25 Da 
with a ToF resolution of 23,000 fwhm. Background subtraction was set to ‘adaptive’, at 

35% below the curve and with a polynomial order of 5. Smoothing was applied to the data 
by three applications of the Savitzky-Golay algorithm (window size = 1). The data was 

centroided at 80 %. The low-energy and high energy threshold values were set to 250.0 
and 100.0, respectively. Processed data was output in Mascot Generic Format (.mgf) 

format. 

Peptide identifications were also carried out using using ProteinLynx Global Server 
(Waters). The search database was compiled from the human proteome (reviewed only) 

as obtained from Uniprot (ID: UP000005640), to which was appended the sequence of 
Protoxin-II (Uniprot: P83476) and the sequences of proteins in the Common Repository 

of Adventitious Proteins (a database of common contaminant proteins in proteomics), all 
in .fasta format.  

The minimum number of fragment matches to identify a peptide was set at 3, and the 

minimum number of peptides required to identify a protein was set at 1. The maximum 
protein mass was set at 500 kDa. Carbamidomethylation of cysteine (+57.0215 Da) was 

set as a fixed modification; oxidation of methionine (+15.9949 Da) was set as a variable 
modification. The digestion enzyme was trypsin (cleaves C-terminal to K and R, except 

where N-terminal to P) and the number of missed cleavages permitted was 1. The FDR 
was set at 0.05.  

6.25 Crosslinking methods 

6.25.1 In-cell crosslinking 

Cells were grown to confluency, washed with PBS and scraped as previously described. 
Cells were suspended in the appropriate reaction buffer for the crosslinking reagent to be 

used. If the crosslinking experiments included Protoxin-II (or Protoxin-II analogues), this 
was dissolved in an appropriate volume of deionized water to form a stock solution, then 
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added to the cell suspension for a final concentration of 1 μM. The cell suspension was 
rotated at 4°C for 1 hr to allow complex formation to occur. 

Stock solutions of crosslinking reagents were made by dissolving the crosslinker in a 
small volume of reaction buffer immediately before the reaction. Details of the crosslinking 

reagents used in this thesis are provided in Table 6.5. The exception was DSS, which 
was dissolved in DMSO. Appropriate amounts of the crosslinking reagent were added to 
the cell suspension to initiate crosslinking at the desired concentration of crosslinker. A 

negative control consisting of a blank addition of reaction buffer (or DMSO) without 
crosslinking reagent was also set up. The cell suspension was rotated at room 

temperature for 30 mins.  

The reaction was quenched by addition of 1 M Tris solution to a final concentration of 
50 mM Tris, then allowed to rotate for a further 15 mins at room temperature. The 

crosslinked cells were pelleted by centrifugation (5 mins, 800g) and taken forward for lysis 
as described. 

Crosslinker Supplier Reaction Buffer 

BS3 (d0/d12) Creative Molecules DPBS 

DSS (d0/d12) Creative Molecules DPBS 

Biotin-XL Santa Cruz Biotechnology DPBS 

EDC Alfa Aesar MES  
Table 6.5: Crosslinking reagents used in this thesis and their respective buffers. 

6.25.2 Crosslinking to purified TAP1.7 

Approximately 6 μg of TAP1.7 in a total volume of 1 mL Buffer A was produced as 

described. 250 μL of this solution was removed for mass spectrometry analysis. The 
remaining 750 μL at 4°C was added dropwise to 5 mL of crosslinking buffer (20 mM 

HEPES pH 7.4, 500 mM NaCl, 0.06% GDN, 1 complete EDTA-free Protease inhibitor 
cocktail (Roche) per 150 mL buffer) on ice. A 15 mL Amicon 100K MWCO filter unit was 

washed by passing 5 mL crosslinking buffer through (5 mins, 4000g, 4°C). The diluted 
sample was added to the filter unit and concentrated (4000g, 4°C) until the remaining 

volume was ∼1 mL. The concentrated sample was diluted by addition of 9 mL crosslinking 

buffer at 4°C, mixed by gently pipetting, and concentrated once more. This process was 
repeated a further 5 times (final concentration of Tris <20 nM). The sample was 

concentrated to 400 μL in the final centrifugation step. 50 μL was removed and flash-
frozen for later analysis by electron microscopy.  
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Biotin-Protoxin-II (98 μg) (Smartox) was dissolved in 98 μL deionized water. 4 μL of this 
solution was added to the buffer-exchanged TAP1.7 sample (approximately 20-fold 

excess). The sample was incubated on ice for 30 mins to allow complex formation.  

A 1 mg aliquot of d0/d12-BS3 (Creative Molecules) was dissolved in 100 μL deionized 

water. 20 μL of this solution was added to the complexed sample solution and gently 
shaken to mix. Crosslinking was performed on ice for 1 hr 15 mins, after which 17.5 μL of 
1 M Tris buffer was added (for a 50 mM final concentration of Tris). The quenching 

reaction proceeded for 15 mins on ice, then was allowed to warm to room temperature. 
The sample was flash-frozen and stored at -80°C before in-solution digestion as 

described. 

6.25.3 Mass spectrometry of crosslinked peptides 

Samples of crosslinked proteins were prepared for mass spectrometry by alkylation, 

reduction, digestion, desalting, and fractionation as previously described. The dry 
samples were reconstituted in 8 μL of water/acetonitrile/formic acid (97:3:0.1 by volume) 
and shaken for 15 mins at room temperature to dissolve peptides. Particles were removed 

by centrifugation (13000g, 10 mins) and the supernatants were removed into glass 12 
mm x 32 mm Total Recovery 1 mL sample vials with PTFE/silicone septum caps (Waters).  

Samples were introduced to the mass spectrometer through an ultra-high performance 
liquid chromatography (UPLC) system (nanoACQUITY, Waters). The mobile phases 
were Buffer A (LC-MS grade water + 0.1 % (v/v) formic acid) and Buffer B (LC-MS grade 

acetonitrile + 0.1 % (v/v) formic acid). Gradients and mass spectrometer parameters were 
as described by James et al.30 Briefly, samples were first desalted using a reversed-phase 

Symmetry C18 trap column (180 μm x 20 mm, 5 μm particle size, Waters) for 3 min using 
99 % Buffer A at a flow rate of 8 μL/min. The sample was then subjected to nanoflow 

liquid chromatography using a BEH130 C18 nanocolumn (75 μm x 400 mm, 1.7 μm 
particle size, Waters) and a gradient  of 3−40 % buffer A over 90 min (0.3 μL/min flow 

rate at 35°C). Eluted peptides were passed directly to the spray needle for ionization. 

