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Abstract 

  

NaV1.7, one of nine subtypes of voltage-gated sodium channels (NaV), is a critical 

target in pain management. Despite extensive research, developing NaV1.7-targeting 

analgesics has proven challenging due to limited preclinical success and the difficulty 

of achieving selectivity, given the high sequence similarity among different NaV 

subtypes. Selective detection of NaV1.7 is crucial for advancing research and 

ultimately developing new pain medications, particularly for addressing chronic pain in 

light of the ongoing opioid crisis. 

Venom peptides that potently inhibit NaV subtypes have been invaluable in advancing 

our structural and functional understanding of these channels. In the scope of this 

work, it is proposed that the selective visualization of NaV1.7 can be achieved by using 

modified venom peptides as probes instead of primary antibodies in a Proximity 

Ligation Assay (PLA). 

The primary objective was to design and synthesize probes that preserve the high 

affinity and selectivity of the original venom peptides. The designed probes were 

derived from the disulfide-rich μ-conotoxin KIIIA and μ-Theraphotoxin-Pn3a[D8N]. 

Linear precursors of KIIIA and Pn3a[D8N], modified with a spacer sequence and an 

azide moiety, were assembled using solid-phase peptide synthesis (SPPS) and 

thermodynamically folded. Alkyne-functionalized epitope tags were synthesized and 

ligated to the venom peptides via bioorthogonal CuAAC ligation, resulting in a series 

of KIIIA- and Pn3a-based epitope-tagged probes. These probes were then 

electrophysiologically tested on NaV1.7. The HA-tagged KIIIA probes exhibited a loss 

of inhibitory potency, while the FLAG-tagged Pn3a[D8N] demonstrated an 17.7-fold 

decrease in potency. These initial results guided the design of additional probes and 

Pn3a derivatives, which are yet to be tested. The probe designs and syntheses were 

critically evaluated, and next steps, and a research outlook for further NaV1.7 probe 

development based on Pn3a, is presented. 

  



xi 
 

Zusammenfassung 

  

NaV1.7, einer von neun Subtypen der spannungsabhängigen Natriumkanäle (NaV), ist 

ein essentielles Target in der Schmerztherapie. Trotz umfangreicher Forschung ist die 

Entwicklung von NaV1.7-zielgerichteten Analgetika aufgrund begrenzter präklinischer 

Erfolge und der Herausforderung, eine hohe Selektivität zu erreichen, schwierig. Eine 

sensitive und selektive Methode zur Detektion von NaV1.7 spielt daher eine 

entscheidende Rolle in der Forschung und Entwicklung neuer Schmerzmedikamente. 

Insbesondere angesichts der anhaltenden Opioid-Krise ist die Entwicklung neuer 

Medikamente für die Behandlung chronischer Schmerzen von großer Bedeutung. 

Der Einsatz von Giftpeptiden, die verschiedene NaV-Subtypen potent inhibieren, hat 

zum Verständnis der strukturellen und funktionellen Eigenschaften dieser Ionenkanäle 

beigetragen. Im Zuge dieser Arbeit wird vorgeschlagen, dass die selektive 

Visualisierung von NaV1.7 durch den Einsatz modifizierter Giftpeptide als Sonden 

anstelle von Primärantikörpern in einem Proximity Ligation Assay (PLA) erreicht 

werden kann. Das Design der Sonden basierte auf den disulfidreichen Giftpeptiden μ-

conotoxin KIIIA und μ-Theraphotoxin-Pn3a[D8N]. 

Lineare Vorstufen von KIIIA und Pn3a[D8N], modifiziert mit einer Spacer-Sequenz und 

einer Azid-Gruppe, wurden mittels Festphasenpeptidsynthese (SPPS) hergestellt und 

anschließend thermodynamisch gefaltet. Alkin-funktionalisierte Epitope-Tags wurden 

synthetisiert und über bioorthogonale CuAAC-Ligation an die Giftpeptide gekoppelt, 

wodurch eine Reihe von KIIIA- sowie Pn3a-basierten, Epitop-markierten Sonden 

erhalten wurde. Diese Sonden wurden anschließend elektrophysiologisch an NaV1.7 

getestet. Die mit HA-Tag versehenen KIIIA-Sonden zeigten einen Verlust der NaV1.7 

hemmenden Potenz, während die mit FLAG-Tag markierten Pn3a[D8N]-Sonden eine 

17.7-fache Verringerung der Potenz aufwiesen. Diese ersten Ergebnisse dienten als 

Grundlage für das Design weiterer auf Pn3a[D8N] basierender Sonden und Derivate, 

deren Testung noch aussteht. Das Design und die Synthese der Sonden wurden im 

Zuge dieser Arbeit kritisch bewertet, und es wird ein Forschungsausblick 

einschließlich einer alternativen Strategie für die weitere Entwicklung von NaV1.7-

Sonden auf der Grundlage von Pn3a vorgestellt. 
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1 Introduction 
 

1.1 Venom peptides – Valuable tools for (pain) research  
 

Venoms are specialized secretions that adversely affect the viability of 

envenomated organisms. The biological effects of venoms are as diverse as their 

chemical components. Typically, venoms function in predation or defence, either by 

immobilizing or killing prey, or by deterring predators through the infliction of pain. 

The key distinction between venoms and other toxin classes, such as poisons, lies 

in their mode of delivery. Poisons are ingested or absorbed, while venoms are 

injected directly into the internal tissues of organisms via a wound (Avalo et al., 

2022; Casewell et al., 2013; Fry et al., 2015, 2009; Nelsen et al., 2014). Among the 

most lethal venoms for mammals is that of Oxyuranus microlepidotus (Inland 

taipan), which exhibits an LD50 value of 0.0225 mg/kg in murine models, 

demonstrating the venom's potent lethality even at minimal doses (Barber et al., 

2014). The effects of venom can also vary with dosage, as demonstrated by 

Synanceia trachynis (stonefish) venom, which induces an initial decrease in blood 

pressure at low doses, followed by an increase at higher doses (Church and 

Hodgson, 2000). 

Venoms contain at least one or more toxin and other biomolecules and consist of a 

mixture of minerals, small molecules, nucleic acids, and proteins or 

peptides (Jackson and Parks, 1989; Kuhn-Nentwig et al., 2011; Rash and Hodgson, 

2002). Numerous organisms across different phyla and taxa have independently 

evolved to be venomous, highlighting the evolutionary success of venoms and 

indicating the molecular evolution the toxic constituents of venoms have 

undergone (Schendel et al., 2019). 

Venom components have proven valuable in drug development. Among the 

plethora of biologically active molecules found in animal venoms, pharmaceuticals 

such as Captopril (ACE inhibitor), Exenatide (GLP-1 analogue), and Ziconotide 

(analgesic) have been developed (Bordon et al., 2020; Ferreira, 1965; Furman, 

2012; Smith and Deer, 2009). Additionally, venom-derived substances have been 

instrumental in chemical biology, particularly for studying the function and structure 
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of ion channels (Dutertre and Lewis, 2010; Kalia et al., 2015; MacKinnon and Miller, 

1988).  

Especially the venoms of arthropods (e.g., centipedes, scorpions, spiders) and 

molluscs (e.g., cone snails) are a rich source of neuropharmacological compounds, 

often small, disulfide-rich peptides, specifically targeting ion channels (Armishaw 

and Alewood, 2005; Hakim et al., 2015; Herzig, 2019; Klint et al., 2012; 

Langenegger et al., 2019; Possani et al., 1999; Saez et al., 2010; Terlau and 

Olivera, 2004). These natural neurotoxins have been successfully used to study the 

physiology and pharmacology of voltage-gated sodium channels, prominent pain 

targets, by selectively inhibiting, modulating, or arresting the channels in specific 

conformations or aiding in structural elucidation of these channels, for example, by 

identifying and mapping binding sites (Dutertre and Lewis, 2010; Jiang et al., 2021; 

Kalia et al., 2015; Minassian et al., 2013; Mueller et al., 2020; Osteen et al., 2016).  

A brief introduction is provided to help readers understand peptide toxin 

nomenclature in the following chapters. The name should convey information about 

the pharmacological target, biological origin, and relation to similar toxins. As can 

be seen in Figure 1, the name starts with a Greek letter descriptor (following 

International Union of Basic and Clinical Pharmacology-recommended 

nomenclature for channels/receptors) that gives information about the target 

(receptor or channel) and optionally subtype specificity (Alexander et al., 2007). The 

family and species of origin are then specified by a generic name and a code of 

upper- and lowercase letters. A numeral and lowercase letter are added to 

Figure 1. Illustration of the system for naming peptide toxins. The name consists of three segments: a 

Greek letter (descriptor) for the toxin's activity (light blue), its biological source (orange), and its relation to 

other toxins (green/purple). Figure is redrawn from (King et al., 2008). 
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distinguish between similar and paralogous peptide toxins. In this figure, a sea 

anemone toxin (ShK) that targets the 1.3 subtype of voltage-gated potassium 

channels (KV) is used as an example. This nomenclature was proposed in 2008 by 

King et al. (King et al., 2008b).  

 

1.2 Voltage-Gated Sodium Channels  

 

Ions do not passively diffuse across cell membranes and require specialized 

transport proteins. Voltage-gated sodium channels (VGSCs or NaV channels) are 

transmembrane proteins that facilitate Na+ influx, depolarizing excitable cell 

membranes and generating action potentials (Catterall et al., 2005; Chahine, 2018; 

Hodgkin and Huxley, 1952). Their voltage-dependent activation is determined by 

the membrane potential sensed by a voltage-sensing domain (Chahine, 2018; Israel 

et al., 2017). Thus far, nine subtypes of eukaryotic VGSCs, NaV1.1 – NaV1.9, 

encoded by the SCN1A – SCN5A and SCN8A – SCN11A genes, have been 

discovered, with more than 50% sequence identity (Catterall et al., 2005; Goldin, 

2001). NaV subtypes can be classified by their sensitivity to Tetrodotoxin (TTX), a 

small-molecule neurotoxin from the puffer fish. NaV1.1–NaV1.4, NaV1.6, and NaV1.7 

are TTX-sensitive, blocked by low nanomolar concentrations. NaV1.5, NaV1.8, and 

NaV1.9 are TTX-resistant, requiring high micromolar concentrations for 

inhibition (Catterall et al., 2005; de Lera Ruiz and Kraus, 2015; Narahashi, 1974; 

Waxman et al., 1999).  

The expression of NaV α-subunits is tissue-specific, with NaV1.1 - NaV1.3 being 

predominantly found in the central nervous system (CNS). Nav1.4 is found in 

skeletal muscles, and NaV1.5 is prevalent in heart tissue, responsible for cardiac 

function. NaV1.6 is present in both the peripheral and central nervous systems, 

while NaV1.7 - NaV1.9 see preferential expression in nociceptive neurons (Chahine, 

2018; Israel et al., 2017; Yang et al., 2018). These NaV channels are crucial for 

generating Na+ currents that initiate and propagate action potentials in nerves and 

muscle fibres (Chahine, 2018; Israel et al., 2017). The NaV channel tissue  

distribution and associated channelopathies are displayed in Figure 2.  The 

structural composition of NaV channels is depicted in Figure 3. Eukaryotic NaV 
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channels consist of an α-subunit (~260 kDa), forming the pore, often associated 

with one or two smaller β-subunits (~30–40 kDa) (Catterall et al., 2005). The α-

subunit has four homologous domains (DI to DIV), each containing six 

transmembrane helices (S1 to S6) (Numa and Noda, 1986). Segments S1 to S4 

form the voltage-sensing domains (VSD), with the S4 segment being crucial for 

sensing membrane polarisation changes. The structural composition of NaV 

channels is depicted in Figure 3. The pore and ion-selectivity filter is formed by the 

fifth and sixth transmembrane segments from each domain and the connecting P-

loops. Sodium channel inactivation is facilitated by the "inactivation gate," located 

between S6 of domain III and S1 of domain IV. The extracellular loop between S3 

and S4 in domain II binds various gating modifier toxins. The voltage-sensing 

Figure 2. Tissue distribution of human NaV channels and associated channelopathies. The nine NaV 

channel subtypes (NaV1.1–1.9, indicated by circle segments in teal) are encoded by specific SCNxA genes 

(where x represents 1–5 and 8–11). The tissues primarily expressing these various NaV subtypes are connected 

with dotted arrows. The outer segments illustrate the channelopathies associated with NaV channel mutations: 

pain (dark blue), cardiac disorders (purple), epilepsy (orange), and skeletal muscle disorders (yellow). DRG 

stands for dorsal root ganglia. Figure taken and description adapted from (McMahon et al., 2024).  
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domain (S1–S4) regulates channel opening during membrane depolarisation, 

driven by the movement of positively charged residues in the S4 helix. Upon 

depolarisation, S4 segments move outward, opening the channel pore. Inactivation 

occurs as the inactivation gate folds into the pore, and repolarisation resets the 

Figure 3. Structural composition of NaV channels. (A) The pore-forming α- subunit comprises a single 

polypeptide chain and forms four homologous domains (DI – DIV). Each domain comprises six 

transmembrane (TM) helices (1 – 6), connected via intra- or extracellular loops. The pore and the ion-

selectivity filter are formed by the fifth and sixth TM segments from each domain and the connecting re-entrant 

loops (P). Segments S1 to S4 in each domain constitute the voltage-sensing domains (VSD), with the 

arginine-rich, positively charged TM segment four being crucial for detecting changes in membrane 

polarisation. Sodium channel inactivation is facilitated by a short hydrophobic sequence, known as the 

"inactivation gate", located in the intracellular between S6 of domains III and S1 of domain IV. The extracellular 

loop between segments S3 and S4 in domain II (red) is the binding site for various gating modifier toxins, and 

the loops between S5 and S6 constitute the pore (P-loop). (B) Top view from the extracellular side of the 

open-channel structure of NaVMs from Magnetococcus sp., with four identical domains colour-coded to 

emphasise parallels to the human NaV structure (C) Side perspective of the crystal structure of the open 

NaVMs channel. Originating from Magnetococcus sp. The selectivity filter (SF) is situated at the middle of the 

channel pore, and the activation gate is found at the intracellular section of the pore - figure taken from source 

(de Lera Ruiz and Kraus, 2015). 
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channels to their resting state. The pore domain features a narrow channel with an 

ion selectivity filter that selects only hydrated sodium ions. Key amino acid residues 

aspartate, glutamate, lysine and alanine in the selectivity filter determine ion 

selectivity and permeability (Catterall, 2000; Chahine, 2018; Israel et al., 2017). 

While the α-subunit can manage voltage-dependent ion gating, its function is 

regulated by auxiliary β-subunits (30–40 kDa), as shown in the cryo-electron 

microscopy structure of human NaV1.7 in Figure 5 (Shen et al., 2019). The β1- and 

β3-subtypes bind to the α-subunit through noncovalent interactions, whereas the 

β2- and β4-subtypes are linked to the α-subunit via disulfides. (Chahine and 

O’Leary, 2011) These β-subunits modulate the channel's kinetics and surface 

expression (Isom, 2002, 2000; Israel et al., 2017; Noda et al., 1986). 

NaV channels have three primary states: closed (resting), open (conducting), and 

inactivated (nonconducting). The mechanism of gating is depicted and described in 

Figure 4 (Israel et al., 2017). After opening, these channels quickly move to a 

nonconducting state, causing the sodium currents to diminish rapidly. Prolonged 

depolarisation leads to slow inactivation, which impacts the excitability of nerve and 

muscle cells. Additionally, specific VGSC subtypes can produce persistent sodium 

currents, such as Nav1.9 in sensory neurons, and resurgent currents during the 

repolarisation phase, both of which play a role in maintaining continuous neuronal 

activity (Catterall, 2000; Chahine, 2018). 

Figure 4. NaV channel gating mechanism and conductive properties. During a depolarizing voltage step, 

NaV channels transition from a closed (resting) state to an open state, allowing Na+ ions to permeate through 

the channel pore. This is followed by fast inactivation, where the channel is closed by the inactivation particle 

blocking the pore. The channel then returns to the closed state as the membrane potential returns to resting 

levels. Figure taken and description adapted from (Israel et al., 2017). 
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Nine neurotoxin binding sites on NaV channels have been proposed, situated at 

different locations on the α-subunit (Israel et al., 2017). Inhibitory toxins are 

designated with the descriptor 'μ'. μ-Conotoxins and theraphotoxins, found in the 

venoms of cone snails and tarantulas, respectively, primarily target sites 1, 3, and 

4. By binding to site 1, conotoxins block the pore. Theraphotoxins act as gating 

modifiers at sites 3 and 4, keeping the channel in a closed state or altering its 

activation by shifting voltage dependence (Israel et al., 2017; King et al., 2008b). 

The mode of action and two examples, μ-conotoxin KIIIA and μ-theraphotoxin Pn3a, 

will be further detailed in sections 1.5 and 1.6. 

Given the critical roles VGSCs play in cellular processes, they are also implicated 

in various diseases. VGSC mutations underlie numerous neurological disorders 

known as channelopathies. Examples include certain types of epilepsy (NaV1.1, 

NaV1.2), autism (NaV1.2), migraine (NaV1.1), and cognitive impairment (NaV1.2), as 

displayed in Figure 2 (Dichgans et al., 2005; Dravet, 2011; Mantegazza et al., 2010; 

Rauch et al., 2012; Sanders et al., 2018). Especially NaV1.7 has been linked to pain 

disorders and neuropathies, which will be further highlighted in section 1.3 (Cox et 

al., 2006; Fertleman et al., 2006). 

 

1.3 NaV1.7  

 

NaV1.7 significantly influences pain perception by regulating the excitability of 

peripheral sensory neurons (Black et al., 2012; Chahine, 2018; Dib-Hajj et al., 2007; 

Vetter et al., 2017; Yang et al., 2018). It is abundantly found in sensory neurons, 

including those in the dorsal root ganglia (DRG), as well as sympathetic and 

trigeminal ganglia. This channel is distributed throughout the central and peripheral 

branches of these neurons, including axons and nerve endings in the skin, named 

nociceptors (Black et al., 2012; Dubin and Patapoutian, 2010; Toledo-Aral et al., 

1997; Vetter et al., 2017). Nociceptive pain is a sensory experience triggered by 

harmful chemical, thermal, or mechanical stimuli. Nociceptors detect these noxious 

stimuli and transfer pain signals via the spinal cord to the brain, where the signals 

are processed and eventually perceived to serve the essential function of prompting 

a rapid response to injury or avoidance of harm, thereby promoting survival (Dib-
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Hajj et al., 2007; Dubin and Patapoutian, 2010; Eagles et al., 2022; Raja et al., 2020; 

Yam et al., 2018). 

NaV1.7's distinctive gating properties, such as its slower recovery from inactivation 

and delayed onset of closed-state inactivation, enable it to generate significant ramp 

currents during slow, small depolarisations. This makes NaV1.7 pivotal in amplifying 

generator potentials and setting the action potential firing threshold in pain-sensing 

neurons (Black et al., 2012; Cummins et al., 1998; Rush et al., 2007; Vetter et al., 

2017). The role of NaV1.7 in action potential generation and its association with pain 

disorders make this channel a high-potential therapeutic target (Bennett et al., 2019; 

Dib-Hajj et al., 2007; Eijkelkamp et al., 2012; Mulcahy et al., 2019; Yang et al., 

Figure 5. Cryo-electron microscopy structure of hNaV1.7 including β-subunits from two perspectives. 

(A) Sideview of human NaV1.7 embedded in the cellular membrane. Besides the pore-forming α -subunit, β1 

and β2 subunits are shown. (B) Top view of the channel with annotated voltage-sensing domains (VSDI-IV). 

Structure determined by Shen et al., 2019, and rendered with PyMol (Protein Data Bank code: 6J8G). Figure 

created with BioRender.  
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2018). Mutations in the SCN9A gene, which encodes NaV1.7, are linked to different 

pain syndromes. Loss-of-function mutations SCN9A, the gene that codes for the α-

subunit of NaV1.7, cause congenital insensitivity to pain (CIP), a rare condition 

defined by the absence of physical pain, as well as anosmia, loss of sense of 

smell (Cox et al., 2006; Weiss et al., 2011). In contrast, gain-of-function mutations 

result in conditions like inherited erythromelalgia (IEM) and paroxysmal extreme 

pain disorder (PEPD) (Dib-Hajj et al., 2005; Estacion et al., 2008; Fertleman et al., 

2006). Individuals with diabetic and chemotherapy-induced pain disorders show an 

upregulation of NaV1.7 expression in the dorsal root ganglia (Chang et al., 2018; 

Chattopadhyay et al., 2008).Given that chronic pain affects an estimated 20-25% of 

the population and places a significant burden on patients and society, developing 

effective analgesics targeting NaV1.7 is highly desirable (Eagles et al., 2022; 

Gaskin and Richard, 2012; Gold and Gebhart, 2010; Hay et al., 2017; Holmes et al., 

2013). 

Modulators of NaV1.7 can be categorised by their mode of binding into pore blockers 

that occlude the channel’s ion-conductive pore and block Na+ permeation, such as 

TTX, the non-subtype selective analgesic Lidocaine or μ-conotoxins, peptides from 

the venom of cone snails (Golzari et al., 2014; Hui et al., 2002; Pan et al., 2019; 

Shen et al., 2018). Gating modifier toxins (GMT), either as activators or inhibitors, 

bind to voltage-sensing domains (VSDs) and arrest the channel in a specific 

conformation. Activators lock the channels in the open state, whereas inhibitors shift 

the voltage-dependence for activation (Dongol et al., 2019; Klint et al., 2012; Shen 

et al., 2018). There are six known neurotoxin receptor sites (Sites 1–6) on NaV 

channels. Pore-blockers bind to site 1, whereas neurotoxins at sites 2–6 modify the 

channel's gating mechanisms (Dongol et al., 2019). In human NaV channels, venom 

peptides specifically target the four receptor sites 1 (e.g., µ-conotoxins), 3 (e.g., 

scorpion α-toxins, sea anemone toxins, spider toxins), 4 (e.g., scorpion β-toxins, 

spider toxins), and 6 (e.g., δ-conotoxins) (Cardoso and Lewis, 2019; Dongol et al., 

2019; Kozlov, 2018; Stevens et al., 2011). The mode of action of µ-cono- and spider 

toxins will be discussed in sections 1.5 - 1.6.1. 

Despite extensive research efforts, NaV1.7-specific inhibitors have not been able to 

suppress NaV1.7-mediated pain to a degree observed in patients with congenital 

insensitivity to pain (Eagles et al., 2022). Certain peptides found in venoms, such 
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as the spider toxin Pn3a have shown to be potent inhibitors with efficacy in animal 

models, especially when co-administered with opioids, but these findings could 

hitherto not be translated into clinical use (Deuis et al., 2017; Eagles et al., 2022; 

Mueller et al., 2019). Key issues of peptide-based NaV1.7 inhibitors include poor 

tissue permeability, the inability to be administered orally, rapid clearance and the 

risk of triggering an immune response (Eagles et al., 2022; Recio et al., 2017). 

Further, animal models used in preclinical studies often do not represent the 

pathophysiology of human chronic pain, leading to a failure of pharmaceutical 

development programs in the clinical phase (Eagles et al., 2022; Hill, 2000; Mogil, 

2009). Other challenges could include not accounting for β-subunits' 

influence (Eagles et al., 2022). Research is ongoing to determine the proportion of 

NaV1.7 that must be targeted to achieve effective analgesia and to identify the 

optimal target locations within the nervous system, whether central or 

peripheral (Goodwin and McMahon, 2021; Vetter et al., 2017).  

Further elucidating the interactome of NaV1.7 may reveal new druggable targets 

involved in the channels’ regulation. Dustrude et al., Moutal et al., and Loya-López 

et al. discovered that CRMP2 SUMOylation regulates peripheral NaV1.7 channels 

in a cell-specific manner, influencing chronic neuropathic pain without affecting 

physiological pain responses (Dustrude et al., 2013; Loya-López et al., 2022; Moutal 

et al., 2020). The identification of this cell-specific regulation by CRMP2 encouraged 

further research into non-opioid protein-protein inhibitors targeting NaV1.7 

regulation as a therapeutic strategy against neuropathic pain (Cai et al., 2021; Loya-

López et al., 2022). 

Understanding the precise cellular and molecular involvement of NaV1.7 in pain 

pathways could aid in developing treatments for chronic pain and pain disorders, 

resulting in more effective and safer medications. Given the widespread incidence 

of opioid abuse, the development of novel non-addictive therapeutics, e.g. ones 

targeting peripheral nociceptors, is of significant value (Eagles et al., 2022; 

Manchikanti et al., 2012; Paulozzi et al., 2011). However, high amino acid sequence 

homology among NaV subtypes complicates the development of subtype-specific 

ligands, for example, the unintended activation of NaV1.9 channels by NaV1.7 

inhibitors which could obscure an analgesic effect (Catterall et al., 2005; Eagles et 

al., 2022; Zhou et al., 2020). Low molecular weight inhibitors, such as TTX, lack 
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selectivity, whereas venom peptides exhibit excellent selectivity and high potency, 

making them promising candidates for pharmaceutical and probe 

development (Eagles et al., 2022; Peigneur and Tytgat, 2018; Safavi-Hemami et al., 

2019; Shen et al., 2018; Thakur et al., 2022; Xu et al., 2024). Further developments 

have led to, e.g., sulfonamide-based small organic inhibitors targeting the NaV1.7 

channel, aiming to improve selectivity by binding outside the pore domain and 

stabilizing the inactivated state (Ahuja et al., 2015; Sun et al., 2014). PF-05089771, 

an aryl sulfonamide, failed in a Phase II trial for diabetic neuropathy, while acyl 

sulfonamides GX-201 and GX-585 showed better preclinical efficacy but may be 

limited by high plasma protein binding (Alexandrou et al., 2016; Bankar et al., 2018; 

Eagles et al., 2022; Focken et al., 2016; McDonnell et al., 2018). Xen402, a 

benzodioxol inhibitor, also failed in a Phase II trial for post-herpetic neuralgia 

(Eagles et al., 2022; Goldberg et al., 2012; Price et al., 2017). CNV1014802, a 

pyrrolidine-based inhibitor, displayed low NaV subtype-selectivity and mixed results 

in trigeminal neuralgia trials and continues in development (Eagles et al., 2022; 

Kotecha et al., 2020; Zakrzewska et al., 2017).  

In particular, venoms containing the Inhibitory Cystine Knot (ICK) domain, such as 

the pore-blocker KIIIA and the gating modifier toxin Pn3a, are potent modulators of 

the NaV1.7 channel (Mueller et al., 2019; Wilson et al., 2011). However, peptide 

drug development faces numerous challenges, including rapid renal clearance, 

immunogenicity, poor oral bioavailability, and degradation before achieving the 

desired pharmacological effect (Muttenthaler et al., 2021; Wang et al., 2022). While 

intrathecal administration, as seen with ziconotide, can bypass these issues, it 

imposes a significant burden on patients (Smith and Deer, 2009). Therefore, 

developing an ideally orally available peptide drug is highly desirable but 

challenging, as it requires specific modifications and specialized formulations (G. 

Chen et al., 2022; Nugrahadi et al., 2023). 

 

1.4 Knottins and the Inhibitory Cystine Knot (ICK) motif  
 

Peptide toxins exhibit significant structural diversity, yet many share the common 

feature of disulfide bonds, which play a crucial role in stabilising their unique and 
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biologically active three-dimensional structures (Lavergne et al., 2015). In venom 

peptides, the most common structural motif is the Inhibitor Cystine Knot 

(ICK) (Undheim et al., 2016). Disulfide bonds are covalent linkages between two 

thiol side-chains of the amino acid cysteine to form a sulfur-sulfur-bond (cystine). 