Mass spectrometry data acquisition was carried out on a Synapt G2-Si QToF (Waters). 
Prior to use, the ToF mass analyser was externally calibrated in the mass range 150-

1500 m/z using the fragmentation spectrum of [Glu1]-fibrinopeptide B. The lock spray line 
was equipped with a mixture of [Glu1]-fibrinopeptide B (785.8426 m/z) and leucine 

enkephalin (556.2772 m/z) for internal calibration throughout the data acquisition. A data-
dependent acquisition strategy was adopted for MS2 scans: the top ten highest-intensity 

peaks were selected, excluding charge states below +3 and above +7. 
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6.25.4 Crosslinking data analysis 

Crosslinking mass spectrometry data were processed and analysed by the method of 

James et al.30,31 Raw data was prepared for xQuest searching by slow deisotoping of 
survey scan and MS2 data with ProteinLynx Global Server (PLGS). The key parameters 

are displayed below in Table 6.6. 

Parameter 

Mass Accuracy 

Electrospray 
Survey 

Lock Spray Lock Mass 785.8426 Da/e 

Lock Spray Scans 2 

Lock Mass tolerance 0.25 Da 

MSMS 

Lock Spray Lock Mass 556.2772 Da/e 

Lock Spray Scans 2 

Lock Mass tolerance 0.1 Da 

Noise 
Reduction 

Electrospray 
Survey 

Background Subtract Type Normal 

Background Threshold 35.0 % 

Background Polynomial 5 

Perform smoothing No 

MSMS 

Background Subtract Type Normal 

Background Threshold 35.0 % 

Background Polynomial 5 

Perform smoothing No 

Deisotoping and 
Centroiding 

Electrospray 
Survey 

Perform Deisotoping Yes 

Deisotoping Type Slow 

Iterations 30 

Automatic Thresholds No 

MSMS 

Perform Deisotoping Yes 

Deisotoping Type Slow 

Iterations 30 

Automatic Thresholds No 
Table 6.6: Parameters for the data analysis of mass spectrometry data for crosslinked peptides. 

The output Mascot Generic Files (MGF) to were converted to mzXML format using 
MSConvert (32-bit encoding).  

Crosslink searching was performed using xQuest. Parameters for xQuest searching were 

as described in James et al.30 The xQuest output files were immediately passed to 
ValidateXL.py for quality assessment. Carbamidomethylation of cysteine (+57.0215 Da) 
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was set as a fixed modification; oxidation of methionine (+15.9949 Da) was set as a 
variable modification. 
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APPENDICES 

APPENDIX 1: MULTIPLE SEQUENCE ALIGNMENT 

Multiple sequence alignment for Nav1.7 against template protein sequences used for 

homology modelling in Chapter 4. 

Q15858_|_Nav1.7     MAMLP-PPGPQSFVHFTKQSLALIEQR---IAERKSKEPKEEKK----D- 41 

P02719_|_5XSY       MARKFSSARPEMFRRFTPDSLEEIEAF---TELKKSCT--LEK------- 38 

D0E0C2_|_5X0M       MADNSPLIREERQRLFRPYTRAMLTAPSAQPAKENGKT--EENKDNSRDK 48 

P07293_|_5GJV       MEPSSP--QDEGLRKK---------------------------------- 14 

 

Q15858_|_Nav1.7     ------DDEEAPKPSSDLEAGKQLPFIYGDI-PPGMVSEPLEDLDPYYAD 84 

P02719_|_5XSY       -------KEPESTPRIDLEAGKPLPMIYGDP-PEDLLNIPLEDLDPFYKT 80 

D0E0C2_|_5X0M       GRGANKDRDGSAHPDQALEQGSRLPARMRNIFPAELASTPLEDFDPFYKN 98 

P07293_|_5GJV       ------------------QPKKPLPEVLPRP------------------- 27 

 

Q15858_|_Nav1.7     KKTFIVLNKGKTIFRFNATPALYMLSPFSPLRRISIKILVHSLFSMLIMC 134 

P02719_|_5XSY       QKTFIVISKGNIINRFNAERALYIFSPFNPIRRGAIRVFVNSAFNFFIMF 130 

D0E0C2_|_5X0M       KKTFVVVTKAGDIFRFSGEKSLWMLDPFTPIRRVAISTMVQPIFSYFIMI 148 

P07293_|_5GJV       ------------------PRALFCLTLQNPLRKACISIVEWKPFETIILL 59 

 

Q15858_|_Nav1.7     TILTNCIFMTMNNPP-D--------WTKNVEYTFTGIYTFESLVKILARG 175 

P02719_|_5XSY       TIFSNCIFMTISNPP-A--------WSKIVEYTFTGIYTFEVIVKVLSRG 171 

D0E0C2_|_5X0M       TILIHCIFMIMPAT--Q--------TTYILELVFLSIYTIEVVVKVLARG 188 

P07293_|_5GJV       TIFANCVALAVYLPMPEDDNNSLNLGLEKLEYFFLTVFSIEAAMKIIAYG 109 

 

Q15858_|_Nav1.7     FCVGEFTFLRDPWNWLDFVVIVFAYLTEFVNLG----------------- 208 

P02719_|_5XSY       FCIGHFTFLRDPWNWLDFSVVTMTYITEFIDLR----------------- 204 

D0E0C2_|_5X0M       FILHPFAYLRDPWNWLDFLVTLIGYITLVVDLG----------------- 221 

P07293_|_5GJV       FLFHQDAYLRSGWNVLDFIIVFLGVFTAILEQVNVIQSNTAPMSSKGAGL 159 

 

Q15858_|_Nav1.7     NVSALRTFRVLRALKTISVIPGLKTIVGALIQSVKKLSDVMILTVFCLSV 258 

P02719_|_5XSY       NVSALRTFRVLRALKTITIFPGLKTIVRALIESMKQMGDVVILTVFSLAV 254 
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D0E0C2_|_5X0M       HLYALRAFRVLRSWRTVTIVPGWRTIVDALSLSITSLKDLVLLLLFSLFV 271 

P07293_|_5GJV       DVKALRAFRVLRPLRLVSGVPSLQVVLNSIFKAMLPLFHIALLVLFMVII 209 

 

Q15858_|_Nav1.7     FALIGLQLFMGNLKHKCFRNSLENNETLE---------SIMNTLESEEDF 299 

P02719_|_5XSY       FTLAGMQLFMGNLRHKCIRWPISNV-TLDYESAYNTTFDFTAYIENEE-- 301 

D0E0C2_|_5X0M       FAVLGLQIYMGVLTQKCVKHFPADGSWGN-----FTDERWFNYTSNSS-- 314 

P07293_|_5GJV       YAIIGLELFKGKMHKTCYYIGTD----------------IVATVENEK-- 241 

 

Q15858_|_Nav1.7     RKYFYYLEGSKDALLCGFSTDSGQCP-EGYTCVKI-GRNPDYGYTSFDTF 347 

P02719_|_5XSY       --NQYFLDGALDALLCGNNSDAGKCP-EGYTCMKA-GRNPNYGYTNYDNF 347 

D0E0C2_|_5X0M       --HWYIPDDWIEYPLCGNSSGAGMCP-PGYTCLQGYGGNPNYGYTSFDTF 361 

P07293_|_5GJV       ------------PSPCARTGSGRPCTINGSECRGG-WPGPNHGITHFDNF 278 

 

Q15858_|_Nav1.7     SWAFLALFRLMTQDYWENLYQQTLRAAGK-TYMIFFVVVIFLGSFYLINL 396 

P02719_|_5XSY       AWTFLCLFRLMLQDYWENLYQMTLRAAGK-SYMVFFIMVIFLGSFYLINL 396 

D0E0C2_|_5X0M       GWAFLSVFRLVTLDYWEDLYQLALRSAGP-WHILFFIIVVFYGTFCFLNF 410 

P07293_|_5GJV       GFSMLTVYQCITMEGWTDVLYWVNDAIGNEWPWIYFVTLILLGSFFILNL 328 

 

Q15858_|_Nav1.7     ILAVVAMAYEEQN-QANIEEAKQKELEFQQMLDRLKKEQEE--AEAIAAA 443 

P02719_|_5XSY       ILAVVAMAYEEQN-QATLAEAQEKEAEFQRAVEQLRIQQEQINDERKASL 445 

D0E0C2_|_5X0M       ILAVVVMSYTHMVKRADEEKAAERELKK----------------EKKAAS 444 

P07293_|_5GJV       VLGVLSGEFTKEREKAKSRGTFQKLREKQQLE------------EDLRGY 366 

 

Q15858_|_Nav1.7     AAEYTSIRRSRIMGLSESSSETSKLSSKSAKERRNRRKKKNQKKLSSGEE 493 

P02719_|_5XSY       ASQLTQNQEAEIT------------------------------------- 458 

D0E0C2_|_5X0M       VANNTA-------------------------------------------- 450 

P07293_|_5GJV       MSWITQGEVMDVE------------------------------------- 379 

 

Q15858_|_Nav1.7     KGDAEKLSKSESEDSIRRKSFHLGVEGHRRAHEKRLSTPNQSPLSIRGSL 543 

P02719_|_5XSY       -------------------------------------------------- 

D0E0C2_|_5X0M       -------------------------------------------------- 

P07293_|_5GJV       -------------------------------------------------- 

 

Q15858_|_Nav1.7     FSARRSSRTSLFSFKGRGRDIGSETEFADDEHSIFGDNESRRGSLFVPHR 593 

P02719_|_5XSY       -------------------------------------------------- 
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D0E0C2_|_5X0M       -------------------------------------------------- 

P07293_|_5GJV       -------------------------------------------------- 

 

Q15858_|_Nav1.7     PQERRSSNISQASRSPPMLPVNGKMHSAVDCNGVVSLVDGRSALMLPNGQ 643 

P02719_|_5XSY       -------------------------------------DDGDDAIKECNGK 471 

D0E0C2_|_5X0M       ---------------------NGQEQTTIE-------MNGDEAVVIDNND 472 

P07293_|_5GJV       -------------------------------------DLR---------- 382 

 

Q15858_|_Nav1.7     LLPEVIIDKATSDDSGTTNQIHKKRRCSSYLLSEDMLNDPNLRQRAMSRA 693 

P02719_|_5XSY       AFPLANIREPSSVKLST----EEQRSDSKSMDSKHSVDKPSLKHKAASTM 517 

D0E0C2_|_5X0M       QA-------------------ARQQS------------------------ 479 

P07293_|_5GJV       -----------EGKLSL----EEGGSDTESLYEIEGLN------------ 405 

 

Q15858_|_Nav1.7     SILTNTVEELEESRQKCPPWWYRFAHKFLIWNCSPYWIKFKKCIYFIVMD 743 

P02719_|_5XSY       SVF--TLEDLEAARRPCPPVWYKFAGFVFKWNCCGPWVFLKKWVHFVMMD 565 

D0E0C2_|_5X0M       -----------DPETPAPSVTQRLTDFLCVWDCCVPWQKLQGAIGAVVLS 518 

P07293_|_5GJV       -----------KIIQFI-RHWR-QWNRVFRWKCH-----------DLVKS 431 

 

Q15858_|_Nav1.7     PFVDLAITICIVLNTLFMAMEHHPMTEEFKNVLAIGNLVFTGIFAAEMVL 793 

P02719_|_5XSY       PFTDLFITLCIILNTLFMSIEHHPMNESFQSLLSAGNLVFTTIFAAEMVL 615 

D0E0C2_|_5X0M       PFFELFIAVIIVLNITFMALDHHDMNIEFERILRTGNYIFTSIYIVEAVL 568 

P07293_|_5GJV       RVFYWLVILIVALNTLSIASEHHNQPLWLTHLQDIANRVLLSLFTIEMLL 481 

 

Q15858_|_Nav1.7     KLIAMDPYEYFQVGWNIFDSLIVTLSLVELFLA-----DVEGLSVLRSFR 838 

P02719_|_5XSY       KIIALDPYYYFQQTWNIFDSIIVSLSLLELGLS-----NMQGMSVLRSLR 660 

D0E0C2_|_5X0M       KIIALSPKFYFKDSWNVFDFIIVVFAILELGLE-----GVQGLSVFRSFR 613 

P07293_|_5GJV       KMYGLGLRQYFMSIFNRFDCFVVCSGILELLLVESGAMTPLGISVLRCIR 531 

 

Q15858_|_Nav1.7     LLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLAIIVFIFAVVGMQLF 888 

P02719_|_5XSY       LLRIFKLAKSWPTLNILIKIICNSVGALGNLTIVLAIIVFIFALVGFQLF 710 

D0E0C2_|_5X0M       LLRVFRLAKFWPTLNNFMSVMTKSYGAFVNVMYVMFLLLFIFAIIGMQLF 663 

P07293_|_5GJV       LLRLFKITKYWTSLSNLVASLLNSIRSIASLLLLLFLFIIIFALLGMQLF 581 

 

Q15858_|_Nav1.7     GKSYKECVCKINDDCTLPRWHMNDFFHSFLIVFRVLCGE-WIETMWDCME 937 

P02719_|_5XSY       GKNYKEYVCKISDDCELPRWHMNDFFHSFLIVFRALCGE-WIETMWDCME 759 
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D0E0C2_|_5X0M       GMNYIDNMERF-PDGDLPRWNFTDFLHSFMIVFRALCGE-WIESMWDCML 711 

P07293_|_5GJV       GGRYD-----F-EDTEVRRSNFDNFPQALISVFQVLTGEDWNSVMYNGIM 625 

 

Q15858_|_Nav1.7     VAGQA------MCLIVYMMVMVIGNLVVLNLFLALLLSSFSSD--NLTAI 979 

P02719_|_5XSY       VGGVP------MCLAVYMMVIIIGNLVMLNLFLALLLSSFSSD--NLSSI 801 

D0E0C2_|_5X0M       VGD-W------SCIPFFVAVFFVGNLVILNLLIALLLNNYGSFCTSPTSD 754 

P07293_|_5GJV       AYGGPSYPGVLVCI-YFIILFVCGNYILLNVFLAIAVDNLAEA-ESLTSA 673 

 