The structural description of the Potato Carboxypeptidase A Inhibitor (PCI) in 1982 

was the first mention of a peptide with three disulfides that displayed a distinct 

knotted topology (Rees and Lipscomb, 1980). In 1993, the structure of three knotted 

cystine was first described in an animal toxin, the ω-conotoxin GVIA, a voltage-

gated calcium channel antagonist found in the venom of Conus geographus (Davis 

et al., 1993; Olivera et al., 1984).  

Following these discoveries, in the 1990s, the term “Knottin” was established to 

describe the arrangement of three interwoven (“knotted”) cystines. However, based 

on the inhibitory activity that many peptides with this particularly knotted cysteine 

topology display, the term “Inhibitor Cystine Knot” was proposed. Both terms are 

often used synonymously, even though ICK also implies an inhibitory function (Craik 

et al., 2001; Galochkina and Gelly, 2022). According to the KNOTTIN database, the 

term knottin is used more generally and comprises of different families of knotted 

disulfide rich peptides, cyclic cystine knots, growth factor cystine knots and inhibitor 

cystine knots, each of them describing a structurally unique subgroup (Daly and 

Craik, 2011; Postic et al., 2018). 

The general structure of the ICK motif and the three-dimensional structure of an 

example ICK peptide are shown in Figure 6 A-D (Craik et al., 2001; Galochkina and 

Gelly, 2022). ICKs are between 30 – 50 amino acids and have at least three disulfide 

bonds (Postic et al., 2018). Two of the three disulfides form a macrocyclic ring with 

the peptide backbone, and a third disulfide threads through this ring (Galochkina 

and Gelly, 2022; Postic et al., 2018). This intramolecular knot is accompanied by 

antiparallel β-strands, an integral feature of ICKs (Figure 6 C) (Pallaghy et al., 

1994). ICK peptides all share the characteristic cysteine connectivity I-IV, II-V and 

III-VI (Figure 6 B, C) with the III-VI disulfide bond threading through the loop (Figure 

6 A). This pattern distinguishes ICK peptides from other cystine knot peptides, which 

may have different connectivity, such as growth factor cystine-knots, a different 

cystine penetrating the macrocycle, or additional structural features such as 

backbone cyclisation seen in plant-derived cyclotides (Craik et al., 1999; 
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Galochkina and Gelly, 2022; Postic et al., 2018). ICK peptides further share the 

cysteine framework CX3–7CX3–8CX0–7CX1–4CX4–13C (X can be any amino 

acid) (Craik et al., 2001). This further specification implies that certain conotoxins, 

despite exhibiting the ICK connectivity, would be distinguished by their cysteine 

framework, sequence length, or lack of β-strands. Further, the connectivity alone is 

not sufficient to form a knot, as the loop space also impacts the peptide 

structure (Craik et al., 2001). A more detailed description of conotoxins can be found 

in section 1.5. The Nuclear Magnetic Resonance (NMR) structure in Figure 6 D 

belongs to the conotoxin GS that displays an ICK motif (Hill et al., 1997). 

Figure 6. Schematic depiction of the structural arrangement and consensus features of the Inhibitory 

Cystine Knot (ICK) motif. (A) A molecular knot is formed by two cystines that form a loop with the peptide 

backbone a third cystine threads through the loop, creating the impression of a knot. Figure taken from (Craik 

et al., 2001). (B) A one-dimensional schematic representation of cysteine connectivity with the threading 

cystine in red. The six cysteines (yellow dots) involved in forming the three cystines of the motif are enumerated 

in Roman numerals. N- and C-terminus are designated as N and C. Figure redrawn from (Galochkina and 

Gelly, 2022). (C) β-strands are depicted as arrows, with cysteine (C) and other variable residues (X) indicated. 

Cysteine residues are numbered I to VI, while loops are identified as 1 to 5; the count of residues between 

cysteines in each loop is displayed in boxed numerals. Hydrogen bonds are represented by arrows pointing 

from the amide proton to the carbonyl oxygen. Figure taken from (Craik et al., 2001). (D) Three-dimensional 

NMR structure of conotoxin GS from Conus geographus, exemplifying the topology of the ICK domain (Hill et 

al., 1997). The disulfides are shown in yellow. Image rendered with PyMol (PDB: 1A7G) 
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Disulfide-rich peptide toxins usually show excellent stability towards proteolytic, 

thermal or chemical degradation (Colgrave and Craik, 2004; Roesler and Rao, 

2000). Further, the disulfide scaffold restricts and rigidises the structure. Despite the 

rigidity, the disulfide framework allows for high variability in the inter-cystine 

loops (King, 2015). The presence of the knottin motif throughout many different 

phyla and taxa highlights the evolutionary success due to the inherent stability and 

the pharmacological potency, selectivity and specificity (Saez et al., 2010; Schendel 

et al., 2019; Undheim et al., 2016; Zhu et al., 2003). As of July 2024, the UniProt 

database hosts 12157 entries with both keywords "knottin" and "toxin", 2242 of 

which are reviewed entries (The UniProt Consortium, 2023).  

 

1.5 Conotoxins (CTX) – Components of Conus venoms 

 

Cone snails are venomous marine gastropods belonging to the Conidae family, 

comprising 500-700 species within the Conus genus. They are renowned for their 

predatory behaviour (Dutertre et al., 2014; Puillandre et al., 2015; Röckel et al., 

1995). To immobilise prey, cone snail venoms contain various disulfide-rich 

peptides, so-called conotoxins, that potently act on a variety of receptors (e.g., G 

protein-coupled receptors), ion channels and enzymes (Akondi et al., 2014; Terlau 

et al., 1996; Vetter and Lewis, 2012). Single venoms can contain over 1000 different 

peptides, and the existence of hundreds of thousands of conotoxins is 

estimated (Biass et al., 2009; Davis et al., 2009; Dutertre and Lewis, 2011). 

Conotoxins are classified by their pharmacological target and structural features, 

and can be further classified by their gene superfamily, which is determined by the 

sequence of their precursors (Akondi et al., 2014; Kaas et al., 2010). Conotoxin 

sequences can span 11 - 50 amino acids and contain between 2-5 disulfides, and 

some larger conotoxins form dimers (Jin et al., 2019). In Table 1, cysteine patterns, 

disulfides, and pharmacological families of the different frameworks are listed to 

give an overview of the structural diversity.  

Loop structures in between the stabilising disulfide frameworks of conotoxins 

display short secondary-structure motifs, such as α-helices, β-turns, and β-sheets. 

These structural features contribute to their high potency, receptor selectivity, and 
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protease resistance. Even within the same cysteine framework, conotoxins show a 

wide range of structural diversity. Disulfide bond connectivity, loop region size, and 

sequence can lead to varied three-dimensional structures and distinct 

pharmacological effects (Akondi et al., 2014; Jin et al., 2019). 

Their structural stability, small size, target specificity and synthetical availability 

make conotoxins valuable for neurological research and drug development; 

Conotoxins are excellent molecular probes for validating targets and discovering 

peptide drug candidates. Pain-related conotoxin research that focused on 

identifying novel ion channel modulators has led to the development of Ziconotide 

(Prialt, synthetic ω-MVIIA), an FDA-approved drug derived from Conus magus, 

which blocks N-type calcium channels to treat severe chronic pain (Akondi et al., 

2014; Jin et al., 2019; Norton, 2010; Safavi-Hemami et al., 2019; Smith and Deer, 

2009; Vetter and Lewis, 2012; Wilson et al., 2011). 

Table 1. Cysteine Frameworks and Corresponding Pharmacological Families in Conotoxins. 

Framework III is highlighted in bold letters. X indicates any amino acid; O represents hydroxyproline; ND means 

not determined at the molecular level; α refers to nicotinic acetylcholine receptors; γ pertains to neuronal 

pacemaker cation currents (inward cation current); δ denotes VGSCs (agonist, delays inactivation); ε indicates 

presynaptic calcium channels or G protein-coupled presynaptic receptors; ι refers to VGSCs (agonist, no 

delayed inactivation); κ denotes voltage-gated K channels (blocker); μ represents VGSCs (antagonist, blocker); 

ρ refers to α1-adrenoceptors; σ denotes serotonin-gated ion channels 5-HT3; τ indicates somatostatin receptor; 

χ represents neuronal noradrenaline transporter; ω refers to voltage-gated calcium channels (blocker); and φ 

indicates granulin activity. Table from source (Jin et al., 2019). 

Framework Cysteine Pattern Disulfides Pharmacol. Family 

I CC−C−C 2 α, ρ 

II CCC−C−C−C 3 α 

III CC−C−C−CC 3 α, ι, κ, μ 

IV CC−C−C−C−C 3 α, κ, μ 

V CC−CC 2 ε, μ, τ 

VI/VII C−C−CC−C−C 3 δ, γ, κ, μ, ω 

VIII C−C−C−C−C−C−C−C−C−
C 

5 α, σ 

IX C−C−C−C−C−C 3 ND 

X CC−CXOC 2 χ 

XI C−C−CC−CC−C−C 4 ι, κ 

XII C−C−C−C−CC−C−C 4 ND 

XIII C−C−C−CC−C−C−C 4 ND 

XIV C−C−C−C 4 α, κ 

XV C−C−CC−C−C−C−C 4 ND 

XVI C−C−CC 4 ND 
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XVII C−C−CC−C−CC-C 4 ND 

XVIII C−C−CC−CC 3 ND 

XIX C−C−C−CCC−C−C−C−C 5 ND 

XX C−CC−C−CC−C−C−C−C 5 α 

XXI CC−C−C−C−CC−C−C−C 5 ND 

XXII C−C−C−C−C−C−C−C 4 ND 

XXIII C−C−C−CC-C 3 ND 

XXIV C−CC−C 2 α 

XXV C−C−C−C−CC 3 ND 

XXVI C−C−C−C−CC−CC 4 ω 

XXVII C−C−C−CCC−C−C 4 φ 

XXVIII C−CC−C−C−C 3 δ/κ 
. 

Five classes of conotoxins target NaV channels: μ-, μO-, μO-S-, δ-, and ι-conotoxins. 

Each class has unique structural features and distinct pharmacological effects. μ-

Conotoxins are NaV channel inhibitors that bind to site 1 near the ion-conducting 

pore, thus blocking it (Cestèle and Catterall, 2000). They have been extensively 

studied for their therapeutic potential, particularly in pain management. However, 

their off-target activity at NaV1.4, which led to paralysis and death of model 

organisms, has limited their development. Efforts are ongoing to engineer μ-

conotoxins to target therapeutically relevant NaV isoforms selectively (Chen et al., 

2018; Jin et al., 2019).  

In contrast, μO-conotoxins inhibit NaV channels by interacting with the voltage 

sensor in domain II, restricting channel opening without blocking the pore. They are 

less studied due to synthesis challenges. δ-Conotoxins activate NaV channels by 

delaying inactivation, causing persistent neuronal firing, and interacting with 

hydrophobic residues in the S3/S4 linker of domain IV. ι-Conotoxins also activate 

NaV channels but through different mechanisms compared to δ-conotoxins. The 

general effects of different classes of conotoxins on NaV channels is illustrated in 

Figure 7 by showing alterations in current-time diagrams after depolarisation and 

venom treatment as well as current-voltage diagrams that show the voltage 

dependence of sodium permeation (Israel et al., 2017). 

Despite the varied mechanisms of these conotoxin classes, μ-conotoxins remain a 

key focus due to their potential applications and ongoing efforts to refine their 

selectivity and minimise side effects. 
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1.5.1 μ-Conotoxin-KIIIA 

KIIIA is a 16 amino acid μ-conotoxin from Conus kinoshitai and is the shortest μ-

conotoxin discovered hitherto (Bulaj et al., 2005; Khoo et al., 2009). The peptide is 

amidated at the C-terminus and contains six cysteine residues in the CC−C−C−CC 

pattern, thus being categorised as framework III (Bulaj et al., 2005). A structural 

depiction of KIIIA is provided in Figure 8. μ-conotoxins natively display I-IV, II-V and 

III-VI connectivity. Noticeably, for synthetic KIIIA folded thermodynamically, two 

isomers with different connectivity are obtained: Isomer 1 (I-V, II-IV, III-VI) and 

Isomer 2 (I-VI, II-IV, III-V) (Jin et al., 2019; Kaas et al., 2010; Khoo et al., 2012).  

As a pore-blocker toxin, KIIIA occludes the Na+-permeable pore of VGSCs. Figure 

9 shows the cryo-electron microscopy structure of KIIIA bound to the pore region of 

human NaV1.2 and the β2-subunit from two perspectives. The positively charged 

Lys7 resides in the Na+ entry site of the pore and interacts with the critical Glu 

residue of NaV1.2, preventing the influx of Na+ cations (Pan et al., 2019). Other 

important residues determined via an alanine mutation experiments are Trp8, Arg10, 

Asp11, His12, all located within the α-helical sequence and Arg14, located at the C-

terminus (Zhang et al., 2007). 

Figure 7. Current-time and current-voltage diagrams illustrating the effects of inhibitory conotoxins and 

spider venom peptides on VGSCs. (A) Pore-blocker toxins, such as TTX or μ-conotoxin KIIIA, occlude the 

sodium ion conductive pore of VGSCs. (B) Gating modifier toxins, such as μ-Theraphotoxin Pn3a, alter the 

voltage dependence of NaV1.7 by shifting it to more depolarised potentials (Deuis et al., 2017). The effects of 

the toxins are indicative of an IC100 concentration. Figure taken and adapted from (Israel et al., 2017). 
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The inhibitory activity of KIIIA (isomer 1) on NaVs is reported in the literature with 

the following decreasing order on rat NaVs (rNaV1.X): 2 > 4 > 6 > 1 ≈ 7 > 3 > 5, 

which display over 95% sequence identity with human NaVs (Goldin et al., 2000; 

Wilson et al., 2011; Zhang et al., 2007). A comparative study evaluated the activity 

of the three isomers on the pain targets NaV1.7 and NaV1.2, as well as NaV1.4, 

which is associated with adverse off-target effects. Isomer 1 demonstrated the 

activity shown in Table 2 and selectivity as follows: NaV1.4 > NaV1.2 > NaV1.7; the 

native isomer exhibited a preference for NaV1.4 > NaV1.7 ≈ NaV1.2; and Isomer 2 

showed nearly equal potency at NaV1.4 and NaV1.2, with reduced effectiveness at 

NaV1.7. (Tran et al., 2022) 

Table 2. Activity of different disulfide-isomers of KIIIA on hNaV1.2, hNaV1.4, and hNaV1.7 determined 
using automated electrophysiology. Data presented as mean (± SD), with n = 5 cells per data point. Table 
taken from (Tran et al., 2022). 

Sodium Channel 
Subtypes 

IC50 [nM] 

Isomer 1 Isomer 2 Native KIIIA 

hNaV1.2 124 ± 34  1371 ± 403  875 ± 129  

hNaV1.4 65 ± 15  2051 ± 482  472 ± 94  

hNaV1.7 413 ± 71  5388 ± 547  887 ± 295  

Figure 8. Three-dimensional structure and amino acid sequence of KIIIA. (A) Overlay of 20 NMR solution 

structures of the KIIIA backbone (blue) displaying the native fold. Disulfides are shown in yellow. (B) Backbone 

and surface (transparent) structures are shown from two different perspectives. (C) Sequence and 

connectivity of the 16 amino acid conotoxin KIIIA in the native fold. (D) Sequence and connectivity of KIIIA 

Isomer 1. Structures rendered with PyMol (PDB: 7SAV). 
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1.6 Spider venom peptides 
 

Spiders rank second only to insects and thus represent one of the largest groups of 

land-dwelling organisms. They evolved around 300 million years ago and inhabit 

many ecological niches (Kuhn-Nentwig et al., 2011; Wang et al., 2018). Spiders are 

known for their diverse and successful predatory abilities on land, boasting a vast 

number of over 52192 identified species (spread over 4391 genera) and possibly 

Figure 9. Structure of human NaV1.2 with β2-subunit bound to KIIIA. The upper image shows a side 

perspective of NaV1.2-pore-blockage by KIIIA. A top perspective is provided in the lower image. The β2-subunit 

is shown in green, KIIIA in blue and disulfides are highlighted in yellow. (Pan et al., 2019) Structures were 

rendered in PyMol (PDB: 6J8E). 
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>150,000 species worldwide (Guo et al., 2024; “NMBE - World Spider Catalog,” 

2024). Their venoms contain specialised peptides for immobilising or killing prey or 

for self-defence, giving spiders an evolutionary advantage (Guo et al., 2024; 

Morgenstern and King, 2013). These compounds can affect mammals by interacting 

with receptor sites that are structurally conserved, as vertebrate and insect 

receptors—the primary prey of spiders—can have around 60% sequence 

identity (Dongol et al., 2019; Gordon et al., 1996; King, 2015; King et al., 2008a; 

Loughney et al., 1989; Nyffeler, 1999; Nyffeler and Birkhofer, 2017). Venom-gland 

transcriptomics and the application of proteomics have significantly impacted the 

study and discovery of spider venoms and their inherent diversity; the promising 

pharmaceutical properties of these venoms were soon recognised (Chen et al., 

2008; Escoubas et al., 2006; Haney et al., 2014; King, 2011). With estimated over 

ten million peptides ranging from 2-8 kDa in size, spider venoms contain an 

immense library of pharmacologically interesting natural compounds (Escoubas et 

al., 2006; King, 2015, 2011). 

Spider venoms comprise a chemically diverse cocktail of salts, organic molecules, 

peptides and proteins with and without enzymatic activity (Jackson and Parks, 

1989; King and Hardy, 2013; Rash and Hodgson, 2002; Senji Laxme et al., 2019). 

Especially disulfide-rich peptide stand out as the active ingredients (Lüddecke et al., 

2022; Pineda et al., 2020). Most disulfide-rich spider toxins are fewer than 40 amino 

acids long and adopt the ICK motif (King, 2015; Shaikh and Sunagar, 2023). These 

ICK toxins are potent modulators of ion channels, with the majority targeting 

NaVs (Dongol et al., 2019). Based on their sequence characteristics and cysteine 

framework, these toxins are categorized as NaSpTxs (“Nav-targeting spider toxins”) 

in twelve families (NaSpTx 1-12) (Klint et al., 2012). Spider toxins mainly bind at two 

allosteric binding sites in VGSCs, the extracellular side of VSDII (Site 4) and VSDIV 

(Site 3). These binding sites and their mode of NaV-modulation categorises them as 

gating modifier toxins (GMTs) (Catterall et al., 2007). Modulation of VGSC by GMT 

leads to peak-current inhibition by two different modes, either by arresting the VSD 

in the closed state or altering the voltage-dependence by shifting it to more 

depolarised potentials, as shown in Figure 7 (B) (Israel et al., 2017). GMTs also 

show affinity for and interact with lipids of the membrane (Henriques et al., 2016; 

Jung et al., 2010; Milescu et al., 2007). The surface of GMTs features a hydrophobic 



21 
 

area encircled by positively charged amino acid residues that interact with 

conserved hydrophobic and negatively charged residues on the different VGSC 

sites. The positively charged Lys as well as Trp, and Tyr play an important role in 

the process of lipid interaction (Agwa et al., 2017). The concept of a "trimolecular 

relationship" has emerged, where the lipid membrane facilitates the interaction with 

VGSC by anchoring and positioning the GMT optimally (Agwa et al., 2017; 

Henriques et al., 2016; Lau et al., 2016). 

A comparison of three GMT of different NaSpTxs between 30 and 35 amino acids 

targeting NaV1.7 at site 4 will be given to exemplify the mode of action and NaV 

modulation. The theraphotoxin (TRTX) HwTx-IV (Huwentoxin-IV, μ-TRTX-Hh2a) is 

a member of NaSpTx family I and inhibits NaV1.7 (IC50 ~30 nM) by trapping 

VSDII (Neff and Wickenden, 2021; Peng et al., 2002; Xiao et al., 2008). Pn3a (μ-

TRTX-Pn3a), which belongs to NaSpTx family II and will be further highlighted in 

the following section, inhibits NaV1.7 (IC50 0.8 nM) with a high selectivity (40 fold) 

over other subtypes (Deuis et al., 2017; Mueller et al., 2020; Neff and Wickenden, 

2021). The NaSpTx family III member ProTx-II (β/ω-TRTX-Tp2a) is one of the most 

potent and selective NaV1.7 inhibitors (IC50 0.3 nM) with high selectivity over other 

subtypes (~100 fold) (Schmalhofer et al., 2008; Xiao et al., 2010; Xu et al., 2019). 

The sequences of these three GMT and their respective IC50 are provided in Figure 

10 (Neff and Wickenden, 2021). 

In lieu of a full structure of Pn3a bound to NaV1.7, a crystal structure for ProTx-II, a 

GMT with a similar pharmacological profile at NaV1.7 and sharing a binding site 

analogous to Pn3a, shifts the voltage dependence of NaV1.7 activation to more 

Figure 10. Sequence alignment of spider toxins HwTx-IV, Pn3a and ProTx-II. These knottins belong to 

three different NaSpTx families and target site 4 of NaV1.7. IC50 values are taken from sources specified in the 

text. Yellow highlights indicate conserved cysteines, blue marks positively charged residues, red represents 

negatively charged residues, green shows hydrophobic residues, and bold letters show aromatic residues. The 

asterisk (*) denotes an amidated C-terminus. Loop regions between cysteines are indicated. Figure adapted 

from (Dongol et al., 2019). 
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depolarised (positive) potentials (see Figure 7 (B)), as shown in Figure 11 (Deuis 

et al., 2017; Mueller et al., 2020; Xu et al., 2019). As displayed in the crystal 

structure, the peptide toxins resides on the outside of the VSDs of the channel 

(Figure 11 (A-C)).  In this model, a bacterial NaVAb has been engineered by 

transferring hNaV1.7 VSDIIs onto the bacterial channel. ProTx-II allosterically binds 

to the S3-S4 loop region of VSDII of NaV1.7 to arrest the channel in active and 

inactive (closed) states, even though the affinity for closed NaV1.7 channel 

conformation is higher. The mode of VSDII modulation is electrostatic and relies on 

opposing charges on the surface of the peptide as well as the channel’s VSD. 

ProTx-II also interacts with the membrane during VSD binding (Xu et al., 2019). 

Despite the promising in vitro properties of ProTx-II, the high affinity and selectivity 

for NaV1.7 failed to translate into in-vivo analgesia in animal models (Schmalhofer 

et al., 2008). In contrast, HwTx-IV relieved acute inflammatory and chronic 

neuropathic pain in animal models. However, neuromuscular side effects due to low 

Figure 11. The crystal structure of the ProTx-II-VSDII-NavAb channel. (A) The complex between VSDII-

NavAb and ProTx-II-viewed from the top, with the human Nav1.7 VSDII segment displayed in blue (S1–S2) and 

green (S3–S4). (B) A membrane view of the backbones of ProTx-II and the VSDII. ProTx-II resides on the VSDs 

outer face and within the membrane. Yellow and orange mesh from SeCys2-SeCys16 for anomalous difference 

peaks of SeMet-ProTx-II derivatives at M6 and M19, respectively. Another membrane view spotlighting Y1, W5, 

W7, W24, and W30 on ProTx-II. Figure modified from (Xu et al., 2019). 
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subtype-selectivity challenged making use of the antinociceptive efficacy of this 

spider venom peptide (Liu et al., 2014; Rahnama et al., 2017). Pn3a, on the other 

hand, has shown promising antinociceptive properties, which will be discussed in 

the following section (Deuis et al., 2017; Mueller, 2020; Mueller et al., 2019). 

1.6.1 μ-Theraphotoxin Pn3a  

Theraphotoxins are the bioactive, disulfide-rich peptides found in the venoms of 

spiders of the Theraphosidae family (King et al., 2008b; Klint et al., 2012). This 

family of spiders consists of 168 genera and 1109 species (“NMBE - World Spider 

Catalog,” 2024). Pn3a is a 35-residue spider venom peptide that was isolated from 

the venom of the South American tarantula Pamphobeteus nigricolor. It displays 

typical ICK structure and, as briefly described in previous sections, acts as a GMT 

and inhibits VGSC with a high selectivity for NaV1.7. A structural depiction of Pn3a, 

as well as the amino acid sequence, is provided in Figure 12 (Deuis et al., 2017). 

As a GMT, Pn3a binds the neurotoxin binding site 4 of NaVs. The general mode of 

action is similar to ProTx-II described in the previous section. It involves Pn3a 

interacting with the S3-S4 linkers in VSDII and VSDIV of NaV1.7, ultimately leading 

to a shift in voltage-dependence of the activation to more depolarised potentials, as 

shown (See Figure 7 (B)) (Deuis et al., 2017; Israel et al., 2017).  

Since its first pharmacological characterisation and structural elucidation in 2017, 

Pn3a has been regarded as a very potent and one of the most selective inhibitors 

of NaV1.7, a valuable tool to probe the channel and possesses an analgesic 

potential (Deuis et al., 2017; Mueller, 2020; Mueller et al., 2019). Syntheses have 

been published showing that Pn3a can be accessed via Solid Phase Peptide 

Synthesis (SPPS) (see 3.1.2 and 3.1.3) and thermodynamic folding of a linear 

precursor (see 3.1.6) (Deuis et al., 2017; Mueller, 2020; Tran et al., 2023a). Pn3a 

has also been successfully recombinantly expressed from E. coli (rPn3a) which has, 

for example, allowed isotopic labelling of the peptide for binding studies (Sharma et 

al., 2020). Structure-activity-relationship (SAR) investigations have found that 

mutating the negatively charged aspartic acid to charge-neutral asparagine (D8N 

mutation) results in enhanced activity on NaV1.7 and analgesic effects in vivo after 

systemic administration in a NaV1.7 mouse model. In vitro, Pn3a[D8N] most potently 

inhibited NaV1.7 (IC50 0.21 nM), with >40-fold to >1000-fold selectivity over other 

subtypes (Mueller et al., 2020). A comparison of wild-type Pn3a and Pn3a[D8N] 
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selectivity and IC50 for several NaV subtypes is provided in Table 3 with values taken 

from (Deuis et al., 2017; Mueller et al., 2020). Systemic co-administration of 

subtherapeutic doses of opioid receptor agonists and Pn3a in different mouse 

models of pain produced analgesia and antiallodynic effects in a synergistic 

manner (Deuis et al., 2017; Mueller et al., 2019). However, no analgesic efficacy 

Figure 12. Three-dimensional structure and amino acid sequence of wild-type Pn3a. (A) 20 lowest energy 

NMR structures are superimposed in deep purple. Disulfides are shown in yellow. (B) Transparent surface plot 

with backbone of two perspectives of one selected state of the peptide. (C) The sequence and cysteine 

connectivity of the [D8N] mutant is shown with the mutation highlighted in red - structures rendered with PyMol 

(PDB: 5T4R). 

Figure 13. A molecular model depicting the interaction between wild-type Pn3a and the NaV1.7 VSDII 

(down state). (A) The model features side-view perspectives, rotated by 180°, illustrating the interaction 

between NaV1.7's VSDII (green) and Pn3a (light blue) with the membrane marked in olive green. The VSDII 

comprises four α-helical segments S1–S4. (B) Zoom-perspective to highlight the electrostatic interactions of 

positively charged residues Lys22 and Lys24 with the negatively charged Asp816 and Glu818 in the S3–S4 segment 

(Relevant side-chains shown as sticks, hydrogen bonds as dashed lines). The molecular models are based on 

homology modelling with the cryo-EM structure of the hNaV1.7 VSDII-NaVAb chimera bound to ProTx-II (PDB 

6N4R), the cryo-EM structure of hNav1.7 (PDB 6J8H), and the NMR solution structure of Pn3a (PDB 5T4R) as 

templates. Figure taken from (Mueller et al., 2020). 
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was observed against formalin, carrageenan, or Freud's complete adjuvant-induced 

pain after intraplantar injection in mice (Deuis et al., 2017). 