Q15858_|_Nav1.7     EEDPDANNLQIAVTRIKKGINYVKQ----TLREFILKAFSKKPKISREIR 1025 

P02719_|_5XSY       EEDDEVNSLQVASERISRAKNWVKIFITGTVQALVLWIQGKKPPSDDVVG 851 

D0E0C2_|_5X0M       EEDSKDED---ALAQIVRIFKRFKP------NLNAVKLSPMKPDSEDIVE 795 

P07293_|_5GJV       QKAKAEER---KRRKMSRGLP----------------------------- 691 

 

Q15858_|_Nav1.7     QAEDLNTKKENYISNHTLAEMSKGHNFLKEKDKISGFGSSVDKHLMEDSD 1075 

P02719_|_5XSY       EEGDNEGKKDTL-----------PLNYLDGEKIVDGITNCVE-------- 882 

D0E0C2_|_5X0M       -SQE---------------------------------------------- 798 

P07293_|_5GJV       ---D-KTEEEKSVMAKKLEQKPKGEGIP---------------------- 715 

 

Q15858_|_Nav1.7     GQSFIHNPSLTVTVPIAPGESDLENMNAEELSSDSDSEYSKVRLNRSSSS 1125 

P02719_|_5XSY       --------SPTLNLPIVKGESEIEEEGLVDSSDEEDTNKKKHALNDEDSS 924 

D0E0C2_|_5X0M       -------------------------------------------------- 

P07293_|_5GJV       -------------------------------------TTAKLKVDEFESN 728 

 

Q15858_|_Nav1.7     ECSTVD------NPLPGEGE---EAEAEPMNSDEPEAC----FTD---GC 1159 

P02719_|_5XSY       VCSTVDYSPSEQDPLAKEEEEEEEEEPEELESKDPEAC----FTE---KC 967 

D0E0C2_|_5X0M       --------------IQGNNI---ADAEDVLAGEFPPDC----CCNAFYKC 827 

P07293_|_5GJV       VNEVKDPYPSA--DFPGDDE---EDEPEIPVSPRPRPLAELQLKE---KA 770 

 

Q15858_|_Nav1.7     VWRFSCCQVNIESGKGKIWWNIRKTCYKIVEHSWFESFIVLMILLSSGAL 1209 

P02719_|_5XSY       IWRFPFLDVDITQGKGKIWWNLRRTCYTIVEHDYFETFIIFMILLSSGVL 1017 

D0E0C2_|_5X0M       FPSRPA----RDSSVQRMWSNIRRVCFLLAKNKYFQKFVTAVLVITSVLL 873 

P07293_|_5GJV       VPIPEAS----SFFIFSPTNKVRVLCHRIVNATWFTNFILLFILLSSAAL 816 

 

Q15858_|_Nav1.7     AFEDIYIERKKTIKIILEYADKIFTYIFILEMLLKWIAYGY---KTYF-T 1255 

P02719_|_5XSY       AFEDIYIWRRRVIKVILEYADKVFTYVFIVEMLLKWVAYGF---KRYF-T 1063 
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D0E0C2_|_5X0M       ALEDIYLPQRPVLVNITLYVDYVLTAFFVIEMIIMLFAVGF---KKYF-T 919 

P07293_|_5GJV       AAEDP-IRAESVRNQILGYFDIAFTSVFTVEIVLKMTTYGAFLHKGSFCR 865 

 

Q15858_|_Nav1.7     NAWCWLDFLIVDVSLVTLVANTLGYSDLGPIKSLRTLRALRPLRALSRFE 1305 

P02719_|_5XSY       NAWCWLDFVIVGASIMGITSSLLGYEELGAIKNLRTIRALRPLRALSRFE 1113 

D0E0C2_|_5X0M       SKWYWLDFIVVVAYLLNFVLMCA---GIEALQTLRLLRVFRLFRPLSKVN 966 

P07293_|_5GJV       NYFNILDLLVVAVSLISMGLESS---TISVVKILRVLRVLRPLRAINRAK 912 

 

Q15858_|_Nav1.7     GMRVVVNALIGAIPSIMNVLLVCLIFWLIFSIMGVNLFAGKFYECINTTD 1355 

P02719_|_5XSY       GMKVVVRALLGAIPSIMNVLLVCLMFWLIFSIMGVNLFAGKFYRCINTTT 1163 

D0E0C2_|_5X0M       GMQVVTSTLVEAVPHIFNVILVGIFFWLVFAIMGVQLFAGKFYKCVDENS 1016 

P07293_|_5GJV       GLKHVVQCVFVAIRTIGNIVLVTTLLQFMFACIGVQLFKGKFFSCNDLSK 962 

 

Q15858_|_Nav1.7     GS---RFPASQVPNRSECFALMNVSQNVRWKNLKVNFDNVGLGYLSLLQV 1402 

P02719_|_5XSY       DE---ILPVEEVNNRSDCMALMY-TNEVRWVNLKVNYDNAGMGYLSLLQV 1209 

D0E0C2_|_5X0M       -T---VLSHEITMDRNDCLHE-----NYTWENSPMNFDHVGNAYLSLLQV 1057 

P07293_|_5GJV       MTEEECRGYYYVYKDGDPT-QME-LRPRQWIHNDFHFDNVLSAMMSLFTV 1010 

 

Q15858_|_Nav1.7     ATFKGWTIIMYAAVDSVNVDKQPKYEYSLYMYIYFVVFIIFGSFFTLNLF 1452 

P02719_|_5XSY       STFKGWMDIMYAAVDSREVEDQPIYEINVYMYLYFVIFIVFGAFFTLNLF 1259 

D0E0C2_|_5X0M       ATFKGWLQIMNDAIDSREVHKQPIRETNIYMYLYFIFFIVFGSFFILKLF 1107 

P07293_|_5GJV       STFEGWPQLLYRAIDSNEEDMGPVYNNRVEMAIFFIIYIILIAFFMMNIF 1060 

 

Q15858_|_Nav1.7     IGVIIDNFNQQKKKLGGQDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPGN 1502 

P02719_|_5XSY       IGVIIDNFNRQKQKLGGEDLFMTEEQKKYYNAMKKLGSKKAAKCIPRPSN 1309 

D0E0C2_|_5X0M       VCILIDIFRQQRRKAEGLSATDSRTQLIYRRAVMRTMSAKPVKRIPKPTC 1157 

P07293_|_5GJV       VGFVIVTFQEQGETEY-KNCELDKN---QRQCVQYALKARPLRC-YIPKN 1105 

 