Table 3. Potency of Pn3a[D8N] and wild-type Pn3a at NaV-subtypes and their fold selectivity relative to 

NaV1.7. Data is presented as mean IC50 assessed by whole-cell patch–clamp experiments. Pn3a and 

Pn3a[D8N] subtype-selectivity is independently determined as the ratio of the IC50 value obtained for each 

respective isoform relative to NaV1.7, calculated by IC50(NaV1.X)/IC50(NaV1.7). Table adopted from (Deuis et 

al., 2017; Mueller et al., 2020).  

 Pn3a[D8N] Pn3a 

NaV subtype 
1.X 

IC50 [nM] 
NaV1.7 

selectivity 
IC50 [nM] 

NaV1.7 
selectivity 

1 14 67 37 41 

2 9 43 124 138 

3 48 229 210 233 

4 97 462 144 160 

5 343 1633 800 889 

6 25 119 129 143 

7 0.21 1 0.9 1 

8 >1000 >4762 >1000 >1111 
 

Most interestingly, Pn3a’s off target activities on other subtypes are low at 

efficacious concentrations at NaV1.7 and other ion channels such as voltage-gated 

potassium or calcium channels, nicotinic acetylcholine receptors were not affected 

by Pn3a at concentrations higher than required to inhibit NaV1.7 inward 

current (Deuis et al., 2017). It is unclear how these findings would translate into 

clinical use against chronic pain states, as animal models do not ideally represent 

humans. Additionally, the almost complete inhibition of NaV1.7 channels required to 

achieve pain-free states is not achieved with Pn3a (Eagles et al., 2022). 

Nevertheless, Pn3a remains an interesting platform for the development of 

therapeutic strategies targeting NaV1.7, as well as a valuable probe for studying the 

channel’s involvement in pain (Deuis et al., 2017).  

1.7 Proximity Ligation Assay 
 

The Proximity Ligation Assay (PLA) is a molecular biological technique for 

visualising and quantifying proteins, protein interactions, modifications, and 

presence within a cell. It combines the specificity of antibodies with the sensitivity of 

DNA amplification (Bagchi et al., 2015; Söderberg et al., 2006). The method was 

first described in 2002 and showed high sensitivity, enabling the detection of 
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zeptomole (40 × 10−21 mol) of the cytokine platelet-derived growth 

factor (Fredriksson et al., 2002). In the classic set-up, PLA leverages the principle 

that two antibodies, each conjugated to a unique oligonucleotide, can bind to their 

respective target epitopes on (interacting) proteins. When these antibodies are in 

close proximity (typically within 40 nanometers), the attached oligonucleotides serve 

as templates for a DNA amplification reaction (Bagchi et al., 2015; Cane et al., 2017; 

Söderberg et al., 2006). 

The procedure is illustrated in Figure 14 and begins with the incubation of a sample 

that contains potentially interacting proteins of interest with primary antibodies. The 

antibodies recognise different epitopes of the proteins and are raised in different 

species to ensure specificity and reduce cross-reactivity. Secondary antibodies 

conjugated with complementary oligonucleotides (PLA probes, plus and minus) are 

then added. If the target proteins are in close proximity and the primary antibodies 

successfully bind, the oligonucleotides on the PLA probes can hybridise into a 

connector oligonucleotide, allowing the ligation of the two PLA probes' 

oligonucleotides into a circular DNA molecule (Bagchi et al., 2015; Cane et al., 

2017). 

This circular DNA serves as a template for rolling circle amplification (RCA), a 

process that generates a long single-stranded DNA product, which remains tethered 

to the site of the interaction. The RCA product can then be detected using 

fluorescently labelled complementary oligonucleotide probes, enabling the 

visualisation of protein interactions as fluorescent spots under a fluorescence 

microscope. Each fluorescent spot corresponds to a single protein interaction event, 

allowing for quantitative analysis (Bagchi et al., 2015; Cane et al., 2017). 

PLA offers several advantages, including high sensitivity and specificity, the ability 

to detect low-abundance proteins, and the capability to study protein interactions in 

situ within fixed cells or tissue sections. The PLA can be valuable for understanding 

protein interactions and modifications, elucidating cellular mechanisms and disease 

pathways. Its compatibility with standard immunofluorescence microscopy 

infrastructure and commercial availability of PLA reagents also enhances its 

accessibility (Bagchi et al., 2015; Cane et al., 2017). For example, in NaV1.7 

research, the PLA was employed to visualize NaV1.7-protein interactions, leading 
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to the elucidation of the CRMP2 SUMOylation mechanism in NaV1.7 regulation. This 

discovery has paved the way for the potential use of protein-protein inhibitors 

targeting antiallodynic nociception in pain models (Cai et al., 2021; Loya-López et 

al., 2022; Moutal et al., 2020). 

 

  

Figure 14. Proximity Ligation Assay (PLA). An illustration of the PLA, starting with the interaction of two target 

proteins and ending with the detection of fluorescent signals in cellulo. The steps include (1) the interaction of 

two target proteins, (2) the binding of primary antibodies to different epitopes of the protein complex, (3) the 

subsequent binding of PLA probes to the primary antibodies, (4) the ligation of connector DNA strands that bind 

the PLA probe oligos, (5) the ligation of hybridised DNA strands into circular DNA, (6) the rolling circle 

amplification (RCA) producing concatemeric DNA, and (7) the hybridisation of fluorescently labelled oligo 

probes resulting in visible fluorescent signals that indicate the protein-protein interaction - figure created with 

BioRender. 
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2 Research Aim 
 

Investigating NaV1.7, along with its regulation and interactome, is crucial for 

advancing our understanding of its role in disease and supporting drug 

development. The PLA is a highly sensitive and selective antibody-based imaging 

technology, capable of visualizing NaV1.7 in situ, offering insights into its molecular 

mechanisms. 

Venom peptides, known for their selective binding to ion channels, have significantly 

advanced our understanding of NaVs through structural and functional studies. We 

aim to develop a modified PLA for NaV1.7 visualization by utilizing the high target 

affinity and selectivity of venom peptides. This novel approach involves replacing 

primary antibodies with venom peptide-based probes. 

The focus of this work is on designing probes based on two selective venom 

peptides, each tagged with a specific epitope sequence. These tags will enable the 

probes to be recognized by antibodies raised against them. The aims of this work 

are to: 

I. Design venom peptides-based probes for NaV1.7 and explore the synthetic 

feasibility  

II. Biologically test synthesized probes against NaV1.7 

III. Evaluate the feasibility of developing a venom peptide-based PLA based on 

the outcomes of the synthesis (II) and testing (III). 
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3 Research Methodology 
 

3.1 Peptide Synthesis: Historical Overview and Methodologies 

 

Peptide chemistry has evolved significantly since its inception in the late 19th 

century, driven by advances in synthetic techniques, structural elucidation methods, 

and therapeutic applications. The field's early milestones include Theodor Curtius's 

1882 synthesis of N-protected benzoylglycylglycine and the 1902 creation of the 

free dipeptide glycylglycine by Ernest Fourneau and Emil Fischer, who also 

introduced the term “peptide” (Babu, 2001; Curtius, 1882; Fischer and Fourneau, 

1901). A significant advancement occurred in 1932 when Max Bergmann introduced 

the carbobenzoxy (Cbz) protecting group for amine protection three decades after 

Fischer’s initial peptide synthesis (Bergmann and Zervas, 1932). This development 

laid the foundation for protection group chemistry, which has become a crucial 

aspect of peptide synthesis. The 1950s brought significant advancements in peptide 

chemistry when Vincent du Vigneaud synthesised the octapeptide oxytocin 

(CYIQNCPLG-NH2) in 1953, earning the Nobel Prize for his contributions in 1955. 

Additionally, the decade saw the introduction of another vital protecting group, the 

Boc group (tert-butyloxycarbonyl), by Albertson and McKay in 1957, further 

enriching the peptide chemist’s arsenal (McKay and Albertson, 1957; “The Nobel 

Prize in Chemistry 1955,” 2024; Vigneaud et al., 1953). 

Especially the introduction of Solid Phase Peptide Synthesis in 1963 by Bruce 

Merrifield has had an everlasting impact in the field, for which he was awarded the 

Nobel Price in Chemistry in 1984 (“The Nobel Prize in Chemistry 1984,” 2024). For 

the synthesis of a tetrapeptide (LFKV) Merrifield utilised an insoluble polymer that 

bears the growing peptide chain. The respective cycles of N-deprotection, washing, 

and coupling are carried out while the peptide is covalently bound to the polymer 

resin. The liquid phase, containing unreacted material, cycle-specific reagents, and 

side- and cleavage products can be easily removed. Thus, compared to solution 

phase chemistry, SPPS has drastically simplified peptide synthesis, as purification 

and characterisation are not required after each synthetic step (Jaradat, 2018; 

Merrifield, 1963). This was exemplified in the synthesis of bovine insulin by 

Merrifield in 1966, which previously took other researches months using classical 
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methods but could now be completed with higher yields within days (Marglin and 

Merrifield, 1966). In 1965, Merrifield described the first automated device to carry 

out SPPS, laying the foundation for modern, fully automated, and parallelised SPPS 

(Merrifield, 1965). 

In 1970, Han and Carpino developed the base labile Fmoc (9-

fluorenylmethyloxycarbonyl) group protecting strategy, providing an alternative to 

Boc protection, orthogonal to many other protecting groups and still commonly used 

up to date in peptide synthesis (Carpino and Han, 1970). 

Refinement of the established methods, novel solid phase polymers, linkers, 

immobilisation strategies and the expansion of the repertoire of coupling reagents 

have refined peptide chemistry over the decades, allowing for the synthesis of more 

complex and challenging sequences (Jaradat, 2018). Advances in recombinant 

biology as well as the development of chemical and enzymatical ligation strategies 

for peptides, such as Native Chemical Ligation (NCL), the α-Ketoacid 

hydroxylamine (KAHA) ligation, Cu(I)-catalysed azide–alkyne cycloaddition 

(CuAAC), and enzyme-mediated ligations have paved the way for innovation in 

biomolecular synthesis (Ajingi et al., n.d.; Jaradat, 2018; Li, 2011; Schmidt et al., 

2017).  

Many decades of advances have led to the discovery and synthesis of a plethora of 

novel or nature-inspired peptides, particularly therapeutic peptides used to combat 

a variety of ailments such as diabetes, chronic pain, gut disorders, and infectious 

diseases. This progress eventually culminated in around 40 peptide-based drugs 

being approved by 2022 and more undergoing clinical trials (Wang et al., 2022).  

3.1.1 Peptide bond formation 

A peptide bond forms when the amine group of one amino acid condenses with the 

carboxylic acid group of another amino acid. The amine acts as a nucleophile, 

attacking the electrophilic carbonyl carbon. However, in the absence of enzymes 

(as in living organisms) or auxiliary chemicals, exposing a free N-terminus to an acid 

leads to salt formation due to the basicity of the amine and the acidic nature of its 

counterpart. In this situation, no peptide bond can form because protonation of the 

amine and deprotonation of the acid reduce the nucleophilicity of the amine and 

significantly decrease the electrophilicity of the carbonyl group. To form a peptide 
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bond between two amino acids under laboratory conditions, activation of the 

carboxylic acid is necessary (Figure 15). Coupling agents such as HATU, DIC, and 

Oxyma can assist in this process and are thus valuable tools widely used in peptide 

chemistry. 

A selection of different coupling agents is depicted in Figure 16, featuring HOBt (N-

hydroxybenzotriazole), the aminium salts HATU (1-((dimethylamino)(di-

methyliminio)methyl)-1H-[1,2,3]triazolo[4,5-b]pyridine 3-oxide hexafluorophos-

phate), HBTU (2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluoro-

phosphate) and HCTU (2-(6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3-tetramethyl-

aminium hexafluorophosphate), the carbodiimides DIC (Diisopropylcarbodiimide) 

and DCC (Dicyclohexylcarbodiimide) as well as Oxyma (Ethyl cyanohydroxyimino-

acetate). The latter was found to be an excellent and non-explosive alternative for 

HOBt used in carbodiimide-mediated coupling reactions (See Figure 21) (Subirós-

Funosas et al., 2009). The choice of the coupling reagents can have a significant 

impact on the end product in terms of coupling efficiency, racemisation, and 

practical aspects (Jaradat, 2018).  

Figure 15. Peptide bond formation. (A) Peptide bond formation does not spontaneously occur when two 

amino acids are exposed. Instead, the amine group and the carboxylic acid undergo salt formation in an 

acid-base reaction. (B) Peptide bond formation thus requires auxiliary chemicals (coupling agents) to 

activate the carboxylic acid, making it susceptible to a nucleophilic attack by the amine, resulting in the 

condensation of both groups to form a peptide bond. 
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DCC and DIC were introduced as coupling reagents in 1955 and 1961, respectively, 

and have been in use ever since (Sheehan et al., 1961; Sheehan and Hess, 1955). 

The carbodiimides react with the carboxylic acid of the peptide or amino acid, a 

reactive O-acylisourea is formed and then undergoes aminolysis by the amine 

function of another amino acid to yield a peptide bond.(Jaradat, 2018) The formation 

of the DIC is to be preferred over DCC in solid phase reactions due to the better 

solubility of the urea byproduct that simplifies separation. In 1970, HOBt was 

introduced as a coupling agent, and HOBt is often used in combination with DIC as 

the addition of HOBt suppresses racemisation compared to a solely carbodiimide-

mediated coupling (Jaradat, 2018; König and Geiger, 1970). The mechanism 

proceeds via the formation of an O-acylisourea derivative as described for the 

carbodiimide mediated peptide coupling. HOBt then reacts with the O-acylisourea 

to form a reactive active ester with the C-terminus. A nucleophilic attack by the 

amine group releases the HOBt and results in peptide bond formation (Jaradat, 

2018; König and Geiger, 1970).  

Further coupling agent development saw the introduction of aminium salts HBTU. 

HATU and HCTU in 1978, 1993 and 2002, respectively (Carpino, 1993; Dourtoglou 

et al., 1978; Marder et al., 2003). All bear a positive charge at the N-guanidinium 

Figure 16. Structures of selected coupling agents used for peptide bond formation. From top left to 

bottom right, HOBt (N-hydroxybenzotriazole), HATU (1-((dimethylamino)(di-methyliminio)methyl)-1H-

[1,2,3]triazolo-[4,5-b]pyridine 3-oxide hexafluorophos-phate), HBTU (2-(1-H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluoro-phosphate), HCTU (2-(6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3-tetramethyl-

aminium hexafluoro-phosphate), DIC (Diisopropylcarbodiimide), DCC (Dicyclohexylcarbodiimide) and Oxyma 

(Ethyl cyanohydroxy-imino acetate). 
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moiety and work follow the same mechanistic principle.  Compared to the other 

aminium salts mentioned, HATU displays better coupling yields and lower 

susceptibility towards enantiomerisation, making it favourable in many applications 

(Jaradat, 2018). The HATU-mediated peptide bond formation is shown in Figure 

17. First, the sterically hindered trialkyl amine base DIPEA deprotonates the 

carboxylic acid of the amino acid, followed by a nucleophilic attack of the 

electrophilic aminium carbon by the carboxylate. The ester of the intermediate is 

then displaced by the 1-hydroxybenzotriazolate, forming an active ester that is 

susceptible to aminolysis (nucleophilic substitution by the free amino group of the 

coupling partner), yielding an amide bond. It has to be pointed out that the carboxy 

component and the aminium salt are reacted first before the amine group is 

introduced to prevent guanidinylation of the amine (Jaradat, 2018). 

Figure 17. HATU mediated coupling reaction of two amino acids. In the first step, the C-terminus is 

deprotonated by a base (DIPEA). The resulting carboxylate then acts as a nucleophile on the iminium moiety of 

HATU. The intermediate ester is then displaced by the 1-hydroxybenzotriazole, releasing tetramethylurea. This 

reaction yields a reactive ester, which can undergo aminolysis by the amino group of another amino acid. 
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Generally, racemisation reactions during coupling are of concern, and reaction 

conditions to minimize or suppress racemisation must be chosen. For example, 

base catalysed and carbodiimide-mediated coupling may lead to the formation of a 

racemic mixture of amino acids (L- and D-isomers), e.g., via oxazolone formation 

(El-Faham and Albericio, 2011; Goodman and Stueben, 2002; Tulla-Puche et al., 

2015).  

In microwave-assisted automated solid phase peptide synthesis (See 3.1.3), the 

DIC/Oxyma mediated coupling is commonly used. Figure 18 gives an overview of 

this coupling reaction. First, the C-terminus of the amino acid reacts with the 

carbodiimide to form the reactive O-acylisourea intermediate. The nucleophilic 

attack of the oxime displaces the urea and the intermediate oxime ester can 

undergo aminolysis with the amine group of another amino acid, resulting in peptide 

bond formation (Jaradat, 2018; Manne et al., 2022). Oxyma was found to be an 

excellent and non-explosive alternative for HOBt (Subirós-Funosas et al., 2009). 

3.1.2 Solid Phase Peptides Synthesis using the Fmoc strategy 

Solid Phase Peptide Synthesis, invented by Robert Bruce Merrifield in 1963, 

enables researchers to assemble long sequences in a short amount of time (Marglin 

and Merrifield, 1966; Merrifield, 1963). The principle of SPPS is based on repeating 

cycles of deprotection and coupling reactions, supported by the solid phase, an 

insoluble polymer modified with linker regions that bear the nascent peptide chains 

(“resin”). 

Figure 18. Mechanistic depiction of the DIC/Oxyma-mediated coupling reaction between a carboxylic 

acid and an amine. In the first step of the reaction, O-acylisourea is formed and reacts with the oxime group 

of Oxyma. The resulting oxime ester undergoes aminolysis to yield the final product with an amide bond. 
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For SPPS, two common protecting strategies exist, the Fmoc/tBu (9-

fluorenylmethoxycarbonyl/tert-butyl) and Boc/Bzl (tert-butyloxycarbonyl/benzyl) 

strategy, that determine the conditions and reagents that can be used. Here, the 

Fmoc strategy will be highlighted. Figure 19 displays a Fmoc- and side-chain 

protected peptide linked to a solid support. The temporary Fmoc protecting group is 

base labile and is removed before each coupling step. In contrast, the orthogonally 

acid-labile side-chain protection and the linker region are cleaved in one final step 

after chain assembly. 

The workflow of the SPPS is shown in Figure 20. The first (C-terminal) amino acid 

of the desired sequence is activated and chemically attached to the solid phase via 

a linker region. Before each coupling, the temporary N-terminal Fmoc-protection 

needs to be removed using a base. The mechanism of base-mediated Fmoc 

deprotection is displayed in Figure 23 (See 3.1.4).  

After deprotection of the N-terminus, the next activated and protected amino acid is 

added, and a peptide bond is formed between the two amino acids. During the 

whole procedure, reactive amino acid side-chains stay protected with respective 

protecting groups to minimize undesired reactions. Washing steps to rid the reaction 

mixture of reagents that may interfere are carried out after each reaction step. When 

the desired sequence is assembled after multiple cycles, the linear peptide chain is 

globally deprotected and cleaved off the resin in a one-step reaction, yielding the 

Figure 19. Immobilised peptide during Fmoc-SPPS. The peptide chain is N-protected with the base-labile 

Fmoc (9-fluorenylmethoxycarbonyl) group. Reactive side-chains are protected by acid-labile groups (Pg). The 

C-terminus of the peptide is covalently attached to the solid phase via a linker region. Orthogonal to the base-

labile Fmoc group, the linker, and side-chain protecting groups can be cleaved off under acidic conditions. 
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crude peptide. For Fmoc-SPPS, cleavage is performed under acidic conditions by 

treating the peptidyl resin with a strong acid such as trifluoro acetic acid (TFA).  

Natural limitations of the SPPS method exist. Even though various coupling 

reagents and optimised protocols with good efficiencies have been established, a 

growing number of cycles (=long amino acid sequence) drastically reduces the yield 

of the final product. A peptide chain of 40 amino acids with 99% coupling efficiency 

Figure 20. Scheme of the SPPS reaction. (1) The first amino acid is activated and attached to the resin, (2) 

N-deprotected, (3) and coupled to the C-terminus of the second activated amino acid. (4) The side-chains of 

the Fmoc-amino acids (aa) are temporarily protected with protecting groups (Pg). Repeating the steps with the 

respective amino acids yields the final sequence. (5) After a final N-deprotection, the side-chain protecting 

groups are globally removed, and the peptide is cleaved off the solid support, yielding the crude peptide. The 

choice of resin determines whether a free carboxy terminus (Y=OH) or an amide (Y=NH2) is obtained after 

cleavage. 
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would have a theoretical yield of 0.9940= 66.9%, and 95% coupling efficiency would 

imply only 12.85% theoretical yield. Further, difficult sequences prone to 

aggregation, can reduce the yield as well. For longer peptides, special reagents (Nα-

alkylated Fmoc-Tmob-Gly-OH or “Pseudoprolines”) that disrupt aggregation or 

different strategies, such as ligation of shorter chains, can be considered (Coin et 

al., 2007; Jaradat, 2018; Johnson et al., 1995; Toniolo et al., 1981). 

  

3.1.3 Automated microwave-assisted Solid Phase Peptide Synthesis  

The use of microwave irradiation for peptide synthesis was first reported in 1992 

(Yu et al., 1992). A decade later, in 2003, the corporation CEM pioneered the first 

dedicated automated microwave-assisted peptide synthesizer (Jonathan et al., 

2003). Automated microwave-assisted solid phase peptide synthesis (MW-SPPS) 

devices enhance the peptide assembly process of SPPS by integrating microwave 

irradiation into the procedure, which accelerates both coupling and deprotection 

reactions. The advantages of faster reaction times, better efficiencies, and higher 

crude product purities are attributed to the kinetic effects of heating the mixture 

(Bacsa et al., 2008; Yu et al., 1992). The automation component of these 

synthesizers allows for programmable sequences of amino acids, automated 

delivery of reagents from reservoirs, and control over reaction times and 

temperatures.  

Typically, MW-SPPS is performed at temperatures ranging from 45°C to 80°C, with 

coupling and Fmoc-deprotection reactions completed within 5-6 minutes and 3-4 

minutes, respectively (Murray et al., 2011; Vanier, 2013). However, exact conditions 

can vary depending on the sequence, exact temperature, and reagents used. As 

elevated temperatures can promote side reactions, the formation of aspartimides 

and amino acid racemisation need to be considered when choosing reaction 

conditions, and measures may be necessary to assess the occurrence of such 

reactions (Vanier, 2013). 
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For automated microwave-assisted solid phase peptide synthesis, coupling with 

DIC/Oxyma is commonly used. As a non-explosive alternative to HOBt with high 

coupling efficiency and low racemisation, Oxyma is highly favorable (Subirós-

Funosas et al., 2009). The reaction equation for DIC/Oxyma mediated coupling in 

MW-SPPS is illustrated in Figure 21. 

3.1.4 Protecting groups 

The emergence of protecting groups has had an revolutionary impact on peptide 

chemistry. Various protecting groups exist that allow for different approaches and 

strategies. In 1932, the first removable Nα protecting group was described by 

Bergmann and Zervas (Bergmann and Zervas, 1932). This carbobenzoxy group, 

(Cbz or simply “Z”) pioneered the field of temporary Nα-protection and laid the 

foundation for the development of the still relevant Nα-protecting groups Boc (tert-

butyloxycarbonyl), an acid labile ester, in 1957 and Fmoc (9-

Figure 21. Reaction equation for DIC and Oxyma mediated coupling in microwave (MW) assisted 

SPPS.  

Figure 22. A selection of protecting groups for Nα and side-chain protection of peptides during SPPS. 

From top left to bottom right, Fmoc (9-fluorenylmethoxycarbonyl), Boc (tert-butyloxycarbonyl), tBu (tert-butyl), 

Mpe (3-methyl-pent-3-yl), Trt (trityl), Pbf (2,2,4,6,7-PentamethyIdihydrobenzofuran-5-sulfonyl) and Tmob 

(2,4,6-Trimethoxybenzyl). 
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fluorenylmethoxycarbonyl), a base labile ester, in 1970 (Carpino and Han, 1970; 

McKay and Albertson, 1957).  

In Figure 22, structures of a selection of Nα- (Fmoc and Boc) and side-chain 

protecting groups (Boc, tBu, Mpe, Trt, Pbf, Tmob) are shown. Fmoc and Boc are 

classical protecting groups for the N-terminus of peptides with different implications 

of the synthetic route, and both are still in use with their respective orthogonal side-

chain protection strategy, Fmoc/tBu and Boc/Bzl. As the latter required the use of 

corrosive and toxic hydrogen fluoride (HF) for side-chain deprotection, the Fmoc 

strategy is more commonly used (Jaradat, 2018; Tulla-Puche et al., 2015). Here, 

the use of Fmoc will be highlighted. 

The Fmoc strategy employs side-chain protection groups that are stable to bases 

but can be cleaved under acidic conditions. Fmoc deprotection requires a base, 

such as piperidine (Carpino and Han, 1970; Jaradat, 2018; Tulla-Puche et al., 

2015). The mechanism of piperidine-mediated Fmoc deprotection is depicted in 

Figure 23. The proton in position 9 of the fluorene system is acidic enough to be 

abstracted by the amine base. The carbanion undergoes an elimination reaction 

(E1cb) that releases the 9-methylene-fluorene, which can further react in additional 

reactions (O’Ferrall and Slae, 1970). Decarboxylation then gives the free amine.  

In contrast, Boc-Nα protection is commonly cleaved by trifluoroacetic acid (TFA). 

However, Boc can also be used to protect side-chain amines, such as in lysine (Nε), 

making it a suitable and Fmoc-orthogonal side-chain protecting group. Due to the 

unreactive nature of their side-chains, Ala, Gly, Ile, Leu, Met, Phe, Pro, and Val do 

not require a protecting group. In contrast, Arg, Asp, Cys, Glu, Lys, Ser, Thr, Tyr 

require the protection of reactive side-chain moieties and Asn, Gln, His, Trp 

protection is recommended as well (Jaradat, 2018). Common side-chain protecting 

groups are tBu (tert-butyl) for Asp, Glu, Ser, Thr and Tyr, Trt (trityl) for Asn, Gln and 

Cys, Boc for Lys and Trp and Pbf (2,2,4,6,7-PentamethyIdihydrobenzofuran-5-

sulfonyl) for Arg (Jaradat, 2018; Tulla-Puche et al., 2015). The Mpe (3-methyl-pent-

3-yl) group can be useful for Asp protection as it effectively protects against 

aspartimide formation (Karlström and Undén, 1996). Another very common Cys 

protection group is the Acm (acetamidomethyl) group (Jaradat, 2018; Tulla-Puche 

et al., 2015).  
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 The methoxybenzyl analogues Hmb (2-hydroxy-4-methoxybenzyl), Dmb (2,4-

dimethoxybenzyl) and Tmob (2,4,6-Trimethoxybenzyl) have found application as 

cysteine protecting groups, however, attached to the amino terminus these groups 

do not serve as a classical Nα protecting group, but can in suppressing backbone 

hydrogen bonding and thus “protect” the nascent peptide chain from aggregation, 

useful for difficult sequences (Isidro-Llobet et al., 2009; Johnson et al., 1993; 

Munson et al., 1992; Society, 1998; Spears et al., 2021; Zoukimian et al., 2022). 