Q15858_|_Nav1.7     KIQGCIFDLVTNQAFDISIMVLICLNMVTMMVEKEGQSQHMTEVLYWINV 1552 

P02719_|_5XSY       VVQGVVYDIVTQPFTDIFIMALICINMVAMMVESEDQSQVKKDILSQINV 1359 

D0E0C2_|_5X0M       HPQSLMYDISVNRKFEYTMMILIILNVAVMAIDHYGQSMEFSEVLDYLNL 1207 

P07293_|_5GJV       PYQYQVWYVVTSSYFEYLMFALIMLNTICLGMQHYHQSEEMNHISDILNV 1155 

 

Q15858_|_Nav1.7     VFIILFTGECVLKLISLRH-YYFTVGWNIFDFVVVIISIVGMFLADL--- 1598 

P02719_|_5XSY       IFVIIFTVECLLKLLALRQ-YFFTVGWNVFDFAVVVISIIGLLLSDI--- 1405 
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D0E0C2_|_5X0M       IFIIIFFVECVIKVSGLRH-HYFKDPWNIIDFLYVVLAIAGLMLSDV--- 1253 

P07293_|_5GJV       AFTIIFTLEMILKLLAFKARGYFGDPWNVFDFLIVIGSIIDVILSEIDTF 1205 

 

Q15858_|_Nav1.7     -------------------IETYFVSPTLFRVIRLARIGRILRLVKGAKG 1629 

P02719_|_5XSY       -------------------IEKYFVSPTLFRVIRLARIARVLRLIRAAKG 1436 

D0E0C2_|_5X0M       -------------------IEKYFISPTLLRILRILRVGRLLRYFQSARG 1284 

P07293_|_5GJV       LASSGGLYCLGGGCGNVDPDESARISSAFF---RLFRVMRLIKLLSRAEG 1252 

 

Q15858_|_Nav1.7     IRTLLFALMMSLPALFNIGLLLFLVMFIYAIFGMSNFAYVKKED--GIND 1677 

P02719_|_5XSY       IRTLLFALMMSLPALFNIGLLLFLIMFIFSIFGMSNFAYVKKQG--GVDD 1484 

D0E0C2_|_5X0M       MRLLLLALRKALRTLFNVSFLLFVIMFVYAVFGMEFFMHIRDAG--AIDD 1332 

P07293_|_5GJV       VRTLLWTFIKSFQALPYVALLIVMLFFIYAVIGMQMFGKIALVDGTQINR 1302 

 

Q15858_|_Nav1.7     MFNFETFGNSMICLFQITTSAGWDGLLAPILNSKPPDCDPKKV-HPGSSV 1726 

P02719_|_5XSY       IFNFETFGNSMICLFEITTSAGWDGLLLPTLNTGPPDCDPDVE-NPGTDV 1533 

D0E0C2_|_5X0M       VYNFKTFGQSIILLFQLATSAGWDGVYFAIANE--EDCRAPDH-ELG--Y 1377 

P07293_|_5GJV       NNNFQTFPQAVLLLFRCATGEAWQEILLACSYG--KLCDPESDYAPG--E 1348 

 

Q15858_|_Nav1.7     EGDCGNPSVGIFYFVSYIIISFLVVVNMYIAVILENFSVATEESTEPLSE 1776 

P02719_|_5XSY       RGNCGNPGKGITFFCSYIILSFLVVVNMYIAIILENFGVAQEESSDLLCE 1583 

D0E0C2_|_5X0M       PGNCGSRALGIAYLVSYLIITCLVVINMYAAVILDYVLEVYEDSKEGLTD 1427 

P07293_|_5GJV       EYTCGTN-FAYYYFISFYMLCAFLIINLFVAVIMDNFDYLTRDWS-ILGP 1396 

 

Q15858_|_Nav1.7     DDFEMFYEVWEKFDPDATQFIEFSKLSDFAAALDPPLLIAK--PNKV--- 1821 

P02719_|_5XSY       DDFVMFDETWHKFDVHGTQFLDYNDLPRFVNALQEPMRIPN--PNRH--- 1628 

D0E0C2_|_5X0M       DDYDMFFEVWQQFDPEATQYIRYDQLSELLEALQPPLQVQK--PNKY--- 1472 

P07293_|_5GJV       HHLDEFKAIWAEYDPEAKGRIKHLDVVTLLRRIQPPLGFGKFCPHRVACK 1446 

 

Q15858_|_Nav1.7     QLIAMDLPMVSGDRIHCLDILFAFTKRVLGESGEM--DS----LRSQMEE 1865 

P02719_|_5XSY       KLAKMDMYVVMEDKISYLDVLLAVTQEVLGDTTEM--EA----MRLSIQA 1672 

D0E0C2_|_5X0M       KILSMNIPICKDDHIFYKDVLEALVKDVFSRRGSP-VEA----G------ 1511 

P07293_|_5GJV       RLVGMNMPLNSDGTVTFNATLFALVRTALKIKTEGNFEQANEELRAIIKK 1496 

 

Q15858_|_Nav1.7     RFMSANPSKVSYEPITTTLKRKQ----EDVSATVIQRAYRRYRLRQ---- 1907 

P02719_|_5XSY       KFKKDNPSPTFFEPVVTTLRRKE----EEWASVVIQRAFRQYLLMR---- 1714 



 259 

D0E0C2_|_5X0M       DVQAPNVDEAEYKPVSSTLQRQR----EEYCVRLIQNAWRKHKQQN---- 1553 

P07293_|_5GJV       IWKR--TSMKLLDQVIPPIGDDEVTVGKFYATFLIQEHFRKFMKRQEEYY 1544 

 

Q15858_|_Nav1.7     ------------------------------------------NVK----- 1910 

P02719_|_5XSY       ------------------------------------------AVS----- 1717 

D0E0C2_|_5X0M       -------------------------------------------------- 

P07293_|_5GJV       GYRPKKDTVQIQAGLRTIEEEAAPEIRRTISGDLTAEEELERAMVEAAME 1594 

 

Q15858_|_Nav1.7     -------------------------------------------NISSI-- 1915 

P02719_|_5XSY       -------------------------------------------HASFLSQ 1724 

D0E0C2_|_5X0M       -------------------------------------------------- 

P07293_|_5GJV       ERIFRRTGGLFGQVDTFLERTNSLPPVMANQRPLQFAEIEMEELESPV-- 1642 

 

Q15858_|_Nav1.7     --YIKDGDRD-----DDLLNK----------------------------- 1929 

P02719_|_5XSY       IKHMNEGPKDGVGSQDSLITQ----------------------------- 1745 

D0E0C2_|_5X0M       -------------------------------------------------- 

P07293_|_5GJV       --FLEDFPQD-----ART--NPLARANTNNANANVAYGNSNHSNNQMFSS 1683 

 

Q15858_|_Nav1.7     -------------------KDMAFDNVNE-NSSPEKTDATSSTTSPPSYD 1959 

P02719_|_5XSY       -------------------KMNALYRGNPELTMPL-EQQIKPMLDKPRMP 1775 

D0E0C2_|_5X0M       -------------------------------------------------- 

P07293_|_5GJV       VHCEREFPGEAETPAAGRGALSHSHRALGPHSKPC-AGKLNGQLVQPGMP 1732 

 

Q15858_|_Nav1.7     SVTKPDKEKY----------EQDRTEKEDKG------------------- 1980 

P02719_|_5XSY       SLSVPETYPI----------QIPKEVTNEVI------------------- 1796 

D0E0C2_|_5X0M       -------------------------------------------------- 

P07293_|_5GJV       INQAPP-APCQQPSTDPPERGQRRTSLTGSLQDEAPQRRSSEGSTPRRPA 1781 

 

Q15858_|_Nav1.7     -------------------------------------------------- 

P02719_|_5XSY       -------------------------------------------------- 

D0E0C2_|_5X0M       -------------------------------------------------- 

P07293_|_5GJV       PATALLIQEALVRGGLDTLAADAGFVTATSQALADACQMEPEEVEVAATE 1831 

 

Q15858_|_Nav1.7     -KDSKES-----------------------------KK---- 1988 

P02719_|_5XSY       -LHSAPMVRQNYSYSGAIVVRES-------------IV---- 1820 
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D0E0C2_|_5X0M       ------------------------------------------ 

P07293_|_5GJV       LLKARESVQGMASVPGSLSRRSSLGSLDQVQGSQETLIPPRP 1873 
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APPENDIX 2: MS2 DATA OF MISFOLDED PEPTIDES 

Fragmentation data for the two misfolded peptides with a single disulfide bond identified 
in Chapter 2. 

Fragment assignments for the MS2 spectra shown in Figure 2.19. 

 

 
 

Ion Charge Calculated m/z Found m/z Error (ppm) Intensity 

b-ions           

b2 1 267.0798 267.0785 -4.87 60366 

b3 1 395.1384 395.1381 -0.76 30445 

b4 1 523.2334 523.2341 1.40 24472 

b5 
1 709.3127 709.3164 5.23 73782 

2 355.1600 355.1606 1.69 7772 

b7 2 513.7199 513.7192 -1.36 3704 

y-ions 

y2 1 318.1813 318.1828 4.71 120720 

y3 1 446.2762 446.2788 5.73 83200 

y4 1 574.3712 574.3662 -8.64 55700 

y5 
1 702.4662 702.4637 -3.49 4851 

2 351.7367 351.7387 5.57 3283 

y10 2 682.3782 682.3848 9.73 6185 

y11 2 731.9124 731.9154 4.14 39801 

y13 
2 825.9434 825.9441 0.91 26868 

3 550.9647 550.9647 0.05 4333 

y20 
3 828.7367 828.7327 -4.79 14283 

4 621.7988 621.7984 -0.68 18885 

y21 
3 867.0790 867.0836 5.36 105643 

4 650.5599 650.5642 6.61 12551 

y22 
3 901.4154 901.4113 -4.49 93007 

4 676.3122 676.3080 -6.23 53605 

y23 
3 935.0979 935.1011 3.35 137669 

4 701.5741 701.5757 2.28 119068 
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y24 
3 997.1244 997.1263 1.93 76990 

4 748.0940 748.0922 -2.41 95296 

y25 
3 1040.8045 1040.8070 2.34 39691 

4 780.8541 780.8556 1.94 62787 

y26 4 827.3739 827.3761 2.66 51211 

y27 
4 859.3933 859.3991 6.75 56433 

5 687.7196 687.7199 0.44 27023 

y28 5 713.3264 713.3267 0.47 23950 

a-ions 

a5 
1 681.3178 681.3154 -3.48 14707 

2 341.1626 341.1619 -1.91 23584 

a6 
1 812.3583 812.3612 3.64 10372 

2 406.6828 406.6825 -0.71 8809 

a7 2 499.7225 499.7235 2.10 5390 

 
 

 
 

Ion Charge Calculated m/z Found m/z Error (ppm) Intensity 
b-ions 

b2 1 267.0798 267.0798 0.0000 33670 

b3 1 395.1384 395.1392 2.1082 15236 

b4 1 523.2334 523.2347 2.4845 13361 

b5 
1 709.3127 709.3146 2.6786 40538 

2 355.1600 355.1605 1.5213 3982 

b6 1 840.3531 840.3589 6.8690 35911 

b7 2 513.7199 513.7193 -1.0871 2496 

y-ions 

y2 1 318.1813 318.1818 1.5714 51709 

y3 1 446.2762 446.2764 0.4905 42545 

y4 1 574.3712 574.3714 0.3482 22700 

y5 1 702.4662 702.4666 0.6406 3593 

y13 3 550.2927 550.2949 3.9196 5540 

y18 3 756.7118 756.7093 -3.3038 2433 

y20 3 828.7366 828.7378 1.4131 30899 
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4 621.8043 621.8052 1.4622 10444 

y21 
3 867.0789 867.0739 -5.8164 65659 

4 650.5599 650.5611 1.8446 17905 

y22 
3 901.4154 901.4182 3.1062 66599 

4 676.3122 676.3149 3.9922 33702 

y23 
3 935.0979 935.1035 5.9912 85805 

4 701.5752 701.5772 2.7904 74574 

y24 
3 997.1244 997.1293 4.9141 38245 

4 748.0940 748.0974 4.5449 25832 

y25 
3 1040.8045 1040.8072 2.5973 10608 

4 780.8552 780.8567 1.9316 13965 

y26 4 827.3750 827.3828 9.4032 12535 

y27 
4 859.3988 859.4024 4.2347 12385 

5 687.7205 687.7222 2.5245 12575 

y28 5 713.3264 713.3281 2.3832 4267 

y29 5 733.9340 733.9355 2.0217 55290 

a-ions 

a5 
1 681.3177 681.3177 -0.0416 8223 

2 341.1625 341.163 1.4586 11449 

a6 
1 812.3583 812.3610 3.3236 2130 

2 406.6827 406.6824 -0.8476 5175 

a7 2 499.7225 499.7233 1.6009 4967 
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APPENDIX 3: FURTHER MS2 DATA 

Further peaks were seen in the chromatogram (Figure 2.18), but the corresponding 
peptides could not be assigned, either due to coelution or insufficient fragmentation. The 

fragmentation that was observed was, however, sufficient to indicate that neither Cys(I) 
or Cys(II) was involved in disulfide bonding. Example data is provided. 

 
Figure A3.1: Tandem mass spectra for the two-disulfide product of folding peptide 2 in water over 7 
days, showing the fragmentation of (top) the 6+ charge state and (bottom) the 7+ charge state. The 
fragmentation diagram shows all fragments observed. For clarity, peaks corresponding to neutral losses 
are not labelled. 