Global deprotection of the peptide is usually performed in a one-step reaction 

together with the cleavage of the peptidyl resin under acidic conditions using a 

strong acid; a common choice is the volatile TFA (Kremsmayr and Muttenthaler, 

2022; Tulla-Puche et al., 2015). Scavengers, such as trisiopropylsilane (TIPS) and 

(DODT) are added to the TFA to suppress side reactions of and unwanted 

modification by the released protecting groups (Pearson et al., 1989; Teixeira et al., 

2002). 

 

3.1.5 Resins for SPPS – Solid support and linkers 

SPPS follows the principle of immobilizing the first amino acid on an insoluble resin 

and conducting step-wise chain elongation until the desired sequence is obtained. 

The resin consists of polymer beads functionalised with linkers that provide 

attachment sites for the growing peptide chain and quantitatively enable eventual 

Figure 23. Fmoc N-terminal deprotection reaction with piperidine. The Fmoc group (blue) is deprotected 

by the base piperidine and undergoes elimination (E1cb), resulting in the formation of 9-methylene-fluorene and 

CO2 after decarboxylation, yielding the free amine. The 9-methylene-fluorene can subsequently react with 

nucleophiles present, such as piperidine. 
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cleavage (Jaradat, 2018). A common material choice is divinylbenzene-crosslinked 

(1-2%) polystyrene (PS) (Blackburn, 1998). To ensure compatibility with the 

synthesis conditions, both the polymeric support and the linker must be 

mechanically, chemically, and thermally stable (Tulla-Puche et al., 2015). The 

nature of the resin, especially the linker, determines the synthetic route and 

compatibility with certain protection strategies and further influences the chemical 

nature of the final product. Usually, the peptide is immobilised on the solid phase 

via the C-terminus (Jaradat, 2018; Merrifield, 1963). A selection of different 

structures of resins is depicted in Figure 24. For the hydroxy-type Wang and 2-

chlorotrityl resin, an ester linkage with the peptide is established, yielding a 

carboxylic acid after cleavage (Barlos et al., 1991; Jaradat, 2018; Wang, 1973). 

Rink-amide (Benzhydrylamine), and Sieber-amide (Xanthenylamine) resins form an 

amide bond with the amino group and the C-terminus of the peptide and yield an 

amidated peptide after cleavage (Jaradat, 2018; Rink, 1987; Sieber, 1987). The 

resins depicted in Figure 24 are cleavable by TFA acidolysis.  

The substitution value characterizes the amount of peptide (mmol) that can be 

loaded onto a given amount of resin, expressed in [mmol/g]. For longer or 

challenging sequences, lower substitution values can be favourable.(Kent, 1988) 

As most of the reactions take place within the polymeric network of the solid phase 

Figure 24. A selection of different resins used in SPPS. The depicted linkers are attached to the polymer 

and bear reactive groups that allow coupling of amino acids. Beads of the linker-functionalised polymer are 

referred to as “resin”. (A) The Wang resin consists of a linker attached to a polystyrene. (B) The Rink-amide 

resin consists of, (C) 2-chlorotrityl resin and (D) Sieber-amide resin, respectively. 
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and are controlled by diffusion, proper swelling of the resin with the respective 

solvent, for example DMF, DCM, or THF, is crucial to ensure accessibility of all 

reactive sites (Hudson, 1999; Kent, 1988; Tulla-Puche et al., 2015).  

 

3.1.6 Oxidative folding of peptides  

The three-dimensional structure of a disulfide-rich peptide is highly dependent on 

the correct disulfide bond formation (Price-Carter et al., 1998). One or more disulfide 

bonds within a peptide restrict the peptide structurally into a certain biologically 

active conformation by positioning pharmacophoric amino acid side-chains to 

optimize interactions with molecular targets and further provide its stability towards 

degradation by proteases (Colgrave and Craik, 2004; King, 2015; Kolmar, 2008; 

Roesler and Rao, 2000). Multiple cysteines imply the possibility of many different 

isomers being formed. For example, a peptide with three disulfide bonds consisting 

of six cysteines 15 different isomers would be possible, following Equation 

(1) (Kauzmann, 1959). 

 

 
𝑃(𝑛) =

(2𝑛)!

2𝑛 𝑛!
  (1) 

 

Hence, for the synthesis of disulfide-rich peptides, it is crucial to select a synthetic 

strategy that ensures the formation of the desired folding. Utilizing orthogonal 

protecting groups allows for sequential deprotection and the directed formation of 

sulfur-sulfur bonds in cysteine side-chains, facilitating the production of specific 

folds in peptides with multiple disulfide linkages (Postma and Albericio, 2014). 

A different approach for peptide folding is air-oxidation, often supported by a redox 

buffer of glutathione (GSH) and glutathione disulfide (GSSG) in an aqueous medium 

(X.-T. Chen et al., 2022; Deuis et al., 2017; Park et al., 2014; Wu et al., 2013). As a 

one-step, global cysteine oxidation method, air oxidation is less labour-intensive 

than elaborated, multi-step protection schemes (Kam et al., 2024). The linear 

peptide is diluted in a buffer with specific salt composition and ionic strength to 

prevent aggregation. Diluting the peptide to high levels minimizes the formation of 

intermolecular disulfide bonds. When exposed to air, oxygen promotes the 
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formation of disulfide bonds between cysteine side-chains. The buffer’s slightly 

alkaline pH causes partial deprotonation of sulfhydryl groups, which increases the 

nucleophilicity of the resulting thiolate. This facilitates nucleophilic substitution 

reactions, including scrambling reactions and mixed disulfide bond formation 

between the peptide and glutathione species (Kam et al., 2024). As in vivo, the 

glutathione redox system, comprising reduced glutathione (GSH) and its oxidised 

form (GSSG), plays a crucial role in peptide folding. GSSG acts as an oxidant to 

form correct disulfide bonds, while GSH serves as a reducing agent to cleave 

improperly formed disulfide bonds, supporting the peptides in achieving their 

thermodynamically stable conformation (Okumura et al., 2011). 

Although air oxidation can be time-consuming (hours to days) and may produce 

mixtures of correctly, incorrectly, and unfolded peptides, at the expense of the yield, 

the reagents are inexpensive and non-toxic (Kam et al., 2024; Wong et al., 2011). 

 

3.1.7 Cu(I)-catalysed azide–alkyne cycloaddition (CuAAC) 

The cycloaddition reactions of terminal alkynes with azides, catalysed by Cu(I) 

species, are known as CuAAC (Copper-Catalysed Azide-Alkyne Cycloaddition) 

reactions. The reaction was first described by Barry Sharpless and Morten Meldal 

in 2001 (Rostovtsev et al., 2002; Tornøe et al., 2002). The CuAAC reaction is an 

archetypal ‘click reaction’. Click reactions are designed to be conducted under mild 

conditions, ensuring robustness to variations in concentration or environmental 

factors. They should exhibit tolerance towards water and common functional groups 

while yielding only the desired product, enabling the rapid synthesis of complex 

molecules (Kolb et al., 2001; Kolb and Sharpless, 2003). In 2022, the Nobel Prize 

in Chemistry was awarded to Carolyn R. Bertozzi, Morten Meldal, and K. Barry 

Sharpless "for the development of click chemistry and bioorthogonal chemistry", 

crediting the impact of the discovery and implementation of click reactions like the 

CuAAC reaction (“The Nobel Prize in Chemistry 2022,” 2024). 

With the introduction of Cu(I) as a catalyst to the azide-alkyne reaction, the selective 

formation of 1,4-disubstituted 1,2,3-triazoles in aqueous media and at ambient 

temperatures from terminal alkynes is made possible. The CuAAC reaction requires 

only sub-stoichiometric amounts of copper salts like CuSO4 in the presence of a 
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reducing agent (e.g., sodium ascorbate) to generate the active copper(I) species in 

situ (Rostovtsev et al., 2002). 

An overview of the reaction is shown in Figure 25. Additionally, a more detailed 

mechanistic cycle is depicted below. The mechanism of the CuAAC proceeds 

through the formation of a copper(I)-acetylide complex, which subsequently reacts 

with an organic azide. This process involves the coordination of another π-bound 

copper(I) ion to the copper acetylide, forming a dinuclear intermediate. The 

copper(I)-acetylide intermediate is reversibly coordinated by the azide and then 

undergoes nucleophilic attack, forming a six-membered metallacycle. The 

cycloaddition is completed by reductive elimination, producing the 1,4-disubstituted 

1,2,3-triazole and regenerating the copper(I) catalyst (Héron and Balcells, 2022; 

Worrell et al., 2013).  

The use of this reaction in peptide chemistry allows the ligation already deprotected 

and folded peptides, evading interference with the synthesis, under non-denaturing 

conditions. The azide and alkyne can be introduced into the respective peptide 

Figure 25. The mechanism of the CuAAC reaction. Reaction equation and mechanistic depiction (below) of 

the Copper-Catalysed Azide-Alkyne Cycloaddition (CuAAC) reaction, illustrating the formation of 1,4-

disubstituted 1,2,3-triazoles from terminal alkynes and azides through the catalytic action of copper(I) species. 
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sequences on-resin as amino acid analogues, for instance 6-azido lysine or 

propargyl glycine. The chemically stable 1,2,3-triazole possesses similar properties 

to the amide bond and has bee used as a bio isosteric replacement (Brik et al., 

2005; Bonandi et al., 2017; Kumari et al., 2020).  

Auxiliaries, such as the water-soluble multidentate ligands TBTA (tris-

(benzyltriazolylmethyl)amine) and THPTA (tris(3-hydroxypropyltriazolylmethyl)-

amine) stabilize the copper(I), especially in aqueous condition and oxygen exposure 

against oxidation and further aid the catalytic transformation (Chan et al., 2004; 

Donnelly et al., 2008). 

 

3.2 Peptide Analysis and Purification Methods 
 

3.2.1 Reverse-Phase High-Performance Liquid Chromatography 

The physicochemical properties of proteins and peptides are highly variable, 

influenced by their size, amino acid sequence, and structure. These characteristics 

can be utilised to separate and purify analytes from heterogeneous samples of 

different molecules. Common separation approaches for peptides in solution involve 

chromatographical techniques, such as High Performance Liquid Chromatography 

(HPLC) (Tulla-Puche et al., 2015). In HPLC, peptides are separated based on their 

competing interaction with mobile and stationary phases (Aguilar, 2003; Kurreck et 

al., 2022). The mobile phase can consist of one or more solvents in a defined 

composition that flows through the system and carries the dissolved samples from 

the injection port through the separatory column to the detector. For the separation 

of peptides and proteins, water and acetonitrile, acidified with trifluoroacetic acid 

(TFA), are common choices (Aguilar, 2003). The TFA protonates basic functional 

groups of the peptides and serves as an ion pairing agent that shields positive 

charges and enhances the separation (Åsberg et al., 2017; Mant and Hodges, 2019; 

Mirza and Chait, 1994). 

The composition of the mobile phase can be fixed (isocratic) or change throughout 

the separation (gradient). The separation is achieved when the analytes pass the 

separatory column and the column material (stationary phase) interacts with the 

molecules (Aguilar, 2003; Kurreck et al., 2022). 
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In Reverse Phase HPLC (RP-HPLC), the mobile phase is more polar than the 

stationary phase that consists of silica spheres surface-functionalised with non-

polar side-chains such as butyl (C4), suited for larger peptides and proteins, or 

octadecyl (C18), suited for smaller molecules. Hydrophobic parts of peptides adsorb 

to the surface of the stationary phase until the solvent gradient reaches a polarity 

that results in the elution of the analyte. Thus, the compound’s retention depends 

on the hydrophobicity determined by the amount of charged, polar and hydrophobic 

side-chains. In a setup where the mobile phase gets increasingly non-polar, more 

hydrophobic molecules elute later as they are retained to a higher degree than polar, 

hydrophilic molecules (Kurreck et al., 2022; Mant and Hodges, 2019). 

Figure 26 displays a scheme of a general HPLC set-up. The mobile phase is taken 

from solvent reservoirs and a high-pressure pump provides an even flowrate. HPLC 

systems are operated at elevated pressure to reduce the overall time of separation. 

The samples, previously prepared in vials, are stored in a tray within the instrument. 

An autosampler automatically draws and injects a defined sample volume into the 

HPLC system, ensuring consistent and precise sample introduction. The sample is 

injected in an injection port, usually via a six way valve, where it is loaded into a 

sample loop, that can either be bypassed or directed to the column or waste, 

respectively. 

Before the separatory column, a smaller guard column can be placed to trap 

particles and pollutants. After being retained and separated on the main column, 

the analytes pass a detector that monitors the elution.  As peptide bonds absorb at 

214 nm and aromatic amino acid side-chains at 280 nm, UV detectors are a well-

suited choice (Kurreck et al., 2022). The absorbance signal at the specific time the 

analyte molecules reach the detector (retention time) is used to characterize the 

analyte later. Below the schematic set-up, Figure 26 shows an example 

chromatogram with the absorbance plotted against the retention time and peaks 

corresponding to the eluting analytes and impurities, respectively. 

The fractioned analytes can be collected after passing the detector instead of being 

directed to waste, allowing the recovery of the sample molecules. Further, in 

preparative HPLC, larger columns with higher capacity enable the purification of 

greater amounts of material. 
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3.2.2 Electrospray ionisation (ESI) Mass Spectrometry (MS) 

Electrospray Ionisation Mass Spectrometry (ESI-MS) is an analytical technique 

extensively used for peptide analysis that combines electrospray ionisation with 

mass spectrometry to determine the mass-to-charge (m/z; whereas m = mass and 

z = charge) ratio of ions. Mass spectrometry has proven invaluable for peptide 

chemists due to the speed of analysis, its versatility and especially sensitivity while 

accurately measuring molecular masses (Fenn et al., 1989; Kurreck et al., 2022; 

McCullagh and Oldham, 2019; Zhang et al., 2014). The analyte sample is dissolved, 

usually in either water and acetonitrile or a mixture, and acidified with a small 

amount of acid (formic acid) that facilitates ionisation. Combined LC-MS systems 

Figure 26. Schematic overview of a High-Performance Liquid Chromatography (HPLC) set-up. The system 

comprises reservoir of solvents (A, B), a high pressure pump, a sample injection port, a precolumn (guardian 

column), a separatory column (e.g. C18 stationary phase), a photometric detector (UV/VIS), and a data 

acquisition system. The solvent reservoir supplies the mobile phase, which is constantly delivered at high 

pressure by the pump. The injector introduces the dissolved sample into the mobile phase stream, which then 

flows through the precolumn and eventually reaches the separatory column, where separation occurs. The 

detector measures the absorbance of the eluting compounds, and the data acquisition system correlates elution 

time and signal. Figure created with BioRender. 
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are often used to separate the components of the samples before introducing them 

into the MS system (McCullagh and Oldham, 2019). Besides, in direct injection 

mode no preceding separation is performed. The sample is reaches the ESI source 

through a fine spraying nozzle (Figure 27 C). A high voltage (3-4 kV) is applied 

between the needle and the mass spectrometer inlet. The resulting electric field 

charges the surface of the liquid, leading to the generation of charged droplets 

Figure 27. (A) Illustration of a mass spectrometer coupled with an exemplary mass spectrum, showing the plot 

of mass-to-charge ratios (m/z) against the detected intensity. (B) Schematic representation of the basic 

components of a quadrupole detector, detailing the arrangement of the four parallel rods and their function in 

filtering ions based on their m/z ratio by varying the radio frequency and direct current voltages applied to the 

rods. (C) Diagram of an Electrospray Ionisation (ESI) source, depicting the process by which ions are generated 

from a liquid sample through the application of a high voltage to create a fine aerosol, subsequently leading to 

ion desolvation and transfer into the mass spectrometer for analysis - figure created with BioRender.  
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(Kurreck et al., 2022; McCullagh and Oldham, 2019). The dispersion of charged 

droplets travels through a drying gas (usually dinitrogen) that facilitates solvent 

evaporation and increases the charge density on the droplets' surface, eventually 

leading to Coulombic repulsion that causes the droplets to fission into smaller 

droplets. This process continues until desolvation results in the formation of gas-

phase ions. These gas-phase ions are then directed into the mass spectrometer’s 

vacuum system through ion optics that guide and focus the ions (Kurreck et al., 

2022; McCullagh and Oldham, 2019). 

The mass analyser separates the ions based on their mass-to-charge ratio by using 

one of several types of mass analysers, such as quadrupole, Orbitrap, or time-of-

flight (TOF) analysers. These analysers rely on different mechanisms to filter or 

measure the ions by their m/z ratio. For example, a quadrupole (Figure 27 B) 

creates an oscillating electric field where only particular m/z ratios have a stable 

trajectory and can travel towards the detector. TOF analysers measure the time it 

takes for ions to travel a fixed distance and the Orbitrap traps ions in an electrostatic 

field and measures the frequency of their oscillations (Kurreck et al., 2022; 

McCullagh and Oldham, 2019). 

Once separated, the ions are detected by an ion detector that converts the ion signal 

into an electrical signal. This data is then processed to generate a mass spectrum, 

displaying the intensity of detected ions as a function of their m/z ratio (Figure 27 

A). For peptide analysis, the mass spectrum provides critical information about the 

molecular weight of the peptides. Further sequencing can be achieved using 

tandem mass spectrometry (MS/MS), where selected precursor ions are 

fragmented in a collision cell, and the resulting fragment ions are analysed to 

deduce the amino acid sequence (Kurreck et al., 2022; McCullagh and Oldham, 

2019).  

 

3.3 Patch Clamp Electrophysiology 

Cellular membranes function as physical and osmotic barriers, separating the 

exterior and interior of a cell or its organelles from their environment. This barrier 

limits the transport of substances, compartmentalizes the cell, and creates 

concentration and voltage gradients. The latter is particularly important for the 
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excitability of cells (e.g. in neurons, muscle and cardiac cells), such as neurons. 

Proteins embedded in the cell membrane, like ion channels, help to overcome and 

modulate this barrier by facilitating the passage of molecules or ions in a well 

regulated way, usually as a response to certain stimuli, for example signal 

molecules (ligands), mechanical stress, variations in temperature or a change in the 

membrane potential (voltage). 

Electrophysiology is the study of the electrical properties of biological cells and 

tissues. It involves measuring and analysing the electrical activity of cells. 

Techniques such as patch clamping allow the study of the currents that pass 

through cell membranes, providing insights into how cells communicate and 

process information and stimuli response. Hence, this scientific discipline is crucial 

in understanding normal cellular functions and diagnosing and treating diseases 

related to electrical activity in the body (Hill and Stephens, 2021). 

Patch clamping was developed in the late 1970s by Erwin Neher and Bert Sakmann, 

for which they were awarded the Nobel Prize in Physiology or Medicine in 1991 

(Neher et al., 1978; Neher and Sakmann, 1976; “The Nobel Prize in Physiology or 

Medicine 1991,” 2024). The core principle of patch clamping involves the use of a 

glass micropipette with a very fine tip to isolate a small patch of the cell membrane. 

A high-resistance seal (gigaohm seal) is formed between the pipette and the 

membrane that allows measuring the electrical currents that flow through ion 

channels within that patch (Molleman, 2003). 

There are several configurations of the patch clamp technique, each suited to 

different types of studies. In Cell-Attached mode, the pipette is attached to the cell 

membrane without disrupting it. This allows for the measurement of ion channel 

activity in a relatively undisturbed cellular environment. In contrast there is the 

Whole-Cell mode, where after forming a seal, the membrane patch within the pipette 

is ruptured, allowing the interior of the pipette to become continuous with the cell’s 

cytoplasm. This enables the measurement of the overall ionic currents of the entire 

cell and allows control over the intracellular environment. The Inside-Out and 

Outside-Out Patch modes are used to study the properties of individual ion 

channels. In the inside-out mode, the pipette is retracted to expose the intracellular 

side of the membrane to the external solution, which is helpful in studying the effects 



51 
 

of intracellular molecules. In the outside-out mode, the membrane patch reseals 

with the extracellular side facing outwards, which is ideal for studying the effects of 

extracellular substances (Molleman, 2003).  

Patch clamping has been extensively used to study the mechanisms of action for 

various ion channels as well as their roles in cellular (patho-)physiology. It has 

enabled the discovery of how specific ion channels contribute to generating and 

propagating electrical signals in excitable cells. Additionally, this technique is vital 

in drug development and pharmacology for testing the effects of drugs on ion 

channels (Py et al., 2011). 

3.3.1 Automated patch clamp  

Advanced automated systems, like the QPatch by Sophion Bioscience, have 

accelerated the patch clamping process, enabling larger-scale studies and high-

throughput screening, especially valuable for drug discovery. The QPatch system 

automates many aspects of the patch clamp process, such as cell sample 

preparation, sealing and recording, reducing the manual effort required significantly. 

The system requires the use of a single-use biochip that features a planar array of 

chambers with microfluidic flow channels for the measured compound. Measuring 

and reference electrodes are incorporated into the chip and extra- and intracellular 

fluid are stored (Dunlop et al., 2008; Mathes, 2006; Obergrussberger et al., 2021). 

This set up allows for the parallel recording from multiple cells, each being one 

biological replicate, enhancing the efficiency of experiments. Automated whole-cell 

patch-clamp electrophysiology has been applied to study and characterize venom 

peptides (Deuis et al., 2017; Robinson et al., 2024; Tilley et al., 2014). 

 

3.4  Dot Blot 
 

Immunoblotting techniques utilize the specificity of antibodies to bind membrane-

bound proteins or peptides of interest, allowing for their visual detection and 

identification. Among these techniques, the Dot Blot stands out as a rapid, 

separation-free method (Stott, 1989). Proteins or peptides of interest are directly 

spotted onto a membrane, such as nitrocellulose or PVDF (Stott, 1989). Excess 

material is thoroughly washed away, and the membrane undergoes a blocking step 

to prevent nonspecific antibody binding (Masoodi et al., 2021; Mishra, 2022). Next, 
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the membrane is treated with a primary antibody solution to specifically bind the 

target proteins or peptides. To enhance detection sensitivity, a secondary antibody 

against the primary antibody is then applied. This secondary antibody may be 

conjugated with a fluorescent dye or an enzyme that facilitates a chemiluminescent 

reaction, providing a visual means to detect and analyse the binding events 

(Heinicke et al., 1992; Qi et al., 2018). Alternatively, Ponceau S staining enables 

reversible colorimetric detection of membrane-bound proteins (Goldman et al., 

2016; Stott, 1989). 

The dot blot offers high-throughput capabilities and allows for the relative 

quantification of samples. However, a key limitation of this method is that it provides 

no information on the size or molecular weight of the proteins (Mishra, 2022; Qi et 

al., 2018; Rupprecht et al., 2010; Stott, 1989). 

For research tasks where the sample has been pre-characterized, and the objective 

is to assess the presence of a specific antigen or to evaluate antibody binding, the 

dot blot technique offers an efficient approach. This method allows for rapid and 

detection of antigen presence or antibody interactions, making it suitable when 

detailed protein characterization or size differentiation is not required.  
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4 Results 
4.1 Venom peptide-based probe design 

 

We propose developing two venom peptide-based probes for use in a modified 

Proximity Ligation Assay (PLA) for the selective detection of NaV1.7. (Figure 28). 

As described in the introductory section 1.5.1 and 1.6.1, conotoxin KIIIA and the 

theraphosid toxin Pn3a are potent and selective inhibitors of NaV1.7 that have been 

researched for their analgesic potential and bind the channel on two different 

allosteric sites. For detection via PLA, both peptide-based probes must bind the 

channel simultaneously to enable close proximity between the secondary 

antibodies. Therefore, the VSDII binding Pn3a and the pore-blocker KIIIA were 

chosen as the parent peptide platform for probe design.  

The [D8N] mutation of Pn3a selected for this work shows improved potency 

(IC50 = 0.2 nM at hNaV1.7) and enhanced selectivity compared to wild-type Pn3a, 

Figure 28. Proposed modification of the Proximity Ligation Assay. Two epitope-tagged venom peptide 

analogues (1) with different NaV1.7 binding sites selectively bind the channel over other subtypes, e.g. in a 

tissue sample (2). Secondary antibodies with oligo-DNA tags selectively recognize the epitope tags and bind 

them, respectively (3). After ligation and RCA, as described in section 1.7, fluorescent probes hybridize the 

amplification product and produce a signal that corresponds to the presence of NaV1.7 (4). 
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with a 43-fold increase over NaV1.2 and greater than a 4762-fold increase over 

NaV1.8. (Mueller et al., 2020)  

Both peptides require antibody recognition sites for the secondary antibody to bind. 

The general design for the peptide probes is shown in Figure 29. In this design, 

each venom peptide is N-terminally modified with a spacer sequence and ligated to 

an epitope tag via CuAAC. C-terminal modification was not considered because, for 

KIIIA, the native and amidated C-terminus is crucial for potency, and any C-terminal 

modification negatively affects potency. (Coelho et al., 2014; Hashimoto et al., 1985; 

Tran et al., 2020) The C-terminal residues of Pn3a are important for interaction with 

VSDII, with multiple hydrophobic residues embedded in the cellular membrane 

during channel interaction. (Mueller et al., 2020; Sharma et al., 2020) Modification 

Figure 29. General design of the PLA compatible venom peptide analogues. The respective venom peptide 

is modified with a spacer and the antibody recognition site (epitope). The modified amino acids azidolysine and 

propargylglycine enable click chemistry (CuAAC) while maintaining a native peptide backbone. The resulting 

triazole is supposed to be isosteric to a peptide bond. For the conotoxin KIIIA that is amidated at the C-terminus, 

Y = N and for Pn3a[D8N], Y = O.  
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of the C-terminus of Pn3a has been shown to decrease potency compared to N-

terminal sequence modifications. (Tran et al., 2023b) The N-terminal extension of 

conotoxin KIIIA with glycine spacer sequences has been previously investigated, 

revealing that short glycine repeats are well tolerated. (Tran et al., 2020, 2023b) 

Similarly, a strategy involving the N-to-N ligation of Pn3a with KIIIA via CuAAC, 

using pentaglycine spacers to develop heterobivalent toxins, has demonstrated that 

the bivalent construct maintains potency comparable to the modified monovalent 

Pn3a. (Tran et al., 2023b) Consequently, glycine repeats were selected as spacers 

due to their lack of interfering charges, preservation of native peptide bonds, and 

demonstrated ability to conserve potency at the target. In this work, spacer lengths 

of ten and sixteen amino acids were chosen, two probes per venom peptide and 

epitope tag were initially designed to assess the potential influence of the respective 

spacer length on potency against NaV1.7. Each venom peptide analogue is N-

terminally modified with five glycine residues (G5) and one side-chain-modified 

amino acid for biorthogonal ligation. The variable spacer length (Gx) consists of five 

(G5) and ten (G10) glycine residues on the side of the epitope sequences; the latter 

includes one serine residue in between to prevent secondary structure formation. 

(Ohnishi et al., 2006) 

For antibody recognition, the commonly used epitope sequences FLAG, HA, and 

His6 were selected, as the sequences are short and antibodies against these 

epitopes are commercially available.  

Rather than assembling each probe as a single sequence, a synthesis route was 

chosen in which the venom peptide is ligated to the epitope tag via CuAAC. 