Y C Q K W M W T C D S E R K C C E G M V C R L W C K K K L W
b2 b3 b4 b5

y28 y27 y26 y25 y23y24 y22 y4 y2y29

2x S-S

y21



 265 

APPENDIX 4: ALKYLATION/REDUCTION OF COELUTING ONE- AND TWO-
DISULFIDE PEPTIDES 

To distinguish the coeluting peptides, the peptides were isolated by HPLC, the free 

cysteines were alkylated with N-ethylmaleimide (NEM), and the remaining disulfide bonds 
were reduced with TCEP (see Chapter 6). The peptide identification protocol was 

performed on these samples, and the one- and two-disulfide peptides were distinguished 
by their different modified masses. Fragmentation was not sufficient to fully identify the 

disulfide bonding patterns in these peptides. Representative mass spectra are presented 
below. 

 

 
Figure A4.1: Representative MS1 spectrum (expanded to highlight the relevant region) of a coeluting 
peptide peak after alkylation and reduction. The one- and two disulfide peptides can be distinguished by 
their different masses (blue circles and red squares). Peaks corresponding to oxidation of methionine 
residues are also visible. 
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Figure A4.2: Tandem mass spectrum of a one-disulfide peptide identified by the alkylation/reduction 
experiment. Cysteine residues modified by NEM are highlighted in red. NEM modifications that cannot 
be assigned to a cysteine due to insufficient fragmentation are labelled with red dashed brackets. 
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1 Overall quality at a glance i○

The following experimental techniques were used to determine the structure:
X-RAY DIFFRACTION

The reported resolution of this entry is 0.99 Å.

Percentile scores (ranging between 0-100) for global validation metrics of the entry are shown in
the following graphic. The table shows the number of entries on which the scores are based.

Metric Whole archive
(#Entries)

Similar resolution
(#Entries, resolution range(Å))

R
free

111664 1020 (1.08-0.92)
Clashscore 122126 1084 (1.08-0.92)

Ramachandran outliers 120053 1010 (1.08-0.92)
Sidechain outliers 120020 1012 (1.08-0.92)

RSRZ outliers 108989 1485 (1.10-0.90)

The table below summarises the geometric issues observed across the polymeric chains and their fit
to the electron density. The red, orange, yellow and green segments on the lower bar indicate the
fraction of residues that contain outliers for >=3, 2, 1 and 0 types of geometric quality criteria. A
grey segment represents the fraction of residues that are not modelled. The numeric value for each
fraction is indicated below the corresponding segment, with a dot representing fractions <=5%
The upper red bar (where present) indicates the fraction of residues that have poor fit to the
electron density. The numeric value is given above the bar.

Mol Chain Length Quality of chain

1 A 30

https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#overall_quality
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2 Entry composition i○

There are 4 unique types of molecules in this entry. The entry contains 329 atoms, of which 0 are
hydrogens and 0 are deuteriums.

In the tables below, the ZeroOcc column contains the number of atoms modelled with zero occu-
pancy, the AltConf column contains the number of residues with at least one atom in alternate
conformation and the Trace column contains the number of residues modelled with at most 2
atoms.

• Molecule 1 is a protein called Beta/omega-theraphotoxin-Tp2a.

Mol Chain Residues Atoms ZeroOcc AltConf Trace

1 A 30 Total C N O S
265 171 44 42 8 0 1 0

• Molecule 2 is CHLORIDE ION (three-letter code: CL) (formula: Cl).

Mol Chain Residues Atoms ZeroOcc AltConf

2 A 2 Total Cl
2 2 0 0

• Molecule 3 is 1,2-ETHANEDIOL (three-letter code: EDO) (formula: C2H6O2).

Mol Chain Residues Atoms ZeroOcc AltConf

3 A 1 Total C O
4 2 2 0 1

3 A 1 Total C O
4 2 2 0 0

https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#entry_composition
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• Molecule 4 is water.

Mol Chain Residues Atoms ZeroOcc AltConf

4 A 54 Total O
54 54 0 0
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3 Residue-property plots i○

These plots are drawn for all protein, RNA and DNA chains in the entry. The first graphic for
a chain summarises the proportions of the various outlier classes displayed in the second graphic.
The second graphic shows the sequence view annotated by issues in geometryand electron density.
Residues are color-coded according to the number of geometric quality criteria for which they
contain at least one outlier: green = 0, yellow = 1, orange = 2 and red = 3 or more. A red dot
above a residue indicates a poor fit to the electron density (RSRZ > 2). Stretches of 2 or more
consecutive residues without any outlier are shown as a green connector. Residues present in the
sample, but not in the model, are shown in grey.

• Molecule 1: Beta/omega-theraphotoxin-Tp2a

Chain A:

Y1
00

1

E1
01

2
R1

01
3

W1
03

0

https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#residue_plots
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4 Data and refinement statistics i○

Property Value Source
Space group H 3 2 Depositor

Cell constants
a, b, c, ↵, �, �

37.67Å 37.67Å 103.94Å
90.00� 90.00� 120.00� Depositor

Resolution (Å) 34.65 – 0.99
34.65 – 0.99

Depositor
EDS

% Data completeness
(in resolution range)

92.9 (34.65-0.99)
92.9 (34.65-0.99)

Depositor
EDS

R
merge

0.06 Depositor
R

sym

(Not available) Depositor
< I/�(I) > 1 1.73 (at 0.99Å) Xtriage

Refinement program REFMAC 5.8.0158, SHELXL 2016/6 Depositor

R, R
free

0.126 , 0.140
0.134 , 0.157

Depositor
DCC

R
free

test set 732 reflections (4.89%) wwPDB-VP
Wilson B-factor (Å2) 7.9 Xtriage

Anisotropy 0.180 Xtriage
Bulk solvent k

sol

(e/Å3), B
sol

(Å2) 0.34 , 79.1 EDS
L-test for twinning2 < |L| > = 0.49, < L2 > = 0.32 Xtriage

Estimated twinning fraction No twinning to report. Xtriage
F
o

,F
c

correlation 0.98 EDS
Total number of atoms 329 wwPDB-VP

Average B, all atoms (Å2) 15.0 wwPDB-VP

Xtriage’s analysis on translational NCS is as follows: The largest off-origin peak in the Patter-
son function is 15.99% of the height of the origin peak. No significant pseudotranslation is de-
tected.

1Intensities estimated from amplitudes.
2Theoretical values of < |L| >, < L2 > for acentric reflections are 0.5, 0.333 respectively for untwinned datasets,

and 0.375, 0.2 for perfectly twinned datasets.

https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#data_stats
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5 Model quality i○

5.1 Standard geometry i○

Bond lengths and bond angles in the following residue types are not validated in this section:
EDO, CL

The Z score for a bond length (or angle) is the number of standard deviations the observed value
is removed from the expected value. A bond length (or angle) with |Z| > 5 is considered an
outlier worth inspection. RMSZ is the root-mean-square of all Z scores of the bond lengths (or
angles).