Specifically, the venom peptides were modified with azidolysine ((N3)K) and the 

epitope tags with propargylglycine (Pra). The ligation approach was chosen to avoid 

interference with peptide folding, e.g., formation of inactive isomers or requiring 

novel folding protocols due to heavily modified venom peptide sequences. Short 

modifications of few amino acids at the N-terminus of KIIIA, PaurTx3, another spider 

venom peptide, and Pn3a were tolerated during the folding process. (Tran et al., 

2020, 2023b) The CuAAC ligation is fast, straight forward, and the 1,4-disubstituted 

1,2,3-triazole formed during ligation can be considered isosteric to a peptide bond. 

(Agouram et al., 2021; Bonandi et al., 2017; Brik et al., 2005). Azidolysine and 

propargylglycine are commercially available and can be easily incorporated into 
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peptide sequences using standard coupling protocols. Additionally, the azide and 

alkyne building blocks are chemically stable under conditions used for cleavage 

after solid-phase peptide synthesis (SPPS) and thermodynamic folding, making the 

CuAAC ligation strategy well-suited for the intended application. Furthermore, the 

ligation strategy also allows for modularity. Click-active peptides can be synthesised  

 and subsequently tagged with any epitope sequence, requiring only a single batch 

of venom peptides and one protocol for assembly and folding across different 

probes.  

Conclusively, the modular nature of this approach allows for an adaptable probe 

design, enabling the easy incorporation of various epitope tags without 

compromising peptide folding or solid-phase synthesis. The CuAAC ligation 

strategy was chosen not only for its efficiency but also for its seamless integration 

into the overall design of our probes. The amino acid sequences of all ligation 

peptides and Pn3a[D8N] derivatives are shown in Table 4. 

Table 4. Amino acid sequences of venom peptides analogues and epitope-tag peptides. 

  

Peptide Sequence 

Pra-G5His6 Pra-GGGGGHHHHHH 

Pra-G10His6 Pra-GGGGGSGGGGGHHHHHH 

Pra-G5HA Pra-GGGGGYPYDVPDYA 

Pra-G10HA Pra-GGGGGSGGGGGHHHHHHYPYDVPDYA 

Pra-G5FLAG Pra-GGGGGDYKDDDDK 

Pra-G10FLAG Pra-GGGGGSGGGGGDYKDDDDK 

(N3)K-G5KIIIA (N3)K-GGGGGCCNCSSKWCRDHSRCC* 

Pn3a[D8N] DCRYMFGNCEKDEDCCKHLGCKRKMKYCAWDFTFT 

AcG5Pn3a[D8N] AcGGGGGDCRYMFGNCEKDEDCCKHLGCKRKMKYCAWDFTFT 

G5Pn3a[D8N] GGGGGDCRYMFGNCEKDEDCCKHLGCKRKMKYCAWDFTFT 

(N3)K-G5Pn3a[D8N] (N3)K-GGGGGDCRYMFGNCEKDEDCCKHLGCKRKMKYCAWDFTFT 

(N3)K: ε-azido-L-lysine, Pra: L-Propargylglycine, Ac: Acetyl, * amidated C-terminus 
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4.2 Synthesis of KIIIA and Pn3a[D8N] Derived Probes 
 

From the designs based on KIIIA and Pn3a[D8N], a total of five probes were 

successfully synthesized: HA-G6-Ta-G5KIIIA, HA-G11-Ta-G5KIIIA, FLAG-G5-Ta-

G5Pn3a[D8N], FLAG-G10-Ta-G5Pn3a[D8N] and His6-G5-Ta-G5Pn3a[D8N].1 The 

conceptualization, synthesis, and electrophysiological testing of HA-G5-Ta-G5KIIIA, 

HA-G10-Ta-G5KIIIA, FLAG-G5-Ta-G5Pn3a[D8N], and FLAG-G10-Ta-G5Pn3a[D8N] 

was conducted at the Institute for Molecular Biosciences at the University of 

Queensland, Australia, in the Sensory Neuropharmacology Lab of Professor Irina 

Vetter. 

Later on, Pn3a[D8N] derivatives and His6-G5-Ta-G5-Pn3a[D8N] were synthesized 

and characterized at the Institute of Biological Chemistry in Vienna, Austria, based 

on the results of the electrophysiological testing. The derivatives G5Pn3a[D8N] and 

AcG5Pn3a[D8N] were intended to be tested to examine the influence of an N-

terminal G5 extension and charge; however, due to the lack of facilities, 

electrophysiological testing of these derivatives as well as His6-G5-Ta-G5-

Pn3a[D8N] could not be performed. 

Due to the division of the synthesis work between two laboratories, Brisbane and 

Vienna, different instruments (analytical HPLC, mass spectrometers) were utilized. 

In the laboratory in Brisbane, mass spectra could not be exported; instead, only the 

relevant product peaks were noted. Technical failures or, in some cases, the 

unavailability of instruments in the Vienna laboratory necessitated the use of 

alternative systems, leading to inconsistencies in the type and presentation of the 

data. For instance, an LC-MS spectrum could not be obtained for every product; in 

some cases, analytical chromatography was combined with direct injection ESI-MS 

for characterization, or a different LC-MS system was used. High-resolution mass 

spectra could only be recorded for the final characterization of the products 

synthesized at the Institute of Biological Chemistry, Vienna.  

 
1 To avoid confusion with one-letter amino acid codes, atoms and abbreviations are written in italics (N3 azide, 

Ta 1,4-disubstituted 1,2,3-triazole). 
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4.2.1 Synthesis of Epitope tags 

The alkyne functionalised epitope tags Pra-G[5/10]-[HA/FLAG] were assembled using 

automated microwave-assisted SPPS on a Liberty Prime automated Peptide 

synthesizer. After manual coupling of the amino acid L-propargylgylcine to the N-

terminus, peptides were cleaved, globally deprotected and characterized. Figure 

30 provides an overview of the synthetic scheme. 

The yields and observed masses of the products are provided in Table 6. High-

resolution mass spectra corresponding to the masses listed in Table 6 are shown 

in the supplementary figures (Figure 48 - Figure 54). Chromatographic data of the 

epitope-tag products is provided in Figure 31. The FLAG tag constructs were not 

further purified by preparative HPLC, as their purity was determined to be >85% via 

Figure 30. Assembly of epitope tags and attachment of propargylglycine (Pra) onto immobilized epitope 

tag via SPPS. FLAG-Gx and HA-Gx tags were assembled via automated microwave-assisted SPPS (A). GX 

indicates variable linker lengths of either G5/6 or G10/11. The His6-G5 and HA-G5 tags were assembled manually 

(B). In both cases, Fmoc-L-Pra-OH was coupled by manual SPPS. Tags were obtained after cleavage and 

global deprotection. Reaction conditions for the respective steps are displayed in the table (bottom right). 
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analytical RP-HPLC (per peak surface area) and deemed sufficient for the ligation 

reaction. The crude HA tags were purified via preparative HPLC, and the collected 

fractions were analysed by Direct Injection ESI-MS to identify the product fractions. 

Pra-G5-HA (observed mass: 1540.6 Da, calculated molecular weight: 1481.61 Da) 

was obtained with a yield of 61 % after purification, synthesis of Pra-G10-HA 

(observed mass: 1913.6 Da, calculated molecular weight: 1854.86 Da) yielded 46 

% product, the synthesis of Pra-G5-FLAG (observed mass: 1393.3 Da, calculated 

molecular weight: 1393.34 Da) yielded 102 % without purification, and Pra-G10-

FLAG (observed mass: 1765.8 Da, calculated molecular weight: 1765.68 Da) was 

obtained with 92 % yield without purification. Noticeably, the detected most 

abundant mass for Pra-G5-HA differs from the expected mass by ≈59 Da, which 

Figure 31. Analytical RP-HPLC traces of epitope tags. Elution profiles of Pra-G6-FLAG (A), Pra-G11-FLAG 

(B), Pra-G6-HA (C) and Pra-G10-HA (D), absorbance measured at 214 nm. Analytical RP-HPLC was carried 

out on Shimadzu LC-20AT system with an SPD-20A Prominence UV/VIS detector and an SIL-20AHT auto-

injector. Solvent gradient was 5-55% solvent B (ACN +0.05 % TFA) in solvent A (ddH2O + 0.5 % TFA) over 

14 min (separation time) on a Hypersil GOLD C18 column (3μm particle size, 2.1 x 100 mm, 175 Å pore size, 

0.7 mL/min flow rate) . 
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was initially not noticed. It was suspected that accidentally a wrong sequence with 

six glycine residues (calculated molecular weight for Pra-G5-HA 1539.58 Da) was 

typed into the Synthesizer, which was then confirmed. Similarly, due to an observed 

mass difference of ≈56.97 Da, Pra-G10-HA was also suspected to contain an 

additional glycine (calculated molecular weight for Pra-G11-HA 1911.92 Da). 

Nevertheless, it was decided to continue with the G6 and G11 tags. 

4.2.2 Venom Peptide Synthesis 

The linear precursors of the azide-venom-peptide derivatives of KIIIA and 

Pn3a[D8N] were assembled via automated microwave-assisted SPPS on a Liberty 

Prime peptide Synthesizer. All peptides were cleaved from the resins and side-chain 

deprotected, purified by preparative RP-HPLC, and characterized by Direct Injection 

ESI-MS and analytical RP-HPLC. The crude fractions were purified by preparative 

RP-HPLC, and ESI-MS spectra were recorded to identify the product. The linear 

peptides were folded by glutathione-assisted thermodynamic folding, and the 

correctly folded isomers were isolated by preparative RP-HPLC and characterized 

by analytical HPLC and Direct Injection ESI-MS. A single chromatographic peak 

was obtained for linear (N3)K-G5KIIIA (observed mass: 2329.5 Da, calculated 

molecular weight: 2330.62 Da, purified yield 16 %) and the major folded isomer 

(N3)K-G5KIIIA (observed mass: 2324.0 Da, calculated molecular weight: 2324.57 

Da, purified yield 9 %). The conditions for oxidative folding of all Pn3a[D8N] 

derivatives and the modified KIIIA are depicted in Figure 32. Yields and observed 

masses of the peptides are provided in Table 6. For purified linear (N3)K-

Figure 32. Thermodynamic folding of linear venom peptide precursors. Amino acid sequence, folding 

conditions and cysteine connectivity (in roman numerals) of the active isomers for the thermodynamic folding 

of (N3)K-G5Pn3a[D8N] (A) and (N3)K-G5KIIIA (B). All Pn3a[D8N] derivatives were folded accordingly. 
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G5Pn3a[D8N] a single peak was detected (observed mass: 4717.6 Da, calculated 

molecular weight: 4716.40 Da, purified yield 25 %) and for folded (N3)K-

G5Pn3a[D8N] a characteristic double could be observed (observed mass: 

4710.8 Da, calculated molecular weight: 4710.35 Da, purified yield 13 %). 

Chromatographic data for linear precursors and folded peptides of (N3)K-G5KIIIA 

and (N3)K-G5Pn3a[D8N], respectively, are depicted in Figure 33 and Figure 34. 

 

 

 

Figure 33. Analytical RP-HPLC traces of (N3)K-G5KIIIA. Elution profiles of unfolded (N3)K-G5KIIIA (A) and 

folded (N3)K-G5KIIIA (B). Absorbance was measured at 214 nm. Analytical RP-HPLC was carried out on 

Shimadzu LC-20AT system with an SPD-20A Prominence UV/VIS detector and an SIL-20AHT auto-injector. 

Solvent gradient was 5-55% solvent B (ACN +0.05 % TFA) in solvent A (ddH2O + 0.5 % TFA) over 14 min 

(separation time) on a Hypersil GOLD C18 column (3μm particle size, 2.1 x 100 mm, 175 Å pore size, 0.7 mL/min 

flow rate). 
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4.2.3 Ligation of KIIIA and Pn3a[D8N] Derivatives with Epitope Tags  

The click reactive (N3)K-G5KIIIA and (N3)K-G5Pn3a[D8N] were linked N- to N-

terminus with HA- and FLAG-tags, respectively. The CuAAC ligation conditions for 

KIIIA and Pn3a[D8N] derived probes, as well as chromatographic, data are shown 

in Figure 35 and Figure 36 A and C, respectively. For both reactions, the peaks of 

the initial starting material shifted to earlier retention times, indicating product 

formation. The yields of this ligation reaction, and observed masses are provided in 

Table 6. The final products purified via semipreparative RP-HPLC were 

characterised by analytical RP-HPLC and Direct Injection ESI-MS. For HA-G6-Ta-

G5KIIIA (observed mass: 3864.8 Da, calculated molecular weight: 3864.15 Da, 

purified yield 8 %) and HA-G11-Ta-G5KIIIA (observed mass: 4236.5 Da, calculated 

molecular weight: 4236.48 Da, purified yield 3 %), respectively, single 

chromatographic peaks were obtained, as shown in Figure 35 B and D. The 

epitope-tagged Pn3a[D8N] derived probes FLAG-G5-Ta-G5Pn3a[D8N] (observed 

mass: 6104.6 Da, calculated molecular weight: 6103.69 Da, purified yield 2 %) and 

FLAG-G10-Ta-G5Pn3a[D8N] (observed mass: 6476.4 Da, calculated molecular 

weight: 6476.03 Da, purified yield 2 %) each yielded a characteristic double peak 

shown in Figure 36 B and D. 

Figure 34. Analytical RP-HPLC traces of (N3)K-G5Pn3a[D8N]. Elution profiles of unfolded (N3)K-

G5Pn3a[D8N] (A) and folded (N3)K-G5Pn3a[D8N] (B) with the absorbance measured at 214 nm. Analytical RP-

HPLC was carried out on Shimadzu LC-20AT system with an SPD-20A Prominence UV/VIS detector and an 

SIL-20AHT auto-injector. Solvent gradient was 5-55% solvent B (ACN +0.05 % TFA) in solvent A (ddH2O + 

0.5 % TFA) over 14 min (separation time) on a Hypersil GOLD C18 column (3μm particle size, 2.1 x 100 mm, 

175 Å pore size, 0.7 mL/min flow rate). 
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Figure 35. Analytical RP-HPLC traces of the ligation of (N3)K-G5KIIIA with Pra-G6/11-HA via CuAAC. A 

comparison of the RP-HPLC traces at the start of the reaction and when the formation of HA-G6-Ta-G5-KIIIA 

was complete (A). The analytical RP-HPLC trace shows the product after purification via semipreparative RP-

HPLC (B). The formation of HA-G11-Ta-G5-KIIIA was monitored (C) similarly and the product isolated via 

semipreparative RP-HPLC (D). The absorbance was measured at 214 nm. Analytical RP-HPLC was carried 

out on Shimadzu LC-20AT system with an SPD-20A Prominence UV/VIS detector and an SIL-20AHT auto-

injector. Solvent gradient was 5-55% solvent B (ACN +0.05 % TFA) in solvent A (ddH2O + 0.5 % TFA) over 

14 min (separation time) on a Hypersil GOLD C18 column (3μm particle size, 2.1 x 100 mm, 175 Å pore size, 

0.7 mL/min flow rate). 
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Figure 36. Analytical RP-HPLC traces of the ligation of (N3)K-G5Pn3a[D8N] with Pra-G5-HA via CuAAC. 

A comparison of the RP-HPLC traces at the start of the reaction and when the formation of FLAG-G5-Ta-G5-

Pn3a[D8N] was complete (A). The analytical RP-HPLC trace shows the product after purification via 

semipreparative RP-HPLC (B). The formation of FLAG-G10-Ta-G5-Pn3a[D8N] was monitored (C) similarly and 

the isolated product after semipreparative RP-HPLC (D). The absorbance was measured at 214 nm. Analytical 

RP-HPLC was carried out on Shimadzu LC-20AT system with an SPD-20A Prominence UV/VIS detector and 

an SIL-20AHT auto-injector. Solvent gradient was 5-55% solvent B (ACN +0.05 % TFA) in solvent A (ddH2O + 

0.5 % TFA) over 14 min (separation time) on a Hypersil GOLD C18 column (3μm particle size, 2.1 x 100 mm, 

175 Å pore size, 0.7 mL/min flow rate). 
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4.3 Electrophysiological Testing of KIIIA- and Pn3a[D8N]-derived 

Probes at hNaV1.7 
 

The inhibitory potency of HA-G6/10-tagged KIIIA and FLAG-G5/10-tagged Pn3a[D8N] 

at hNaV1.7 was determined by automated whole-cell patch-clamp 

electrophysiology. The pIC50 values are listed in Table 5, and concentration-

response curves are depicted in Figure 37 A and C. For comparison, Pn3a[D8N], 

as well as the KIIIA isomers 1 and 2 were included as internal references. 

The HA-G6/11-tagged KIIIA probes displayed low potency of inhibition at NaV1.7 

compared to KIIIA isomer 1, with concentrations required for IC50 determination that 

are out of range of the available concentrations of this experiment, appearing even 

lower than KIIIA isomer 2 (Figure 37 C). The FLAG-G5/10-tagged Pn3a[D8N] probes 

inhibited NaV1.7 equally with a pIC50 of ≈ 6.70 with a 17.7-fold decrease compared 

to Pn3a[D8N] (pIC50 = 7.944 ± 0.044 nM, n = 7). A depiction of different pIC50 values 

is provided in Figure 37 B, indicating a significant difference between both FLAG-

tagged Pn3a[D8N]-based probes and Pn3a[D8N] (P ≤ 0.0001), determined by one-

way ANOVA. The internal references Pn3a[D8N] and KIIIA Isomer 1 and 2 were 

previously synthesized and provided by Dr. Hue Tran, following the protocol 

presented in this work. 

Table 5. Inhibitory potency of KIIIA and Pn3a[D8N] derived epitope-tagged probes at hNaV1.7 via 

automated whole-cell patch-clamp electrophysiology on HEK293 cells. Each cell tested represents one 

replicate (n). 

Peptide pIC50 n 

HA-G6-Ta-G5-KIIIA n.d. 2 
HA-G11-Ta-G5-KIIIA n.d. 1 

FLAG-G5-Ta-G5-Pn3a [D8N] 6.697 ± 0.114 2 
FLAG-G10-Ta-G5-Pn3a [D8N] 6.698 ± 0.149 3 
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4.4 Second iteration of Synthesis – Focus on Pn3a[D8N] 

4.4.1  Synthesis of Epitope Tags for ligation with Pn3a[D8N]  

With the results from electrophysiological testing, it was decided to focus on 

Pn3a[D8N] probe development and prepare Pn3a[D8N] tagged with the HA- and 

Figure 37. Inhibition of epitope tagged KIIIA and Pn3a[D8N] probes at NaV1.7. Concentration-response 

curves of normalized NaV1.7 current against the ligand concentration for FLAG-G5-Ta-G5Pn3a[D8N] (n=2) and 

FLAG-G10-Ta-G5Pn3a[D8N] (n=3) probes (A) and visualized pIC50 values (B), with Pn3a[D8N] included as a 

reference. Statistical significance was determined by one-way ANOVA, **** P ≤ 0.0001. The respective 

concentration-response curves for HA-G6-Ta-G5KIIIA (n=2) and HA-G11-Ta-G5KIIIA (n=1) (C) together with the 

active disulfide isomer 1 and inactive isomer 2 of KIIIA as references. 
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His6-tag as well as G5Pn3a[D8N] and AcG5Pn3a[D8N].This time, epitope tags with 

only five glycine spacers were synthesized.  

Pra-G5-HA and Pra-G5-His6 were assembled manually via SPPS. The principal 

workflow is shown in Figure 30. After cleavage, the epitope tags were purified by 

preparative RP-HPLC, and product fractions were identified via Direct Injection ESI-

MS Figure 38 B and D. The analytical RP-HPLC traces are depicted in Figure 38 

A and C. Pra-G5-HA and Pra-G5-His6 were obtained with high purity and 

characterized with high-resolution mass spectrometry (Pra-G5-HA observed 

monoisotopic mass: 1481.61 Da, exact mass: 1481.61 Da, reaction yield 53 %; Pra-

G5-His6 observed monoisotopic mass: 1220.51 Da, exact mass: 1220.51 Da, 

Figure 38. Analytical RP-HPLC trace and MS profile of Pra-G5-HA and Pra-G5-His6. Analytical RP-HPLC 

trace of Pra-G5-HA after purification via preparative RP-HPLC (A) and a Direct Injection ESI-MS spectrum (B). 

identifying the product as Pra-G5-HA. Analytical RP-HPLC trace of Pra-G5-His6 after purification via preparative 

RP-HPLC (C) and a Direct Injection ESI-MS spectrum (D) identifying the product as Pra-G5-His6. Analytical RP-

HPLC was performed using a Kromasil C18 column (300-5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore 

size). Separation was performed over 30 min with a gradient of 0-20 % solvent B (ACN +0.08 % TFA) in solvent 

A (ddH2O + 0.1 % TFA) with a flow rate of 1 mL/min and the absorbance was measured at 214 nm wavelength. 

Direct Injection ESI-MS was performed on a Waters LC-MS system with an SQ2 mass detector. 
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reaction yield 67 %). An overview of yields of the epitope tags and a comparison of 

calculated and experimentally observed masses is shown in Table 6.  

4.4.2 Synthesis of Pn3a[D8N] and derivatives 

Pn3a[D8N] was assembled via automated MW-assisted SPPS on a Liberty Prime 

automated Synthesizer and the linear precursor was obtained after preparative RP-

HPLC of the crude peptide. The product was identified and characterized by LC-MS 

(observed mass: 4276.8 Da, calculated molecular weight: 4276.97 Da, purified yield 

11 %) and analytical RP-HPLC (Figure 39). The linear precursor was folded, as 

depicted in Figure 36. The characteristic peak shape identified the correctly folded 

isomer . The LC-MS spectra for product characterisation and the analytical RP-

Figure 39. Analytical RP-HPLC trace and MS profile of the linear precursor and folded-Pn3a[D8N]. 

Analytical RP-HPLC trace of linear Pn3a[D8N] after purification via preparative RP-HPLC (A) and an ESI-MS 

spectrum (C), identifying the product as linear Pn3a[D8N]. Analytical RP-HPLC trace of folded Pn3a[D8N] after 

purification via preparative RP-HPLC displaying the characteristic double peak (B) and an ESI-MS spectrum 

(D). Analytical RP-HPLC was performed using a Kromasil C18 column (300-5-C18, 150 x 4.6 mm, 5 μm particle 

size, 300 Å pore size). Separation was performed over 30 min with a gradient of 5–65 % solvent B (ACN +0.08 % 

TFA) in solvent A (ddH2O + 0.1 % TFA) with a flow rate of 1 mL/min and the absorbance was measured at 214 

nm wavelength. ESI-MS was performed via LC-MS on a Thermo LC-MS system with Thermo MSQ Plus Mass 

Detector and a XSelect® CSH C18 reverse phase column (3 x 75 mm, particle size of 2.5 µm, 130 Å pore size). 
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HPLC chromatograms are provided  Figure 39 B and D. The folded product was 

finally characterised by high-resolution mass spectrometry (observed mass: 

4267.74 Da, calculated exact mass: 4267.74 Da, purified yield 9 %). The yield of 

SPPS, thermodynamic folding, and observed masses are listed in Table 6. 

G5Pn3a[D8N] was prepared as described for Pn3a[D8N]. For AcG5Pn3a[D8N], the 

free N-terminus of G5Pn3a[D8N] was acetylated while protected and on resin. Azido 

lysine was coupled manually to G5Pn3a[D8N] to obtain (N3)K-G5Pn3a[D8N]. Linear 

G5Pn3a[D8N] (observed monoisotopic mass: 4560.9 Da, calculated molecular 

weight: 4562.23 Da) was obtained with a 6 % yield, AcG5Pn3a[D8N] (observed 

monoisotopic mass: 4603.9  Da, calculated molecular weight: 4604.26 Da) with a 

Figure 40. Analytical RP-HPLC trace and MS profile of the linear precursor and folded-G5Pn3a[D8N]. 

Analytical RP-HPLC trace of linear G5-Pn3a[D8N] after purification via preparative RP-HPLC (A) and an Direct 

Injection ESI-MS spectrum (C), identifying the product as linear G5-Pn3a[D8N]. Analytical RP-HPLC trace of 

folded G5-Pn3a[D8N] after purification via preparative RP-HPLC displaying the characteristic double peak (B) 

and an Direct Injection ESI-MS spectrum (D). Analytical RP-HPLC was performed using a Kromasil C18 column 

(300-5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore size). Separation was performed over 30 min with a 

gradient of 5–65 % solvent B (ACN +0.08 % TFA) in solvent A (ddH2O + 0.1 % TFA) with a flow rate of 1 

mL/min and the absorbance was measured at 214 nm wavelength. Direct Injection ESI-MS was performed on 

a Waters LC-MS system with an SQ2 mass detector.  
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21 % yield and (N3)K- G5Pn3a[D8N] (observed monoisotopic mass: 4716.2  Da, 

calculated molecular weight: 4716.40 Da) with a 15 % yield, respectively. Folding, 

product identification, and characterisation were carried out as described for 

Pn3a[D8N]. Each derivative produced a characteristic double peak after folding. For 

comparison, yields and observed masses of the unfolded precursors and the final 

products are listed in Table 6. High-resolution mass spectra of the final products 

were recorded for final product characterisation for folded G5Pn3a[D8N] (observed 

monoisotopic mass: 4552.85 Da, exact mass: 4552.85 Da, 16 % yield), folded 

AcG5Pn3a[D8N] (observed monoisotopic mass: 4594.86 Da, exact mass: 4594.86 

Figure 41. Analytical RP-HPLC trace and MS profile of the linear precursor and folded-AcG5Pn3a[D8N]. 

Analytical RP-HPLC trace of linear G5-Pn3a[D8N] after purification via preparative RP-HPLC (A) and an Direct 

Injection ESI-MS spectrum (C), identifying the product as linear G5-Pn3a[D8N]. Analytical RP-HPLC trace of 

folded G5-Pn3a[D8N] after purification via preparative RP-HPLC displaying the characteristic double peak (B) 

and an Direct Injection ESI-MS spectrum (D). Analytical RP-HPLC was performed using a Kromasil C18 column 

(300-5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore size). Separation was performed over 30 min with a 

gradient of 5–65 % solvent B (ACN +0.08 % TFA) in solvent A (ddH2O + 0.1 % TFA) with a flow rate of 1 mL/min 

and the absorbance was measured at 214 nm wavelength. Direct Injection ESI-MS was performed on a Waters 

LC-MS system with an SQ2 mass detector. 
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Da, 2 % yield), and folded (N3)K-G5Pn3a[D8N] (observed monoisotopic mass: 

4706.93 Da, exact mass: 4706.93 Da, 9 % yield). 

4.4.3 Ligation of Pn3a[D8N] Derivatives with Epitope Tags  

The CuAAC ligation was performed as depicted in Figure 36. Samples were taken 

initially at the start of the reaction when reactants were combined and throughout 

the reaction. LC-MS spectra were recorded to monitor the reaction progress and 

identify reaction components, such as product and starting material. For His6-G5-

Ta-G5Pn3a[D8N], the reaction progress, chromatograms, and mass spectra for 

three different timepoints are depicted (t0 after mixing, t4 after 1 h and t5 over night). 

The characteristic double peak of Pn3a[D8N]-species is shown in Figure 43 A with 

Figure 42. Analytical RP-HPLC trace and MS profile of the linear precursor and folded (N3)K-

G5Pn3a[D8N]. Analytical RP-HPLC trace of linear (N3)K-G5-Pn3a[D8N] after purification via preparative RP-

HPLC (A) and an Direct Injection ESI-MS spectrum (C), identifying the product as linear (N3)K-G5-Pn3a[D8N]. 

Analytical RP-HPLC trace of folded (N3)K-G5-Pn3a[D8N] after purification via preparative RP-HPLC displaying 

the characteristic double peak (B) and an Direct Injection ESI-MS spectrum (D). Analytical RP-HPLC was 

performed using a Kromasil C18 column (300-5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore size). 

Separation was performed over 30 min with a gradient of 5–65 % solvent B (ACN +0.08 % TFA) in solvent A 

(ddH2O + 0.1 % TFA) with a flow rate of 1 mL/min and the absorbance was measured at 214 nm wavelength. 

Direct Injection ESI-MS was performed on a Waters LC-MS system with an SQ2 mass detector. 
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the corresponding mass spectrum identifying the component as (N3)K-

G5Pn3a[D8N] (Figure 43 B). After 1 h (t4), the maximum intensity of the 

characteristic peak is reduced (C). The mass spectrum confirms the presence of 

the ligation product (D) (observed mass: 5929.89 Da, calculated molecular weight: 

5931.58 Da). Since the reaction did not progress as expected, another equivalent 

of copper sulphate and ascorbic acid was added after 40 min. A precipitate started 

to form as the reaction progressed. After an hour (t4), an additional equivalent of 

copper sulphate, ascorbic acid, THPTA as well as Pra-G5-His6 (3 eq. in total) were 

added. After 16 hours (t5), all starting material was depleted, and no peak could be 

detected in the liquid phase. The reaction solution was centrifuged and analytical 

RP-HPLC of both, the solid an liquid phase, were recorded. As shown in 

Supplementary Figure 47, the product was suspected to be present in the solid 

phase (“pellet” after centrifugation). After preparative RP-HPLC, pure fractions were 

pooled, and a final analytical RP-HPLC spectrum was recorded (Figure 43 F). Due 

to the minimal amount of product obtained, a sample was submitted to the Mass 

Spectrometry Centre to record a high-resolution mass spectrum for identification. 

The amount of product could not be unambiguously measured by gravimetrical 

analysis, and thus, a UV/VIS concentration determination was performed using a 

Nanodrop Microvolume Spectrophotometer. From the determined concentration, 

the amount of product was calculated. His6-G5-Ta-G5Pn3a[D8N] (observed 

monoisotopic mass: 5927.43 Da, exact mass: 5927.44 Da) was obtained with a 

25 % yield (Table 6). The recorded high-resolution mass spectrum is shown in 

Supplementary Figure 54. 

 For HA-G5-Ta-G5Pn3a[D8N], the ligation was performed as described above. The 

monitoring of the reaction progress is depicted in Figure 44. Initially, after mixing, a 

sample (t0) was taken. The LC trace (Figure 44 A) shows a characteristic double 

peak, which was identified as (N3)K-G5Pn3a[D8N] via the corresponding mass 

spectrum (Figure 44 B). After taking the initial sample, another equivalent of copper 

sulphate and ascorbic acid was added, and the reaction was allowed to complete 

overnight. After 15 hours (t1), the reaction was deemed almost complete (Figure 44 

C). No precipitate formation was observed. The corresponding mass spectrum 

allowed the identification of residual starting material but no distinct peak that can 

be unambiguously assigned to the product (Figure 44 D) (observed mass: 6103.70 
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Da, calculated molecular weight: Da). The reaction was continued and subsequently 

subjected to semipreparative RP-HPLC the next day, however, no product fractions 

could be recovered and thus no further characterisation or specification of reaction 

yield could be made. 
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Figure 43. LC-MS and Analytical RP-HPLC and MS profile of the CuAAC ligation of Pra-G5-His6 with 

(N3)K-G5Pn3a[D8N] at different timepoints throughout the reactions(t0, 1 h and 16 h). LC trace (A) with 

the corresponding mass spectrum (B) of a sample taken at the beginning of the ligation reaction, identifying the 

constituent of the double peak as folded (N3)K-G5Pn3a[D8N]. Peak profile of the sample taken at 1 h (t4) (C) 

with masses indicating the presence of the ligation product (D). The final sampling shows the absence of 

previously observed peaks after approximately 16 h (t5) (E). Analytical RP-HPLC trace of the isolated product 

displays the characteristic double peak of Pn3a (F). LC-MS was carried out on a Waters LC-MS system with an 

SQ2 mass detector, a Kromasil C18 column (300-5-C18, 50 x 4.6 mm, 5 μm particle size, 100 Å pore size) with 

a gradient of solvent B (ACN +0.05 % TFA) in solvent A (ddH2O + 0.05 % TFA) over 30 min (separation time) 

with a flow rate of 1 mL/min, measing the absorbance at 214 nm wavelength. Analytical RP-HPLC was carried 

out on a Kromasil C18 column (300-5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore size) using a Thermo 

Scientific UltiMate 3000 HPLC system with a 5–65 % gradient of solvent B (ACN +0.08 % TFA) in solvent A 

(ddH2O + 0.1 % TFA) over 30 min (separation time) with a flow rate of 1 mL/min. Absorbance was measured 

at 214 nm. 
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Figure 44. LC-MS and Analytical RP-HPLC and MS profile of the CuAAC ligation of Pra-G5-HA with (N3)K-

G5Pn3a[D8N] at different timepoints throughout the reactions(t0 and 15 h). LC trace of a sample taken at 

the beginning of the reaction (t0) (A) with the corresponding mass spectrum (B), identifying the constituent of 

the double peak as folded (N3)K-G5Pn3a[D8N]. Peak profile of the sample taken after 15 h (t1) (C). Peaks of 

the corresponding mass spectrum of t1 are assigned to product and starting material (purple) (D). LC-MS was 

carried out on a Waters LC-MS system with an SQ2 mass detector, a Kromasil C18 column (300-5-C18, 50 x 

4.6 mm, 5 μm particle size, 100 Å pore size) with a gradient of solvent B (ACN +0.05 % TFA) in solvent A 

(ddH2O + 0.05 % TFA) over 30 min (separation time) with a flow rate of 1 mL/min, measuring the absorbance 

at 214 nm wavelength. 
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Table 6. Observed masses in ESI-MS and high resolution timsTOF mass spectra of each product and 

reaction yields. 
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4.5 Dot Blot 
 

A Dot Blot was conducted to determine whether the His-tagged Pn3a[D8N] 

analogue could be detected by an anti-His primary antibody. His6-G5-Ta-

G5Pn3a[D8N] was used as the test compound, while Pn3a[D8N], along with its 

analogues G5Pn3a[D8N] and AcG5Pn3a[D8N], served as negative controls. The 

Pra-G5His6-tag was used as a positive control for the His-Probe H15 primary 

antibody. Peptides were spotted in duplicate onto a PVDF membrane, and a 

chemiluminescent image, shown in Figure 45, was captured.  

Figure 45. Dot Blot Chemiluminescence Detection of Peptide Variants on PVDF Membrane with Intensity 

Analysis. Chemiluminescence image of peptides blotted onto a PVDF membrane, stained with a His-Probe 

H15 (Rabbit, polyclonal) primary antibody and an HRP-tagged anti-Rabbit secondary antibody (Donkey, 

polyclonal). The peptides, spotted in duplicates, include (from left to right): Pn3a[D8N], the pentaglycine 

derivative G5Pn3a[D8N], the acetylated derivative AcG5Pn3a[D8N] (all without epitope functionalization as 

negative controls), the alkyne-His6-tag as a positive control, and the His6-tagged Pn3a[D8N] analogue. 

Chemiluminescence was developed using Clarity Max Western ECL Substrate (Bio-Rad) and imaged with a 

ChemiDoc MP System (Bio-Rad). The bar graph below represents the integrated density of the respective spots 

after background subtraction. Image analysis was performed using ImageJ software, and the graph was plotted 

using Origin. 
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The accompanying bar graph represents the integrated density of the blots, 

providing a relative quantification of the intensity levels.  

A trend can be observed within the negative controls from Pn3a[D8N] to 

AcG5Pn3a[D8N], starting with a barely recognizable spot for Pn3a[D8N], followed 

by a low integrated density for G5Pn3a[D8N], and two intense spots for 

AcG5Pn3a[D8N]. The positive control, Pra-G5-His6, exhibits only weak integrated 

density, slightly more intense than Pn3a[D8N]. The His-tagged Pn3a[D8N] 

analogue demonstrates moderately weak antibody binding, with integrated 

densities higher than G5Pn3a[D8N] but lower than AcG5Pn3a[D8N]. 
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5 Discussion 
  

This work focused on the design, synthesis, and electrophysiological testing of 

conotoxin KIIIA and theraphosid toxin Pn3a[D8N]-based probes. The aim was to 

develop these probes for eventual use in a modified PLA for NaV1.7. This would 

establish a foundation for the selective detection of NaV1.7 using venom peptide-

based probes instead of primary antibodies. Although the modified PLA was only 

conceptualized at this stage, the primary effort focused on exploring the synthetic 

feasibility. The probes were synthesized and subjected to electrophysiological 

testing at hNaV1.7 to assess their functionality, a crucial step for further assay 

development. 

5.1 Design of Venom-based Probes 
 

The conceptualized PLA is depicted in Figure 28, using two venom peptide-based 

probes against NaV1.7 to allow the selective and sensitive detection of the channel. 

The design of the probes is based on the well-characterised and potent inhibitors of 

NaV1.7, KIIIA, and Pn3a. Visual identification of NaV1.7 is a critical tool in the 

process of understanding its regulation, localisation, and interactions, especially in 

disease mechanisms, basic research, and drug development. Synthetic peptides 

offer several advantages over monoclonal antibodies that would be used in a classic 

PLA setup. In contrast to monoclonal antibodies, synthetic peptides can be 

synthesized using SPPS, offering time- and cost-efficiency. Moreover, peptide 

sequences can be easily modified and adapted as needed. Synthetic peptides also 

demonstrate high shelf stability and ensure consistent quality across batches, 

eliminating the variability associated with antibody production.  

In this approach, Pn3a[D8N] serves as the primary driver of selectivity. At the same 

time, KIIIA primarily functions as the necessary second anchor, providing a binding 

platform for the other oligonucleic acid-tagged secondary antibody. As shown 

before, the intended strategies for assembly, folding, and bioorthogonal ligation of 

the venom peptide-based probes have been demonstrated to be compatible with 

both KIIIA and Pn3a (Tran et al., 2023b). This modular probe design enables the 

synthesis and folding of venom peptides using established protocols (Deuis et al., 
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2017; Jian et al., 2023; Mueller et al., 2020, 2019; Zhao et al., 2023). Various 

epitope-tagged probes can be synthesized, ligated, and exchanged as needed. If 

the modified PLA proves effective, probes based on venom peptides with different 

targets could be created, enabling the development of probes for the selective 

detection of other VGSC subtypes or even different ion channels. In principle, a 

broad molecular toolbox for selective and highly sensitive channel detection could 

be created. However, since no working assay has been established, the feasibility 

of the PLA modification has yet to be determined. 

Moreover, the fundamental design of the assay raises concerns about its viability. 

Even if two probes with high affinity for NaV1.7 could be developed, there is limited 

evidence to support the simultaneous binding of a pore-blocker and a GMT. Given 

that GMT binding alters the conformation of NaV1.7, this could impair the binding of 

KIIIA. The development of bivalent ligands combining a pore-blocker and a GMT 

has shown enhanced affinity compared to monovalent ligands. (Peschel et al., 

2020) In the work of Agwa et al., which explored double-knottins, evidence was 

found to support the cooperative binding of bivalent ligands at NaV1.7 (Agwa et al., 

2018). However, no structural exists to confirm different toxins' simultaneous 

binding at NaV-channels. Additionally, the peptide probes bound to the channel must 

withstand multiple steps of buffer and reagent treatment during the assay. Any 

reduction in binding affinity due to venom peptide modification would be detrimental 

to the assay’s applicability. 

Nevertheless, if the modification of the PLA using venom peptide-based probes fails 

because simultaneous binding of venom peptides at NaV1.7 does not occur, this 

probe design could still prove valuable. A single venom peptide-based probe that 

binds the channel with high affinity could substitute for the primary antibody in a 

classical PLA where the interaction of NaV1.7 with another protein is visualized. The 

venom peptide-based probe would bind to NaV1.7, while a primary antibody would 

target the NaV1.7-interacting protein for detection. In this scenario, a fully synthetic 

peptide analogue could replace the need for a NaV1.7 antibody. The analogue 

would be accessible through standard SPPS, offering complete control over 

structure and eliminating batch-to-batch variations in target affinity and selectivity. 
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5.2 Synthesis of Venom Peptide-based Probes 
 

In This work, the synthesis and characterisation of five KIIIA- and Pn3a[D8N]-

epitope-tagged probes could be realised. KIIIA was ligated to the HA epitope with 

two different spacer lengths. The total spacer lengths add up to the equivalent of 14 

and 20 amino acids, respectively, considering the peptide bond isosteric triazole 

equivalent to an amino acid. Pn3a[D8N] was ligated to the FLAG epitope tag with 

linker lengths of 13 and 19 amino acids and to the His6 tag with 13 amino acids 

spacer sequence (Table 6). 

The overall strategy of automated MW-assisted SPPS of the modified venom 

peptides, thermodynamic folding, and CuAAC ligation produced sub-milligram 

amounts of final product, with total yields < 1%. The absence of yield reports in 

many publications of KIIIA and Pn3a syntheses complicates the comparison of the 

efficiency of individual synthetic steps. In the case of HA-tagged KIIIA and FLAG-

tagged Pn3a[D8N], the obtained amounts of final products allowed for 

characterisation via ESI-MS, analytical RP-HPLC and electrophysiological testing 

at hNaV1.7. In the case of His6-tagged Pn3a[D8N], characterisation via HR-MS, 

analytical HPLC, and one Dot Blot experiment could be performed, but the absence 

of facilities meant no assessment of NaV1.7 inhibition was possible. The HA-tagged 

Pn3a[D8N] could not be isolated, thus no further characterisation or testing was 

possible. Further testing of the compounds and potentially performing a PLA would 

require an upscale of probe synthesis, which is time and resource-intensive with the 

synthetic route followed in this work. 

5.2.1 Assembly of linear modified venom peptide precursors 

The yield of linear precursors synthesized during the early stages of this work at the 

Institute for Molecular Biosciences was noticeably higher, even though the same 

standard SPPS protocols for assembly were used. This may be attributed to more 

efficient purification achieved through preparative RP-HPLC. A higher-capacity 

column was employed for crude product purification, allowing for greater column 

loading and reducing the required preparative RP-HPLC steps. Fewer purification 

steps result in less material loss, as each step inevitably leads to incomplete 

recovery. This is particularly significant given that the correctly assembled linear 
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precursor already constitutes a smaller fraction of the crude material obtained from 

SPPS, especially for Pn3a, which has a significantly longer sequence than KIIIA.  

5.2.2 Thermodynamic Folding 

Notably, oxidative folding and CuAAC ligation have significantly lowered the overall 

yields. For oxidative folding, an average yield of approximately 10% could be 

isolated from each run (Table 6). Even though the non-product fractions consist of 

misfolded venom peptides that can be subjected to refolding, repeated refolding is 

time-consuming, especially for Pn3a, as thermodynamic folding takes 48 hours 

compared to 2-4 hours for KIIIA. Additionally, refolding requires the purification of 

misfolded isomers from the folding buffer before the process can be repeated. 

Alternatively, directed folding using different cysteine protecting groups and a 

stepwise cysteine pairing strategy could be considered. This approach may be more 

efficient at accumulating the desired isomer during consecutive disulfide bond 

formation compared to thermodynamic folding.  

Significantly, AcG5Pn3a[D8N], lacking a positively charged N-terminus, exhibited 

the lowest overall folding yield at just 2%, suggesting that a positive N-terminal 

charge may facilitate correct isomer formation of Pn3a during thermodynamic 

folding - a complex, multistep process driven by intramolecular interactions. 

Additionally, as demonstrated by Khoo et al., the disulfide framework of KIIIA could 

be simplified by substituting specific cysteine residues with alanine to create μ-

KIIIA[C1A,C9A]. This analogue maintained the activity and selectivity observed for 

native KIIIA and was synthesized through directed folding using different Cys 

protecting groups (Khoo et al., 2009).  

5.2.3 CuAAC Ligation 

Except His6-tagged Pn3a, all ligations produced only single-digit yields. It was 

discovered that HA-tagged and His6-tagged Pn3a[D8N] required additional Cu(I) 

equivalents for the reaction to initiate and progress. Although THPTA is a strong 

ligand for Cu(I) and the cysteines of Pn3a[D8N] were oxidized to form disulfides, 

the possibility of copper complexation by the peptide cannot be excluded. This is 

supported by the fact that the reaction only proceeded when more copper species 

and reducing agent (ascorbic acid) were added. These observations were 

unexpected, as CuAAC ligation of disulfide-rich venom peptides has been reported 
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without noticeable interferences (Peschel et al., 2020; Tran et al., 2023b). It is 

hypothesized that copper species may have bound to amino acid side chains, such 

as methionine or histidine, hindering the initiation of the ligation until copper 

complexation was saturated. 

In contrast to the challenges encountered during venom peptide synthesis and 

ligation, alkyne-functionalized epitope-tags were synthesized via manual SPPS with 

yields greater than 50% and high final product purity. This demonstrates that click-

reactive epitope-tags for protein and peptide modification can be successfully 

produced using standard SPPS protocols. 

5.3 Assessing Probe Affinity for hNaV1.7 
 

Venom-peptide-based probes can only replace antibodies in a PLA if they 

demonstrate high target selectivity and affinity. As a measure of affinity, the 

inhibition of hNaV1.7, expressed in HEK293 cells, by HA-tagged KIIIA and FLAG-

tagged Pn3a[D8N] was tested. The FLAG-tagged Pn3a[D8N]-based probes 

displayed significantly (P ≤ 0.0001) lowered pIC50 values, with a 17.7 fold decrease 

potency at hNaV1.7 compared to Pn3a[D8N] (Figure 37 A and B). As no 

electrophysiological testing of G5Pn3a[D8N] (no epitope-tag) could be performed, it 

remains unclear whether the reduction of inhibitory potential was caused by the N-

terminal extension with the spacer sequence or, in particular, the FLAG tag. The 

FLAG-tagged Pn3a[D8N]-based probes with two different linker lengths display 

almost identical pIC50 values ( ≈ 6.70). The longer linkers offer no advantage in 

maintaining native Pn3a[D8N] potency. However, the different linker lengths were 

also selected for assessing antibody binding efficiency, which has not yet been 

evaluated. It was nevertheless decided to incorporate the shorter spacer sequence 

into His6-tagged Pn3a[D8N]-based probe for practical purposes. Due to the lack of 

available testing facilities, His6-G5-Ta-G5-Pn3a[D8N] could not be tested at NaV1.7. 

However, it would be important to draw a conclusion on the influence of different 

epitope tags. Given the abundance of negative charge in the FLAG-tag, testing the 

His6-tagged probe could provide valuable insights into structure-activity 

relationships. 
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The HA-tagged KIIIA probes showed no effective inhibition at hNaV1.7, with the 

required concentrations for proper curve fitting and IC50 determination out of range 

of the tested concentrations. For internal reference, KIIIA Isomer 1 and 2 were 

added.  

It is assumed that the unplanned addition of one glycine in the spacer sequences 

for both KIIIA-based probes (HA-G6-Ta-G5KIIIA and HA-G11-Ta-G5KIIIA) did not 

mainly affect the loss of potency. As no NMR could be recorded for the purified 

(N3)K-G5KIIIA, whether the correct disulfide isomer was isolated and ligated remains 

to be determined. In this work, the major oxidation product was collected for ligation 

as previously reported in the literature (Peschel et al., 2020). However, from the 

data available, mass spectrometry and retention time cannot be specified for 

disulfide connectivity. Electrophysiological testing showed that KIIIA-based probes 

displayed a significantly reduced inhibition of NaV1.7, close to the behaviour 

observed for the inactive KIIIA isomer 2. It remains to be unambiguously determined 

whether modification caused the loss of activity or the isolation of the wrong isomer. 

As reported by Tran et al., N-terminal G5-extension of KIIIA has not significantly 

influenced inhibition of NaV1.7 compared to unmodified KIIIA (Tran et al., 2023b). 

The tolerability of N-terminal extension of KIIIA is further exemplified by bivalent 

NaV1.7-ligands synthesized ligands by Peschel et al., consisting of a PEG-linked 

spider venom peptide and KIIIA. The bivalent toxins showed enhanced inhibitory 

potency at NaV1.7 and improved dissociation rate constants (Peschel et al., 2020). 

With these findings, it is unlikely that the N-terminal modifications of KIIIA-based 

probes lead to the drop of inhibitory potential observed in this work. Most likely, an 

inactive disulfide isomer of KIIIA was purified, emphasizing the importance of 

structural determination by, e.g., NMR, to structurally characterize the product 

before ligation. 

G5Pn3a[D8N] and AcG5Pn3a[D8N] could not be tested on hNaV1.7 in this work, so 

that no conclusions can be drawn regarding the influence of the N-terminal 

extension with the pentaglycine spacer or the impact of a positive N-terminal charge 

on Pn3a[D8N]. However, in a separate study, the addition of azidolysine ((N3)K) to 

Pn3a improved the inhibitory potency compared to the wild-type Pn3a, suggesting 

that a positive charge at the N-terminus may be advantageous (Tran et al., 2023b). 
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5.4 Antibody binding of His6-tagged Pn3a[D8N] 
 

The preliminary Dot Blot revealed unspecific reactivity from the antibodies used in 

this experiment, with dots appearing in the negative control lane, which included 

AcG5Pn3a[D8N], G5Pn3a[D8N], and Pn3a[D8N]. Notably, the most intense 

unspecific binding was observed with the negative control AcG5Pn3a[D8N], while 

positive control dots for Pra-G5-His6 were absent. The absence of a strong signal 

for the positive control could be due to incomplete transfer of the His6-tag onto the 

membrane or its removal during washing steps. For His6-tagged Pn3a[D8N], only a 

weak signal was observed. Due to the failure of the controls, no conclusions can be 

drawn regarding the efficiency of primary antibody binding. Repeating the Dot Blot 

with a different, ideally monoclonal, anti-His antibody is recommended. 
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6 Conclusion and outlook 
  

This work proposed the use of epitope-tagged venom peptide probes, based on 

conotoxin KIIIA and the GMT Pn3a[D8N], in a modified PLA to selectively detect 

NaV1.7. A modular probe design and synthesis route were presented, enabling the 

customisation of venom peptide probes synthesized through standard SPPS and 

folding protocols with different epitope tags. Given the many selective binders 

among venom peptides targeting NaVs and other ion channels, this design and 

approach could lead to the development of a diverse molecular toolbox for visual 

detection via Proximity Ligation. 

A route for venom peptide probe synthesis involving SPPS, thermodynamic folding, 

and biorthogonal CuAAC ligation was explored. Five out of six attempted probes 

were purified and characterized, four of which were tested at hNaV1.7.  

FLAG-tagged Pn3a inhibited hNaV1.7 in the higher nanomolar range (Table 5), 

justifying further exploration of Pn3a-based probes. It was found that spacer lengths 

of ten and fifteen glycines had no significant impact on inhibitory activity. The HA-

tagged KIIIA probes exhibited weak inhibitory activity at hNaV1.7. Structural 

elucidation of the KIIIA-based probes or non-ligated precursors via NMR would be 

necessary to gain insights into the exact disulfide connectivity. 

The Dot Blot experiment conducted in this work, aimed at evaluating the antibody 

binding of the His-tagged Pn3a[D8N] analogue, yielded inconclusive results. It was 

demonstrated that the specific polyclonal antibody used is not suitable for the 

intended task, and a different, validated antibody would be required. For future Dot 

Blots, using a 0.1 μm or 0.2 μm pore size PVDF membrane may be better suited for 

the low molecular weight of the peptides, especially the His6-tag serving as a 

positive control. 

Low yields of venom peptides have been a significant limitation of the chosen 

synthetic route. This inefficiency has slowed the production of probes, limiting the 

material available for characterization and testing. Therefore, the future direction of 

this project should involve exploring a more economical synthesis approach to 

improve yields, and include a structural characterisation of intermediates and 

products, e.g., with NMR. Further, testing all of the synthesized probes with different 
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epitope-tags at hNaV1.7 and other hNaV isoforms would be required to complete the 

structure-activity profile.  

For KIIIA-based probes, the use of KIIIA[C1A,C9A] and directed folding with 

different cysteine side-chain protecting groups could be considered. Ligation and 

subsequent testing at hNaV1.7 should only be performed after NMR analysis and 

identification of the correct disulfide isomer. 

Instead of SPPS, Pn3a[D8N] can be produced recombinantly. Consequently, this 

alternative route of recombinant expression could be explored to find a more 

efficient way of Pn3a production to fully exploit its potential as a selective NaV binder 

and tool in chemical biology and pain research. Sharma et al. have demonstrated 

the expression of Pn3a in E. coli by a His6-SUMO-TEV-Pn3a fusion construct. Final 

yields of 0.5 mg/L LB medium for rPn3a were achieved. The His6-SUMO-TEV-Pn3a 

construct (TEV: TEV-protease recognition motif) allows purification via Immobilized 

Metal Affinity Chromatography (IMAC) with the hexahistidine tag, and increased 

solubility by the SUMO-tag (Sharma et al., 2020). After TEV-protease cleavage of 

the tags, a single glycine residue at the N-terminus of the recombinantly expressed 

(rPn3a) was left (Sharma et al., 2020). The linear rPn3a[G0,D8N] precursor could 

then be folded as described in this work. However, novel folding protocols with 

higher yields compared to the protocols used in this work (~10 % yield for 

thermodynamic folding of Pn3a[D8N] analogues) would be desirable. Thus, using 

the organic oxidative folding approach for rPn3a[D8N] folding could be explored as 

well (Kam et al., 2024; Laps and Metanis, 2024). Instead of CuAAC, Sortase A 

(SrtA) ligation could be used. The transpeptidase SrtA found in Gram-positive 

bacteria requires a short recognition motif (LPXTG, here: LPETGG) and a N-

terminal glycine residue (Agwa et al., 2018; Mao et al., 2004; Sharma et al., 2020; 

Tran et al., 2021; Tran and Schroeder, 2021). The enzymatic approach maintains 

the modularity of the initial design. Figure 46 presents a scheme for the proposed 

alternative synthesis, featuring recombinant expression of rPn3a[G0, D8N] (Sharma 

et al., 2020). Folded rPn3a[G0, D8N] can be ligated to epitope-tags, modified with 

SrtA recognition motifs (LPXTG), previously assembled via SPPS. These probes 

would need to undergo testing for target affinity and efficient antibody binding before 

performing a PLA.  
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Figure 46. Recombinant expression of rPn3a[D8N] (A) and SrtA-mediated ligation with epitope-tags (B). 

An alternative approach for the synthesis of Pn3a[D8N] involves the recombinant expression of a His6-TEV-

SUMO-Pn3a[D8N] fusion construct in E. coli (A). Followed by affinity purification (i) using the His6-tag and IMAC, 

the SUMO tag, which enhances solubility, is subsequently cleaved by a TEV protease (ii), leaving an N-terminal 

glycine residue on rPn3a[D8N]. The linear precursor is folded into the native disulfide isomer (iii).The N-terminal 

glycine is required for the subsequent enzymatic ligation by the transpeptidase SrtA (iv). The epitope-tag, 

carrying the SrtA recognition motif on its C-terminus, can be synthesized using SPPS. After ligation (B), the final 

product, [Epitope]-LPETG-Pn3a[D8N], is obtained. Idea and work-flow adapted from (Sharma et al., 

2020).Figure created with BioRender. 
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7 Materials and Methods 
 

This section details the materials used and the methods employed for the synthesis 

and characterization of peptide probes. 