Mol Chain Bond lengths Bond angles
RMSZ #|Z| >5 RMSZ #|Z| >5

1 A 0.90 1/279 (0.4%) 1.17 2/373 (0.5%)

All (1) bond length outliers are listed below:

Mol Chain Res Type Atoms Z Observed(Å) Ideal(Å)
1 A 1012 GLU CD-OE1 -5.15 1.20 1.25

All (2) bond angle outliers are listed below:

Mol Chain Res Type Atoms Z Observed(o) Ideal(o)
1 A 1001[A] TYR CA-CB-CG 7.98 128.56 113.40
1 A 1001[B] TYR CA-CB-CG 7.98 128.56 113.40

There are no chirality outliers.

There are no planarity outliers.

5.2 Too-close contacts i○

In the following table, the Non-H and H(model) columns list the number of non-hydrogen atoms
and hydrogen atoms in the chain respectively. The H(added) column lists the number of hydrogen
atoms added and optimized by MolProbity. The Clashes column lists the number of clashes within
the asymmetric unit, whereas Symm-Clashes lists symmetry related clashes.

Mol Chain Non-H H(model) H(added) Clashes Symm-Clashes
1 A 265 0 241 0 0
2 A 2 0 0 0 0
3 A 8 0 12 0 0
4 A 54 0 0 0 0

All All 329 0 253 0 0

https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#model_quality
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The all-atom clashscore is defined as the number of clashes found per 1000 atoms (including
hydrogen atoms). The all-atom clashscore for this structure is 0.

There are no clashes within the asymmetric unit.

There are no symmetry-related clashes.

5.3 Torsion angles i○

5.3.1 Protein backbone i○

In the following table, the Percentiles column shows the percent Ramachandran outliers of the
chain as a percentile score with respect to all X-ray entries followed by that with respect to entries
of similar resolution.

The Analysed column shows the number of residues for which the backbone conformation was
analysed, and the total number of residues.

Mol Chain Analysed Favoured Allowed Outliers Percentiles
1 A 28/30 (93%) 26 (93%) 2 (7%) 0 100 100

There are no Ramachandran outliers to report.

5.3.2 Protein sidechains i○

In the following table, the Percentiles column shows the percent sidechain outliers of the chain as a
percentile score with respect to all X-ray entries followed by that with respect to entries of similar
resolution.

The Analysed column shows the number of residues for which the sidechain conformation was
analysed, and the total number of residues.

Mol Chain Analysed Rotameric Outliers Percentiles
1 A 28/29 (97%) 27 (96%) 1 (4%) 38 7

All (1) residues with a non-rotameric sidechain are listed below:

Mol Chain Res Type
1 A 1013 ARG

Some sidechains can be flipped to improve hydrogen bonding and reduce clashes. There are no
such sidechains identified.

https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#torsion_angles
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5.3.3 RNA i○

There are no RNA molecules in this entry.

5.4 Non-standard residues in protein, DNA, RNA chains i○

There are no non-standard protein/DNA/RNA residues in this entry.

5.5 Carbohydrates i○

There are no carbohydrates in this entry.

5.6 Ligand geometry i○

Of 4 ligands modelled in this entry, 2 are monoatomic - leaving 2 for Mogul analysis.

In the following table, the Counts columns list the number of bonds (or angles) for which Mogul
statistics could be retrieved, the number of bonds (or angles) that are observed in the model and
the number of bonds (or angles) that are defined in the Chemical Component Dictionary. The
Link column lists molecule types, if any, to which the group is linked. The Z score for a bond
length (or angle) is the number of standard deviations the observed value is removed from the
expected value. A bond length (or angle) with |Z| > 2 is considered an outlier worth inspection.
RMSZ is the root-mean-square of all Z scores of the bond lengths (or angles).

Mol Type Chain Res Link Bond lengths Bond angles
Counts RMSZ #|Z| > 2 Counts RMSZ #|Z| > 2

3 EDO A 1103[A] - 3,3,3 0.63 0 2,2,2 0.42 0
3 EDO A 1104 - 3,3,3 0.24 0 2,2,2 0.30 0

In the following table, the Chirals column lists the number of chiral outliers, the number of chiral
centers analysed, the number of these observed in the model and the number defined in the
Chemical Component Dictionary. Similar counts are reported in the Torsion and Rings columns.
’-’ means no outliers of that kind were identified.

Mol Type Chain Res Link Chirals Torsions Rings
3 EDO A 1103[A] - - 0/1/1/1 0/0/0/0
3 EDO A 1104 - - 0/1/1/1 0/0/0/0

There are no bond length outliers.

There are no bond angle outliers.

There are no chirality outliers.

There are no torsion outliers.

https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#rna
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There are no ring outliers.

No monomer is involved in short contacts.

5.7 Other polymers i○

There are no such residues in this entry.

5.8 Polymer linkage issues i○

There are no chain breaks in this entry.

https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#nonstandard_residues_and_ligands
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6 Fit of model and data i○

6.1 Protein, DNA and RNA chains i○

In the following table, the column labelled ‘#RSRZ> 2’ contains the number (and percentage)
of RSRZ outliers, followed by percent RSRZ outliers for the chain as percentile scores relative to
all X-ray entries and entries of similar resolution. The OWAB column contains the minimum,
median, 95th percentile and maximum values of the occupancy-weighted average B-factor per
residue. The column labelled ‘Q< 0.9’ lists the number of (and percentage) of residues with an
average occupancy less than 0.9.

Mol Chain Analysed <RSRZ> #RSRZ>2 OWAB(Å2) Q<0.9
1 A 30/30 (100%) -0.56 0 100 100 6, 9, 15, 17 0

There are no RSRZ outliers to report.

6.2 Non-standard residues in protein, DNA, RNA chains i○

There are no non-standard protein/DNA/RNA residues in this entry.

6.3 Carbohydrates i○

There are no carbohydrates in this entry.

6.4 Ligands i○

In the following table, the Atoms column lists the number of modelled atoms in the group and the
number defined in the chemical component dictionary. The B-factors column lists the minimum,
median, 95th percentile and maximum values of B factors of atoms in the group. The column
labelled ‘Q< 0.9’ lists the number of atoms with occupancy less than 0.9.

Mol Type Chain Res Atoms RSCC RSR B-factors(Å2) Q<0.9
3 EDO A 1103[A] 4/4 0.68 0.21 23,27,31,44 2
3 EDO A 1104 4/4 0.94 0.16 22,22,42,52 0
2 CL A 1102 1/1 0.98 0.11 13,13,13,13 0
2 CL A 1101 1/1 1.00 0.17 7,7,7,7 0

6.5 Other polymers i○

There are no such residues in this entry.

https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#fit_model_data
277

https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#fit_protein_na_chains
https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#fit_nonstandard_and_ligands
https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#fit_nonstandard_and_ligands
https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#fit_nonstandard_and_ligands
https://www.wwpdb.org/validation/2017/XrayValidationReportHelp#fit_nonstandard_and_ligands