7.1 Materials 
 

The chemicals and consumable labware used in this thesis were sourced from 

commercial suppliers. 

7.1.1 Peptide Synthesis 

Fmoc protected L-amino acids were purchased from Iris Biotech GmbH (Germany): 

Fmoc-Ala-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Aps(OMpe)-OH, 

Fmoc-Cys(Trt)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Gly-OH and 

Fmoc-Gly(Tmob)-OH, Fmoc-His(Boc)-OH, Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-

Lys(Boc)-OH, Fmoc-Met-OH Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Ser(tBu)-OH, 

Fmoc-Thr(tBu)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Val-OH. 

Additional solvents and chemicals used in this work included acetonitrile (VWR 

Chemicals), trifluoroacetic acid (VWR Chemicals), dichloromethane (Fisher 

Chemical), diethyl ether (VWR Chemicals), piperidine (Sigma-Aldrich), 

dimethylformamide (VWR Chemicals), HATU (Apollo Scientific), sodium ascorbate 

(Sigma-Aldrich), triisopropylsilane (Sigma-Aldrich), DODT (Sigma-Aldrich), 

diisopropylethylamine (Sigma-Aldrich), ammonium acetate (Merck), ammonium 

hydrogen carbonate (Merck), urea (Thermo Scientific), DIC (Merck), Oxyma Pure B 

(Merck), glutathione disulfide (Thermo Scientific), glutathione (FLUKA), CuSO4 

(Sigma-Aldrich), and THPTA (BLD Pharm). 

Buffers, solvents, and mobile phases for chromatography were prepared using 

HPLC-grade solvents and ultrapure water from the Milli-Q® Water Purification 

System. Purified water from the Millipore Milli-Q® system was used as "ddH2O." 

Solvent A consisted of ddH2O with either 0.1% or 0.05% TFA by volume. Solvent B 

was composed of HPLC-grade acetonitrile containing either 0.08% or 0.05% TFA 

by volume. Additionally, a mixture of 50% acetonitrile in ddH2O with 0.09% TFA by 

volume was used as Solvent A/B. 
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7.1.2 Instrumentation 

During the work of this thesis, the following instruments were used: Microwave 

Peptide Synthesizer Liberty PRIME (CEM Corporation, Charlotte, North Carolina, 

USA), Nexera HPLC system for preparative HPLC, equipped with an SPD-10A 

detector, FCV-200AL quaternary valve, LC-20AP pump, FRC-10A fraction collector, 

and CBM-20A CL Communications Bus Module (Shimadzu, Kyoto, Japan), 

Vanquish Horizon UHPLC, equipped with a diode array detector FG, split sampler 

FT, and Quaternary Pump F (Thermo Fisher Scientific, Waltham, MA, USA), 

Lyophilizer Alpha 2-4 LDplus (Martin Christ Freeze Dryers, Osterode, Germany), 

Sigma 3-16PK centrifuge (Sigma Laborzentrifugen, Osterode am Harz, Germany), 

Nanodrop Microvolume Spectrophotometer (Thermo Fisher Scientific, Waltham, 

MA, USA), LC-MS system equipped with an SQ2 mass detector for Direct Injection 

ESI-MS and LC-MS (Waters Corporation, Milford, MA, USA)), Dionex UltiMate 3000 

MSQ Plus system, equipped with an MSQ Plus mass detector, Dionex UltiMate 

3000 pump, autosampler, and RS variable wavelength detector for LC-MS (Thermo 

Fisher Scientific, Waltham, MA, USA), maXis UHR ESI-Qq-TOF high-resolution 

mass spectrometer (Bruker Daltonics, Bremen, Germany) at the Mass 

Spectrometry Centre (University of Vienna), ChemiDoc MP Imaging System (Bio-

Rad Laboratories, Inc., Hercules, California, USA), Microfiltration blotting device 

Bio-Dot Apparatus #1706545 (Bio-Rad Laboratories, Inc., Hercules, California, 

USA), QPatch Automated Patch Clamp System (Sophion Bioscience). 

7.1.3 Software 

Various software tools were utilized in this work. Physico-chemical properties of 

amino acid sequences were computed using ExPasy ProtParam, provided by the 

SIB Swiss Institute of Bioinformatics (https://web.expasy.org/protparam/). Chemical 

structures were drawn using ChemDraw, a chemical drawing software from 

PerkinElmer, Inc. (Waltham, Massachusetts, USA). Microsoft Office (Microsoft 

Corporation, Redmond, Washington, USA) was used for productivity tasks. Data 

visualization and analysis were performed with OriginLab, developed by OriginLab 

Corporation (Northampton, Massachusetts, USA). Curve fitting of 

electrophysiological data was performed using GraphPad Prism (GraphPad Prism 

version 10.0.0 for Windows, GraphPad Software, Boston, Massachusetts USA, 

www.graphpad.com) through nonlinear regression with a variable Hill slope for 

dose-response analysis and IC50 and pIC50 determination. Image analysis was 
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conducted using ImageJ, an open-source software, available at 

https://imagej.net/ij/index.html [last accessed: 13.02.2024].(Schneider et al., 2012) 

Molecular visualization was carried out using PyMOL (The PyMOL Molecular 

Graphics System, Version 3.0 Schrödinger, LLC) and UCSF ChimeraX, developed 

by the Resource for Biocomputing, Visualization, and Informatics at the University 

of California, San Francisco, with support from NIH R01-GM129325 and the Office 

of Cyber Infrastructure and Computational Biology, National Institute of Allergy and 

Infectious Diseases. 

7.2 Methods 
 

7.2.1 Solid Phase Peptide Synthesis 

7.2.1.1 Automated SPPS  

Pn3a[D8N] derivatives, (N3)K-G5KIIIA, G6/11-HA, and G5/10-FLAG tags were 

synthesised via automated microwave-assisted solid-phase peptide synthesis 

(SPPS) on a Liberty PRIME synthesiser (CEM Corporation). Peptides were 

assembled at a 0.1 mmol scale on pre-loaded resins as follows: (N3)K-G5KIIIA on 

Rink Amide ProTide resin (LL) (0.19 mmol/g; CEM Corporation, Matthews, NC, 

USA), Pn3a[D8N] and derivatives on Fmoc-Thr(tBu) Wang Resin (LL, 0.25 mmol/g; 

CEM Corporation, Matthews, NC, USA), G5/10-FLAG on Fmoc-Lys(Boc)-Wang 

Resin (0.64 mmol/g; aapptec, Louisville, KY, USA), and Ha-G6/11 on Fmoc-Ala-

Wang Resin (LL) (0.31 mmol/g; CEM Corporation, Matthews, NC, USA). 

Amino acid chain assembly was achieved using four equivalents of side-chain 

protected L-amino acids for coupling. Terminal amino acid coupling for (N3)K-

G5KIIIA and (N3)K-G5Pn3a[D8N] was performed with three equivalents of N-α-

(Fmoc-ε-azido-L-lysine) (Iris Biotech GmbH, Marktredwitz, Germany). The 

respective amino acids (0.5 M) were dissolved in DMF and loaded into the reservoir. 

Oxyma Pure (0.25 M in DMF) and DIC (2.0 M in DMF) served as coupling reagents. 

The resins were swollen in DMF for 30 minutes before starting the synthesis. Fmoc 

deprotection was performed with a 25 vol% pyrrolidine solution in DMF, with 

deprotection parameters set to 4 minutes at 100°C, and coupling steps were carried 

out for 1 minute at 105°C. 

After synthesis, the resins containing the venom-peptide derivatives were collected 

from the SPPS synthesiser, transferred into filter syringes with a valve, and washed 

manually with DMF (10 ml, 2x) to prepare for subsequent manual coupling steps. 
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For complete syntheses, the resins were dried by washing with DCM (10 ml, 4x) 

and then using N2 gas. The resins were then placed in a desiccator for thorough 

drying. 

7.2.1.2 Manual SPPS 

Pra couplings to Ha-G6/11 and G5/10-FLAG (Institute for Molecular Bioscience, 

Brisbane), Pra-G5-HA and Pra-G5-His6 syntheses as well as coupling of (N3)K to 

G5Pn3a[D8N] (Institute of Biological Chemistry, Vienna) were performed via manual 

SPPS. Peptide-resins from automated synthesis or dry preloaded resins were 

placed in single-use syringes with a bottom filter and flow-washed with DMF for 30 

seconds. The resins were then allowed to swell in DMF for at least 2 hours or 

overnight. Deprotection of the N-terminal Fmoc group was achieved by adding 50% 

piperidine in DMF (2x for 1 minute each). The resin was then flow-washed with DMF 

for 1 minute. 

HATU (780 μl, 0.5 M) and DIPEA (84 μl) were added to the Fmoc-L-amino acid 

(4 equivalents, except for 3 equivalents of Pra-Gly-OH) and the mixture was 

transferred to the resin. After 15 minutes of coupling, the resin was flow-washed 

with DMF for 1 minute. This coupling process was repeated until the desired 

sequence was obtained. The resin was then washed with DCM, dried under a 

nitrogen stream, and placed in a vacuum desiccator overnight. 

For N-terminal acetylation, a stock solution was prepared by mixing acetic 

anhydride (435 μL) and DIPEA (235 μL) in DMF to a total volume of 7.5 ml. The 

acetylation of G5Pn3a[D8N] to AcG5Pn3a[D8N] was carried out by adding 5 ml of 

the acetylation solution per 0.1 mmol of peptide to the N-terminally deprotected, 

resin-bound, and side-chain protected G5Pn3a[D8N]. The mixture was stirred 

repeatedly for 10 minutes, after which the resin was washed with DMF for 1 minute. 

7.2.2 Cleavage and Global Deprotection 

Each peptide was cleaved from the resin and simultaneously side-chain 

deprotected in a one-step reaction. The cleavage mixture was added as follows: for 

epitope tags, 90% TFA, 5% TIPS, and 5% H2O; for venom peptides, 92.5% TFA, 

2.5% TIPS, 2.5% H2O, and 2.5% DODT. The reaction was carried out for 2 to 

3 hours under agitation at room temperature. After the reaction, TFA was 

evaporated using N2 gas. The peptides were then precipitated in cold diethyl ether 

(-18°C) and centrifuged (5 min, 5000 rpm, 4°C). This washing with cold diethyl ether 



93 
 

and centrifugation was repeated. Residual ether was removed from the precipitated 

peptides by N2 gas. The peptides were redissolved in a minimal amount of A/B 

buffer (approximately 25 ml) and subsequently lyophilized. 

7.2.3 Purification via preparative RP-HPLC 

Linear precursors, epitope tags, and folded peptides were purified using preparative 

RP-HPLC. For sample preparation, peptides were dissolved in Solvent A, filtered 

through a 0.45 μm pore size filter, and loaded onto the preparative or 

semipreparative column. The columns used included a preparative Kromasil 300 

C18 (10 µm, 21.2 x 250 mm, 300 Å pore size, Nouryon, Bohus, Sweden), an Agilent 

ZORBAX Eclipse XDB-C18 (80 Å pore size, 7 µm particle size, 21.2 x 250 mm, 

Agilent Technologies, Santa Clara, CA, USA), and a semipreparative Zorbax 

300SB-C18 Prep H1 (21.2 x 150 mm, 5 µm particle size). 

The loaded columns were washed with Solvent A for desalting until the detector 

signal returned to baseline. Absorbance was measured at 214 nm and 280 nm. The 

gradients applied over 40 minutes of separation time varied depending on the 

peptide. For Pn3a[D8N] and its derivatives, a 25-45% B gradient was used. (N3)K-

G5KIIIA was purified with a 5-35% B gradient, Pra-G5-HA with a 10-40% B gradient, 

Pra-G5-His with a 0-20% B gradient, and Pra-G6/11-HA tags with a 10-30% B 

gradient. Fractions were collected and analysed; pure fractions were pooled, while 

impure fractions containing products were kept separately. 

7.2.4 Analytical RP-HPLC 

The purity of the peptides after SPPS assembly, folding, fractionation and ligation 

was confirmed via analytical HPLC. Depending on sample concentration, the 

injection volume varied between 2 μl and 50 μl. A Thermo Scientific Hypersil Gold 

C18 (100 mm x 2.1 mm) 3 μm particle size column was used with a 0 - 50% 

Solvent B gradient over 10 min and a flowrate of 0.5 ml per minute or a Kromasil 

C18 column (300-5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore size) with 5-

65%B over 30 min. The absorbance was measured at 214 nm and 280 nm. 

7.2.5 Mass Spectrometry  

The masses of the reaction products were determined by direct injection ESI MS or 

LC-MS of a small aliquot (5-10 μL) of diluted sample in Solvent A. LC-MS was 

carried out of on a Kromasil C18 column (300-5-C18, 50 x 4.6 mm, 5 μm particle 
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size, 100 Å pore size) with a gradient of solvent B (ACN +0.05 % TFA) in solvent A 

(ddH2O + 0.05 % TFA) over 30 min (separation time) or on a XSelect® CSH C18 

reverse phase column (3 x 75 mm, particle size of 2.5 µm, 130 Å pore size) with 1-

61%B over 10 min. The absorbance for LC was measured at 214 nm wavelength. 

Samples for high resolution mass spectra were submitted to The Mass 

Spectrometry Centre at the Faculty of Chemistry, University of Vienna, and 

measured via ESI/-Qq-TOF with dual-TIMS analyser. 

7.2.6 Thermodynamic Folding 

7.2.6.1 (N3)K-G5KIIIA 

Linear (N3)K-G5KIIIA was added to the folding buffer at a concentration of 0.3 mg/ml. 

The KIIIA folding buffer consisted of 0.1 M ammonium bicarbonate (NH4HCO3) with 

reduced glutathione (GSH, 100 equivalents) and oxidized glutathione (GSSG, 10 

equivalents), adjusted to pH 8.0.The mixture was stirred with an open lid at room 

temperature. After two hours, a sample was taken for analytical RP-HPLC to monitor 

the progress of the reaction. The reaction was quenched by adding 10% aqueous 

TFA until the pH reached 5. The generated CO2 was allowed to escape completely. 

The solution containing the oxidized peptide was then filtered using a 0.45 μm bottle 

top filter and eluted from a preparative column with a gradient of 5-35% Solvent B 

over 40 min. ESI mass spectrometry was used to identify the product. Fractions 

containing the correctly folded isomer were then loaded onto a semipreparative 

column and eluted using the same gradient. 

7.2.6.2 Pn3a [D8N] and Derivatives 

Pn3a[D8N] an all Pn3a derivatives were folded from linear precursors in the Pn3a 

folding buffer at a concentration of 0.3 mg/ml. The Pn3a folding buffer was 

composed of 2 M urea, 4.5 M ammonium acetate (NH4OAc), GSH (100 

equivalents), and GSSG (10 equivalents), also adjusted to pH 8.0. The folding was 

carried out for 48 hours at 4°C under stirring with an open lid. The progress of the 

reaction was monitored using analytical RP-HPLC. Upon completion of the reaction, 

the buffer was cautiously acidified by adding neat TFA until the pH reached 5. To 

reduce viscosity, the solution was diluted 1:1 with deionized water (ddH2O) before 

filtration using a 0.45 μm pore size bottle top filter. The filtrate was then loaded onto 

a preparative column and separated over a 25-45% gradient of Solvent B for 40 min. 

Fractions were collected, and the product identity was confirmed via ESI-MS. 
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7.2.7 Cu(I)-Catalysed Azide–Alkyne Cycloaddition (CuAAC) 

 Folded and purified azido-peptides (1 eq) were coupled via CuAAC to the 

respective alkyne-epitope tags (1.5 eq). Both coupling partners were weighed into 

a 1.5 ml tube. A minimal amount of water was added to dissolve the peptides, and 

the solution was agitated for several minutes. The other reagents were then added 

in the following order: THPTA (6.5 eq), CuSO4 (6 eq), and sodium ascorbate (10 

eq) in deionized water (ddH2O). The reaction was performed at room temperature. 

The progress of the reaction was monitored by taking small aliquots for analysis via 

HPLC or LC-MS, respectively. The final product was purified using semipreparative 

HPLC 

7.2.8 Electrophysiology (QPatch) 

 Four different peptide-construct dilution series were prepared, using KIIIA Isomer 

1 and Isomer 2 as references, along with a Pn3a[D8N] concentration-response 

experiment conducted under the same conditions. For the Pn3a[D8N] and 

Pn3a[D8N]-based probe series, an initial 1 μM solution was prepared in extracellular 

solution (70 mM NaCl, 70 mM choline chloride, 4 mM KCl, 2 mM CaCl2, 1 mM 

MgCl2, 10 mM HEPES, and 10 mM glucose, adjusted to pH 7.4 and 305 mOsm, 

with 0.1% BSA). This solution was then serially diluted (1:3) in eight steps to reach 

a final concentration of 457 pM. The intracellular solution contained 140 mM CsF, 1 

mM EGTA, 5 mM CsOH, 10 mM HEPES, and 10 mM NaCl, adjusted to pH 7.3 using 

CsOH, with an osmolarity of 320 mOsm. 

For KIIIA and KIIIA-based probes, an initial concentration of 10 μM was serially 

diluted (1:3) in eight steps to achieve a final concentration of 4.57 nM. For each 

condition, 450 μl of solution was prepared in a 96-well plate and loaded into a 

Sophion automatic QPatchII patch clamp device. HEK 293 cells, stably expressing 

the hNaV1.7 channel, were prepared and harvested. The cells were treated with 

trypsin, loaded into the QPatch automatic patch clamp device, and stirred for 30 

minutes. Whole-cell concentration-response curves for voltage-dependent channel 

activation were recorded with a 2-minute equilibration time on single cells, followed 

by treatment with TTX (1 μM) and a buffer wash. Each "n" represents one recording 

from an individual cell. The concentration-response curves were plotted in 

GraphPad PRISM, and the IC50 and pIC50 (negative logarithm base 10 of the IC50 

value) values were determined by non-linear regression. 
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7.2.9 Dot Blot 

Vacuum transfer was performed on Bio-Rad Microfiltration blotting device (Bio-Dot 

Apparatus #1706545) attached to a membrane-vacuum pump. Prior to transfer, the 

PVDF membrane (Immobilion®-P transfer membrane, pore size 0.45 μm, Merck 

Millipore IPVH00010) was shortly activated in pure methanol (45 s) and washed 

three times with MiliQ H2O. The membrane was placed into the Dot Blotting 

apparatus, attached to the pump and the wells were flushed 3 x with 200 μL of PBS. 

Afterwards, 20 μL of each sample (Pn3a[D8N], G5Pn3a, AcG5]n3a, Pra-G5His6, 

His6-G5-Ta-G5Pn3a[D8N]) were applied to the membrane and washed again with 

200 μL of PBS. Vacuum transfer was performed (10 minutes). To validate the 

success of the transfer, the membrane was reversibly stained (1 min) with Ponceau 

S solution (Sigma Aldrich, CAS: 6226-79-5, P-7170) and afterwards destained by 

several washing steps with PBS. After destaining, the membrane was blocked (1 h) 

with 5% skimmed milk solution (Skim Milk Powder, Sigma Aldrich 70166-500G) in 

PBS-t (0.1% Tween 80 in PBS). Afterwards, blocking solution was removed and the 

membrane was incubated (1 h) in primary antibody solution (His-Probe H15, Santa 

Cruz Biotechnology sc-803, Lot. No. H2415, dilution 1:500, rabbit polyclonal IgG). 

The membrane was subsequently washed (5 x for 5 min) with PBS-t solution and 

then incubated (1 h) with secondary antibody solution (Jackson Immunoresearch, 

HRP-tagged Donkey anti-Rabbit polyclonal antibody 711-035-152). The Membrane 

was washed with PBS-t (3 x 5 min) followed by washing with PBS (3 x 5 min). All 

membranes were developed with Clarity Max Western ECL Substrate (Bio-Rad, 

1705062) and the ChemiDoc MP Imaging System (Bio-Rad) was used to detect 

chemiluminescence. The chemiluminescence of the respective spots was analyzed 

with ImageJ, using integrated density with background subtraction. 

.  
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8  Appendix 
 

Table 7. Calculated exact masses and molecular weights of the synthesized sequences and products 
used for product identification via mass spectrometry and concentration calculations. 
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8.1 Chromatographic Data 
 

Figure 47. Analytical RP-HPLC profile of both phases (solid precipitate “pellet”, and liquid supernatant) 

of the CuAAC ligation reaction after t5 of His6-G5-Ta-G5Pn3a[D8N]. RP-HPLC was carried out on a Kromasil 

C18 column (300-5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore size) using a Thermo Scientific UltiMate 

3000 HPLC system with a 5–65 % gradient of solvent B (ACN +0.08 % TFA) in solvent A (ddH2O + 0.1 % TFA) 

over 30 min (separation time) with a flow rate of 1 mL/min. Absorbance was measured at 214 nm wavelength. 
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8.2 Mass spectra 
 

 

 

 

 

 

Figure 48. High resolution mass spectrum (timsTOF) of folded Pn3a[D8N]. 
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Figure 49. High resolution mass spectrum (timsTOF) of folded Ac-G5Pn3a[D8N].  
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Figure 50. High resolution mass spectrum (timsTOF) of folded (N3)K-G5Pn3a[D8N]. 
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Figure 51. High resolution mass spectrum (timsTOF) of folded G5Pn3a[D8N]. 
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Figure 52. High resolution mass spectrum (timsTOF) of Pra-G5HA. 
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Figure 53. High resolution mass spectrum (timsTOF) of Pra-G5His6. 
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8.3 List of Figures 
 

Figure 1. Illustration of the system for naming peptide toxins. The name 

consists of three segments: a Greek letter (descriptor) for the toxin's activity (light 

blue), its biological source (orange), and its relation to other toxins (green/purple). 

Figure is redrawn from (King et al., 2008). ............................................................. 2 

Figure 2. Tissue distribution of human NaV channels and associated 

channelopathies. The nine NaV channel subtypes (NaV1.1–1.9, indicated by circle 

segments in teal) are encoded by specific SCNxA genes (where x represents 1–5 

Figure 54. High resolution mass spectrum (timsTOF) of His6-G5-Ta-G5Pn3a[D8N]. 
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and 8–11). The tissues primarily expressing these various NaV subtypes are 

connected with dotted arrows. The outer segments illustrate the channelopathies 

associated with NaV channel mutations: pain (dark blue), cardiac disorders (purple), 

epilepsy (orange), and skeletal muscle disorders (yellow). DRG stands for dorsal 

root ganglia. Figure taken and description adapted from (McMahon et al., 2024). . 4 

Figure 3. Structural composition of NaV channels. (A) The pore-forming α- 

subunit comprises a single polypeptide chain and forms four homologous domains 

(DI – DIV). Each domain comprises six transmembrane (TM) helices (1 – 6), 

connected via intra- or extracellular loops. The pore and the ion-selectivity filter are 

formed by the fifth and sixth TM segments from each domain and the connecting 

re-entrant loops (P). Segments S1 to S4 in each domain constitute the voltage-

sensing domains (VSD), with the arginine-rich, positively charged TM segment four 

being crucial for detecting changes in membrane polarisation. Sodium channel 

inactivation is facilitated by a short hydrophobic sequence, known as the 

"inactivation gate", located in the intracellular between S6 of domains III and S1 of 

domain IV. The extracellular loop between segments S3 and S4 in domain II (red) 

is the binding site for various gating modifier toxins, and the loops between S5 and 

S6 constitute the pore (P-loop). (B) Top view from the extracellular side of the open-

channel structure of NaVMs from Magnetococcus sp., with four identical domains 

colour-coded to emphasise parallels to the human NaV structure (C) Side 

perspective of the crystal structure of the open NaVMs channel. Originating from 

Magnetococcus sp. The selectivity filter (SF) is situated at the middle of the channel 

pore, and the activation gate is found at the intracellular section of the pore - figure 

taken from source (de Lera Ruiz and Kraus, 2015). ............................................... 5 

Figure 4. NaV channel gating mechanism and conductive properties. During a 

depolarizing voltage step, NaV channels transition from a closed (resting) state to 

an open state, allowing Na+ ions to permeate through the channel pore. This is 

followed by fast inactivation, where the channel is closed by the inactivation particle 

blocking the pore. The channel then returns to the closed state as the membrane 

potential returns to resting levels. Figure taken and description adapted from (Israel 

et al., 2017). ........................................................................................................... 6 

Figure 5. Cryo-electron microscopy structure of hNaV1.7 including β-subunits 

from two perspectives. (A) Sideview of human NaV1.7 embedded in the cellular 

membrane. Besides the pore-forming α -subunit, β1 and β2 subunits are shown. (B) 
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Top view of the channel with annotated voltage-sensing domains (VSDI-IV). 

Structure determined by Shen et al., 2019, and rendered with PyMol (Protein Data 

Bank code: 6J8G). Figure created with BioRender. ............................................... 8 

Figure 6. Schematic depiction of the structural arrangement and consensus 

features of the Inhibitory Cystine Knot (ICK) motif. (A) A molecular knot is 

formed by two cystines that form a loop with the peptide backbone a third cystine 

threads through the loop, creating the impression of a knot. Figure taken from (Craik 

et al., 2001). (B) A one-dimensional schematic representation of cysteine 

connectivity with the threading cystine in red. The six cysteines (yellow dots) 

involved in forming the three cystines of the motif are enumerated in Roman 

numerals. N- and C-terminus are designated as N and C. Figure redrawn from 

(Galochkina and Gelly, 2022). (C) β-strands are depicted as arrows, with cysteine 

(C) and other variable residues (X) indicated. Cysteine residues are numbered I to 

VI, while loops are identified as 1 to 5; the count of residues between cysteines in 

each loop is displayed in boxed numerals. Hydrogen bonds are represented by 

arrows pointing from the amide proton to the carbonyl oxygen. Figure taken from 

(Craik et al., 2001). (D) Three-dimensional NMR structure of conotoxin GS from 

Conus geographus, exemplifying the topology of the ICK domain (Hill et al., 1997). 

The disulfides are shown in yellow. Image rendered with PyMol (PDB: 1A7G) .... 13 

Figure 7. Current-time and current-voltage diagrams illustrating the effects of 

inhibitory conotoxins and spider venom peptides on VGSCs. (A) Pore-blocker 

toxins, such as TTX or μ-conotoxin KIIIA, occlude the sodium ion conductive pore 

of VGSCs. (B) Gating modifier toxins, such as μ-Theraphotoxin Pn3a, alter the 

voltage dependence of NaV1.7 by shifting it to more depolarised potentials (Deuis 

et al., 2017). The effects of the toxins are indicative of an IC100 concentration. Figure 

taken and adapted from (Israel et al., 2017). ........................................................ 17 

Figure 8. Three-dimensional structure and amino acid sequence of KIIIA. (A) 

Overlay of 20 NMR solution structures of the KIIIA backbone (blue) displaying the 

native fold. Disulfides are shown in yellow. (B) Backbone and surface (transparent) 

structures are shown from two different perspectives. (C) Sequence and 

connectivity of the 16 amino acid conotoxin KIIIA in the native fold. (D) Sequence 

and connectivity of KIIIA Isomer 1. Structures rendered with PyMol (PDB: 7SAV).

 ............................................................................................................................. 18 
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Figure 9. Structure of human NaV1.2 with β2-subunit bound to KIIIA. The upper 

image shows a side perspective of NaV1.2-pore-blockage by KIIIA. A top 

perspective is provided in the lower image. The β2-subunit is shown in green, KIIIA 

in blue and disulfides are highlighted in yellow. (Pan et al., 2019) Structures were 

rendered in PyMol (PDB: 6J8E). .......................................................................... 19 

Figure 10. The crystal structure of the ProTx-II-VSDII-NavAb channel. (A) The 

complex between VSDII-NavAb and ProTx-II-viewed from the top, with the human 

Nav1.7 VSDII segment displayed in blue (S1–S2) and green (S3–S4). (B) A 

membrane view of the backbones of ProTx-II and the VSDII. ProTx-II resides on the 

VSDs outer face and within the membrane. Yellow and orange mesh from SeCys2-

SeCys16 for anomalous difference peaks of SeMet-ProTx-II derivatives at M6 and 

M19, respectively. Another membrane view spotlighting Y1, W5, W7, W24, and 

W30 on ProTx-II. Figure modified from (Xu et al., 2019). ..................................... 22 

Figure 11. Sequence alignment of spider toxins HwTx-IV, Pn3a and ProTx-II. 

These knottins belong to three different NaSpTx families and target site 4 of NaV1.7. 

IC50 values are taken from sources specified in the text. Yellow highlights indicate 

conserved cysteines, blue marks positively charged residues, red represents 

negatively charged residues, green shows hydrophobic residues, and bold letters 

show aromatic residues. The asterisk (*) denotes an amidated C-terminus. Loop 

regions between cysteines are indicated. Figure adapted from (Dongol et al., 2019).

 ............................................................................................................................. 21 

Figure 12. Three-dimensional structure and amino acid sequence of wild-type 

Pn3a. (A) 20 lowest energy NMR structures are superimposed in deep purple. 

Disulfides are shown in yellow. (B) Transparent surface plot with backbone of two 

perspectives of one selected state of the peptide. (C) The sequence and cysteine 

connectivity of the [D8N] mutant is shown with the mutation highlighted in red - 

structures rendered with PyMol (PDB: 5T4R). ...................................................... 24 

Figure 13. A molecular model depicting the interaction between wild-type 

Pn3a and the NaV1.7 VSDII (down state). (A) The model features side-view 

perspectives, rotated by 180°, illustrating the interaction between NaV1.7's VSDII 

(green) and Pn3a (light blue) with the membrane marked in olive green. The VSDII 

comprises four α-helical segments S1–S4. (B) Zoom-perspective to highlight the 

electrostatic interactions of positively charged residues Lys22 and Lys24 with the 

negatively charged Asp816 and Glu818 in the S3–S4 segment (Relevant side-chains 
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shown as sticks, hydrogen bonds as dashed lines). The molecular models are 

based on homology modelling with the cryo-EM structure of the hNaV1.7 VSDII-

NaVAb chimera bound to ProTx-II (PDB 6N4R), the cryo-EM structure of hNav1.7 

(PDB 6J8H), and the NMR solution structure of Pn3a (PDB 5T4R) as templates. 

Figure taken from (Mueller et al., 2020). .............................................................. 24 

Figure 14. Proximity Ligation Assay (PLA). An illustration of the PLA, starting 

with the interaction of two target proteins and ending with the detection of 

fluorescent signals in cellulo. The steps include (1) the interaction of two target 

proteins, (2) the binding of primary antibodies to different epitopes of the protein 

complex, (3) the subsequent binding of PLA probes to the primary antibodies, (4) 

the ligation of connector DNA strands that bind the PLA probe oligos, (5) the ligation 

of hybridised DNA strands into circular DNA, (6) the rolling circle amplification (RCA) 

producing concatemeric DNA, and (7) the hybridisation of fluorescently labelled 

oligo probes resulting in visible fluorescent signals that indicate the protein-protein 

interaction - figure created with BioRender. ......................................................... 27 

Figure 15. Peptide bond formation. (A) Peptide bond formation does not 

spontaneously occur when two amino acids are exposed. Instead, the amine group 

and the carboxylic acid undergo salt formation in an acid-base reaction. (B) Peptide 

bond formation thus requires auxiliary chemicals (coupling agents) to activate the 

carboxylic acid, making it susceptible to a nucleophilic attack by the amine, resulting 

in the condensation of both groups to form a peptide bond. ................................. 31 

Figure 16. Structures of selected coupling agents used for peptide bond 

formation. From top left to bottom right, HOBt (N-hydroxybenzotriazole), HATU (1-

((dimethylamino)(di-methyliminio)methyl)-1H-[1,2,3]triazolo-[4,5-b]pyridine 3-oxide 

hexafluorophos-phate), HBTU (2-(1-H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluoro-phosphate), HCTU (2-(6-Chloro-1-H-benzotriazole-

1-yl)-1,1,3,3-tetramethyl-aminium hexafluoro-phosphate), DIC 

(Diisopropylcarbodiimide), DCC (Dicyclohexylcarbodiimide) and Oxyma (Ethyl 

cyanohydroxy-imino acetate)................................................................................ 32 

Figure 17. HATU mediated coupling reaction of two amino acids. In the first 

step, the C-terminus is deprotonated by a base (DIPEA). The resulting carboxylate 

then acts as a nucleophile on the iminium moiety of HATU. The intermediate ester 

is then displaced by the 1-hydroxybenzotriazole, releasing tetramethylurea. This 
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reaction yields a reactive ester, which can undergo aminolysis by the amino group 

of another amino acid. .......................................................................................... 33 

Figure 18. Mechanistic depiction of the DIC/Oxyma-mediated coupling 

reaction between a carboxylic acid and an amine. In the first step of the reaction, 

O-acylisourea is formed and reacts with the oxime group of Oxyma. The resulting 

oxime ester undergoes aminolysis to yield the final product with an amide bond. 34 

Figure 19. Immobilised peptide during Fmoc-SPPS. The peptide chain is N-

protected with the base-labile Fmoc (9-fluorenylmethoxycarbonyl) group. Reactive 

side-chains are protected by acid-labile groups (Pg). The C-terminus of the peptide 

is covalently attached to the solid phase via a linker region. Orthogonal to the base-

labile Fmoc group, the linker, and side-chain protecting groups can be cleaved off 

under acidic conditions. ........................................................................................ 35 

Figure 20. Scheme of the SPPS reaction. (1) The first amino acid is activated and 

attached to the resin, (2) N-deprotected, (3) and coupled to the C-terminus of the 

second activated amino acid. (4) The side-chains of the Fmoc-amino acids (aa) are 

temporarily protected with protecting groups (Pg). Repeating the steps with the 

respective amino acids yields the final sequence. (5) After a final N-deprotection, 

the side-chain protecting groups are globally removed, and the peptide is cleaved 

off the solid support, yielding the crude peptide. The choice of resin determines 

whether a free carboxy terminus (Y=OH) or an amide (Y=NH2) is obtained after 

cleavage. .............................................................................................................. 36 

Figure 21. Reaction equation for DIC and Oxyma mediated coupling in 

microwave (MW) assisted SPPS. ...................................................................... 38 

Figure 22. A selection of protecting groups for Nα and side-chain protection 

of peptides during SPPS. From top left to bottom right, Fmoc (9-

fluorenylmethoxycarbonyl), Boc (tert-butyloxycarbonyl), tBu (tert-butyl), Mpe (3-

methyl-pent-3-yl), Trt (trityl), Pbf (2,2,4,6,7-PentamethyIdihydrobenzofuran-5-

sulfonyl) and Tmob (2,4,6-Trimethoxybenzyl). ..................................................... 38 

Figure 23. Fmoc N-terminal deprotection reaction with piperidine. The Fmoc 

group (blue) is deprotected by the base piperidine and undergoes elimination (E1cb), 

resulting in the formation of 9-methylene-fluorene and CO2 after decarboxylation, 

yielding the free amine. The 9-methylene-fluorene can subsequently react with 

nucleophiles present, such as piperidine. ............................................................. 40 
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Figure 24. A selection of different resins used in SPPS. The depicted linkers are 

attached to the polymer and bear reactive groups that allow coupling of amino acids. 

Beads of the linker-functionalised polymer are referred to as “resin”. (A) The Wang 

resin consists of a linker attached to a polystyrene. (B) The Rink-amide resin 

consists of, (C) 2-chlorotrityl resin and (D) Sieber-amide resin, respectively. ...... 41 

Figure 25. The mechanism of the CuAAC reaction. Reaction equation and 

mechanistic depiction (below) of the Copper-Catalysed Azide-Alkyne Cycloaddition 

(CuAAC) reaction, illustrating the formation of 1,4-disubstituted 1,2,3-triazoles from 

terminal alkynes and azides through the catalytic action of copper(I) species. .... 44 

Figure 26. Schematic overview of a High-Performance Liquid 

Chromatography (HPLC) set-up. The system comprises reservoir of solvents (A, 

B), a high pressure pump, a sample injection port, a precolumn (guardian column), 

a separatory column (e.g. C18 stationary phase), a photometric detector (UV/VIS), 

and a data acquisition system. The solvent reservoir supplies the mobile phase, 

which is constantly delivered at high pressure by the pump. The injector introduces 

the dissolved sample into the mobile phase stream, which then flows through the 

precolumn and eventually reaches the separatory column, where separation occurs. 

The detector measures the absorbance of the eluting compounds, and the data 

acquisition system correlates elution time and signal. Figure created with 

BioRender. ........................................................................................................... 47 

Figure 27. (A) Illustration of a mass spectrometer coupled with an exemplary mass 

spectrum, showing the plot of mass-to-charge ratios (m/z) against the detected 

intensity. (B) Schematic representation of the basic components of a quadrupole 

detector, detailing the arrangement of the four parallel rods and their function in 

filtering ions based on their m/z ratio by varying the radio frequency and direct 

current voltages applied to the rods. (C) Diagram of an Electrospray Ionisation (ESI) 

source, depicting the process by which ions are generated from a liquid sample 

through the application of a high voltage to create a fine aerosol, subsequently 

leading to ion desolvation and transfer into the mass spectrometer for analysis - 

figure created with BioRender. ............................................................................. 48 

Figure 28. Proposed modification of the Proximity Ligation Assay. Two 

epitope-tagged venom peptide analogues (1) with different NaV1.7 binding sites 

selectively bind the channel over other subtypes, e.g. in a tissue sample (2). 

Secondary antibodies with oligo-DNA tags selectively recognize the epitope tags 
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and bind them, respectively (3). After ligation and RCA, as described in section 1.7, 

fluorescent probes hybridize the amplification product and produce a signal that 

corresponds to the presence of NaV1.7 (4). ......................................................... 53 

Figure 29. General design of the PLA compatible venom peptide analogues. 

The respective venom peptide is modified with a spacer and the antibody 

recognition site (epitope). The modified amino acids azidolysine and 

propargylglycine enable click chemistry (CuAAC) while maintaining a native peptide 

backbone. The resulting triazole is supposed to be isosteric to a peptide bond. For 

the conotoxin KIIIA that is amidated at the C-terminus, Y = N and for Pn3a[D8N], Y 

= O. ...................................................................................................................... 54 

Figure 30. Assembly of epitope tags and attachment of propargylglycine (Pra) 

onto immobilized epitope tag via SPPS. FLAG-Gx and HA-Gx tags were 

assembled via automated microwave-assisted SPPS (A). GX indicates variable 

linker lengths of either G5/6 or G10/11. The His6-G5 and HA-G5 tags were assembled 

manually (B). In both cases, Fmoc-L-Pra-OH was coupled by manual SPPS. Tags 

were obtained after cleavage and global deprotection. Reaction conditions for the 

respective steps are displayed in the table (bottom right). ................................... 58 

Figure 31. Analytical RP-HPLC traces of epitope tags. Elution profiles of Pra-G6-

FLAG (A), Pra-G11-FLAG (B), Pra-G6-HA (C) and Pra-G10-HA (D), absorbance 

measured at 214 nm. Analytical RP-HPLC was carried out on Shimadzu LC-20AT 

system with an SPD-20A Prominence UV/VIS detector and an SIL-20AHT auto-

injector. Solvent gradient was 5-55% solvent B (ACN +0.05 % TFA) in solvent A 

(ddH2O + 0.5 % TFA) over 14 min (separation time) on a Hypersil GOLD C18 

column (3μm particle size, 2.1 x 100 mm, 175 Å pore size, 0.7 mL/min flow rate) .
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Figure 32. Thermodynamic folding of linear venom peptide precursors. Amino 

acid sequence, folding conditions and cysteine connectivity (in roman numerals) of 

the active isomers for the thermodynamic folding of (N3)K-G5Pn3a[D8N] (A) and 

(N3)K-G5KIIIA (B). All Pn3a[D8N] derivatives were folded accordingly................. 60 

Figure 33. Analytical RP-HPLC traces of (N3)K-G5KIIIA. Elution profiles of 

unfolded (N3)K-G5KIIIA (A) and folded (N3)K-G5KIIIA (B). Absorbance was 

measured at 214 nm. Analytical RP-HPLC was carried out on Shimadzu LC-20AT 

system with an SPD-20A Prominence UV/VIS detector and an SIL-20AHT auto-

injector. Solvent gradient was 5-55% solvent B (ACN +0.05 % TFA) in solvent A 
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(ddH2O + 0.5 % TFA) over 14 min (separation time) on a Hypersil GOLD C18 

column (3μm particle size, 2.1 x 100 mm, 175 Å pore size, 0.7 mL/min flow rate).

 ............................................................................................................................. 61 

Figure 34. Analytical RP-HPLC traces of (N3)K-G5Pn3a[D8N]. Elution profiles of 

unfolded (N3)K-G5Pn3a[D8N] (A) and folded (N3)K-G5Pn3a[D8N] (B) with the 

absorbance measured at 214 nm. Analytical RP-HPLC was carried out on 

Shimadzu LC-20AT system with an SPD-20A Prominence UV/VIS detector and an 

SIL-20AHT auto-injector. Solvent gradient was 5-55% solvent B (ACN +0.05 % 

TFA) in solvent A (ddH2O + 0.5 % TFA) over 14 min (separation time) on a Hypersil 

GOLD C18 column (3μm particle size, 2.1 x 100 mm, 175 Å pore size, 0.7 mL/min 

flow rate)............................................................................................................... 62 

Figure 35. Analytical RP-HPLC traces of the ligation of (N3)K-G5KIIIA with Pra-

G6/11-HA via CuAAC. A comparison of the RP-HPLC traces at the start of the 

reaction and when the formation of HA-G6-Ta-G5-KIIIA was complete (A). The 

analytical RP-HPLC trace shows the product after purification via semipreparative 

RP-HPLC (B). The formation of HA-G11-Ta-G5-KIIIA was monitored (C) similarly and 

the product isolated via semipreparative RP-HPLC (D). The absorbance was 

measured at 214 nm. Analytical RP-HPLC was carried out on Shimadzu LC-20AT 

system with an SPD-20A Prominence UV/VIS detector and an SIL-20AHT auto-

injector. Solvent gradient was 5-55% solvent B (ACN +0.05 % TFA) in solvent A 

(ddH2O + 0.5 % TFA) over 14 min (separation time) on a Hypersil GOLD C18 

column (3μm particle size, 2.1 x 100 mm, 175 Å pore size, 0.7 mL/min flow rate).
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Figure 36. Analytical RP-HPLC traces of the ligation of (N3)K-G5Pn3a[D8N] 

with Pra-G5-HA via CuAAC. A comparison of the RP-HPLC traces at the start of 

the reaction and when the formation of FLAG-G5-Ta-G5-Pn3a[D8N] was complete 

(A). The analytical RP-HPLC trace shows the product after purification via 

semipreparative RP-HPLC (B). The formation of FLAG-G10-Ta-G5-Pn3a[D8N] was 

monitored (C) similarly and the isolated product after semipreparative RP-HPLC 

(D). The absorbance was measured at 214 nm. Analytical RP-HPLC was carried 

out on Shimadzu LC-20AT system with an SPD-20A Prominence UV/VIS detector 

and an SIL-20AHT auto-injector. Solvent gradient was 5-55% solvent B (ACN +0.05 

% TFA) in solvent A (ddH2O + 0.5 % TFA) over 14 min (separation time) on a 
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Hypersil GOLD C18 column (3μm particle size, 2.1 x 100 mm, 175 Å pore size, 0.7 

mL/min flow rate). ................................................................................................. 64 

Figure 37. Inhibition of epitope tagged KIIIA and Pn3a[D8N] probes at NaV1.7. 

Concentration-response curves of normalized NaV1.7 current against the ligand 

concentration for FLAG-G5-Ta-G5Pn3a[D8N] (n=2) and FLAG-G10-Ta-

G5Pn3a[D8N] (n=3) probes (A) and visualized pIC50 values (B), with Pn3a[D8N] 

included as a reference. Statistical significance was determined by one-way 

ANOVA, **** P ≤ 0.0001. The respective concentration-response curves for HA-G6-

Ta-G5KIIIA (n=2) and HA-G11-Ta-G5KIIIA (n=1) (C) together with the active disulfide 

isomer 1 and inactive isomer 2 of KIIIA as references. ........................................ 66 

Figure 38. Analytical RP-HPLC trace and MS profile of Pra-G5-HA and Pra-G5-

His6. Analytical RP-HPLC trace of Pra-G5-HA after purification via preparative RP-

HPLC (A) and a Direct Injection ESI-MS spectrum (B). identifying the product as 

Pra-G5-HA. Analytical RP-HPLC trace of Pra-G5-His6 after purification via 

preparative RP-HPLC (C) and a Direct Injection ESI-MS spectrum (D) identifying 

the product as Pra-G5-His6. Analytical RP-HPLC was performed using a Kromasil 

C18 column (300-5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore size). 

Separation was performed over 30 min with a gradient of 0-20 % solvent B (ACN 

+0.08 % TFA) in solvent A (ddH2O + 0.1 % TFA) with a flow rate of 1 mL/min and 

the absorbance was measured at 214 nm wavelength. Direct Injection ESI-MS was 

performed on a Waters LC-MS system with an SQ2 mass detector. ................... 67 

Figure 39. Analytical RP-HPLC trace and MS profile of the linear precursor and 

folded-Pn3a[D8N]. Analytical RP-HPLC trace of linear Pn3a[D8N] after purification 

via preparative RP-HPLC (A) and an ESI-MS spectrum (C), identifying the product 

as linear Pn3a[D8N]. Analytical RP-HPLC trace of folded Pn3a[D8N] after 

purification via preparative RP-HPLC displaying the characteristic double peak (B) 

and an ESI-MS spectrum (D). Analytical RP-HPLC was performed using a Kromasil 

C18 column (300-5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore size). 

Separation was performed over 30 min with a gradient of 5–65 % solvent B (ACN 

+0.08 % TFA) in solvent A (ddH2O + 0.1 % TFA) with a flow rate of 1 mL/min and 

the absorbance was measured at 214 nm wavelength. ESI-MS was performed via 

LC-MS on a Thermo LC-MS system with Thermo MSQ Plus Mass Detector and a 

XSelect® CSH C18 reverse phase column (3 x 75 mm, particle size of 2.5 µm, 130 

Å pore size). ......................................................................................................... 68 
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Figure 40. Analytical RP-HPLC trace and MS profile of the linear precursor and 

folded-G5Pn3a[D8N]. Analytical RP-HPLC trace of linear G5-Pn3a[D8N] after 

purification via preparative RP-HPLC (A) and an Direct Injection ESI-MS spectrum 

(C), identifying the product as linear G5-Pn3a[D8N]. Analytical RP-HPLC trace of 

folded G5-Pn3a[D8N] after purification via preparative RP-HPLC displaying the 

characteristic double peak (B) and an Direct Injection ESI-MS spectrum (D). 

Analytical RP-HPLC was performed using a Kromasil C18 column (300-5-C18, 150 

x 4.6 mm, 5 μm particle size, 300 Å pore size). Separation was performed over 30 

min with a gradient of 5–65 % solvent B (ACN +0.08 % TFA) in solvent A (ddH2O 

+ 0.1 % TFA) with a flow rate of 1 mL/min and the absorbance was measured at 

214 nm wavelength. Direct Injection ESI-MS was performed on a Waters LC-MS 

system with an SQ2 mass detector. ..................................................................... 69 

Figure 41. Analytical RP-HPLC trace and MS profile of the linear precursor and 

folded-AcG5Pn3a[D8N]. Analytical RP-HPLC trace of linear G5-Pn3a[D8N] after 

purification via preparative RP-HPLC (A) and an Direct Injection ESI-MS spectrum 

(C), identifying the product as linear G5-Pn3a[D8N]. Analytical RP-HPLC trace of 

folded G5-Pn3a[D8N] after purification via preparative RP-HPLC displaying the 

characteristic double peak (B) and an Direct Injection ESI-MS spectrum (D). 

Analytical RP-HPLC was performed using a Kromasil C18 column (300-5-C18, 150 

x 4.6 mm, 5 μm particle size, 300 Å pore size). Separation was performed over 30 

min with a gradient of 5–65 % solvent B (ACN +0.08 % TFA) in solvent A (ddH2O 

+ 0.1 % TFA) with a flow rate of 1 mL/min and the absorbance was measured at 

214 nm wavelength. Direct Injection ESI-MS was performed on a Waters LC-MS 

system with an SQ2 mass detector. ..................................................................... 70 

Figure 42. Analytical RP-HPLC trace and MS profile of the linear precursor and 

folded (N3)K-G5Pn3a[D8N]. Analytical RP-HPLC trace of linear (N3)K-G5-

Pn3a[D8N] after purification via preparative RP-HPLC (A) and an Direct Injection 

ESI-MS spectrum (C), identifying the product as linear (N3)K-G5-Pn3a[D8N]. 

Analytical RP-HPLC trace of folded (N3)K-G5-Pn3a[D8N] after purification via 

preparative RP-HPLC displaying the characteristic double peak (B) and an Direct 

Injection ESI-MS spectrum (D). Analytical RP-HPLC was performed using a 

Kromasil C18 column (300-5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore 

size). Separation was performed over 30 min with a gradient of 5–65 % solvent B 

(ACN +0.08 % TFA) in solvent A (ddH2O + 0.1 % TFA) with a flow rate of 1 mL/min 
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and the absorbance was measured at 214 nm wavelength. Direct Injection ESI-MS 

was performed on a Waters LC-MS system with an SQ2 mass detector. ............ 71 

Figure 43. LC-MS and Analytical RP-HPLC and MS profile of the CuAAC 

ligation of Pra-G5-His6 with (N3)K-G5Pn3a[D8N] at different timepoints 

throughout the reactions(t0, 1 h and 16 h). LC trace (A) with the corresponding 

mass spectrum (B) of a sample taken at the beginning of the ligation reaction, 

identifying the constituent of the double peak as folded (N3)K-G5Pn3a[D8N]. Peak 

profile of the sample taken at 1 h (t4) (C) with masses indicating the presence of the 

ligation product (D). The final sampling shows the absence of previously observed 

peaks after approximately 16 h (t5) (E). Analytical RP-HPLC trace of the isolated 

product displays the characteristic double peak of Pn3a (F). LC-MS was carried out 

on a Waters LC-MS system with an SQ2 mass detector, a Kromasil C18 column 

(300-5-C18, 50 x 4.6 mm, 5 μm particle size, 100 Å pore size) with a gradient of 

solvent B (ACN +0.05 % TFA) in solvent A (ddH2O + 0.05 % TFA) over 30 min 

(separation time) with a flow rate of 1 mL/min, measing the absorbance at 214 nm 

wavelength. Analytical RP-HPLC was carried out on a Kromasil C18 column (300-

5-C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore size) using a Thermo Scientific 

UltiMate 3000 HPLC system with a 5–65 % gradient of solvent B (ACN +0.08 % 

TFA) in solvent A (ddH2O + 0.1 % TFA) over 30 min (separation time) with a flow 

rate of 1 mL/min. Absorbance was measured at 214 nm. .................................... 74 

Figure 44. LC-MS and Analytical RP-HPLC and MS profile of the CuAAC 

ligation of Pra-G5-HA with (N3)K-G5Pn3a[D8N] at different timepoints 

throughout the reactions(t0 and 15 h). LC trace of a sample taken at the beginning 

of the reaction (t0) (A) with the corresponding mass spectrum (B), identifying the 

constituent of the double peak as folded (N3)K-G5Pn3a[D8N]. Peak profile of the 

sample taken after 15 h (t1) (C). Peaks of the corresponding mass spectrum of t1 

are assigned to product and starting material (purple) (D). LC-MS was carried out 

on a Waters LC-MS system with an SQ2 mass detector, a Kromasil C18 column 

(300-5-C18, 50 x 4.6 mm, 5 μm particle size, 100 Å pore size) with a gradient of 

solvent B (ACN +0.05 % TFA) in solvent A (ddH2O + 0.05 % TFA) over 30 min 

(separation time) with a flow rate of 1 mL/min, measuring the absorbance at 214 nm 
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Figure 45. Dot Blot Chemiluminescence Detection of Peptide Variants on 

PVDF Membrane with Intensity Analysis. Chemiluminescence image of peptides 
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blotted onto a PVDF membrane, stained with a His-Probe H15 (Rabbit, polyclonal) 

primary antibody and an HRP-tagged anti-Rabbit secondary antibody (Donkey, 

polyclonal). The peptides, spotted in duplicates, include (from left to right): 

Pn3a[D8N], the pentaglycine derivative G5Pn3a[D8N], the acetylated derivative 

AcG5Pn3a[D8N] (all without epitope functionalization as negative controls), the 

alkyne-His6-tag as a positive control, and the His6-tagged Pn3a[D8N] analogue. 

Chemiluminescence was developed using Clarity Max Western ECL Substrate (Bio-

Rad) and imaged with a ChemiDoc MP System (Bio-Rad). The bar graph below 

represents the integrated density of the respective spots after background 

subtraction. Image analysis was performed using ImageJ software, and the graph 

was plotted using Origin. ...................................................................................... 77 

Figure 46. Recombinant expression of rPn3a[D8N] (A) and SrtA-mediated 

ligation with epitope-tags (B). An alternative approach for the synthesis of 

Pn3a[D8N] involves the recombinant expression of a His6-TEV-SUMO-Pn3a[D8N] 

fusion construct in E. coli (A). Followed by affinity purification (i) using the His6-tag 

and IMAC, the SUMO tag, which enhances solubility, is subsequently cleaved by a 

TEV protease (ii), leaving an N-terminal glycine residue on rPn3a[D8N]. The linear 

precursor is folded into the native disulfide isomer (iii).The N-terminal glycine is 

required for the subsequent enzymatic ligation by the transpeptidase SrtA (iv). The 

epitope-tag, carrying the SrtA recognition motif on its C-terminus, can be 

synthesized using SPPS. After ligation (B), the final product, [Epitope]-LPETG-

Pn3a[D8N], is obtained. Idea and work-flow adapted from (Sharma et al., 

2020).Figure created with BioRender. .................................................................. 88 

Figure 47. Analytical RP-HPLC profile of both phases (solid precipitate 

“pellet”, and liquid supernatant) of the CuAAC ligation reaction after t5 of His6-

G5-Ta-G5Pn3a[D8N]. RP-HPLC was carried out on a Kromasil C18 column (300-5-

C18, 150 x 4.6 mm, 5 μm particle size, 300 Å pore size) using a Thermo Scientific 

UltiMate 3000 HPLC system with a 5–65 % gradient of solvent B (ACN +0.08 % 

TFA) in solvent A (ddH2O + 0.1 % TFA) over 30 min (separation time) with a flow 
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